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FOREWORD 

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the 
American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers, distributed among several journals or not pub
lished at all. Papers are reviewed critically according to A C S 
editorial standards and receive the careful attention and proc
essing characteristic of A C S publications. Volumes in the 
ADVANCES IN CHEMISTRY SERIES maintain the integrity of the 
symposia on which they are based; however, verbatim repro
ductions of previously published papers are not accepted. 
Papers may include reports of research as well as reviews since 
symposia may embrace both types of presentation. 
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PREFACE 

Ti^JTultiphase polymers may be divided broadly into two classifications. 
The first group are the semicrystalline homopolymers, while a 

second group would include a diverse collection of block polymers, 
blends, and segmented elastomers. The latter systems were emphasized 
at a symposium on "Multicomponent Polymer Systems" organized as part 
of the 175th National Meeting of the American Chemical Society in 
Anaheim, March 13-17, 1978. 

This volume contains 29 contributions presented at the three-day 
Anaheim symposium. They are organized into sections where one may 
find state-of-the-art papers on segmented copolymers, block copolymers, 
and blend systems. Three additional review articles were solicited and 
added to the meeting papers to provide nonspecialists with background 
material and an introduction to each section. 

Segmented polyurethanes and polyesters are microphase-separated 
polymers that are playing an increasingly important role in thermoplastic 
elastomer, fiber, and adhesive technology. Although the eight papers on 
segmented polymers included in this volume do not describe applica
tions, they do survey important characterization methods and structure-
property relationships. Application of the techniques of electron micros
copy, x-ray diffraction, thermal analysis, infrared spectroscopy, and 
dynamic mechanical testing may be found in the papers of this section. 
The contributions include experimental details and methodology that 
should be of value to those readers applying segmented polymer 
technology. 

The block polymer section is headed by an excellent review paper 
by Mitchel Shen. Covering anionically polymerized styrene-diene block 
polymers primarily, the eight papers of this section explore relaxation 
behavior and morphology. Block polymer properties such as transition 
behavior, deformation characteristics, and blend effects are shown to be 
related both to polymer chemical structure and to microphase mor
phology. 

Blend systems are introduced by a timely review by Donald Paul 
and Joel Barlow focused on blend technology. This review includes a 
discussion of the increasingly important topic of polymer miscibility in 
engineering thermoplastics. The 15 papers that follow present a variety 
of approaches to polymer-blend morphology study, fracture and defor-

xi 
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mation characteristics, crystallization, scattering behavior, and blending 
thermodynamics. Although this largest section of the volume may be 
less cohesive, it is a fine collection of both the polymer physics and engi
neering of this important class of multiphase polymer systems. 

The editors wish to thank the individual contributors for their fine 
cooperation, which has made possible the timely publication of our sym
posium volume. We are also appreciative of the fine editorial assistance 
provided by the American Chemical Society, especially Joan Comstock 
and Saundra Goss. 

University of Wisconsin STUART L. COOPER 

Madison, WI 

E. I. duPont de Nemours & Co. GERALD M . ESTES 

February 6, 1979. 

xi i 
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1 

Morphology and Properties of Segmented 
Copolymers 

J. W. C. V A N BOGART, A. L I L A O N I T K U L , and S. L . COOPER 

Department of Chemical Engineering, University of Wisconsin, 
Madison, WI 53706 

The structure-property relationships of (AB)n type seg
mented copolymers and methods of characterization are 
reviewed. The two-phase microstructure exhibited by seg
mented elastomers, resulting from thermodynamic incom
patibility of the unlike blocks, is seen to depend on segment 
type, segment length, segment compatibility, chemical com
position, method of fabrication, and the ability of the seg
ments to crystallize. Morphological characterization is 
accomplished using the techniques of small-angle x-ray and 
light scattering, electron microscopy, and dielectric spec
troscopy. The microphase morphology is directly respon
sible for the unique elastomeric properties exhibited by 
these systems as determined by thermal analysis, dynamic 
mechanical testing, and stress-strain behavior. 

'""phe unique and novel properties of block copolymers have recently 
generated considerable interest in their synthesis, properties, and 

solid state morphology ( 1-8 ). Generally, these materials are synthesized 
by chemically combining blocks of two dissimilar homopolymers along 
the chain backbone. If A and Β represent two homopolymers, then the 
possible molecular architecture includes A - B diblock structures, A - B - A 
triblock polymers, and ( A B ) n multiblock systems. The nature of the 
blocks and their sequential arrangement play an important role in deter
mining block copolymer properties. 

Segmented copolymers are the ( A B ) n type alternating block co
polymers in which the blocks are relatively short and numerous. De
pending on the nature of the blocks and the average segment length, the 

0-8412-0457-8/79/33-176-003$07.00/0 
© 1979 American Chemical Society 
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4 MULTIPHASE POLYMERS 

properties of segmented copolymers may vary from those of random 
copolymers to thermoplastic elastomers. The former generally has been 
observed in systems which have either short segment lengths or similar 
inter- and intrasegmental secondary binding forces or both. The solid-
state structure of these compatible segmented polymers is relatively 
homogeneous, with the copolymers displaying properties approximated 
by a weighted average of the homopolymer segments. However, most 
segmented copolymers exhibit a two-phase structure and are known as 
thermoplastic elastomers. At service temperatures, one of the components 
is viscous or rubbery (soft segment) while the other is of a glassy or 
semicrystalline nature (hard segment). It is now widely accepted that 
the unusual properties of these copolymers are directly related to their 
two-phase microstructure, with the hard domains acting as a reinforcing 
filler and multifunctional crosslink. Block copolymers of this type behave 
as chemically crosslinked elastomers, yet they can be processed by rapid 
thermoplastic-forming techniques at elevated temperature. Because of the 
relatively short segment length and its molecular weight distribution, 
microphase separation may be incomplete, suggesting impure domains 
and interfacial regions comprised of a mixed phase in which there is a 
gradient of composition. The extent of interphase mixing and how it is 
affected by sample fabrication methods also can control many of the 
important properties of segmented copolymers. 

In this chapter, synthesis of segmented copolymers and the thermo
dynamics of phase separation will be discussed briefly. The main focus, 
however, summarizes recent research activities in the study of structure-
property relationships of these segmented copolymers. 

Synthesis of Segmented Copolymers 

Segmented copolymers are usually synthesized by condensation 
polymerization reactions (5,7,9). The reaction components consist of a 
difunctional soft segment, the basic hard segment component, and a 
chain extender for the hard segment. 

Soft blocks are composed of linear, dihydroxy polyethers or poly
esters with molecular weights between 600 and 3000. In a typical polym
erization of a thermoplastic polyurethane elastomer, the macroglycol is 
end capped with the full amount of aromatic diisocyanate required in the 
final composition. Subsequently, the end-capped prepolymer and excess 
diisocyanate mixture reacts further with the required stoichiometric 
amount of monomeric diol to complete the reaction. The diol links the 
prepolymer segments together while excess diol and diisocyanate form 
short hard-block sements, leading to the ( A B ) n structure illustrated in 
Figure 1. Block lengths in ( Α Β ) Λ polymers are frequently much shorter 
than those in anionically synthesized A B A block copolymers. 
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1. VAN BOGART ET AL. Segmented Copolymers 5 

Block Polymer 
Type Block Structure 

Typical Degree of 
Polymerization 
A Β 

Vinyl-Diene (ABA) 

Segmented 
Polyurethane (AB) n 

100-200 800-1600 

1-10 15-30 

Vinyl-Diene (ABA) 

Segmented 
Polyurethane (AB) n 

A — — Β « A 100-200 800-1600 

1-10 15-30 

Vinyl-Diene (ABA) 

Segmented 
Polyurethane (AB) n 

—) A J—β—J A 1 Β—1 A [~ 
100-200 800-1600 

1-10 15-30 

Figure 1. Thermoplastic elastomer molecular structures. (A) Denotes hard 
segment; (B) denotes soft segment. 

Molecular structure can be varied by changing the chemical compo
sition of the three reactants ( macroglycol, diisocyanate, and monomeric 
diol) or by changing the method of polymerization. A l l three reactants 
can be simultaneously polymerized in a one-step (JO) reaction or they 
can be added sequentially ( I I ) after forming an isocyanate-capped pre
polymer. From a theoretical standpoint, Peebles (12,13) has shown that 
a two-step method of block polymer synthesis should lead to a narrower 
distribution of hard segment lengths as compared with that for a one-step 
synthesis, providing that reaction of the first isocyanate moiety occurs 
at a faster rate than that of the remaining moiety. 

Chemical composition determines many molecular properties such 
as polarity, hydrogen bonding capability, and crystallizability of the 
blocks. If monomeric diols are replaced by diamines, highly polar urea 
linkages are formed in the hard blocks. Polyurethanes also have been 
synthesized with piperazine replacing the diisocyanate (14), thereby 
eliminating all possibility of hydrogen bonding. The synthesis reactions 
for other segmented copolymers, such as the segmented copolyesters ( 15, 
16,17,18,19) are analogous to those for the urethanes. In the case for 
the copolyesters, however, the reaction is a melt trans-esterification which 
produces methanol as a by-product and requires low-pressure evapora
tion for removal. 

Thermodynamics of Phase Separation 

The physics controlling the morphology of the block copolymer is 
simple to describe. In a material composed of units of type A and B, 
which have a positive heat of mixing, there is a tendency toward phase 
separation. The topology of the block copolymer molecules imposes 
restrictions on this segregation and leads to microdomain formation. From 
a thermodynamic point of view, there is a positive surface free energy 
associated with the interface between A and Β domains. This serves as 
a driving force toward growth of the domains. As a result of the tendency 
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6 MULTIPHASE POLYMERS 

of the b l o c k joints to stay i n the in ter fac ia l regions, there is a loss of 
entropy i n t w o w a y s . O n e is a t t r ibutable to the confinement of the joints 
to the interface. T h e other has its o r i g i n i n m a i n t a i n i n g the v i r t u a l l y 
constant o v e r a l l p o l y m e r densi ty b y the suppress ion of a vast n u m b e r of 
p o l y m e r conformat ions . T h e e q u i l i b r i u m d o m a i n size a n d shape are a 
result of the balance of these three free-energy terms. Prevalent thermo
d y n a m i c theories for phase separat ion i n b l o c k copolymers are g i v e n b y 
K r a u s e (20,21,22,23,24), H e l f a n d (25,26,27,28,29), M e i e r (30-35), 
a n d L e G r a n d ( 3 6 ) . 

K r a u s e a n a l y z e d microphase separat ion f r o m a str ict ly t h e r m o d y 
n a m i c a p p r o a c h based on macroscopic var iables . C o m p l e t e phase sepa
r a t i o n w i t h sharp boundar ies be tween the phases was assumed. D e s p i t e 
the l imi ta t ions of the treatment ( the theory a l lows nei ther a p r e d i c t i o n of 
m o r p h o l o g y nor a c a l c u l a t i o n of microphase d i m e n s i o n s ) , the a p p r o a c h 
is v e r y useful i n demonstra t ing the inf luence of the n u m b e r of b locks o n 
phase separat ion. T h e m o d e l predicts that phase separat ion becomes 
m o r e dif f icul t as the n u m b e r of blocks increases i n a c o p o l y m e r m o l e c u l e 
of g i v e n length . I t predicts easier phase separat ion w h e n the m o l e c u l a r 
w e i g h t of the b l o c k c o p o l y m e r increases at fixed c o p o l y m e r c o m p o s i t i o n 
a n d n u m b e r of b locks per molecule . F u r t h e r m o r e , phase separat ion 
occurs more r e a d i l y for a system h a v i n g a 1:1 rat io of components ( b y 
v o l u m e ) w h e n the m o l e c u l a r c h a i n l ength a n d n u m b e r of b locks are k e p t 
constant. Phase separat ion also is i m p r o v e d b y a n increas ing F l o r y — 
H u g g i n s in terac t ion parameter , χι, for the c o p o l y m e r . F i n a l l y , a l l else 
r e m a i n i n g the same, a h i g h e r degree of phase separat ion is p r e d i c t e d for 
a c o p o l y m e r system w h e r e one of the components is c rys ta l l izab le . 
K r a u s e s equat ion for the entropy change u p o n microphase separat ion, 
AS, w h e r e the " A " units are crysta l l ine is s h o w n b e l o w (23), 

k 
A S _ Nc \n(VA)vÂ { V B ) V B _ 2Nc(m - 1) 

+ Nc ln(m - 1) + NenA [^f*] (1) 

H e r e : Nc, to ta l n u m b e r of c o p o l y m e r molecules i n system; viy v o l u m e 
f rac t ion of component i; m, n u m b e r of blocks per c o p o l y m e r m o l e c u l e ; 
n A , n u m b e r of " A " units per c o p o l y m e r molecu le ; A S d i s , d i sor ientat ion 
entropy change g a i n o n f u s i o n per segment; a n d A S c r y 8 t , molar entropy of 
c rys ta l l i za t ion per " A " uni t . 

M e i e r (30-35) has d e v e l o p e d cr i ter ia for the f o r m a t i o n of domains 
a n d their size i n terms of m o l e c u l a r a n d t h e r m o d y n a m i c var iables . H e 
treated the constraints that A a n d Β b locks must be p l a c e d i n separate 
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1. VAN BOGART ET AL. Segmented Copolymers 7 

domains as boundary values in a diffusion problem. This model predicts 
the size of an assumed spherical domain in terms of the average end-to-
end distance of the random flight chain for the constituent blocks (30). 
Extending this theory to consider cylindrical and lamellar domains, 
Meier (31,32) predicts the trend of domain stability with molecular 
weight of one constituent block to proceed from spherical to cylindrical 
to lamellar. 

Helfand (25,26,27,28,29) has formulated a statistical thermody
namic model of the microphases similar to that of Meier. This treatment, 
however, requires no adjustable parameters. Using the so-called mean-
field-theory approach, the necessary statistics of the molecules are em
bodied in the solutions of modified diffusion equations. The constraint 
at the boundary was achieved by a narrow interface approximation which 
is accomplished mathematically by applying reflection boundary con
ditions. 

Le Grand (36) has developed a model to account for domain forma
tion and stability based on the change in free energy which occurs 
between a random mixture of block copolymer molecules and a micellar 
domain structure. The model also considers contributions to the free 
energy of the domain morphology resulting from the interfacial boundary 
between phases and elastic deformation of the domains. 

The preceding discussion has neglected the effects of temperature 
on phase separation. The free energy of phase mixing, AGmix, for a 
copolymer system is given in terms of the enthalpy, AHmix, and entropy, 
A S m i x , of phase mixing as follows : 

AGmix — AHmlx - TASmix (2) 

Generally, AHmix and ASmix are both positive. The sign of AGmix will 
depend on the temperature, T. As a negative value for AGmlx favors 
phase mixing, one can see that increasing Τ will lower AGmïx, thus pro
moting a more compatible ( phase mixed ) system. This is a rather simple 
argument; however, it does demonstrate the importance of temperature 
as another parameter in determining the morphology of a segmented 
copolymer system. 

Characterization of Sample Morphology 

Segmented thermoplastic elastomers exhibit structural heterogeneity 
on the molecular, the domain, and in some cases on a larger scale involv
ing periodic or spherulitic texture. Each level of structural organization 
is studied by specific methods. Molecular sequence distributions can be 
studied by chemical methods, such as N M R or I R spectroscopy. 
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8 MULTIPHASE POLYMERS 

D o m a i n structures are s t u d i e d d i r e c t l y b y e lectron m i c r o s c o p y or 
m o r e quant i ta t ive ly b y smal l -angle x-ray scatter ing ( S A X S ) methods 
w h i c h are p a r t i c u l a r l y a p p l i c a b l e because of the size range of t y p i c a l 
domains . F r o m the S A X S intensi ty curve , I(s), three i m p o r t a n t parame
ters are obta inable w h i c h c a n be used to character ize the m o r p h o l o g y of 
a two-phase system. These are the invar iant , the in ter fac ia l thickness, 
a n d the s a m p l e s inhomogene i ty length . T h e w e i g h t e d in tegra l of the 
scatter ing intensi ty , 

k n o w n as the invar iant , is re la ted to the m e a n square of the e lectron 
densi ty fluctuations, άρ2, for the two-phase system b y the f o l l o w i n g ex
press ion ( 3 7 ) : 

w h e r e i e = 7.90 Χ 10" 2 6 , the Thomson-sca t ter ing constant for a free elec
t ron , V is the scatter ing v o l u m e , a n d s is e q u a l to 4w s in θ/χ w i t h 20 b e i n g 
the scattering angle a n d χ is the w a v e l e n g t h of r a d i a t i o n . I f a l inear 
densi ty gradient exists b e t w e e n phases, 

w h e r e φι a n d <f>2 represent the respective v o l u m e fract ions for the phases 
p r i o r to m i x i n g a n d φ 3 represents the f rac t iona l v o l u m e of the in ter fac ia l 
r e g i o n ( 3 8 ) . I n this w a y , one can determine the in ter fac ia l v o l u m e frac
t i o n or the e lectron densi ty difference be tween the t w o phases ( p i — p2). 
T h i s i n f o r m a t i o n is i m p o r t a n t i n d e t e r m i n i n g the degree of phase separa
t i o n w i t h i n elastomers. T h i s analysis is c o n f o u n d e d , however , i f phases 1 
a n d 2, rather t h a n b e i n g p u r e h a r d - a n d soft-segment domains , are m i x e d 
phases w i t h u n k n o w n v o l u m e fract ions a n d e lectron densities. I n this 
case, one c a n o n l y determine a range of possible values of ρ a n d ψ c o n 
sistent w i t h the exper imenta l observations (49). 

T h e thickness of the in ter fac ia l reg ion , t, separat ing domains i n a 
two-phase structure, a s s u m i n g a l inear densi ty gradient across the inter
face, can be o b t a i n e d f r o m the shape of the h igh-angle t a i l of a S A X S 
intensi ty curve . H a s h i m o t o , et a l . (39) have s h o w n that i n the h igh-angle 
l i m i t , the f o l l o w i n g re la t ion is a p p l i c a b l e : 

ο 
(3) 

Ap 2 — (p2 — ΡΙ)2[ΦΙΦ2 — Φΐ/6] (5) 

/ ( β ) - ^ [ 1 - ( i 2 /12)s 2 ] (6) 

H e r e Κ represents the P o r o d constant. 
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1. VAN BOGART ET AL. Segmented Copolymers 9 

If a two-phase system is randomly intersected with an infinite set of 
lines, the line segments lying within the phase A will have an average 
length, ZA. Likewise, the average length of segments lying in phase Β 
could be defined as lB. The reciprocal of the sum of the reciprocals of 
these lengths is known as the inhomogeneity length, Zp: 

This parameter can be related to the intensity function, I(s), as 
follows (37): 

The average length of all segments contained in a given phase i, lh can 
also be related to the inhomogeneity length through the following 
relationship: 

Electron microscopy (5,40,52, 63, 64), on the other hand, can provide 
direct information on the domain structure under favorable conditions, 
such as when the domains are crystalline. When the samples exhibit a 
semicrystalline superstructure, small-angle light scattering and polarized 
microscopy have been used in addition to electron microscopy to study 
the spherulitic structure. These methods are complemented by differ
ential scanning calorimetry, and various techniques for studying dynamic 
mechanical behavior which can be interpreted to give additional, if some
what less direct, information on domain structure. 

Much attention has been directed toward an elucidation of domain 
morphology in polyurethane-segmented copolymers. Direct evidence of 
a domain structure in polyurethanes was first provided by Koutsky et al. 
(40), using transmission electron microscopy. The domain structure is 
not as clearly observable as in most styrene-diene-styrene block copoly
mers because of difficulties of phase staining and the smaller domain 
sizes involved. A subsequent citation by Allport (5) also showed a 
similar morphology. It cannot be assumed on the basis of the evidence, 
however, that complete phase separation occurs. In fact, there is evidence 
to suggest that appreciable hydrogen bonding occurs between hard and 
soft blocks (41, 42, 43), which implies incomplete phase separation. 

(7) 

(8) 
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10 MULTIPHASE POLYMERS 

A n illustration of the domain structure in an unstrained, segmented 
polyurethane proposed by Estes (41) is shown in Figure 2 in which the 
shaded areas are the hard domains. Both phases are represented as being 
continuous and interpenetrating. The model also presumes that phase 
separation is not completed, and some urethane blocks are also dispersed 
in the rubbery matrix. The domain size in the direction of the chain 
axis is given as approximately 50 À, which agrees well with the calculated 
55 Â contour length for an average hard block ( 4 2 ) . 

SAXS has been used to study the domain structure in segmented 
polyurethanes (44-53). Figure 3 shows SAXS intensity curves for three 
samples having a hard segment based on 4,4'-diphenylmethane diiso
cyanate ( M D I ) chain extended with butanediol ( B D ) and a polycapro-
lactone ( P C L ) soft segment (either 830 or 2000 molecular weight). 
Samples were compression molded, quenched, then stabilized at 1 2 5 ° C 
for 0.5 hr, followed by slow cooling. Hard-segment weight fractions for 
P C L 2000-178, P C L 830-123, and P C L 830-134 are 57, 53, and 6 1 % , 

PREPOLYMER BLOCKS | 5Q Â , 
URETHANE BLOCKS 

Figure 2. Representation of domain structures in a 
segmented copolymer 
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1. VAN BOGART ET AL. Segmented Copolymers 11 

ο. ο 
> 
ω 
ζ 
Lu 
Ζ 

Ο 
ο 

ι I 

V A 

) c \ 
— 

\ 
ν 

\ γ 
I 

SCATTERING ANGLE 

Figure 3. Small-angle x-ray scattering intensity 
curves demonstrating the effect of soft-segment 
molecular weight for three polycaprohctone poly-
urethanes (MDI/BD) of approximately equal 
hard-segment content. (A) 5 7 % by wt, PCL 
2000-178 (S); (B) 53% by wt, PCL 830-123 (S); 

and (C) 61% by wt, PCL 830-134 (S). 

respectively. The greater scattering intensity for P C L 2000-178 is indica
tive of a much larger degree of microphase separation. The longer hard 
segments in sample P C L 830-134 also permit better phase separation 
relative to P C L 830-123. When the samples were annealed for 4 hr at 
150 ° C and then slowly cooled, phase separation was improved as shown 
by the larger intensities of Figure 4 (S—stabilized; A—annealed ). The 
change observed was much larger for the shorter segment length sample 
(830 mol wt). 

Preliminary studies of the "interphase" between respective domains 
by Van Bogart et al. (53) indicate the thickness of this region, assuming 
a linear density gradient, is on the order of 10-20 Â for polyester and 
polyether urethanes ( M D I - B D based). Theoretically, the interfacial 
thickness is inversely related to the square root of the hard segment-soft 
segment interaction parameter (54). 
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12 MULTIPHASE POLYMERS 

SCATTERING ANGLE 

Figure 4. Small-angle x-ray scattering intensity 
curves showing the effects of annealing for two 
polycaprolactone polyurethanes (MDI/BD). (S) 
Stabilized at 125°C for 0.5 hr; (A) Annealed at 
150"C for 4 hr. (A) PCL 2000-178 (S); (B) 
PCL 2000-178 (A); (C) PCL 830-134 (S); and 

(D) PCL 830-134 (A). 

The presence of hard and soft domains in segmented polyurethanes 
also has been confirmed by experimental results using pulsed Ν M R and 
low-frequency dielectric measurements. Assink (55) recently has shown 
that the nuclear-magnetic, free-induction decay of these thermoplastic 
elastomers consists of a fast Gaussian component attributable to the glassy 
hard domains and a slow exponential component associated with the 
rubbery domains. Furthermore, the N M R technique also can be used to 
determine the relative amounts of material in each domain. 

Dielectric relaxation study of two-phase microstructures in seg
mented copolymers was first attempted by North and his co-workers (56, 
57,58, 59 ). Dielectric measurements down to 10"5 H z were made on 
MDI-based segmented polyether- and polyester-urethanes using a dc 
transient technique. These materials displayed large, low-frequency 
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1. VAN BOGART ET AL. Segmented Copolymers 13 

dielectric absorptions which were temperature dependent and charac
teristic of Maxwell-Wagner interfacial polarization. Both the amplitude 
and the relaxation frequency increased with increasing temperature. 
Interestingly, the dielectric loss properties were markedly reduced upon 
reaching the glass-transition temperature of the continuous rubbery phase. 
The activation energy for the low-frequency relaxation was comparable 
with the activation energy for bulk conductivity. The study led to the 
conclusion that the occluded hard domains were nonspherical with diffuse 
phase boundaries. 

Crystallization of either segment of thermoplastic elastomers provides 
another mechanism of domain reinforcement. Under a suitable sample 
preparation method, a macroscale superstructure is usually observable. 
The morphology depends on several factors, such as the nature and con
centration of the crystallizable component, solvent and thermal history, 
etc. Wilkes and Samuels (60) reported spherulitic morphology of a seg
mented piperazine polyurethane cast from chloroform whereas a similar 
series investigated by Cooper, et al. ( 61 ) showed no superstructure when 
using methylene chloride as solvent. Spherulites also have been observed 
in the segmented polyurethane-urea (62), segmented polycaprolactone-
urethanes (63), and segmented polyether-ester thermoplastic elastomers 
(64,65, 66, 67, 68). The effect of different spherulitic structures on the 
mechanical properties of segmented polyether-esters has been recently 
reported (68). 

Thermal Analysis 

The study of transition behavior by various thermoanalytical tech
niques ( differential thermal analysis ( D T A ), differential scanning calo-
rimetry ( D S C ) , thermal expansion measurement, thermomechanical 
analysis ) has been important to the understanding of morphology and 
intermolecular bonding in segmented copolymers. In some samples, as 
many as five transitions can be observed in a D S C thermogram, depending 
on the nature of the solid state structure of the sample. These include 
the glass-transition temperatures of each phase which appear as base line 
shifts, a short-range order endotherm of the hard phase attributable to 
storage or annealing effects, and endotherms associated with the long-
range order of crystalline portions of either segment. 

Typical D S C thermograms of segmented polyurethanes are shown 
in Figure 5 (43). The samples are based on M D I - B D hard segments 
combined with either polytetramethylene oxide ( P T M O ) or polytetra-
methylene adipate ( P T M A ) as soft segment. The nomenclature has 
been established whereby the two figures following the E T ( P T M O / 
B D / M D I copolymer) or E S ( P T M A / B D / M D I copolymer) indicate the 
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14 MULTIPHASE POLYMERS 
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ET-38-I 

-IOO 

TEMPERATURE, 

Figure 5. Differential scanning calorimetry curves for the ET-38, ET-24, and 
ES-38 series of polyurethanes 

weight -percent di isocyanate a n d the soft-segment m o l e c u l a r w e i g h t i n 
thousands, respect ively. T h e shift i n base l ine i n the r e g i o n of —60° to 
— 10°C corresponds to the T g of the soft segment. Some T g values of 
interest are co l lec ted i n T a b l e I. E x c e p t for ET-38-1, E T polyurethanes 
h a v i n g a soft-segment m o l e c u l a r w e i g h t of 1000 s h o w a constant soft-
segment Τ & at about —44°C. I n E S polyurethanes , the soft-segment T g 

general ly shows a n increase w i t h increas ing M D I content. B o t h E S a n d 
E T po lymers s h o w a decrease i n soft-segment T g w i t h increas ing soft-
segment m o l e c u l a r w e i g h t . 

T h e v a r i a t i o n of T g of the soft matr ix i n segmented polyurethanes 
as a f u n c t i o n of c o m p o s i t i o n or segmental c h e m i c a l structure has been 
m o n i t o r e d a n d used as a n indica tor of the degree of microphase separa
t i o n . Fac tors i n f l u e n c i n g the phase-separat ion process i n these M D I -
b a s e d polyurethanes have been s u m m a r i z e d b y A i t k e n a n d Jeffs (69) 
as f o l l o w s : ( a ) c rys ta l l i za t ion of ei ther component , ( b ) the steric h i n -
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1. VAN BOGART ET AL. Segmented Copolymers 15 

drance of the hard-segment unit in a hydrogen-bonding process, and 
(c) the inherent solubility between the hard and soft components. While 
(a) is the major factor accounting for the low T g of the 2000-mol-wt 
soft-segment samples, factors ( b ) and ( c ) determine the extent of phase 
separation in the 1000-mol-wt soft-segment polyurethanes. However, the 
relatively constant T g values observed as a function of composition exhib
ited by the E T elastomers of 1000-mol-wt soft segment indicates that the 
penetration of isolated hard segments into the soft phase is limited. The 
ES samples, on the other hand, have a greater tendency for the hard-
segment units to be trapped in the soft matrix. This is probably because 
of the greater polarity of the polyester segment (41,43) rather than the 
formation of hard segment-soft segment hydrogen bonding which also 
may take place in polyether-urethanes (70). Because of phase mixing 
in polyester-urethanes at 1000-mol-wt soft segment, the T g of the elasto-
meric phase increases as the hard-segment content is raised. 

Analogous studies on two series of segmented poly ( tetramethylene 
oxide) (mol wt 1000) polyurethanes, having either a symmetric 2,6-
toluene diisocyanate ( T D I ) or an asymmetric 2,4-TDI-based hard seg
ment (butanediol chain extended), show similar results (71). The 
2,6 -TDI specimens, having crystalline hard domains which restrict phase 
separation, exhibit a soft segment T g which is relatively independent of 
hard-segment content. The 2 ,4 -TDI systems, on the other hand, give soft-
segment T g values which increase with increasing hard-segment content 
indicative of considerable phase mixing allowed by the amorphous 2,4-
TDI-based hard domains. 

Table I. Soft-Segment, Glass-Transition-Temperature Dependence 
on Hard-Segment Content for P T M O / M D I / B D ( E T ) - and 

P T M A / M D I / B D ( E S ) -Segmented Copolymers 

Sample 
Hard Segment 

Content (Wt fo) 
Soft Segment 

Tg (°C) 

E T - 3 8 - 2 
E T - 3 8 - 1 
E T - 3 5 - 1 
E T - 3 1 - 1 
E T - 2 8 - 1 
E T - 2 4 - 2 
E T - 2 4 - 1 

50 
46 
42 
37 
31 
30 
25 

-eo 
- 3 9 
- 4 3 
- 4 4 
- 4 4 
- 5 7 
- 4 3 

E S - 3 8 - 5 
E S - 3 8 - 2 
ES-38 -1 
E S - 3 5 - 1 
ES-31 -1 
ES-28 -1 
E S - 2 4 - 1 

54 
54 
48 
41 
37 
31 
26 

- 4 7 
- 2 6 
- 1 0 
- 1 9 
- 2 5 
- 3 2 
- 3 0 
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16 MULTIPHASE POLYMERS 

20 40 60 80 100 120 140 160 180 200 220 
T,°C 

Figure 6. Effect of annealing on the differential 
scanning calorimetry curves for a poly(tetramethyl-
ene oxide) polyurethane (MDI/BD) (ET-38-1) con
taining 38% by ivt MDI. Thermal treatment: (a) 
control; (b) 80°C, 4 hr; (c) 110°C, 4 hr; and (d) 

150°C, 4.5 hr. 

The D S C spectra shown in Figure 5 exhibit several endotherms 
associated with disordering processes which occur in the urethane do
mains (43). Early studies (72, 73, 74) assumed that these endotherms 
were attributable to hydrogen-bond disruption, e.g. an endotherm about 
8 0 ° C for dissociation of hard-soft-segment hydrogen bonds and an endo
therm around 1 5 0 ° - 1 7 0 ° C for inter-urethane hydrogen-bond dissocia
tion. More recent studies have shown that the intermediate D S C transi
tions are not attributable to hydrogen-bond dissociation (75). Typical 
D S C thermal spectra for a segmented polyether urethane are shown in 
Figure 6 (76). Transition behavior strongly depends upon thermal his
tory. Three characteristic endothermic transitions have been observed: 
(I) an endotherm centered at approximately 7 0 ° C which is attributed 
to the disruption of domains with limited short-range order; (II) a 
transition at 1 2 0 ° - 1 9 0 ° C which represents the dissociation of domains 
containing long-range order; and (III) a transition above 200 °C which 
is attributable to the melting of microcrystallites of the hard segments. 
Seymour (76) has shown that the transition (I) can be shifted upward 
to merge with the higher transition (II) by annealing, the final state of 
order depending on the annealing history and sample composition. 
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1. VAN BOGART ET AL. Segmented Copolymers 17 

Apparently, hydrogen bonding plays only a secondary role in deter
mining the transition behavior and properties. Additional information 
from I R studies (41,43, 76, 77, 78) indicates that it is the chain mobility, 
or T g of the hard blocks, which controls hydrogen-bond dissociation 
rather than the opposite case. The presence of hydrogen bonds thus 
serves primarily to increase the overall cohesion of the hard domains, 
and the unusually good mechanical properties of segmented polyure
thanes are instead ascribed to the microphase-separated morphology. It 
is of interest to mention, however, that IR studies of hydrogen bonding 
provide a more quantitative indication of the degree of phase mixing, 
through comparison of the extent of hard-segment carbonyl and N H 
group bonding, than afforded by D S C (43, 47). Furthermore, hydrogen 
bonding can be important in determining the arrangement of hard seg
ments within their domains ( 45, 46, 47 ). 

Dynamic Mechanical Property Measurements 

Dynamic mechanical properties (79) provide information about 
first- and second-order transitions ( T m and T g , respectively), phase sepa
ration, and mechanical behavior of polymers. Typical storage modulus 
data for several representative polymer systems (80) are shown in Figure 
7. Below Tg the glassy state prevails with modulus values on the order of 
10 1 0 dyn/cm 2 for all materials. A rapid decrease in modulus is seen as 
the temperature is increased through the glass-transition region ( above 
— 5 0 ° C for these polymers ). A linear, amorphous polymer which has 
not been crosslinked (curve A ) shows a rubbery plateau region followed 
by a continued rapid drop in modulus. Crosslinking ( curve B) causes 
the modulus to stabilize with increasing temperature at about three 
decades below that of the glassy state. In block copolymers ( curves D 
and E ) , an enhanced rubbery plateau region appears where modulus 
changes little with increasing temperature. Another rapid drop in modu
lus occurs when temperature is increased to the hard-segment transition 
point. In contrast, a semicrystalline polymer (curve C ) maintains high 
modulus through the glass-transition region and up to the crystalline 
melting point where the structural identity of the crystallites is destroyed. 

In Figure 7, curves D and Ε represent thermomechanical spectra for 
segmented, polyurethane ( A B ) n block copolymers. Two distinct transi
tions are indicated by the precipitous drops in storage moduli and the 
corresponding presence of two loss peaks. Ideally, for block copolymers 
these transitions are located at the T m or T g of the corresponding com
ponent homopolymers. However, sample composition, segmental length, 
inherent intersegment solubility, and sample preparation method have 
been found to influence the degree of phase separation and thereby the 
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18 MULTIPHASE POLYMERS 

C Crystalline 

Tg Ο 50 100 

τ( β α — 
200 T m 

Figure 7. Storage modulus vs. temperature curves for: (A) 
linear amorphous polymer; (B) crosslinked polymer; (C) semi-
crystalline polymer; (D) PTMA/MDI/BD-segmented copolymer 
(32% MDI by wt); (E) PTMA/MDI/BD-segmented copolymer 

(38 Ψο MDI by wt) 

shape a n d temperature loca t ion of the d y n a m i c - m e c h a n i c a l t rans i t ion 
points . Phase m i x i n g b e t w e e n domains has been i n d i c a t e d b y a decreased 
slope i n storage-modulus transit ions a n d b y b r o a d e n e d loss peaks. Some 
of these features are i l lus t ra ted i n F i g u r e 8 for a d i m e t h y l s i loxane-poly-
carbonate ( P D M S / B P A C ) segmented c o p o l y m e r system. I n general , the 
system shows a h i g h e r degree of phase separat ion for samples h a v i n g 
h i g h e r hard-segment concentrat ion at constant P D M S b lock length . A l s o 
s h o w n is that a n increased hard-segment content results i n a n enhanced 
r u b b e r y p la teau . A t a fixed c o m p o s i t i o n rat io of P D M S to B P A C , the 
copolymers exhib i t better phase separat ion a n d mechanica l propert ies as 
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1. V A N B O G A R T E T A L . Segmented Copolymers 19 

the average block length increases. This latter observation is true for all 
segmented copolymers. 

Figure 9 shows the dynamic mechanical spectra of a series of poly-
( tetramethylene oxide ) /poly ( tetramethylene terephthalate ) ( P T M O / 
P T M T ) segmented copolymers (67). These materials reveal only one T g 

and one T m analogous to semicrystalline thermoplastics. The magnitude 
of both transition temperatures shifts progressively higher with increasing 

\B P 45-10 

65-40 

150 -100 -50 0 50 100 
TEMPERATURE (°C) 

ζ 
< 

ο 
ο 

-2 
150 200 

Figure 8. Effect of segment length on the dynamic mechanical proper
ties of PDMS/BPAC segmented copolymers. ( BP 45-10 contains 45% 
by wt PDMS with a degree of polymerization of 10 for the PDMS seg

ment.) 
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20 M U L T I P H A S E P O L Y M E R S 

TEMPERATURE E C 

Figure 9. Effect of hard-segment content on storage modulus and loss 
tangent of compression-molded FT MO/FT MT-segmented copolymers 

hard-segment content. Interestingly, the Gordon-Taylor equation was 
found to accurately model T g behavior of these samples providing that 
the crystalline polyester component was not included in the definition 
of the hard segment used in the calculation. This suggests that uncrystal-
lized hard segments form a relatively compatible interlamellar amor
phous phase with the polyether component. 

Extensive dynamic mechanical property studies have been carried 
out on hydrogen-bonded (81 ) and nonhydrogen-bonded (60, 82) poly-
urethanes. Several secondary relaxations were found in addition to the 
major hard- and soft-segment transitions. Molecular mechanisms could 
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1. V A N B O G A R T E T A L . Segmented Copolymers 21 

be assigned to each of these. A l o w temperature γ t rans i t ion (~ — 1 2 5 ° C ) 
was a t t r ibuted to l o c a l i z e d m o t i o n i n polyether sequences. S i m i l a r γ 
transit ions have been f o u n d i n other b lock copolymers ( 64, 65, 66, 67 ). 
I n polyurethanes w i t h l o n g soft segments ( m o l w t == 2000-5000) , a soft-
segment m e l t i n g transi t ion was detected. T h e T g loss peak o c c u r r e d at 
l o w e r temperatures w h e n soft-segment l e n g t h was increased. Since the 
longer segments are expected to p r o d u c e bet ter -ordered a n d larger 
domains , some soft segments can exist i n regions w e l l r e m o v e d f r o m the 
d o m a i n interface a n d h a r d - d o m a i n interactions, so that their m o t i o n 
can be re la t ive ly unrestr ic ted b y the h a r d domains . T h e r e is also better 
microphase separat ion i n these systems a n d therefore less hard-segment 
mater ia l d i sso lved i n the soft-segment phase. Soft-segment T g values 
were l o w e r i n n o n h y d r o g e n - b o n d e d materials t h a n i n h y d r o g e n - b o n d e d 
samples w i t h equiva lent hard-segment content. P r e s u m a b l y this was 
p r i m a r i l y a t t r ibutable to the inf luence of h y d r o g e n b o n d i n g interactions 
w i t h the soft segments. S ince this b o n d i n g persists even above the h a r d -
segment T g (41), i t is evident that the l o w e r temperature , soft-segment 
Tg is not a c c o m p a n i e d b y a m a r k e d d i s r u p t i o n of these bonds . I n a d d i 
t ion , c rys ta l l iza t ion of the h a r d segment i n the n o n h y d r o g e n - b o n d e d 
samples also serves as an a d d i t i o n a l d r i v i n g force i n the microphase 
separation process. 

Stress—Strain and Ultimate Properties 

T . L . S m i t h (83, 84, 85,86, 87) has s t u d i e d the re la t ionship b e t w e e n 
segmented, c o p o l y m e r u l t imate propert ies a n d m o r p h o l o g y . I n general , 
the behavior of a s tra ined system depends on the size a n d concentrat ion 
of hard-segment domains (88, 89, 90), the strength of hard-segment aggre
gat ion, the a b i l i t y of the segments to orient i n the d i r e c t i o n of stretch, 
a n d the a b i l i t y of the soft segment to crysta l l ize under strain. 

Studies of t w o p o l y ( tetramethylene oxide ) polyurethanes ( M D I - B D 
based ) of approx imate ly 5 0 % b y w e i g h t hard-segment content each d e m 
onstrate the effect of differences i n d o m a i n size. A t l o w strains, I R d i -
c h r o i s m results (91, 92) show that h a r d segments i n E T - 3 8 - 2 (2000 m o l 
w t soft segment ) orient transverse to the d i r e c t i o n of stress. P a r a l l e l 
or ientat ion is a c h i e v e d at h igher stress levels. F u r t h e r m o r e , at a fixed 
strain, reor ientat ion of the segments is t ime dependent . F o r E T - 3 8 - 1 
h a v i n g b l o c k lengths w h i c h are 5 0 % that of E T - 3 8 - 2 , however , or ienta
t i o n of the h a r d segments is a lways p a r a l l e l w i t h the stretch d i r e c t i o n a n d 
m u c h less re laxat ion is observed. Because of the shorter lengths, h a r d -
segment domains for E T - 3 8 - 1 are noncrysta l l ine whereas those for E T -
38-2 are crystal l ine , w h i c h results i n the differences observed. E T - 3 8 - 1 
domains c a n be d e f o r m e d r e a d i l y a n d d i s r u p t e d q u i c k l y , a l l o w i n g r a p i d 
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re laxat ion a n d p a r a l l e l or ientat ion u n l i k e the crysta l l ine E T - 3 8 - 2 w h i c h 
tends to oppose d o m a i n d i s r u p t i o n a n d reor ientat ion. 

Secant m o d u l i (87) for E T - 3 8 - 2 are h i g h e r t h a n those for E T - 3 8 - 1 
b y v i r t u e of a greater degree of phase separat ion i n the former . F u r t h e r 
more , m o d u l i at a fixed strain for these samples decrease w i t h increas ing 
temperature , a characterist ic a t t r ibuted to their thermoplas t ic nature. 
Samples w i t h a u r e a - u r e t h a n e h a r d segment ( b a s e d o n 4 ,4 , -methylene-
b i s - (2 - ch loro -an i l ine ) ) capab le of f o r m i n g r i g i d , h i g h l y crysta l l ine h a r d 
segments exhib i t secant m o d u l i w h i c h are bas ica l ly temperature inde
p e n d e n t u p to 1 5 0 ° C . 

Stress hysteresis is p r o m i n e n t i n segmented copolymers because of 
the d i s r u p t i o n of h a r d segments w i t h s train ( 9 3 , 9 4 ) . U n l i k e Y o u n g s 
m o d u l u s w h i c h depends on the r i g i d i t y a n d m o r p h o l o g y of hard-segment 
domains , stress softening is a f u n c t i o n of d o m a i n res t ructur ing a n d d u c 
t i l i t y a n d the nature of the m i x e d h a r d - a n d soft-segment in ter fac ia l 
regions ( 4 5 , 8 7 ) . I n segmented polyurethanes , hard-segment c rys ta l l i za 
t i o n has been f o u n d to increase stress hysteresis, permanent set, a n d 
tensile strength. H e a t b u i l d - u p i n polyurethanes a t t r ibutable to the ir 

τ 1 1 1 1 Γ 

Figure 10. Effect of sample morphology on the stress-strain properties of a 
FT MO/FT MT elastomeric system containing 44% by wt hard segment 
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1. V A N B O G A R T E T A L . Segmented Copolymers 23 

h i g h hysteresis losses has l i m i t e d the ir su i tab i l i ty i n appl ica t ions s u c h as 
h igh-speed tires. 

Studies have been c o n d u c t e d o n p o l y ( te tramethylene oxide ) - p o l y -
( tetramethylene terephthalate ) -segmented copolymers that are i d e n t i c a l 
i n a l l respects except for their crysta l l ine superstructure (66,67,68), 
F o u r types of s t ructures—type I, I I , a n d I I I spheruli tes ( w i t h the ir major 
o p t i c a l axis at a n angle of 4 5 ° , 9 0 ° , a n d 0 ° to the r a d i a l d i rec t ion , respec
t i v e l y ) , a n d no spherul i t i c s t ruc ture—were p r o d u c e d i n one segmented 
p o l y m e r b y v a r y i n g the sample-prepara t ion m e t h o d . F i g u r e s 10 a n d 11 
s h o w the stress—strain a n d I R d i c h r o i s m results for these samples, respec-

0 50 100 150 200 250 

% ELONGATION 

Figure 11. Hard- and soft-segment orientation func
tion vs. elongation curves for the various morpholo
gies exhibited by a PTMO/PTMT segmented copoly

mer system (44% by wt hard segment) 
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t ive ly . Stresses past the y i e l d p o i n t increased i n the order of texures III, 
" N O , " I, a n d II. T h e extent of hard-segment or ientab i l i ty increased i n 
the opposite order—II , I, " N O , " I I I . T h e authors thus suggest that the 
greater a b i l i t y of h a r d segments to resist or ientat ion i n the stretch direc 
t i o n results i n h i g h e r stress levels (68). 

W i t h r e g a r d to u l t imate propert ies , the fracture process can be repre
sented b y three steps: i n i t i a t i o n of microcracks or cavi ta t ion , s l o w crack 
p r o p a g a t i o n , a n d catastrophic fa i lure (83,84,85,86,87). D i s p e r s e d 
phases t e n d to interfere w i t h the crack p r o p a g a t i o n step, r e d i s t r i b u t i n g 
energy that w o u l d otherwise cause the cracks to r e a ch catastrophic size. 
T h u s , a two-phase m o r p h o l o g y is essential to the achievement of h i g h 
s trength i n elastomers. T h e presence of hard-segment domains increases 
energy diss ipat ion b y hysteresis a n d other viscoelast ic mechanisms. G r o w 
i n g cracks c a n be deflected a n d b i f u r c a t e d at phase boundar ies . U p o n 
de format ion , t r i ax ia l stress fields are f o r m e d about hard-phase part ic les , 
t e n d i n g to i n h i b i t the g r o w t h of cavit ies . C a v i t i e s w h i c h d o f o r m c a n be 
l i m i t e d to s m a l l sizes, s t a b i l i z e d b y surface energy effects. T h e h i g h 
m o d u l u s h a r d phase c a n also rel ieve stress concentrat ions b y u n d e r g o i n g 
d e f o r m a t i o n or in terna l s t ructura l reorganizat ion . A t l o w e r temperatures, 
s trength can be ra ised because of the greater d o m a i n y i e l d stresses, 
increas ing matr ix viscosity, or s t r a i n - i n d u c e d c rys ta l l i za t ion effects. T h e 
re lat ive impor tance of these a n d other re inforcement mechanisms i n t w o -
phase p o l y m e r systems depends on the type , size, a n d concentrat ion of 
the domains or phases. 

I n segmented polyurethanes , s trength is enhanced b y l o n g , r i g i d 
h a r d segments w i t h h i g h cohesive energy. A l t h o u g h h y d r o g e n b o n d i n g 
c a n contr ibute to d o m a i n cohesiveness, h y d r o g e n b o n d i n g itself is not 
d i r e c t l y responsible for h i g h strength. 

F i g u r e 12 f r o m S m i t h (87) shows r e d u c e d values for the strain, Xh = 
1, a n d true stress, \bab, at break as a f u n c t i o n of temperature for four seg
m e n t e d elastomers ( a l l w i t h p o l y ( t e t r a m e t h y l e n e o x i d e ) soft segments) . 
C o m p a r i n g E T - 3 8 - 1 a n d E T - 3 8 - 2 , the former is super ior i n strength a n d 
e longat ion. T h e smaller , more numerous domains i n E T - 3 8 - 1 are appar
ent ly more efficient at s t o p p i n g catastrophic crack g r o w t h t h a n those for 
E T - 3 8 - 2 ( b o t h have a p p r o x i m a t e l y the same hard-segment c o n t e n t ) , 
r esu l t ing i n a larger tensile strength. F u r t h e r m o r e , the more r e a d i l y 
de formable , d i s ruptab le domains i n E T - 3 8 - 1 p e r m i t h i g h e r e longat ion 
w h i c h increases w i t h increas ing temperature before fracture . E T - 2 4 - 2 
exhibits a drast ic change i n propert ies near 4 0 ° C . B e l o w 4 0 ° C , the 2000-
m o l - w t soft segment p a r t i a l l y crystal l izes a n d strengthens the spec imen 
(84) even t h o u g h the l o w e r d o m a i n concentrat ion as c o m p a r e d w i t h 
E T - 3 8 - 1 a l lows a greater degree of viscous flow. ( T h i s effect is r e d u c e d 
at l o w e r temperatures. ) A b o v e 4 0 ° C , however , the soft segments are n o 
longer crysta l l ine , a n d the hard-segment domains cannot re tard crack 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
1

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



1. VAN BOGART ET AL. Segmented Copolymers 25 

4.0 

* 3.0 

C 

0€ 2.0 

1.0 
10 

1 r Τ r τ 1 r 

β μ 

β μ 

Hard Segment 

• (urea-urethane) 5 &26 
Ο ET-38-2 *12 0(49 
«ΕΤ-24-2 5.4 0.29 
Ο ET-38-1 5.6 0.47 

" Ο 
ι 

-40 40 80 120 
Temperature, *C 

160 

IBM Journal of Research and Development 

Figure 12. Flots of log λ 6 σ & (upper panel) and (Xb — 1) (lower panel) 
against temperature. Data were evaluated at an extension rate of 1 
min1 and are for poly(urea-urethane) and polyurethane elastomers (87). 

g r o w t h because of insufficient cohesive s trength at these temperatures . 
If another h a r d segment charac ter ized b y h i g h cohesive energy is used , 
however , as i n the case of the urea—urethane spec imen ( s i m i l a r to E T - 2 4 - 2 
except for the nature of the h a r d segment ) , h i g h e r tensile strengths are 
observed. T h e u r e a - u r e t h a n e sample is u n i q u e i n that e longat ion at break 
a n d tensile strength b e g i n to i m p r o v e above 1 2 0 ° C . S m i t h (87) offers the 
explanat ion that the hard-segment domains become more d e f o r m a b l e 
above this temperature , p e r m i t t i n g reorganizat ion into a more fibrous 
structure t h a n is possible near 1 0 0 ° C . 
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Kinetics of Microphase Separation 

Recent w o r k (95-100) has revea led that the m o r p h o l o g y of seg
m e n t e d copolymers f o l l o w i n g t h e r m a l treatment is t i m e dependent . A s 
m e n t i o n e d i n the section o n t h e r m o d y n a m i c s , ra i s ing the temperature of 
a p o l y m e r system induces phase m i x i n g , as s h o w n i n F i g u r e 13, taken 
f r o m W i l k e s a n d E m e r s o n ( 9 7 ) . Subsequent c o o l i n g causes phase sepa
r a t i o n g i v i n g the o r i g i n a l m o r p h o l o g y . H o w e v e r , because of k i n e t i c 
a n d viscous effects, a finite amount of t i m e is r e q u i r e d to p r o d u c e a g i v e n 
change i n m o r p h o l o g y . 

W i l k e s a n d E m e r s o n (97) s t u d i e d the t ime-dependent b e h a v i o r of a 
polyester po lyure thane ( M D I - B D based ; 4 0 % h a r d segment) w h i c h was 
heated to 160 ° C for 5 m i n , t h e n r a p i d l y q u e n c h e d to r o o m temperature . 
T o m o n i t o r changes i n phase separat ion, S A X S intensi ty values (at a 
fixed angle ) were r e c o r d e d as a f u n c t i o n of t ime. F u r t h e r m o r e , the elastic 
m o d u l u s a n d soft-segment T g w e r e f o l l o w e d w i t h t ime . T h e results, 
s h o w n i n F i g u r e 14, reveal a n a p p r o x i m a t e l y exponent ia l decay t o w a r d 
e q u i l i b r i u m w i t h a g o o d corre la t ion b e t w e e n propert ies ( T g a n d m o d u 
lus ) a n d structure ( i n f e r r e d b y S A X S intensi t ies ) . 

H e s k e t h , et a l . (99) have p e r f o r m e d s i m i l a r t ime-dependent T g 

studies o n a n u m b e r of segmented copolymers , o n l y samples w e r e a n 
nea led for 4 h r at var ious temperatures ( 1 2 0 ° , 1 5 0 ° , 1 7 0 ° , or 1 9 0 ° C ) . 
A l l samples h a d s imi lar hard-segment contents ( ~ 5 0 % b y w e i g h t ) a n d 
a p o l y ( t e t r a m e t h y l e n e ox ide) ( m o l w t 1000) soft segment, a n d di f fered 
o n l y i n hard-segment c o m p o s i t i o n . E x p o n e n t i a l decay to the steady-state 

Journal of Applied Physics 

Figure 13. Model depicting the morphology at both (a) a long time 
and (b) following heat treatment. (A) partially extended soft seg
ment; (B) hard segment domain; (C) hard segment; (D) coiled or 
"relaxed" soft segment; (E) lower-order hard-segment domain (97). 
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Figure 14. Flots of the glass transition temperature of the soft segment 
phase, Tff8, Youngs modulus E , and SAXS intensity, l(cps), vs. post-annealing 
time for a commercial polyester polyurethane (MDI/BD based), R53 (Hooker 

Chemical Company) (fixed s = 0.042 Â"1 for SAXS data) (97). 

T g was observed. The displacement from equilibrium at a given time, 
however, was greater for higher annealing temperatures. Furthermore, 
the more compatible the sample was at room temperature, the greater 
the displacement of Tg from the steady-state value. For example, the 
least displacement from and quickest return to equilibrium was displayed 
by a sample with a highly crystalline piperazine-butanediol hard 
segment. 

Ophir, et al. (100) also have studied a series of polyester urethanes 
( poly ( tetramethylene adipate ) soft segment of 1000 mol wt; M D I - B D -
based hard segment ) with various degrees of crosslinking using a per
oxide (performed at 2 1 0 ° C — i n the phase mixed state). For well-aged 
samples at room temperature, the samples with lower degrees of cross-
linking showed better phase separation as revealed by higher intensity 
SAXS curves. Upon thermal treatment and quench to room temperature, 
the greater displacements from steady state (as monitored by SAXS 
intensity at a fixed angle and storage modulus ) were exhibited by the 
more lightly crosslinked specimens. These samples also came to steady 
state in a much shorter time than the more heavily crosslinked systems. 
Apparently the crosslinking is a domain-disruptive process (94,101) 
which lowers rubbery modulus values and inhibits the transient response. 
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Morphological Studies of PCP/MDI/BDO
-Based Segmented Polyurethanes 

A. L . C H A N G 1 and E. L . T H O M A S 1 

Department of Chemical Engineering, University of Minnesota, 
Minneapolis, M N 55455 

Folymethane samples based on polycaprolactonediol/4,4'-
diphenylmethane diisocyanate/1,4-butanediol from 1/2/1 
to 1/6/5 (PCP/MDI/BDO) mole ratio were phase separated 
by DSC, WAXS, electron diffraction, and TEM. Soft 
[ ( PCP/MDI ) i] and hard [ ( MDI/BDO ) j] segment se
quences can crystallize. As-reacted samples contained a 
more ordered, hard-segment phase while solution-cast sam
ples contain a more ordered, soft-segment phase. The 
observed increase in melting point and decrease in line
-wid th of the hard segment, WAXS reflections suggest an 
increase of domain size with increased hard-segment con
tent. The fractional degree of crystallinity of the hard
-segment phase is approximately constant. All solvent (DMF) 
cast samples except sample 1/2/1 contained a spherulitic 
superstructure. Bright field, defocus micrographs of solu
tion-cast films of samples 1/5/4 and 1/6/5 exhibit a 400 A 
scale granularity suggestive of hard-segment-rich domains. 

T p h e interesting elastomerie properties of polyurethanes are currently 
attributed to the formation of microdomains (1,2,3,4). Thermo

plastic polyurethane elastomers are multiblock copolymers consisting of 
short, immobile, polyurethane sequences ( "hard" segments ) connected 
via long and flexible chains ( "soft" segments ). A variety of aliphatic and 
aromatic diisocyanates with diol or diamine chain extenders have been 
used for the hard segment with typically 1,000-3,000 molecular weight 
polyether or polyester polyols for the soft segment. During polymerization 

1 Current address: Department of Polymer Science and Engineering, University 
of Massachusetts, Amherst, MA 01002. 

0-8412-0457-8/79/33-176-031$05.50/0 
© 1979 American Chemical Society 
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and solidification, the hard and soft portions of the multiblock polyure-
thane chain undergo microphase separation into hard and soft domains. 
The strong polar bonding of the hard segments causes the hard domains 
to act as pseudocrosslinks for the flexible soft-segment phase. Mechanical 
properties can then be conveniently tailored by varying the ratio of 
hard-to-soft phase. 

The substantial work on polystyrene/polybutadiene and polystyrene/ 
polyisoprene blends and diblock and triblock copolymer systems has lead 
to a general understanding of the nature of phase separation in regular 
block copolymer systems ( 5 , 6 ) . The additional complexities of multi-
blocks with variable block length as well as possible hard- and/or soft-
phase crystallinity makes the morphological characterization of polyure-
thane systems a challenge. 

In this chapter we investigate the morphology of a series of polyure
thanes based on polycaprolactone polyol ( P C P ), diphenylmethane 
diisocyanate (MDI), and butanediol (BDO). Samples of as-batch-reacted 
and solution-cast polymers were examined by optical microscopy, trans
mission electron microscopy, electron and x-ray diffraction, and differen
tial scanning calorimetry. Our interest is to provide a mapping of the size 
and shape of the domains ( and any superstructure such as spherulites ) 
and the degree of order as a function of the fraction of each phase present. 

Chain regularity and block length as well as thermal history during 
and after polymerization all play important roles in determining the 
degree of phase separation as well as the degree of order of the soft- and 
hard-segment domains. Better phase separation is favored for nonpolar 
soft-segment systems and with longer sequence lengths of the respective 
hard/soft segments. 

Both soft and hard domains in polyurethanes can be amorphous or 
partially crystalline, depending on the particular system. For partially 
crystalline systems, the ordered hard-segment phase is thought to be 
composed of fringed lamellae domains of thickness (dimension parallel 
to chain axis) equal to the hard-segment length and lateral width 
( dimensions normal to chain axis ) of less than a few hundred Angstroms 
(3). Occasionally there is a spherulitic superstructure (3,6,7). Although 
the block length and volume fraction of each type of segment will influ
ence the overall domain morphology, both bicontinuous (8) and discrete-
isolated (3,4,5) domain morphologies have been proposed. 

Providing the fact that a block is regular, block length is important 
in determining crystallinity. For polyester-based polyurethanes, Seefried 
et al. ( 9 ) have shown that a polycaprolactonediol with M n > 3000 was 
necessary for soft-segment crystallinity. Hard-segment crystallization can 
occur for much shorter block lengths. Harrell (10) prepared a systematic 
series of polymers with monodisperse hard-segment sizes and showed that 
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2. C H A N G A N D T H O M A S Segmented Polyurethanes 33 

crys ta l l iza t ion o c c u r r e d even for chains conta in ing o n l y a single, h a r d -
segment repeat u n i t ( i t s h o u l d be noted that Harre lTs p o l y m e r has n o 
h y d r o g e n b o n d i n g ) . Interest ingly, he reported that increas ing the h a r d -
segment b lock l e n g t h d i d not a p p r e c i a b l y affect the degree of order 
w i t h i n the h a r d domains , t h o u g h the m e l t i n g p o i n t of the hard-segment 
phase was raised. W i l k e s (7,11,12) a n d co-workers have character ized 
the m o r p h o l o g y of these specia l ly p r e p a r e d po lymers a n d have f o u n d 
b o t h spherul i t i c superstructure a n d d o m a i n structures. D o m a i n size 
apparent ly increased w i t h increase i n hard-segment content as e v i d e n c e d 
b y sharpening of the w i d e - a n g l e x-ray ( W A X S ) reflections (12). 

T h e r e are re lat ively f e w direct transmission, e lectron m i c r o s c o p y 
( T E M ) studies of d o m a i n structures i n polyurethanes (3-7,13,14,15). N o 
dis t inct mice l le - lamel lae platelets have been observed i n the urethane 
systems thus s tudied . Instead, the d o m a i n structures w h i c h have been 
observed general ly appear as isolated equiaxed grains 30-500 Â i n 
diameter (4,13,14,15). R a n d o m l y or iented fibrils w i t h la teral d i m e n 
sions of 300-600 Â have been observed i n a p o l y e t h e r / M D I / B D O 
system (3,6). It remains to be seen w h a t re lat ion the equiaxed grains 
( d o m a i n s ) a n d the fibrils observed b y transmission electron m i c r o s c o p y 
have w i t h the mice l le - lamel lae structures in fer red f r o m W A X S a n d 
S A X S (12,16). 

Bonar t has p r o p o s e d t w o - d i m e n s i o n a l a n d three-dimensional models 
of M D I / B D O hard-segment ( p a r a ) crystals (17,18,19). Arrangements 
w e r e constructed that p r o v i d e o p t i m u m h y d r o g e n b o n d i n g . T h e 7.9 Â 
paracrysta l l ine , hard-segment reflection is thought to arise f r o m the 
h y d r o g e n b o n d conta in ing planes i n c l i n e d 3 0 ° to the c h a i n axis. Q u i t e 
h i g h temperatures a n d l o n g annea l ing times ( 1 9 0 ° C , 12 h r ) are repor tedly 
r e q u i r e d for signif icant hard-segment ( M D I / B D O ) crys ta l l in i ty (2). 

Several S A X S studies o n M D I / B D O polyurethanes h a v e s h o w n a 
discrete small -angle m a x i m u m i n the 200 Â range (3,12,16,20). T h i s 
m a x i m u m has been a t t r ibuted to the average center-to-center spac ing of 
the hard-segment domains . O n e w o u l d expect a systematic v a r i a t i o n i n 
the pos i t ion of this m a x i m u m w i t h composi t ion , but this has not a lways 
been observed (3,16). T h e inf luence of soft-segment h y d r o g e n b o n d 
a b i l i t y a n d hard-segment b l o c k size on the phase separation have been 
c lear ly s h o w n i n S A X S studies. F o r the same molecular w e i g h t p o l y o l 
( M „ = 1000), a 1/2/1 p o l y e s t e r / M D I / B D O system was s ingle p h a s e d 
(i .e. , c o m p a t i b l e ) whereas the 1/2/1 p o l y e t h e r / M D I / B D O system was 
phase separated (20). 

I n a d d i t i o n to microphase structures, M D I / B D O - b a s e d polyure thane 
systems have exhib i ted spherul i t i c superstructure. C h a r a c t e r i z a t i o n of 
the b ire fr ingence of the spherulites was u s e d to determine the orienta
t i o n of the hard-segment domains ( 7 ) . H o w e v e r , because of the sensi-
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t i v i t y of the o p t i c a l anisotropy to the exact c o n f o r m a t i o n of the aromat ic 
r ings as w e l l as to the c h a i n or ientat ion, b i re f r ingence alone cannot 
de termine hard-segment or ientat ion w i t h i n the spherul i te ( 3 ) . 

T h e d y n a m i c m e c h a n i c a l propert ies ( tors ion p e n d u l u m ) of the 
present P C P / M D I / B D O polyure thane system have been s tudied b o t h 
as a f u n c t i o n of p o l y o l m o l e c u l a r w e i g h t a n d as a f u n c t i o n of h a r d -
segment concentrat ion. A series of polyurethanes w i t h P C P / M D I / B D O 
m o l e rat io of 1/2/1 w i t h v a r i a b l e M n of the soft-segment p o l y o l ( M n 

= 340, 530, 830, 1250, 2100, a n d 3130) exhib i ted a single compos i t iona l 
dependent Tg consistent w i t h a compat ib le (noncrys ta l l ine) system for 
polyols ο Γ Μ η of 340-2100 (e.g. , 37-13 w t % h a r d segment) ( 9 ) . F o r 
the 3 1 3 0 - M n p o l y o l , soft-segment c rys ta l l i za t ion o c c u r r e d i n d i c a t i n g a 
two-phase m o r p h o l o g y . T h e d y n a m i c m e c h a n i c a l properties for t w o 
different m o l e c u l a r w e i g h t po lyols (830 a n d 2100 M n ) w e r e also s tudied 
as a f u n c t i o n of hard-segment concentrat ion (21). T h e l o w e r Tg of the 
8 3 0 - M n p o l y o l system was v e r y sensitive to the hard-segment content 
whereas the l o w e r Tg of the 2100 M n - p o l y o l system d i d not s ignif icant ly 

Mol Ratio 
PCP/MDI/BDO Wt % MDI 

T a b l e I. 

Wt Fraction 
Hard Segment 

(%) 

52°C DM F 
Spherulite 
Size (μηι) 

1/0/0 0 0 —64 ° C 50 
1/1/0 •11 0 — 30 
1/2/1 19 13 - 4 0 N o n e 
1/3/2 26 23 - 4 0 < -5 
1/4/3 31 31 - 3 2 5 
1/5/4 35 38 - 3 0 10-30 
1/6/5 38 43 - 3 0 10-30 
0/1/1 74 100 + 1 2 5 ° C 50 

As-Reacted 52°C DMF 
WAXSb Electron Diffraction" 

X L - S X L - S 
X L - S X L - S 
\ . 4 4 X L — S * 

4.6, A — 4 . 4 X L - S * , A—4.4 (weak) 
4 .6 ,4 .1 ,3 .75, A — 4 . 4 X L - S * , A — 4 . 4 
4 .6 ,4 .1 ,3 .75, A — 4 . 4 X L - S * , A — 4 . 4 
4 .6 ,4 .1 ,3 .75, A — 4 . 4 X L - S * , A — 4 . 4 

A — 8 . 4 , 4 .9 ,4 .6 ,4 .1 ,3 .75 4.6, 3.9 

* From Ref. 21 for a PCP diol of M . = 2100. _ 
6 The random copolymer samples are based on a PCP diol of M„ = 2.000 ; XL-S : 

crystalline PCL reflections; X L - S * : crystalline soft segment in limited regions of 
sample; A - X . X : diffuse halo centered at X X A. 
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increase over the same range of hard-segment concentration (see Table 
I ). This would indicate that the relative degree of phase separation was 
much greater for the higher molecular weight polyol system. 

Experimental 

The polyurethane samples were kindly supplied by F. E . Critchfield 
of Union Carbide Corporation. The samples were made by a one-step 
batch process with curing at 145 ° C for 16 hr. Details of the polyurethane 
polymerization are described elsewhere (9). The hard segment consists 
of 4,4'-diphenylmethane diisocyanate ( M D I ) and 1,4-butanediol ( Β D O ) ; 
( M D I / B D O ) i , and the soft segment consists of M D I and polycaprolac-
tone diol (PCP) with M n = 2000; ( P C P / M D I ) , . 

Transmission electron micrographs and diffraction patterns were 
obtained using a J E O L 100CX electron microscope operated at 100 K e V . 
Wide-angle x-ray patterns were taken with a flat film camera using 
nickel-filtered copper radiation with a Phillips-Norelco generator operated 
at 30 K V and 20 m A. The D S C experiments were carried out using a 
Perkin-Elmer D S C II at a heating rate of 2 0 ° C / m i n . Sample size was 
approximately 10 mg. Calibration was done with an In standard . 

Eight different polymers were studied: polycaprolactone homopoly-
mer ( P C L ) ; the two regular pure segment copolymers, P C P / M D I and 
M D I / B D O , and five random copolymers with P C P / M D I / B D O mole 
ratios varying systematically from 1/2/1 to 1/6/5 (see Table I). Sample 
opacity increases strongly with increased hard-segment content for the 
five random copolymer samples. Both regular pure segment copolymers 
are opaque. 

Two types of samples were prepared for detailed morphological 
examination. Sections of the as-polymerized material were examined 
directly by W A X S and D S C . Samples also were prepared by casting 
films from a solution of the polymer in dimethyl formamide ( D M F ) at 
5 2 ° C . Solvent was allowed to slowly evaporate, and the films were 
dried by annealing for 670 hr at 5 2 ° C , followed by slow cooling to room 
temperature. Thin films suitable for electron microscopy were cast 
from 0.5 wt % polymer in D M F onto clean glass slides, and after 20 
hr of annealing at 5 2 ° C , floated off on distilled water and mounted on 
300-mesh copper grids. 

Experimental Results 

Differential Scanning Calorimetry. Figures 1 and 2 show 320-520 Κ 
D S C scans of the as-reacted polymer and the D M F solution cast samples 
at heating rate of 2 0 ° C / m i n . Two broad endothermic transition regions 
are observed—a very broad and weak transition near 3 5 0 ° C and a 
narrower, stronger transition below 5 0 0 ° C . 

For the as-reacted polymer, the high temperature peak (circa 490 K ) 
shifts upwards by about 1 0 ° C as the hard-segment concentration in
creases from 13-43%. Scans through the P C L melting range indicate 
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36 MULTIPHASE POLYMERS 

Figure 1. DSC scans at heating rate of 20°C/min of the as-reacted PCP/ 
MDI/BDO samples over the 320-520 Κ range 
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2. CHANG AND THOMAS Segmented Polyurethanes 37 

350 40Ô ^ ^ " 450 ^ 5ÔÔ 

Temperature, Κ 

Figure 2. DSC scam at heating rate of 20°C/min of DMF solution cast 
PCP/MDI/BDO samples over the 320-520 Κ range 

no significant soft-segment crystallinity is present. For the solvent-cast 
samples, the high temperature peak (circa 455 K) also shifts upwards 
with increasing hard-segment content by about 10°C. The solvent cast 
1/2/1 sample has no high temperature peak but does show a small soft-
segment melting endotherm at about 40°C for a scanning rate of 5°C/min. 
The heat of fusion of the high temperature transition increases with 
hard-segment content for both types of samples, with the respective D M F 
cast samples having much lower values than the as-reacted samples (see 
Table I I ) . 

Mol Ratio 
PCP/MDI/ 

Table I I . 

Wt trac- As-Reacted Polymer Solution Cast Polymer 
tion Hard :L_ . _ 

BDO Segment &h( cal/'g T . (Κ) àht cal/g T m (K) 

1/2/1 13 0.2 479- 0 — 
1/3/2 23 1.7 484 0.4 445 
1/4/3 31 2.8 494 1.1 456 
1/5/4 38 4.2 493 1.2 458 
1/6/5 43 5.2 490 2.6 458 
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38 MULTIPHASE POLYMERS 

D i f f r a c t i o n . W i d e - a n g l e x-ray scat ter ing patterns of the as-reacted 
p o l y m e r indica te microphase separation is o c c u r r i n g b y the appearance 
o f crysta l l ine hard-segment reflections (see T a b l e I a n d F i g u r e 3) ( 2 , 3 ) . 
These reflections become sharper a n d stronger w i t h increas ing h a r d -
segment content. Sample 1/2/1 w i t h o n l y 1 3 % h a r d segment shows o n l y 
one diffuse ha lo centered at 4.4 Â. T h e r e is no x-ray evidence of soft-
segment c rys ta l l in i ty i n any of the as-reacted r a n d o m c o p o l y m e r samples. 
Sample 1/1/0 ( p u r e soft segment) exhibits sharp crysta l l ine reflections 
w h i c h index w e l l w i t h the k n o w n crys ta l structure of P C L (22). 

E l e c t r o n di f f rac t ion of solut ion cast films annealed at 5 2 ° C ( w h i c h 
is just b e l o w the m e l t i n g p o i n t of P C L h o m o p o l y m e r ) shows soft-segment 

Figure 3. WAXS patterns of the as-reacted PCP/MDI/BDO polymers: (upper 
left) 11211, (upper right) 11312, (lower left) 11413, and (lower right) 1/6/5. 

All samples except upper left exhibit hard-segment crystalline reflections. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
2

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



2. CHANG AND THOMAS Segmented Folyurethanes 39 

crysta l l in i ty (see F i g u r e 4 ) . T h e amount of soft-segment crys ta l l in i ty 
increases w i t h the w e i g h t f rac t ion of soft segment, b u t these crysta l l ine 
soft-segment regions appear discretely ( a n d r a n d o m l y ) throughout the 
film. It has not been possible to p i n d o w n their loca t ion w i t h i n the 
spherulites. 

N o dis t inct hard-segment reflections are v i s ib le i n solution-cast 
samples of the 1/2/1-1/6/5 r a n d o m copolymers , instead a strong halo 
centered at 4.4 Â is observed ins ide the 4.1- a n d 3.7-Â P C L reflections. 
T h e pure , hard-segment sample has t w o b r o a d rings centered at 4.6 
a n d 3.9 A . 

Microscopy. T h e morphologies of the pure , soft-segment c o p o l y m e r 
( P C P / M D I ) a n d p u r e , hard-segment c o p o l y m e r ( M D I / B D O ) are 

Figure 4. Electron diffraction patterns of DMF solution cast samples: (upper 
left) 1/3/2, (upper right) J/5/4, (lower left) 11615, and (lower right) 0/1/1 

(pure hard segment) 
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40 MULTIPHASE POLYMERS 

s h o w n i n F i g u r e 5. T h e observed m o r p h o l o g y depends on the sample 
p r e p a r a t i o n technique , m e l t east films of ( P C P / M D I ) a n d ( M D I / 
B D O ) y i e l d i n g v e r y large (50-μ,τη d iameter ) n o n b a n d e d , pos i t ive ly 
biréfringent ( 0 ° - 9 0 ° ) spherulites . Solution-cast films sometimes exhibi t 
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2. CHANG AND THOMAS Segmented Ρolyurethanes 41 

Figure 5. Optical micrographs of pure soft- and pure hard-segment copoly
mers: (upper left) compression-molded soft segment, flower left) DMF solution-
cast soft segment, (upper right) compression-molded hard segment, (lower right) 
DMF solution-cast hard segment. All micrographs are for crossed pohrizers 

except lower right. 
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2. CHANG AND THOMAS Segmented F olyur ethanes 43 

Figure 6. Transmission electron micrographs of solution-cast films of: (upper 
left) pure soft-segment copolymer and (lower left, above) pure hard-segment 

copolymer 
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2. CHANG AND THOMAS Segmented Polyurethanes 45 

Figure 7. Transmission electron micrographs of solution-cast films of: (upper 
left) 1/3/2, (lower left) 1/4/3, and (above) 1/6/5. Spherulite size decreases 

with decreasing hard-segment content. 
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46 MULTIPHASE POLYMERS 

Figure 8. Bright field, defocus micrographs of solution cast films of: (a) sample 
1/5/4 and (b) sample 1/6/5 (underfocus for both micrographs = 2 μπι) 
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2. CHANG AND THOMAS Segmented Polyurethanes 47 

banded spherulites, but the optical anisotropy of the random copolymer 
and pure hard-segment spherulites is greatly diminished. Transmission-
electron micrographs show that the detailed morphology of the pure soft 
and pure hard spherulites are quite different (see Figure 6). The pure 
soft-segment spherulites consist of the familiar branching, radiating 
lamellae, whereas the pure hard-segment spherulites exhibit a radiating, 
rough fibrous texture. 

Figure 7 shows that spherulite size decreases markedly with decreas
ing hard-segment content. Interestingly, the spherulitic structure of the 
intermediate composition random copolymers (23%, 31%, 38%, and 
43% ) still resembles that of the pure hard segment even though the 
hard segment is the minor component. Samples 0/1/1, 1/6/5, 1/5/4, 
1/4/3, and 1/3/2 all contain coarse, fibrous spherulites with rough 
boundaries. Sample 1/2/1, which contains the smallest amount of hard 
segment, exhibits no detectable superstructure. 

Visualization of the microphase domain morphology proved difficult. 
Figure 8 shows a dark granularity on the 400-Â scale in the defocused 
bright-field image of samples 1/6/5 and 1/5/4. The size and amount 
(as well as the visibility) of this structure decreases with decreasing 
hard-segment content. Films of less than 38% hard segment appear 
rather uniform in contrast at high resolution. 

Discussion 

As-Reacted Samples. The thermal transition behavior of the random 
copolymer samples is similar to that of other previously studied M D I / 
BDO-based segmented polyurethanes (23,24). Depending on the ther
mal history of the sample, up to three endothermic transitions, all believed 
to be associated with disordering of ( para ) crystalline hard-segment 
regions, have been observed. Sample annealing has been shown to cause 
the two lower endotherm peaks to shift to higher temperatures and 
become merged. Further annealing then causes an additional upwards 
shift of this combined lower peak until only a single high-temperature 
peak remains. The annealing behavior is interpreted in terms of the 
rearrangement of small, disordered hard-segment regions into more 
crystalline domains (24). 

The observed weak, single low-temperature transition with a single, 
strong high-temperature transition suggests that ordered hard-segment 
domains can be directly formed in the as-reacted ( and cured ) polymers. 
The observed increase in the melting point of the random copolymers 
with increase in the average hard-segment length suggests an increase 
of domain size with increased hard-segment content. The intensity and 

American Chemical 
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48 MULTIPHASE POLYMERS 

l i n e w i d t h of the hard-segment W A X S reflections also indicate that c rys ta l 
size is increas ing w i t h increased hard-segment content. 

F i g u r e 9 shows that the heat of f u s i o n increases approx imate ly 
l i n e a r l y w i t h hard-segment content for samples c o n t a i n i n g greater t h a n 
23 w t % h a r d segment. T h e incrementa l heat of f u s i o n w h e n re la ted to 
the incrementa l w e i g h t f rac t ion of h a r d segment for r a n d o m copolymers 
of greater t h a n 23 w t % h a r d segment shows that the f rac t iona l degree 
of c rys ta l l in i ty of the h a r d segment phase is approx imate ly constant (at 
about 4 7 % based o n a n estimate of 35.5 c a l / g for the pure , hard-segment 
heat of f u s i o n (29) ) (see T a b l e I I ) . T h e d e v i a t i o n f r o m l inear i ty of the 
heat of fus ion data at l o w w e i g h t f rac t ion h a r d segment m a y be at tr ibut
able to a m i n i m u m c r i t i c a l h a r d segment l ength necessary for crys ta l l iza 
t i o n . T h e w e i g h t f rac t ion of h a r d segment of b l o c k l e n g t h e q u a l to or 
greater t h a n k consecut ive hard-segment units m a y be est imated u s i n g 
Peebles (30) theoret ica l da ta ( w h i c h assumes comple te s toichiometr ic 
react ion w i t h e q u a l di isocyanate r e a c t i v i t y ) . F r o m F i g u r e 9 w e see for 
a theoret ical hard-segment d i s t r i b u t i o n a b lock l e n g t h of k > 6 is the 
m i n i m u m effective b l o c k l e n g t h for crysta l l ine h a r d segment, w h i c h is a 
m u c h h igher va lue than for Harre lFs (10) p o l y m e r (k > 1 ) . 

7b 

wt % Hard Segment 

Figure 9. Plot of heat of fusion vs. weight fraction of hard 
segment for each random copolymer, assuming k > I or 
k > 6, where k is the number of diisocyanate (hard-segment) 
units betwen two consecutive macrodiol (soft-segment) units. 
(Peebles (30) calculation of hard, block-length distribution in 

segmented polyurethane block copolymer is applied.) 
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2. CHANG AND THOMAS Segmented Poly methanes 49 

The present results are, however, in general agreement with those of 
Harrell (10), that is, longer hard-segment block length increases the 
size of hard-segment domains ( hence higher T m ) but does not affect the 
degree of order within the hard-segment domains (hence constant, hard-
segment degree of crystallinity ). The absence of any soft-segment endo-
therm and crystalline W A X S reflections implies a noncrystalline soft-
segment phase in the as-reacted samples. 

Solvent-Cast Samples. The D S C scans of the DMF-solvent cast 
samples at heating rate of 2 0 ° C / m i n also show two endothermic transi
tions, but both peaks are shifted down in temperature in comparison 
with the as-reacted samples. As well, the heat of fusion of the high 
temperature peak is less than in the respective as-reacted sample (see 
Table II). This would indicate a lower ordering of the hard-segment 
phase and perhaps a poorer degree of phase separation in solution-cast 
films. Interestingly, sample 1/2/1 shows a small melting endotherm at 
approximately 4 0 ° C at heating rate of 5 ° C / m i n , indicating the presence 
of crystalline soft-segment regions. 

The electron diffraction results support the occurrence of soft-seg
ment crystallinity and a more disordered hard-segment phase in the 
solvent-cast samples. Moreover, electron diffraction indicates isolated 
crystalline soft-segment regions persist even in samples of up to 43% 
hard segment. Electron diffraction is very sensitive to small local fluctua
tions in the overall structure because the diffraction patterns can be 
obtained from regions less than 1 μχη in diameter and less than .l-/i.m 
thick, whereas D S C and W A X S , of course, measure bulk polymer which 
yields averages over the whole sample. 

The spherulite morphology of the solvent-cast samples depends 
strongly on the hard-segment content. The rough, fibrous-texture spheru-
lites of the pure hard-segment copolymer are retained in the 1/6/5-1/3/2 
random copolymer samples, but the average spherulite size decreases 
markedly with decreasing hard-segment content. The spherulite mor
phology is therefore controlled by the first solidifying component (Tm 

and Tg for pure hard segment are 2 3 2 ° and 1 2 5 ° C (25) and for pure 
soft segment 6 0 ° and — 64 ° C (26)) even at quite low proportion of that 
component (e.g., as low as 23 wt % hard segment). Films of sample 
1/2/1 are not spherulitic and appear quite uniform at high resolution 
even though regions of crystalline soft segment are present. 

The low degree of hard-segment crystallinity in the solvent-cast 
samples with the added problem of loss of crystallinity from electron-
beam damage prevented visualization of either the hard- or soft-segment 
domains by dark-field microscopy. Therefore bright-field defocus electron 
microscopy was used to enhance contrast between the microphases (27, 
28). Only for the 1/5/4 and 1/6/5 samples was a distinct domain 
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50 MULTIPHASE POLYMERS 

m o r p h o l o g y evident . Regions w h i c h appear d a r k i n the under focused 
m i c r o g r a p h are regions caus ing a greater phase change of the t ransmit ted 
electrons a n d hence are hard-segment-r ich regions. Isolated domains of 
200-500 Â diameter as w e l l as occasional short, m e a n d e r i n g elongated 
domains 1000-4000 Â l o n g a n d 300 Â w i d e appear rather u n i f o r m l y 
d is t r ibuted w i t h i n the spherulites a n d in terspherul i t i c regions. T h e r o u g h 
r a d i a t i n g fibrous texture a n d the b a n d i n g of the p u r e hard-segment 
spheruli tes are a t t r ibuted to mass thickness contrast caused b y variat ions 
i n film thickness d u r i n g g r o w t h of the solvent-cast spherul i t i c films. 
Solvent cast ing tends to decrease the crys ta l l in i ty of the hard-segment 
phase as reflected i n the observed l o w e r hard-segment m e l t i n g points 
a n d heats of fus ion a n d the decreased b irefr ingence of the spheruli tes . 
T h i s lower degree of order i n the hard-segment phase is a t t r ibuted to the 
r a p i d u p w a r d s passage of the hard-segment Tm a n d T g t h r o u g h the sol 
vent cast ing temperature d u r i n g the last stages of solvent evaporat ion , 
restr ic t ing crys ta l l iza t ion of the hard-segment sequences. 

Overview 

D S C , W A X S , electron di f f ract ion, a n d electron m i c r o s c o p y support 
a phase-separated m o r p h o l o g y for a l l five of the r a n d o m c o p o l y m e r 
P C P / M D I / B D O - s e g m e n t e d polyurethanes s tudied . T h e sl ight increase 
observed b y Seefr ied et a l . ( 9 ) i n the l o w e r temperature Tg w i t h h a r d -
segment concentrat ion is therefore l i k e l y a t t r ibutable to increased r e i n 
forcement of the soft-segment matr ix b y an increased n u m b e r of d ispersed 
hard-segment domains . 

E s t a b l i s h i n g the occurrence of phase separat ion b y e x a m i n i n g the 
crys ta l l in i ty of either the h a r d - or soft-segment phase can be m i s l e a d i n g 
since a s m a l l v o l u m e f rac t ion of a p a r t i a l l y crystal l ine phase m a y not b e 
easi ly detected (e.g. , sample 1/2/1 appears amorphous b y W A X S ) , a n d / 
or, of course, phase separat ion m a y o c c u r w i t h o u t either phase b e i n g 
ordered . A l s o the detectabi l i ty of d o m a i n structures b y T E M is sensitive 
to the d o m a i n size a n d the electron densi ty difference b e t w e e n the phases. 
E v e n i f the e lectron densi ty of the phases remains constant for the var ious 
composi t ions , the pro jected electron density dif ference for r a n d o m l y 
or iented domains w i l l t end to average out unless the d o m a i n size is o n 
the order of the sample thickness. T h u s , b r i g h t field e lectron m i c r o 
graphs of ( t y p i c a l l y ) 500-Â th i ck films enhances the v i s i b i l i t y of larger 
domains w h i l e o b s c u r i n g smaller domains . 

A l t h o u g h short-segment sequences are expected to be the most 
c o m p a t i b l e , the 1/2/1 r a n d o m c o p o l y m e r w i t h a n average h a r d - b l o c k -
sequence l e n g t h of o n l y t w o units does exhibi t a phase-separated m o r 
p h o l o g y — a s ref lected for the as-reacted sample i n hard-segment crys ta l -
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2. CHANG AND THOMAS Segmented Polyurethanes 51 

linity and in soft-segment crystallinity in the solution-cast sample. In 
general, the as-reacted samples contain a more ordered, hard-segment 
phase than solution-cast samples, while the solution-cast samples contain 
a more ordered, soft-segment phase than the as-reacted samples. 

This strong dependence of the order of both the soft- and hard-seg
ment phases on the sample preparation technique may account for some 
of the previous disagreement on the extent of phase separation in a given 
polyurethane. 

Acknowledgment 

The authors are pleased to acknowledge suport of a grant-in-aid 
from the Union Carbide Corporation. 

Literature Cited 

1. Cooper, S. L. , Tobolsky, Α. V. , J. Appl. Phys. (1966) 10, 1837. 
2. Huh, D. S., Cooper, S. L., Polym. Eng. Sci., (1971) 11, 369. 
3. Schneider, N. S., Desper, C. R., Illinger, J. L., King, A. O., Barr, D. , J. 

Macromol. Sci., Phys. (1975) B11, 527. 
4. Koutsky, J. Α., Hein, Ν. V., Cooper, S. L., J. Polym. Sci., Polym. Lett. Ed. 

(1970) 8, 353. 
5. Beecher, J . F., Marker, L. , Bradford, R. D. , Aggarwal, S. L. , J. Polym. Sci., 

Part C (1969) 26, 117. 
6. Aggarwal, S. L. , Polymer (1976) 17, 938. 
7. Wilkes, G. L. , Samuels, S. L. , Crystal, R., J. Macromol. Sci., Phys. (1974) 

B10, 203. 
8. Cooper, S. L. , Seymour, R. W., West, J. C., "Encyclopedia of Polymer 

Science & Technology, Plastics, Resins, Rubbers, Fibers: Supplement 
Vol. 1—Acrylonitrile Polymers, Degradation to Vinyl Chloride," Herman 
F. Mark, Norbert M . Bikales, Eds., p. 521, Wiley-Interscience, New 
York, 1976. 

9. Seefried, C. G. , Jr., Koleske, J. V. , Critchfield, F. E. , J. Appl. Polym. Sci. 
(1975) 19, 2493. 

10. Harrell, L. L. , Jr., Macromolecules (1969) 2, 607. 
11. Samuels, S. L. , Wilkes, G. L. , J. Polym. Sci., Polym. Lett. Ed. (1971) 9, 

761. 
12. Samuels, S. L. , Wilkes, G. L. , J. Polym. Sci., Polym. Symp. (1973) 43, 149. 
13. Lagasse, R. R., J. Appl. Polym. Sci. (1977) 21, 2489. 
14. Kimura, I., Ishihara, H . , Ono, H . , Yoshihara, N. , Kawai, H . , IUPAC —III, 

Macromol. Prepr., Vol. 1, 525, Boston, 1971. 
15. Lagasse, R. R., Wischmann, Κ. B., Am. Chem. Soc., Div. Org. Coat. Plast. 

Chem., Prepr. (1977) 37, 501. 
16. Wilkes, C. E. , Yusek, C. S., J. Macro. Sci. Phys. (1973) B7, 157. 
17. Bonart, R., Morbitzer, L. , Henze, G. , J. Macromol. Sci. Phys. (1969) B3, 

337. 
18. Bonart, R., Morbitzer, L. , Muller, Ε . H . , J. Macromol. Sci., Phys. (1969) 

B3, 337. 
19. Bonart, R., Angew. Makromol. Chemie (1977) 58/59, 259. 
20. Clough, S. B., Schneider, N . S., King, A. O., J. Macromol. Sci., Phys. 

(1968) B2, 641. 
21. Seefried, Jr., C. G., Koleske, J. V., Critchfield, F. E. , J. Appl. Polym. Sci. 

(1975) 19, 2503. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
2

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



52 MULTIPHASE POLYMERS 

                     22. Chatani, Y., Okita, Y., Tadokoro, H., Yamashita, Y., Polym. J. (1970) 1, 
           555. 
23. Miller, G . W., Saunders, J. H., J. Appl. Polym. Sci. (1969) 13, 1277. 
24. Seymour, R. W., Cooper, S. L. , Macromolecules (1973) 6, 48. 
25. MacKnight, W. J., Yang, M . , Kajiyama, T. , Polym. Prepr., Am. Chem. Soc., 

Div. Polym. Chem. (1968) 9, 860. 
26. Heijboer, J., J. Polym. Sci., Polym. Symp. (1968) 16C, 3755. 
27. Petermann, J., Gleiter, H . , Philos. Mag. (1975) 31, 929. 
28. Christner, G. L., Thomas, E . L. , J. Appl. Phys. (1977) 48, 4063. 
29. Kajiyama, T., MacKnight, W. J., Polym. J. (1970) 1, 548. 
30. Peebles, L. H . , Jr., Macromolecules (1976) 9, 58. 

RECEIVED June 5, 1978. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
2

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



3 
Time Dependence of Mechanical Properties 
and Domain Formation of Linear and 
Crosslinked Segmented Polyurethanes 

ZOHAR H . OPHIR 

Polymer Materials Program, Department of Chemical Engineering, 
Princeton University, Princeton, NJ 08540 

G A R T H L. WILKES 

Department of Chemical Engineering, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061 

A systematic series of segmented polyester-MDI polyure
thanes were investigated by SAXS, DSC and stress strain 
measurements. The linear polymer as well as three peroxide 
cured samples of different crosslinking levels were utilized. 
Correlations were made between time-dependent changes 
in structure and mechanical properties following specific 
thermal treatments. Higher crosslinking leads to lower final 
domain formation and to lower modulus. Also, the cross-
linked samples had their domain texture more easily dis
rupted at lower temperature than did the linear system. 
Finally, the rate of phase separation upon cooling was 
increased as the degree of crosslinking was decreased. 

Segmented polyurethanes are thermoplastic materials that generally 
^ display elastomeric behavior—the degree of which depends on the 
relative amounts of "soft" and "hard" segments. The properties also 
depend on the extent of microphase separation and the morphological 
characteristics of the phases. Because of the basic thermodynamic incom
patibility of these two segment types, localized microphase formation 
occurs leading to the well-recognized "domain" morphology. It is widely 
accepted that the mechanical properties of the final bulk material are 

0-8412-0457-8/79/33-176-053$05.00/0 
© 1979 American Chemical Society 
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54 MULTIPHASE POLYMERS 

dictated by the nature and extent of the domain formation ( 1 - 7 ) . In 
light of this, one must not always picture a domain "morphology" as 
shown in Figure l a where the hard segments form a distinctly dispersed 
phase in the matrix comprised of the soft elastomeric segments. While 
this schematic may well be quite realistic, if the hard-segment composi
tion is higher, or through different processing procedures, both the hard 
and soft segments could form continuous phases (Figure l b ) or finally 
the hard segment may become the matrix for dispersed soft segments 
(Figure l c ) . The latter two systems are not likely to display conventional 
elastomeric behavior because of the interconnectivity of the hard-segment 
phase which, by itself, displays stiff, high modulus behavior. In view of 
the variation in hard-segment content within the broad class of seg
mented polyurethane materials ( linear and crosslinked ), one must not 
therefore expect identical structure as to specific time-dependent be
havior as addressed within this chapter. Furthermore, other factors as 
variation in chain chemistry (of either soft or hard segment) must be 
recognized because of its affect on thermodynamic incompatibility as 
well as molecular symmetry which may lead to crystallization of one or 
both segment types (2,3,8). Other basic aspects which also must not be 
ignored when comparing segmented systems is the mode of polymeriza
tion, i.e., one- or two-step polymerization and molecular weights (and 
distribution) of the segments (1,3, 8-11 ). 

In recalling Figure 1, where two-phase behavior exists, the related 
question is "does the domain texture become instantaneously induced 
during processing whether it be through thermal or solvent means?" A 
second related question is "once established, how thermally stable (in a 
structural sense ) is this texture?" From an applications point of view 
both questions have very obvious ramifications. Recent work (7,8,11,12, 

Figure 1. Molecular schematics of some 
possible segmented polyurethane mor
phologies. For convenience, good phase 
separation is assumed, (a) Hard-segment 
domains dispersed within a soft-segment 
matrix; (b) interconnected hard-segment 
phase giving rise to continuous phases of 
both hard and soft segments; (c) soft-
segment phase is dispersed within a con

tinuous matrix of hard segments. 
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3. OPHIR AND WILKES Linear and Crosslinked Polyurethanes 55 

13) has shown that upon heating many different types of linear seg
mented polyurethanes, the domains become unstable and mixing of the 
soft and hard segments takes place; the temperature of disruption de
pends on the type of polymer. Upon cooling, the hard and soft segments 
start to phase separate and the domains are again formed. Several methods 
( stress-strain, SAXS, D S C , N M R ) have been applied to show that the 
time-dependent changes in Young's modulus, soft-segment glass transi
tion, and the degree of phase separation are very similar in all of these 
experiments. These results showed that the domain formation is a ther
mally reversible process and that its kinetics are directly correlated with 
the changes in the mechanical properties with time. 

The current work deals with similar time-dependent phenomena of 
segmented polyurethanes but focuses on a specific segmented urethane 
where different levels of chemical crosslinking have been induced. 

Experimental 

Materials. The materials used in this study were based on a single 
linear polyester urethane that had been crosslinked by different amounts 
of peroxide. The hard segments contained ρ,ρ'-diphenylmethyl diisocya-
nate ( M D I ) and 1,4-butanediol. The soft segment was poly(tetramethyl-
ene adipate) glycol (mol wt ~ 1100). The materials were prepared as 
follows : the M D I , diol, and glycol were mixed and "melt reacted" ran
domly to yield a polyurethane containing 30 weight percent of hard 
segments. Next, commercial organic peroxide was mixed into the poly
mer, and the films were then compression molded at 2 1 0 ° C for 10 minutes 
while curing took place. Four samples were prepared this way: E S X 2.0 
(contains 2.0% peroxide by weight), E S X 1.0, E S X 0.5, and E S X 0.0 

contains no peroxide ). Crosslinking was demonstrated by the lower 
egree of swelling in D M F as the peroxide level increased ( the exact site 

of chemical crosslinking is not known ). The well-characterized materials 
were kindly prepared by C . S. Schollenberger and K. Dinsbergs of the 
B. F . Goodrich Center, Brecksville, Ohio. 

Equipment and Methods. The domain morphology and its changes 
with time were detected by a Kratky small angle x-ray camera, operated 
by a P D P 8/a computer. The x-ray source was a Siemens A G Cu40/2 
tube operated at 40 kV and 25 mA. A CuK<* monochromatic radiation 
(1.54 A) was obtained by nickel foil filtering and the use of a pulse-height 
analyzer. Two types of SAXS experiments were used. The first one was 
a regular intensity scan with scattering angle measured at room tempera
ture on well-aged samples. The second test consisted of measuring the 
scattered intensity at a fixed angle of 9.35 mrad (Bragg's Law spacing of 
165 Â ). The scattering functions show a maximum near this angle, and 
therefore changes in the intensity with time represent changes in the 
degree of phase separation, as discussed earlier (12). In the scanning 
experiments three sets of slits were used in each scan to cover a wide 
range of scattering angles, starting with a 60-μ entrance slit at 1 mrad and 
ending with a 150/4, slit at 140 mrad. In the fixed-angle experiments a 
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56 MULTIPHASE POLYMERS 

150-/Λ entrance slit a n d 375-/x counter sl it w e r e used . I n b o t h cases the 
paras i t i c scat ter ing was measured w i t h the sample m o u n t e d i n the n o n -
scatter ing p o s i t i o n ( before the c o l l i m a t i o n system ). 

T h e intensi ty at the fixed angle was measured after the samples w e r e 
g i v e n a t h e r m a l treatment as f o l l o w s : the sample was annealed 10 
minutes at a g i v e n temperature a n d then q u e n c h e d i n l i q u i d n i t rogen . 
( T o m i n i m i z e t h e r m a l degradat ion , o n l y a five-minute a n n e a l i n g p e r i o d 
was used at 1 7 0 ° C ) . A s the s a m p l e s thickness was about 0.06 c m , i t 
was assumed that the temperature change i n the sample was r a p i d . 
O n c e the temperature was b e l o w the soft-segment glass transi t ion, the 
m o r p h o l o g y of the sample was fixed a n d d i d not change w i t h t ime. N e x t 
the sample was heated to r o o m temperature ( 2 4 ° C ) w i t h i n a f e w 
seconds i n a water bath . A t this po int the annea l ing t i m e was taken as 
zero for the t ime-dependent measurements. T h e sample was then p l a c e d 
i n the scattering pos i t ion of the camera, a n d the scattered intensi ty was 
measured b y a detector at the fixed angle a n d r e c o r d e d b y a chart 
recorder as w e l l as b y a counter as a f u n c t i o n of t ime. 

F o r a two-phase system h a v i n g t w o components w i t h v o l u m e frac
tions φι a n d <f>2 a n d w i t h corresponding constant e lectron densities pi 
a n d p 2 , the m e a n square of fluctuation i n the electron densi ty is g iven b y : 

If the boundar ies of the phases are not sharp, there is a negat ive correc
t i o n term i n E q u a t i o n 1 ( I I ) . If the electron densi ty changes l i n e a r l y 
f r o m one phase to the other a n d takes p lace over a transi t ion layer of 
thickness Ε a n d specif ic surface S / V , the equat ion w i l l take the f o r m (14): 

T h e m e a n square of the electron densi ty d i s t r i b u t i o n , i.e., the l e f t - h a n d 
te rm above, is p r o p o r t i o n a l to the invar iant 

w h e r e θ is the scatter ing angle a n d 1 (Θ) is the measured scattered 
intensity ( smeared ). 

T h e scatter ing curves w e r e a n a l y z e d b y the computer p r o g r a m of 
V o n k (14). T h e major steps i n this analysis are (1 ) parasi t ic scatter ing 
subtract ion ; ( 2 ) m a t c h i n g the different sections of the scatter ing curve 
i n the o v e r l a p p i n g regions a n d c o m b i n i n g t h e m into a s ingle c u r v e ; ( 3 ) 
correct ion of w i d e - a n g l e b a c k g r o u n d ; (4 ) t a i l fitting; ( 5 ) invar iant c a l c u 
la t ion assuming a n inf ini te s l i t — i n this w a y art i f ic ia l effects of desmear ing 
are a v o i d e d ; a n d ( 6 ) desmear ing (14), e i ther b y the use of the measured 
s l i t - length w e i g h i n g f u n c t i o n or b y assuming an inf ini te slit . T h e v a l i d i t y 
of the inf ini te s l i t a ssumpt ion c a n be c h e c k e d b y c o m p a r i n g the t w o 
desmeared curves. 

<P2> = Ψΐφ2(ρΐ — P2)2 (1) 

(2) 

ο 

(3) 
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3. OPHIR AND WILKES Linear and Crosslinked Polyurethanes 57 

I n the ease of segmented urethanes i t m i g h t b e expected that there 
w i l l a lways be some degree of m i x i n g b e t w e e n the phases a n d that the 
boundar ies b e t w e e n the phases are not sharp. There fore pi a n d p2 as w e l l 
as Ε a n d S / V are not k n o w n , a n d the measurement of the invar iant Ç 
cannot g ive us n u m e r i c a l values for φ1 a n d φ 2· H o w e v e r , i t is s t i l l a 
u s e f u l parameter for c o m p a r i n g materials , p a r t i c u l a r l y a g i v e n m a t e r i a l 
u n d e r g o i n g phase, separat ion. T h e same argument also holds for the 
measurement of 7 ( t ime ) at a fixed Θ. T h i s intensi ty cannot be u s e d to 
calculate the invar iant as a f u n c t i o n of t ime, b u t rather i t is a measure 
of the relat ive rate of change of the d o m a i n m o r p h o l o g y as i n d i c a t e d i n 
a previous paper (12) a n d therefore can serve as a k i n e t i c parameter . 

I n this s tudy, the m e c h a n i c a l proper ty that was measured as a f u n c 
t i o n of t ime f o l l o w i n g the t h e r m a l treatment was Young's m o d u l u s . I t 
was measured w i t h an Instron at r o o m temperature u s i n g a crosshead 
speed of 10 c m / m i n . Precut dog-bone-shaped samples w e r e t h e r m a l l y 
treated as descr ibed for the S A X S experiments. T h e dog-bone samples 
w e r e 0.269-cm w i d e a n d 0.06-cm th ick a n d h a d an effective gage l e n g t h 
of 1 c m . E a c h sample was used o n l y once to m a k e sure that no changes 
i n m o r p h o l o g y were i n d u c e d b y the stretching. 

D i f f e r e n t i a l scanning ca lor imetry ( D S C ) was c a r r i e d out w i t h a 
D u P o n t M o d e l 990 dif ferent ia l scanning calor imeter u s i n g sample weights 
of 4 - 6 m g w i t h a heat ing rate of 2 0 ° C / m i n a n d f u l l range sensi t ivi ty of 
1.0 meal/sec. A s def ined earl ier b y W i l k e s a n d W i l d n a u e r (11 ), the 
glass-transition temperature of the soft segment, T g s , was taken as the 
temperature that corresponds to the i n i t i a l change i n slope i n the heat 
capac i ty Cp u p o n heat ing f r o m the glassy amorphous state. V a l u e s of T g 8 

d e t e r m i n e d b y this m e t h o d were r e p r o d u c i b l e to ± 1 ° C i n d u p l i c a t e 
runs. T h e t h e r m a l treatment was s imi lar to those of the S A X S exper i 
ments except that the c o o l i n g was done b y p l a c i n g the sealed sample 
p a n o n a c o l d meta l plate to enhance the heat transfer. 

Results and Discussion 

T h e S A X S scans of the w e l l - a g e d E S X samples indica te c lear ly that 
samples w i t h a h igher c ross l ink ing density s h o w less phase separat ion 
( F i g u r e 2 ) . T h i s data is consistent w i t h the t ime-dependent results of 
the current w o r k . These latter experiments s h o w that at above 1 4 0 ° C , 
for example , the domains d isrupt considerably , segment m i x i n g takes 
place , a n d thus the S A X S intensi ty decreases. S ince the temperature of 
c u r i n g was 2 1 0 ° C , it is clear that the cross l inking took place i n the m i x e d 
or p a r t i a l l y m i x e d state. U p o n cool ing , there is a d r i v i n g force for phase 
separat ion. T h e m o b i l i t y , however , of the cross l inked segments is re
str ic ted, a n d i n cases w h e r e h a r d a n d soft segments are c h e m i c a l l y 
b o n d e d , they cannot separate. A s a result , increas ing the c ross l ink ing 
densi ty decreases the electron density difference (pi — p2) a n d also l i k e l y 
increases the transit ion-zone thickness E. T h i s i n t u r n causes a r e d u c t i o n 
i n the invar iant < p2 > ( E q u a t i o n 1 ) a n d hence a r e d u c t i o n i n the 
scattered intensi ty as measured. T h e above statement is d i rec t ly sup-
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18i 

!6-

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 
h«2irSin(28)/X ( X " 1 ) 

Figure 2. Besmeared S A X S of well-aged ESX samples at room temperature 

Table I . Important Characterization Parameters of the 
E S X Series of Segmented Urethanes 

Perox ide (wt %) 0.0 0.5 1.0 2.0 
( E S X 0.0) ( E S X 0.5) ( E S X 1.0) ( E S X 2.0) 

S w e l l i n g i n D M F (%) soluble 275 205 165 

Soft-segment glass- - 4 0 . 0 - 3 8 . 5 - 3 7 . 0 - 3 5 . 0 
t rans i t ion tempera
ture ( ° C ) 

Y o u n g ' s M o d u l u s 12.8 11.5 10.3 7.2 
( M P a ) 

M e a n square of the 0.605 0.495 0.429 0.385 
electron densi ty f luc
tuat ions (mol elect/ 
c m 3 ) 2 X 10 3 
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3. OPHIR AND WILKES Linear and Crosslinked Polyurethanes 59 

p o r t e d b y the values of the invar iant ca l cu la ted f r o m the smeared S A X S 
data (see T a b l e I ) . 

V a l u e s of Young's m o d u l u s as f o u n d for the w e l l - a g e d E S X samples 
also are g i v e n i n T a b l e I. T y p i c a l l y for elastomeric polymers , Young's 
m o d u l u s increases as the degree of c ross l ink ing increases. I n the case 
s t u d i e d here the results s h o w a n opposite t r e n d . S i m i l a r results w e r e 
repor ted b y K i m b a l l a n d F i e l d i n g - R u s s e l l (15) as w e l l as b y Schol len-
berger et a l . ( I ) . T h e explanat ion is as f o l l o w s : the m a i n cont r ibutor 
to Y o u n g s m o d u l u s i n these two-phase systems is the h a r d domains that 
serve b o t h as a filler a n d as p h y s i c a l crosslinks. I n the presence of these 
glassy domains , the re lat ive c o n t r i b u t i o n of the c h e m i c a l c ross l ink ing (at 
least u p to the l eve l that was i n d u c e d ) is s m a l l . Therefore , increas ing 
the cross l ink ing density reduces the extent of final phase separation a n d 
thus decreases Y o u n g s m o d u l u s (at r o o m t e m p e r a t u r e ) . T h i s explana
t i o n is c lear ly conf i rmed b y the S A X S results. 

Time-Dependence Experiments. I n the fixed-angle S A X S exper i 
ments the t ime-dependent scattered intensity I(t) was n o r m a l i z e d b y : 

J b is the b a c k g r o u n d scatter ing w h i c h is about 1 0 % of the total intensi ty 
a n d is almost constant. I0 is the i n i t i a l scattered intensity of the sample 
before the t h e r m a l treatment. T h e n o r m a l i z a t i o n helps correct for changes 
i n x-ray tube intensity a n d for differences i n the sample thickness. F i x e d -
angle experiments were m a d e o n samples w h i c h h a d been annealed at 
the temperatures of 1 7 0 ° , 1 4 0 ° , 1 2 0 ° , 1 0 0 ° , a n d 8 0 ° C as d e s c r i b e d 
earlier. F i g u r e s 3a, 3b, a n d 3c show the results at the t w o extreme 
temperatures a n d at 1 2 0 ° C . F r o m these data one observes the f o l l o w i n g . 

( a ) U p o n heat ing above 1 4 0 ° C , a l l of the samples apparent ly lose most 
of the ir phase separation. T h e smal l scattered intensi ty that r e m a i n e d 
can b e re lated to l o c a l fluctuations i n the electron density. A f u l l scan 
measured at a temperature b e l o w the soft-segment glass-transit ion t e m 
perature a n d f o l l o w i n g t h e r m a l treatment supports this assumpt ion (12). 
( b ) B e l o w 1 2 0 ° C , the h igher the degree of cross l inking, the easier the 
domains are par t ia l ly d is rupted , ( c ) I n a l l cases the recovery rate de
creases as the cross l inking density increases. 

T h e f o l l o w i n g explanat ion of this behav ior is n o w suggested. A s the 
S A X S data show, as the cross l ink ing densi ty goes u p there is less phase 
separation. T h e soft segments that r e m a i n m i x e d i n the h a r d domains 
apparent ly act as plast ic izers a n d w e a k e n the d o m a i n structure. Cross-
l i n k i n g w i t h i n the glassy phase itself provides o n l y a m i n o r c o n t r i b u t i o n 
to its strength a n d at the same t ime prevents o p t i m a l p a c k i n g a n d thereby 
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o I È I I I I 1 1 
0 10 20 30 40 50 60 

TIME (min) 

Figure 3. SAXS at a fixed angle of ESX samples at 
room temperature as a function of time following a 
thermal treatment of (a) 170°C, (b) 120°C, and (c) 

80°C 

poss ib ly decreases the degree of h y d r o g e n b o n d i n g . W h e n the sample 
is heated, the effect of crosslinks w i t h i n the soft phase w i l l t e n d to i n 
crease the retract ive elastic forces that h e l p promote the d i s r u p t i o n of 
the domains . A c c o r d i n g to the k i n e t i c theory of r u b b e r elast ic i ty 

σ0^ΝνΚΤ . f(c) (5) 

w h e r e σ is the stress, Nv is the n u m b e r of ne twork segments i n a u n i t v o l 
u m e ( w h i c h is p r o p o r t i o n a l to the c ross l ink ing density) , Τ is the tempera
ture a n d f (e ) represents a s tra in f u n c t i o n that w i l l be assumed to b e 
independent of temperature . I t is noted that for a finite strain, i.e., f(c) is 
nonzero, stress w i l l increase i n direct p r o p o r t i o n to temperature a n d to 
degree of cross l inking. A c c e p t i n g that the soft segments are i n d e e d 
par t ia l ly s tra ined as a result of d o m a i n f o r m a t i o n (7,11), then one m a y 
w e l l expect that the " i n t e r n a l " stress ar is ing f r o m stra ined soft segments 
at h i g h temperatures c o u l d be greater for the c h e m i c a l l y cross l inked 
samples. W h i l e this statement is dif f icult to conf i rm exper imental ly , i t is 
l i k e l y as is the fact that the d o m a i n cohesiveness is expected to b e less 
i n the cross l inked samples because of the l imitat ions i m p o s e d o n m o l e c u l a r 
p a c k i n g b y the crossl ink junct ions. T h u s , as the temperature goes u p , the 
domains of the cross l inked sample w i l l l i k e l y start to d i s r u p t at l o w e r 
temperatures t h a n those i n the uncross l inked sample. U p o n r e t u r n i n g to 
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Figure 4. Young's modulus of ESX samples at room temperature as a 
function of time following a thermal treatment of (a) 170°C, (b) 120°C, 

(c) 80°C, and (d) 60°C 
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r o o m temperature , subsequent to the t h e r m a l treatment, the segments start 
to u n m i x a n d f o r m domains . A s the c ross l ink ing restricts the m o b i l i t y 
of the segments, h i g h e r cross l inking densi ty causes a l o w e r rate of 
recovery. 

I n the stress-strain experiments, Young's m o d u l u s was measured as 
a f u n c t i o n of t ime, f o l l o w i n g t h e r m a l treatments of 1 7 0 ° , 1 2 0 ° , 8 0 ° , a n d 
6 0 ° C (F igures 4a, 4b, 4c, a n d 4d). W e note that above 1 2 0 ° C there is 
s t rong s i m i l a r i t y b e t w e e n I(t) a n d E(t) plots (compare the n o r m a l i z e d 
Young 's m o d u l u s E/E0 i n F i g u r e 5 w i t h I(t) i n F i g u r e 3a). A t l o w e r 
temperatures Y o u n g s m o d u l u s drops subsequent to the t h e r m a l pulse to 
re la t ive ly l o w e r values t h a n the c o r r e s p o n d i n g scattered intensi ty values . 
H o w e v e r , the same trends w i t h respect to temperature , c ross l ink ing d e n 
sity, a n d recovery rates are observed. These results support the c o n c l u 
sions of the S A X S experiments . T h e difference i n the behavior at l o w 
temperature is tentat ively e x p l a i n e d as fo l lows . W h e n the t h e r m a l treat
ment is above 120 ° C , the in terna l stress a n d sof tening of the h a r d domains 
is large e n o u g h to d i s r u p t the domains a n d hence to reduce b o t h the 
scattered intensi ty a n d Young's m o d u l u s i n s i m i l a r fashions. A t l o w e r 
temperatures, the t h e r m a l pulse c a n d i s r u p t the domains o n l y p a r t i a l l y 
( d e p e n d i n g o n the c ross l ink ing d e n s i t y ) , a n d therefore the changes i n the 
scattered intensi ty are re la t ive ly s m a l l (espec ia l ly i n the u n c r o s s l i n k e d 
s a m p l e ) . H o w e v e r , this t h e r m a l pulse apparent ly does affect the dense 

Figure 5. Youngs modulus of ESX samples normalized by its initial 
value (E0) measured at 24° C as a function of time following a thermal 

treatment of 170°C 
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Figure 6. Plot of TV for both ESX 0.0 and ESX 2.0 vs. linear time fol

lowing thermal treatment at (a) 170°C and (b) 80°C 
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66 MULTIPHASE POLYMERS 

p a c k i n g i n the glassy domains a n d causes t h e m to lose the ir stiffness a n d 
hence to have l o w e r m o d u l u s . T h e recovery of the m o d u l u s i n this case 
m a y have some s i m i l a r i t y to the p h y s i c a l a g i n g p h e n o m e n a observed i n 
glassy polymers (16 ,17) . M e a s u r e m e n t of the glass-transit ion tempera
ture of the soft segment, T g s , g ive fur ther support to the m i x i n g - d e m i x i n g 
m o d e l . A s s h o w n b y W i l k e s et a l . (7,11), u p o n m i x i n g w i t h the h a r d 
segments, T g s s h o u l d go u p because the m o t i o n of the soft segments 
becomes more restr icted b y the presence of the h a r d segments. I n F i g u r e s 
6a a n d 6b, Tgs of E S X 0.0 a n d E S X 2.0 are g iven as a f u n c t i o n of t i m e 
f o l l o w i n g a t h e r m a l treatment of 170° or 8 0 ° C . O n e can see the direct 
s imi lar i ty be tween these figures a n d the c o r r e s p o n d i n g S A X S a n d Young's 
m o d u l u s plots , as expected. 

Conclusions and Comments 

T h i s w o r k extends the u n d e r s t a n d i n g of the s t r u c t u r e - p r o p e r t y 
relat ionships of segmented urethane systems. A n important finding is 
that h igh- temperature c ross l ink ing of these two-phase materials can re
d u c e their Y o u n g s m o d u l u s , t h e r m a l s tabi l i ty , a n d recovery rate. These 
data m a y w e l l have relevance to the t ime-dependent behavior of ne twork 
urethanes p r e p a r e d b y reactive m o l d i n g w h e r e c ross l ink ing is i n d u c e d at 
h i g h temperatures. Present ly w e are c o n t i n u i n g these studies a n d also are 
n o t i n g the effects of cross l inking of the t ime-dependent properties w h e n 
the crosslinks are i n d u c e d at l o w e r temperatures w h e r e the d o m a i n struc
ture a lready has been establ ished. T h i s is a c c o m p l i s h e d b y exposing the 
samples to a low-dosage g a m m a rad ia t ion ( cobalt 60 source ) at ambient 
temperatures. I n i t i a l results s h o w a dist inct difference i n the tempera
t u r e - t i m e dependence b e t w e e n radia t ion a n d c h e m i c a l l y treated samples 
w i t h a n equivalent average cross l ink ing degree (as measured b y degree 
of s w e l l i n g i n D M F ) . These results are expected a n d w i l l be p u b l i s h e d 
later. 
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4 

Surface Chemical Analysis of Segmented 
Polyurethanes. Fourier Transform IR Internal 
Reflection Studies 

C. S. PAIK S U N G and C. B. HU 

Department of Materials Science and Engineering, Massachusetts Institute of 
Technology, Cambridge, M A 02139 

The chemical composition on the surfaces of two segmented 
polyurethanes was investigated by using Fourier transform 
IR internal reflection spectroscopy. The variables investi
gated were the difference in exposure, i.e., to air vs. to the 
substrate during casting procedure, and the depth from the 
surface. In a polyether urethane which also contains 10% 
by weight of polydimethyl siloxane, the air side contains a 
greater amount of the polyether soft segment and the sili
cone polymer than the substrate side, and this trend is more 
pronounced in a layer close to the surface. In another poly
ether polyurethane, only a modest increase in the relative 
content of the soft segment/hard segment is observed in the 
air side when the depth composition profile was obtained. 
No lateral inhomogeneity was observed in either polymer. 

Touring the last two decades, significant progress has been made in 
elucidating the bulk structure of polymers, which leads to a better 

understanding of the structure-property relationships in polymers. By 
contrast, the surface structure and chemical composition of polymers 
have not been investigated in detail, mainly because of the lack of experi
mental techniques sensitive enough to provide accurate information. 
Many properties such as adhesion (I ), surface crazing and crack initia
tion (2), friction (3), solid-state chemical reactivity (4), and blood 
compatibility (5,6) of a polymer are believed to be strongly influenced 
by the detailed structure and the chemical composition of the surface. 

0-8412-0457-8/79/33-176-069$05.00/0 
© 1979 American Chemical Society 
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70 MULTIPHASE POLYMERS 

Since the surface m a y b e considerably different f r o m the b u l k , as is the 
case i n metals a n d semiconductors ( 7 ) , de ta i l ed i n f o r m a t i o n of the 
surface of po lymers becomes necessary to unders tand a n d to i m p r o v e 
surface-related propert ies . W i t h the a v a i l a b i l i t y of n e w techniques such 
as F o u r i e r t ransform I R in te rna l ref lect ion spectroscopy ( F T I R - I R S ) 
(8), e lectron spectroscopy for c h e m i c a l a p p l i c a t i o n ( E S C A ) (9), i o n 
scattering spectroscopy a n d secondary i o n mass spectrometry ( ISS/ 
S I M S ) (10), a n d A u g e r electron spectroscopy ( A E S ) (11), n o w it is 
possible to s tudy the surface structure a n d c h e m i c a l compos i t ion of 
p o l y m e r surfaces w i t h the accuracy r e q u i r e d for reasonable interpretat ion. 
A m o n g these techniques, the F T I R - I R S m e t h o d provides i n f o r m a t i o n 
o n a surface layer be tween a f e w tenths of a m i c r o n a n d a f e w microns 
w h i l e i n other methods, the d e p t h of the layer w h i c h is invest igated is 
i n the order of 10 to 100 Â w i t h o u t inert-gas- ion sputter ing. H o w e v e r , 
b y choosing a suitable sput ter ing c o n d i t i o n , the d e p t h of the layer can 
be increased to a f e w h u n d r e d angstroms or more (12,13). 

I n this s tudy, w e have a t tempted to obta in a deta i led , quant i ta t ive 
estimate of the surface c h e m i c a l compos i t ion of two c o m m e r c i a l l y a v a i l 
able polyurethanes , i.e., B i o m e r a n d A v c o t h a n e , w h i c h have demonstrated 
a reasonable degree of b l o o d c o m p a t i b i l i t y . F o r example , A v c o t h a n e has 
been used as an intraaort ic b a l l o o n p u m p for post-operative patients ( 5 ) . 
B i o m e r also has been successful ly used for ar t i f ic ia l heart components 
i n calves (14). 

These segmented polyurethanes consist of a l ternat ing h a r d a n d soft 
segments. T h e soft segment is c o m m o n l y polyether whereas the h a r d 
segment consists of an aromat ic di isocyanate cha in extended w i t h a l o w -
m o l e c u l a r - w e i g h t d i o l or d i a m i n e . A v c o t h a n e is polyether polyurethane 
w i t h 1 0 % b y w e i g h t of po lydimethy ls i loxane ( 5 ) . T h e propert ies of 
segmented polyurethanes are p r i m a r i l y at tr ibutable to the phase segre
gat ion of soft a n d h a r d segments, l e a d i n g to the f o r m a t i o n of hard-segment 
domains w h i c h are dispersed i n the r u b b e r y polyether matr ix . A var ie ty 
of compos i t iona l variables , such as the type of the di isocyanate a n d c h a i n 
extender, the m o l e c u l a r w e i g h t of the soft segment, a n d the l e n g t h of the 
h a r d segment, w i l l affect the degree of phase segregation a n d the v o l u m e 
fractions of hard-segment domains i n b u l k (15). F u r t h e r m o r e , at or near 
the surface, the t h e r m o d y n a m i c a n d k inet i c factors can drast ica l ly alter 
the rat io of v o l u m e fractions of h a r d - to soft-segment phases, even i n a 
g i v e n b u l k composi t ion . Since these polyurethanes are cast f r o m solutions 
o n m o l d surfaces, factors s u c h as the t h e r m o d y n a m i c propert ies of the 
cast ing solvent, the po lar i ty of the cast ing m o l d substrate, a n d the rate 
of solvent evaporat ion w i l l inf luence the course of phase segregation a n d 
thus the m o r p h o l o g y of the soft-segment phase a n d d o m a i n phase i n 
b u l k a n d at the interface. 
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I n this paper , w e summar ize the results o b t a i n e d b y u s i n g F o u r i e r 
t ransform I R in terna l reflection spectroscopy. I n I R interna l ref lect ion 
spectroscopy, the I R b e a m penetrates the surface of polymers be tween a 
f e w tenths of a m i c r o n a n d a f e w microns , d e p e n d i n g o n variables s u c h 
as the reflection plate, angle of inc idence , a n d the w a v e l e n g t h of the I R 
b e a m . T h e d e p t h of b e a m penetrat ion has been r e d u c e d b y p l a c i n g a 
t h i n barr ier film be tween the t rapezo ida l reflection plate a n d the p o l y m e r 
u n d e r s tudy. T h i s barr ier film was chosen because i t does not absorb I R 
i n most of the regions w h e r e polyurethanes show strong absorpt ion peaks. 
B y v a r y i n g the thickness of the barr ier film w e obta ined the d e p t h prof i le 
of the concentrat ion of IR-sensi t ive bands i n p o l y m e r surfaces. W i t h 
this m e t h o d , the smallest thickness that can be s t u d i e d is about 1000 A . 
B y u s i n g a F o u r i e r t ransform I R spectrometer rather than a convent iona l 
dispers ive I R instrument , w e obta ined h igher sensit ivity a n d accuracy 
because of the capab i l i ty of a computer to carry out various spectral 
manipula t ions . T h i s a d d e d advantage makes i t possible to remove u n 
w a n t e d absorpt ion of barr ier film a n d to obta in difference spectra d i rec t ly . 

Experimental 

Materials. A n intraaort ic p u m p m a d e of A v c o t h a n e was p u r c h a s e d 
f r o m A v c o M e d i c a l Products . A v c o t h a n e is k n o w n to be a h y b r i d of a 
p o l y (ether urethane) ( 9 0 % ) a n d p o l y ( d imethyls i loxane ) ( 1 0 % ) (16, 
17' 18). P o l y (ether urethane) p o r t i o n is k n o w n to be composed of M D I , 
b u t a n e d i o l , a n d p o l y p r o p y l e n e g l y c o l w h i l e the p o l y ( d imethyls i loxane ) 
used was the diacetoxy- terminated p o l y m e r w i t h m o l e c u l a r w e i g h t of 
approx imate ly 54,000. N y i l a s a n d W a r d repor ted that A v c o t h a n e p u m p 
was m a d e us ing p r e p o l y m e r solutions i n a 2 :1 mix ture of absolute T H F 
a n d dioxane a n d b y cast ing against stainless steel surface. T h e y also 
repor ted that m o n i t o r e d b y G P C , l o w - m o l e c u l a r - w e i g h t substances w h i c h 
are potent ia l ly leachable have been r e m o v e d . Therefore , i t is reasonable 
to assume that the surface w h i c h was a n a l y z e d does not conta in ol igomers 
reactive or otherwise. F o r details of the procedure , Ref . 16 c a n b e 
referred to. 

Solutions of B i o m e r were ob ta ined f r o m E t h i c o n Inc . B i o m e r is 
p o l y (ether polyurethane ) w h i c h contains urea l inkage i n the h a r d seg
ment a c c o r d i n g to our I R analysis (19). F i l m s of B i o m e r w e r e cast o n 
c lean glass plates b y d i l u t i n g the p o l y m e r solut ion i n d i m e t h y l acetyl -
amide . T h e films w e r e d r i e d i n a v a c u u m oven at 5 0 ° C for 24 h r . T h e 
final film thickness was a r o u n d 125/x. G P C analysis s h o w e d that the 
content of ol igomers i n B i o m e r was also neg l ig ib le . K e l - F 8 2 , w h i c h is 
a c o p o l y m e r c o m p o s e d of chlorotr i f luoroethylene ( 9 7 % ) a n d v i n y l i d e n e 
fluoride ( 3 % ), was obta ined f r o m the 3 M C o m p a n y . 

Analytical Methods. A piece of A v c o t h a n e p u m p or B i o m e r film 
was pressed against a K R S - 5 plate w h i c h was the in terna l ref lect ion p la te 
b y a p p l y i n g m a x i m u m pressure to insure close contact b y u s i n g a sample 
h o l d e r p r o v i d e d ' b y the W i l k e s m o d e l # 9 attachment. A s i l lus t ra ted in 
C h a r t I, the inc ident angle was 60° a n d the p o l y m e r was pressed against 
o n l y one side of the K R S - 5 since the I R - a b s o r p t i o n intensi ty was too 
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72 MULTIPHASE POLYMERS 

strong. T h e n u m b e r of in ternal ly reflected beams was about 17. F o r 
A v c o t h a n e , sample covered the entire area w h e r e the I R b e a m penetrates.* 
F o r B i o m e r , because of very h i g h absorpt ion i n the ether reg ion ( ~ 1110 
c m " 1 ) , a smaller piece of the sample was used. F o r studies i n v o l v i n g 
barr ier films to reduce the I R - b e a m penetrat ion, the barr ier film was cast 
d i r e c t l y f r o m 0 . 1 % solut ion i n 2 ,5 -dichlorobenzotr i f luor ide onto other 
K R S - 5 plates. O n e of t h e m h a d a d r y thickness of 0.65/x a n d the other 
of 1.0 fx* T h e thickness was d e t e r m i n e d b y m o n i t o r i n g the I R peak at 
967 c m " 1 (20). T h e in terna l ref lect ion u n i t was p l a c e d i n the sample 
compartment of the F o u r i e r t ransform I R spectrometer ( D i g i l a b F T S - 1 4 ) . 
S c a n n i n g was averaged for at least 100 times to remove the noise peaks 
before the spectra were recorded. I n the case where the barr ier films of 
K e l - F 8 2 was used, the spectra of K e l - F 8 2 was subtracted f r o m the in terna l 
ref lect ion spectra b y d i g i t a l subtract ion. Sometimes, w e h a d n o t e d a n 
incomplete subtract ion b u t the extent of the incompleteness was a lways 
b e l o w 1 0 % . I R analyses were carr ied out d u r i n g the same d a y w i t h 
each sample i n successive runs w i t h a n d w i t h o u t barr ier film. Therefore , 
the same area was e x a m i n e d at different depths. 

Results 

Avcothane Intraaortic Baloon Pump. T h e IR-re f lec t ion s p e c t r u m 
of the b l o o d contac t ing surface (a i r f a c i n g s ide) of A v c o t h a n e w i t h 
K R S - 5 as the reflection plate is i l lus tra ted i n F i g u r e l a w h i l e F i g u r e 2a 
il lustrates the spec t rum of the substrate f a c i n g side. It is noted that the 
polyether polyurethane p o r t i o n of A v c o t h a n e w o u l d conta in d i o l as a 
c h a i n extender rather than d i a m i n e since the characterist ic urea c a r b o n y l 
peaks at 1640 a n d 1680 c m " 1 were absent (16). Inspect ion of F i g u r e s 
l a a n d 2a shows that the absorbance of 3-3.5 is r e c o r d e d for the most 
intense b a n d at 1110 c m " 1 . S ince the I R b e a m is in terna l ly reflected about 
17 times w i t h i n the K R S - 5 plate a n d the p o l y m e r is p l a c e d o n l y i n one 
side of the plate, the absorbance for each reflect ion can b e ca lcu la ted 
b y d i v i d i n g the tota l absorbance b y 17. T h a t amounts to an absorbance 
of 0.2 per each reflect ion for the most intense peak at 1110 c m " 1 . U n d e r 
this c o n d i t i o n , i t is reasonable to assume that Beer's l a w is a p p l i c a b l e . 
A l s o , s imi lar values of absorbance obta ined for t w o different surfaces 
indica te that the degree of I R - b e a m penetrat ion is s imi lar , p r o b a b l y as 
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2000 1000 
0.0 

2000 1000 

W A V E N U M B E R ( C M - 1 ) 

Journal of Biomedical Materials Research 

Figure 1. Difference reflection IR spectra of air surface of Avcothane intra-
aortic baloon pump with KRS-5 reflection plate; (a) without a barrier film, 

(b) with a barrier film of thickness 0.65 μ (19) 

2000 1000 2000 1000 

W A V E N U M B E R (CM~') 

Journal of Biomedical Materials Research 

Figure 2. Difference reflection IR spectra of substrate side of Avcothane intra-
aortic balloon pump with KRS-5 reflection plate; (a) without a barrier film, 

(b) with a barrier film of thickness 0.65 μ (19) 
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a result of s imi lar contact efficiency be tween the K R S - 5 plate a n d the 
p o l y m e r . T h i s s imi la r i ty i n I R - b e a m penetra t ion is a necessary c o n d i t i o n 
w h e n a quant i ta t ive compar i son of the c h e m i c a l compos i t ion b e t w e e n 
t w o different surfaces is to be made . E v e n t h o u g h the spectra of b o t h 
sides of the surfaces are bas ica l ly s imi lar , the re lat ive concentrat ion of 
h a r d segment, soft segment, or s i l icone w h i c h was ca l cu la ted b y absorp
t i o n ratios of the characterist ic peaks w e r e f o u n d to be different. F o r 
this analysis, a peak at 1110 c m " 1 cor responding to the C - O - C stretching 
(19) is used as an index for soft-segment concentrat ion. T h r e e peaks 
( 1 9 ) , i.e., a urethane c a r b o n y l peak at 1710 c m " 1 , aromat ic r i n g at 1600 
c m 1 " , a n d a peak at 770 c m " 1 , are used as represent ing the hard-segment 
concentrat ion to v e r i f y the results. F o r s i l icone, a peak at 1020 c m " 1 

corresponding to the S i - O - S i s tretching m o t i o n (19) a n d a peak at 800 
c m " 1 represent ing b e n d i n g of S i - C H 3 (19) is used . T h e results are 
s u m m a r i z e d i n T a b l e I w h i c h shows that there is a s l ight excess of the 
soft-segment concentrat ion i n the a i r - fac ing surface w h i l e s i l icone content 
is greater i n the substrate surface than i n the air surface. T h e fact that 
the s i l icone concentrat ion was l o w e r i n the air surface w h i c h e x h i b i t e d 
a better b l o o d c o m p a t i b i l i t y was repor ted earl ier b y N y i l a s a n d W a r d 
(17) b y c o m p a r i n g absorpt ion ratios near 800 c m " 1 for s i l icone a n d ratios 
near 770 c m " 1 for polyurethane w i t h a K R S - 5 plate at 4 5 ° i n c i d e n t angle . 
T h e d e p t h of the I R - b e a m penetrat ion i n their case w o u l d b e deeper b y 
2 2 % t h a n o u r case because of the smal ler inc ident angle u s e d for their 
studies i f w e assume the contact efficiency was analogous. 

T h e d e p t h of I R - b e a m penetrat ion ( dp ) can be ca lcu la ted a c c o r d i n g 
to the f o l l o w i n g equat ion proposed b y H a r r i c k (21): 

U F 2 m n ( s i n 2 i - , 7 2 1
2 ) * 

w h e r e ηι is the refract ive index of the ref lect ion p la te (2.37 for K R S - 5 ) , 
7721 = V2/V1 = 0.63 b y assuming η2 of 1.50 for A v c o t h a n e , a n d θ is the 
effective inc ident angle w h i c h is 48.7. F i g u r e 3 i l lustrates the changes i n 
dp as a f u n c t i o n of w a v e n u m b e r . T h e d e p t h for h a r d segment at 1600 
a n d 1710 c m " 1 is 0.9-1.0 μ, for soft segment (1110 c m " 1 ) i t is 1.5 /A, a n d 
for s i l icone (1020 c m " 1 ) i t is 1.6 μ. 

W h e t h e r the d e p t h of the I R - b e a m penetrat ion p r e d i c t e d b y this 
equat ion is rea l ly a p p r o a c h e d i n a n a c t u a l in terna l ref lect ion exper iment 
or not is an important factor to consider i n quant i tat ive studies. I t w o u l d 
d e p e n d o n the surface characterist ics ( e.g., roughness ) a n d d e f o r m a b i l i t y 
of the p o l y m e r i n a d d i t i o n to the surface characteristics of the ref lect ion 
plate . 
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0 . 0 
3 5 0 0 2 5 0 0 1 5 0 0 

WAVENUMBER (CM"1) 
5 0 0 

Figure 3. Depth of IR beam penetration as a function of wave number 
with KRS-5 plate at the incident angle of 60° (dotted lines indicate the 

thickness of two barrier films, respectively) 

H o w e v e r , there is a w a y to assess this p r o b l e m . F o r example , the 
ext inct ion coefficient of the C H 2 g roup at 2960 c m " 1 is k n o w n to be 75 
L / m o l c m . If one k n o w s the concentrat ion of C H 2 groups i n the p o l y m e r , 
one can calculate the actual averaged d e p t h of penetrat ion b y u s i n g the 
f o l l o w i n g re la t ionship : 

7 , . . , ν absorbance per each reflection 
dp (experimental) _ 7 5 Χ ( C O N C E N T R A T I O N O F C H 2 ) 

I n A v c o t h a n e a n d B i o m e r , the exact concentrat ion of C H 2 is not k n o w n . 
H o w e v e r , i n a s i m i l a r po lyure thane m a d e of 2 :1 :1 m o l a r rat io of 2,4-
toluene di i socyanate/ethylenediamine/polyether ( m o l w t 1000), our c a l 
c u l a t i o n shows that the ac tua l d e p t h c a n a p p r o a c h the p r e d i c t e d v a l u e i f 
care is taken to insure close contact. Therefore , w e w o u l d assume, for 
the sake of argument , that i n A v c o t h a n e a n d B i o m e r our ac tua l values 
a p p r o a c h the p r e d i c t e d values. 

A quest ion was ra ised as to w h e t h e r there was a gradient i n the 
concentrat ion of the soft segment a n d of the s i l icone as one approaches 
the surface. T o answer this quest ion, a t h i n film of c o p o l y m e r ( K e l - F 8 2 ) 
was cast d i rec t ly o n the K R S - 5 plate a n d used as a barr ier to reduce the 
d e p t h of I R penetrat ion. K e l - F 8 2 is a c o p o l y m e r consis t ing of ch lorotr i -
fluorethylene ( 9 7 % ) a n d v i n y l i d e n e fluoride ( 3 % ) a n d transmits most 
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L J I I ι i ι ι i I I I 1 I I—I—1—i—I 
4 0 0 0 3 0 0 0 2 0 0 0 1000 

Wavenumber (crrrt ) 

Figure 4. Transmission IR spectrum of a barrier film (Kel-F82) 

of the I R b e a m i n the range 4000-1200 em" 1 , as s h o w n i n F i g u r e 4; 
thereby it can serve as a n effective barr ier film. I n the range b e l o w 
1200 c m " 1 , this c o p o l y m e r exhibits several absorpt ion peaks. H o w e v e r , 
i t has v e r y l i t t le absorpt ion at 1110 c m " 1 , w h i c h is used for polyether , 
a n d at 1020 c m " 1 , w h i c h is u s e d for the s i l icone g r o u p . F r o m the absorb-
ance of the peak at 967 c m " 1 of the transmission I R spectrum, the 
thickness can be ca lcu la ted accurately. T h i s t echnique was first deve l 
o p e d b y S i b i l i a w h o s t u d i e d the surface c h e m i c a l composi t ion of b i c o m -
ponent fibers ( 2 0 ) . 

T h e thickness of K e l - F 8 2 film was f o u n d to be 0.65 μ i n our case. 
T h e r e d u c t i o n i n the d e p t h as a consequence is i l lus t ra ted i n F i g u r e 3. 
T h e ref lect ion spectra of A v c o t h a n e w h e n the d e p t h of I R penetrat ion 
was r e d u c e d b y 0.65 μ were t h e n o b t a i n e d as the difference spectra b y 
subtrac t ing the contr ibut ions of the K e l - F 8 2 a n d K R S - 5 plate . F i g u r e l b 
represents the a i r - fac ing surface w h i l e the substrate-facing side is s h o w n 
i n F i g u r e 2b. T h e absorpt ion peak of N H groups at 3330 c m " 1 was 
absent since the K e l - F 8 2 film is th icker than the d e p t h of penetrat ion i n 
this reg ion as i n d i c a t e d i n F i g u r e 3. T h e rest of the absorpt ion bands 
are r e d u c e d i n intensity, ref lect ing the r e d u c e d d e p t h of the I R - b e a m 
penetrat ion. Sometimes the d i g i t a l subtract ion was incomplete . H o w 
ever, the extent of incompleteness was less than 1 0 % a n d this error is 
on ly present i n I R range b e l o w 1300 c m " 1 w h e r e K e l - F 8 2 absorbs 
substant ial ly . 

A g a i n the relat ive concentrat ion of soft segment/hard segment a n d 
s i l icone were ca lcula ted f r o m F i g u r e s l b a n d 2b, a n d the results are 
s u m m a r i z e d i n T a b l e I. N o w the concentrat ion of the soft segment is 
increased a p p r o x i m a t e l y 5 0 % i n the a i r - f a c i n g side w h e n c o m p a r e d w i t h 
the case w h e r e the d e p t h of the penetrat ion was deeper. M o r e signif icant 
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was the fact that n o w the re lat ive concentrat ion of s i l icone i n the a i r -
f a c i n g surface is m u c h greater ( 5 0 % ) than i n the substrate side. I n fact, 
the rat io of s i l i cone/hard segment is almost d o u b l e d i n the a ir surface 
as l i s ted i n T a b l e I. A l s o a considerable increase i n the rat io of A 8 oo c m - 1 / 
A 7 7 o cm- 1 is observed w h e n the barr ier f i l m is used to reduce the d e p t h of 
I R - b e a m penetrat ion. These results c lear ly demonstrated the existence of 
a gradient i n the c h e m i c a l c o m p o s i t i o n as a f u n c t i o n of the surface d e p t h . 
W e also have e x a m i n e d several pieces of the A v c o t h a n e samples taken 
f r o m var ious areas i n the same p u m p to see i f the la tera l heterogeneity 
exist a n d f o u n d that the la tera l c h e m i c a l c o m p o s i t i o n is homogeneous. 

Biomer Films. T h e IR-ref lec t ion spec t rum of the a i r - f a c i n g side of 
B i o m e r film w i t h K R S - 5 as the reflection plate is s h o w n i n F i g u r e 5a 
w h i l e F i g u r e 6a il lustrates the spectrum of the glass-facing side. I R 
spec t rum of B i o m e r film indicate that the B i o m e r is l i k e l y to conta in 
d i a m i n e as the c h a i n extender i n the hard-segment p o r t i o n since the 
h y d r o g e n - b o n d e d urea c a r b o n y l peak at 1640 c m " 1 is s trong ( 1 6 ) . Inspec
t ion of F i g u r e s 5a a n d 6a shows that the absorbance for the most intense 
b a n d at 1110 c m " 1 is about 1.9 for b o t h surfaces. T h i s indicates that the 
d e p t h of I R - b e a m penetrations was s imi lar for b o t h surfaces. T h i s v a l u e 

2000 1000 2000 1000 

WAVENUMBER (CM ) 

Journal of Biomedical Materials Research 

Figure 5. Difference reflection IR spectra of air surface of Biomer film with 
KRS-5 reflection plate; (a) without a barrier film, (b) with a barrier film of 

thickness 0.65 μ (19) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
4

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



78 MULTIPHASE POLYMERS 

T a b l e I . Absorption Rat ios of A v c o t h a n e Surfaces (19) 

Absorption Ratio 

H a r d segment 
Sof t segment 

A 1110 c m " 1 

A 1710 c m 1 

A 1110 c m " 1 

A 1600 c m 1 

Si l icone 
H a r d segment 

A 1020 c m ' 1 

A 1710 c m " 1 

A 1020 c m " 1 

A 1600 c m " 1 

A 800 c m " 1 

A 770 c m " 1 

Barrier Film 
Thickness 

(μ) 

0 
0.65 

0 
0.65 

0 

0.65 

0 

0.65 

0 
0.65 

Blood Contact 
(Air Side) 

Substrate Side 

1.01 
1.55 

1.29 
1.70 

0.63 
1.43 

0.81 
1.56 

0.97 
1.58 

Journal of Biomedical Materials Research 

of absorbance corresponds to six reflections instead of 17 since w e used 
a smal ler size of B i o m e r film because of the h i g h intensity of the p o l y -
ether peak at 1110 c m " 1 . T h e relat ive concentrat ion of the soft a n d h a r d 
segments have been ca lcu la ted a n d s u m m a r i z e d i n T a b l e I I . T h e result 
shows that the a i r - fac ing side contains approximate ly the same amount of 

T a b l e I I . A b s o r p t i o n Rat ios of B i o m e r Film Surfaces (19 ) 

Barrier Film 
Thickness Air Side/ 

Absorption Ratio (μ) Substrate Side 

Sof t segment 
H a r d segment 

A 1 1 1 0 c m " 1 0 0.96 
A 1640 c m " 1 0.65 1.03 

1.0 1.05 

A 1 1 1 0 c m 1 0 0.96 
A 1 6 0 0 c m " 1 0.65 1.01 

0.0 1.14 
Journal of Biomedical Materials Research 
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0.0 
2000 1000 2000 0 0 0 

W A V E N U M B E R ( C M 1 ) 

Journal of Biomedical Materials Research 

Figure 6. Difference reflection IR spectra of substrate side of Biomer film 
with KRS-5 reflection plate; (a) without a barrier film, (b) with a barrier film 

thickness 0.65 μ, (19) 

the soft segment as does the glass- facing side. A s i l lus t ra ted i n F i g u r e 8, 
the d e p t h of the penetrat ion was 1.5 μ for the soft-segment phase a n d 
about 1.0 μ for the hard-segment phase. A g a i n the d e p t h of I R - b e a m 
penetrat ion was r e d u c e d b y p l a c i n g the K e l - F 8 2 f i l m b e t w e e n the K R S - 5 
plate a n d the B i o m e r film. F i g u r e s 5b a n d 6b s h o w the difference spectra 
after the d e p t h is r e d u c e d , ref lect ing the changes i n c h e m i c a l compos i t ion . 
F o r studies i n v o l v i n g K e l - F 8 2 barr ier film, w e used a b igger B i o m e r film 
w h i c h p r o v i d e d 17 reflections. T h e relat ive concentrat ion of soft seg-

o ω 

ο 
χ 
Φ 
c 

I 
c?) 

S 2.0 

l . 5 h 

I . O h 

0.51— 
2.0 \B 0.5 

Surface depth (μ) 

w 
s 

1.0 1.5 2.0 

Figure 7. Surface chemical composition—depth profile of Avothane. 
(O) Based on 1710 cm1; (φ) based on 1600 cm1, (a) The calibrated 
soft-segment content in air surf ace/substrate surface, (b) the cali

brated silicone polymer content in air surface/substrate surface. 
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2 1.4 

Έ ο χ 

σ 

Ό Χ \ ι.ο -
ο 

ω 
ο 

0 0 . 5 1.0 1.5 

Surface depth (μ) 
2.0 

Figure 8. Surface chemical composi
tion-depth profile of Biomer film. The 
calibrated soft-segment content in air 
surface/substrate surface. (O) Based on 
1640 cm'1; (Φ) based on 1600 cm'1. 

meri t/hard segment, as s u m m a r i z e d i n T a b l e I I , has increased o n l y 
s l ight ly o n the a ir side w h e n a barr ier film (0.65 μ i n thickness) was used. 
Therefore , a th icker film (1.0 μ) was u s e d to see i f the concentrat ion of 
soft segment a n d h a r d segment shows a more p r o n o u n c e d change on a 
layer w h i c h is v e r y close to the surface. I n this case, the r e d u c t i o n i n the 
d e p t h of the I R - b e a m penetrat ion is i l lus t ra ted i n F i g u r e 3. Speci f ica l ly , 
n o w the d e p t h of penetrat ion for the hard-segment phase is i n the order 
of a f e w h u n d r e d angstroms, a n d for the soft segment phase the d e p t h 
is r e d u c e d to 0.65 μ. T h e results as l i s ted i n T a b l e I I s h o w that even w i t h 
a th icker K e l - F 8 2 film, the re lat ive concentrat ion of soft segment/hard 
segment o n the a i r - fac ing surface h a d increased o n l y modest ly . T h i s 
finding seems to suggest that i n B i o m e r films the concentrat ion difference 
of soft- a n d hard-segment phases as a f u n c t i o n of d e p t h f r o m the surface 
is less p r o n o u n c e d . 

Discussion and Conclusion 

I n this s tudy w e have a t tempted to investigate the effective c h e m i c a l 
compos i t ion at the surfaces of t w o c o m m e r c i a l l y avai lab le polyurethanes , 
B i o m e r a n d A v c o t h a n e , w i t h the object ive of i d e n t i f y i n g c h e m i c a l species 
w h i c h w o u l d interact w i t h p l a s m a proteins. 

F o r A v c o t h a n e surfaces, the results indicate the difference i n the 
c h e m i c a l compos i t ion d e p e n d i n g o n the nature of the surface, i.e., a i r 
f a c i n g vs. substrate f a c i n g d u r i n g the cast ing process. T h e a i r - fac ing 
side contains a greater concentrat ion of the soft-segment phase. W h e n 
the c h e m i c a l compos i t ion was s tudied as a f u n c t i o n of the d e p t h for the 
surface, m o r e interest ing results w e r e o b t a i n e d as i l lus t ra ted i n F i g u r e 
7a. I n the air s ide of A v c o t h a n e , the soft-segment concentrat ion increased 
about 5 0 % i n the first 0.8-μ t h i c k layer w h e n c o m p a r e d w i t h the 1.5-μ 
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th i ck layer . A m o r e p r o n o u n c e d effect was observed i n r e g a r d to the 
si l icone content as i l lus t ra ted i n F i g u r e 7b. W h e n averag ing for 1.5 μ or 
deeper, w e observed a greater amount of s i l icone i n the substrate s ide 
t h a n i n the air side. H o w e v e r , w h e n the averaging was done for a layer 
a p p r o x i m a t e l y 0.8 μ i n d e p t h , the t r e n d was reversed, i.e., i n this case the 
s i l icone content was m u c h greater ( 5 0 % ) i n a i r surface than i n the 
substrate surface. T h i s result indicates almost a t w o f o l d increase i n the 
relat ive s i l icone concentrat ion w h e n the d e p t h was r e d u c e d . T h i s m i g h t 
suggest that the aggregat ion of the si l icone b locks close to the surface 
is more p r o n o u n c e d than that for the h a r d segment. A s a consequence, 
the h a r d segment i n the air f a c i n g side (b lood-contact s ide) s h o u l d be 
less a b u n d a n t i m m e d i a t e l y at the surface. 

I n B i o m e r f i lms, o n l y a modest increase i n the relat ive soft-segment 
concentrat ion i n the air s ide i n compar i son w i t h the substrate side was 
observed w h e n one studies the depth-concent ra t ion prof i le . I n other 
polyurethanes w h i c h are s imi lar to B i o m e r , L y m a n a n d co-workers re
cent ly observed that the amount of polyether i n the a i r - f a c i n g surface is 
approx imate ly the same as i n the glass-facing side, even t h o u g h h i g h e r 
concentrations of polyether w e r e f o u n d i n b o t h surfaces than i n b u l k ( 6 ) . 
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5 
Thermoplastic Polyurethane Elastomer 
Structure—Thermal Response Relations 

C. S. S C H O L L E N B E R G E R 

B. F. Goodrich Co., Research and Development Center, 9921 Brecksville Rd., 
Brecksville, O H 44141 

Thermoplastic polyurethane elastomers are high perform
ance materials that have found a variety of uses including 
solution applications as coatings and adhesives, extrusion 
applications as tubing and jacketing, film applications, and 
molding applications, particularly flexible injection-molded 
automotive parts such as front ends, sight shields, fascia, 
etc. These polymers have a segmented structure which 
gives rise to heterophase morphology. This morphology is 
responsible for the fascinating and useful "virtually cross-
linked" state of the polymers, and determines other impor
tant polymer properties. This chapter describes how 
thermal analysis, namely differential scanning calorimetry 
(DSC), can be applied to detect and investigate the contri
bution of the separate phases in such polymers. 

H P h e w i d e s p r e a d use of plast ic a n d r u b b e r parts w i t h i n veh ic le passenger 
a n d engine compartments has been p r a c t i c e d for some t ime n o w b y 

the automotive indust ry a n d continues to g r o w . H o w e v e r , legis lat ion 
r e q u i r i n g specific front- a n d rear-end vehic le i m p a c t resistance has 
extended the use of b o t h flexible plastics a n d rubbers to body-exter ior 
s t ructural members . F l e x i b l e plast ic a n d r u b b e r front ends, sight shields, 
a n d fascia have appeared o n p r o d u c t i o n m o d e l automobi les for a p p r o x i 
mate ly 10 years a n d are n o w w e l l establ ished. A n important requirement 
of the materials used for these appl icat ions is flexibility, w h i c h enables 
i m p a c t e d parts to distort w i t h o u t b r e a k i n g t h e n to c o m p l e t e l y recover 
their o r i g i n a l shape u n d a m a g e d . 

0-8412-0457-8/79/33-176-083$05.00/0 
© 1979 American Chemical Society 
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N o w another factor has appeared o n the scene. It is the w o r l d - w i d e 
energy shortage w h i c h recommends the use of construct ion materials less 
dense than m e t a l wherever prac t i ca l to permi t the substant ial r e d u c t i o n 
of overa l l veh ic le w e i g h t i n the interest of i m p r o v e d f u e l economy. T h i s 
deve lopment combines w i t h impac t requirements to strengthen the case 
for m u c h broader use of synthet ic polymers i n automobi les . So, the t ime 
w o u l d seem to be r ipe to capi ta l ize more f u l l y o n the use of l ight -weight , 
flexible p o l y m e r i c materials i n m a k i n g exterior automobi le -body struc
t u r a l members . Indeed , w e already hear of the " f r i e n d l y fender , " the 
n o n d e n t i n g door pane l , etc. 

It w o u l d seem that such b r o a d e n e d use of flexible plastics a n d 
rubbers i n exter ior-body s tructural members w i l l c o m p e l the conc lus ion 
that h i g h per formance materials are needed. T h e y must not only be 
re la t ive ly l ight , flexible, serviceable at temperature extremes, a n d easily 
fabr ica ted a n d finished, b u t they must be as s trong a n d as t o u g h as 
possible . T h e p u b l i c w i l l d e m a n d this. O n e type of flexible synthetic 
p o l y m e r w h i c h meets these requirements very w e l l i n d e e d is the thermo
plast ic urethane elastomers w h i c h have a lready p r o v e d themselves i n 
flexible f ront ends, sight shields, a n d fascia i n p r o d u c t i o n m o d e l auto
mobi les . 

T h e r m o p l a s t i c polyurethane elastomers were i n v e n t e d a n d descr ibed 
almost 20 years ago (1,2). T h e y were first c o m m e r c i a l i z e d b y the B . F . 
G o o d r i c h C h e m i c a l C o . as " E s t a n e " i n 1959. I n this chapter I w i l l discuss 
the use fu l b u t rather complex T P U elastomers i n terms of their c h e m i c a l 
compos i t ion , c h e m i c a l structure, a n d molecu lar weight , a n d h o w these 
factors affect their in terna l p h y s i c a l structure (i .e. , m o r p h o l o g y ) , nature, 
a n d propert ies . Speci f ical ly , I w i l l show h o w dif ferent ia l scanning ca lor i -
metry ( D S C ) , a m e t h o d of thermal analysis, can be used to learn m u c h 
about a n d to p r e d i c t process ing a n d per formance characterist ics of T P U 
elastomers, such as are b e i n g used current ly i n automotive in ject ion-
m o l d i n g appl icat ions . T h e effects of changes i n T P U c h e m i c a l compos i 
t i o n a n d m o l e c u l a r w e i g h t on t h e r m a l transit ions also w i l l be discussed. 

TPU Elastomer Composition 

T P U elastomers are usua l ly m a d e f r o m three chemicals : (1 ) a di iso-
cyanate, ( 2 ) a h i g h - m o l e c u l a r - w e i g h t m a c r o g l y c o l , a n d (3 ) a l o w - m o l e c 
u l a r - w e i g h t c h a i n extender g l y c o l . E x a m p l e s of these three c o m p o u n d s 
a n d the ir structures are s h o w n i n F i g u r e 1. 

N o w , i t happens that the relat ive amounts of the above reactant types 
u s e d to m a k e the T P U elastomer a n d the order i n w h i c h they c h e m i c a l l y 
react w i t h each other is very important , for this determines the structure 
of T P U p o l y m e r chains, w h i c h must be " segmented . " 
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5. SCHOLLENBERGER Thermoplastic Polyurethane Elastomers 85 

Component 
Typical 

Example Structure 

DIISOCYANATE MDI OCN -O~CH2-"C)"~NC0 

MACROGLYCOL 

(HIGH MW,-IOOO-2000) 
PTAd H0(CH2)4 +0C0(CH2)4 CO 0(CH2>4-

n 
OH 

CHAIN EXTENDER GLYCOL 1,4 BDO HO(CH 2 ) OH 
(LOW MWÎ 4 

Figure 1. Chemical components of TPU elastomer 

TPU Elastomer Structure 

W h a t I m e a n b y segmented structure i n T P U elastomer chains is 
apparent - in the schematic of F i g u r e 2. T h e structure i n F i g u r e 2 shows 
the T P U elastomer to consist of l inear p o l y m e r p r i m a r y chains. These 
p r i m a r y chains are segmented i n compos i t ion . Speci f ical ly they are m a d e 
u p of a l ternat ing h a r d a n d soft segments w h i c h are joined, e n d to e n d 
t h r o u g h strong, covalent c h e m i c a l l inkages. 

Soft Segments. T h e soft segments are the l inear react ion products 
of the di isocyanate component , e.g., M D I ( d iphenylmethane-p ,p ' -d i i so -
cyanate ) , a n d the m a c r o g l y c o l component , e.g., P T A d [ p o l y ( te tramethyl-
ene adipate ) g l y c o l ] , as is seen i n F i g u r e 3. 

Because of the del iberate l o w m e l t i n g or l i q u i d nature of the macro 
g l y c o l component , w h i c h has a molecular w e i g h t of about 1000-2000 a n d 
so comprises approx imate ly 75-95% of the soft segments, the soft seg
ments i n the d e r i v e d T P U chains t end to be l o w m e l t i n g a n d large ly 
amorphous . A t any apprec iable m o l e c u l a r weight , the soft segment b y 
itself tends to be l ike a g u m . W i t h this explanat ion w e m a y n o w equate 
the exemplary soft-segment c h e m i c a l s tructure of F i g u r e 3 w i t h its 
schematic representat ion ( / ^ ^ ^ ) i n F i g u r e 2. 

MDI +1,4 BD0i 

SOFT HARD SOFT HARD SOFT HARD SOFT HARD SOFT 

MDI+PTAd 

Figure 2. Schematic of TPU-elastomer polymer primary 
chains 
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86 MULTIPHASE POLYMERS 

0 C N - ^ - C H 2 - ^ - N C 0 + H O ( C H 2 ) 4 | o C O ( C H 2 ) 4 C O O ( C H 2 ) ^ O H - » 

(MDI) (PTAd) 

" * c o N H "O" C H2 "Ό" N H C 0°(CH 2) 4[OC0(CH 2) 4 COO(CH2)4 j - 0 - -

(SOFT SEGMENT) 

Figure 3. Typical TFU-elastomer soft-segment structure 

Several types of macroglycols for use i n f o r m i n g polyure thane soft 
segments are possible a n d p r a c t i c a l . E x a m p l e s of some of these are l i s ted 
i n F i g u r e 4. T h e p o l y m e r chemist makes his m a c r o g l y c o l select ion based 
o n such considerations as the des i red m e c h a n i c a l propert ies , l o w - t e m 
perature flexibility, env i ronmenta l resistance, a n d economics of the 
d e r i v e d T P U . E v e n b y his choice of m a c r o g l y c o l m o l e c u l a r we ight , the 
p o l y m e r chemist can further regulate such T P U elastomer propert ies as 
low-temperature flexibility. 

H a r d Segments. T h e h a r d segments are the l inear react ion products 
of the di isocyanate component a n d the t h i r d m o n o m e r type i n the T P U 
elastomer recipe, the s m a l l g lycol -chain-extender component . I n F i g u r e 
5 w e see a t y p i c a l T P U hard-segment structure w h i c h is f o r m e d f r o m 
M D I a n d 1 ,4 -BDO ( 1,4-butanediol ). 

T h e p o l y m e r chemist selects his di isocyanate a n d chain-extender-
g l y c o l components to p r o d u c e h i g h - m e l t i n g h a r d segments i n the d e r i v e d 
T P U chains. H a r d segments d i sp lay some b u t not a l l of the classical 
characteristics of the crystal l ine state a n d for this reason have been c a l l e d 
"paracrys ta l l ine . " A t any apprec iab le molecular w e i g h t the h a r d segment 
b y itself w o u l d tend to be h a r d a n d n y l o n l i k e i n character. W i t h this 
explanat ion w e m a y n o w equate the exemplary hard-segment structure 
of F i g u r e 5 w i t h its schematic representat ion ( l l ) i n F i g u r e 2. 

Several types of diisocyanates (aromat ic , a l iphat ic , cyc lo a l i p h a t i c ) 
a n d m a n y different g l y c o l - c h a i n extenders ( open-chain a l iphat ic , cyc lo 
a l iphat ic , aromat ic a l iphat ic ) can be used to p r o d u c e T P U - e l a s t o m e r 
h a r d segments. I n the more convent iona l a n d prac t i ca l formulat ions o n l y 
a s ingle di isocyanate component is used to make a T P U , so the di i so
cyanate is c o m m o n to b o t h the h a r d a n d soft segments. T h e p o l y m e r 
chemist makes his di isocyanate a n d glycol -chain-extender component 
selections based o n such considerations as des ired T P U m e c h a n i c a l 
propert ies , u p p e r service temperature, env i ronmenta l resistance, so lub i l i ty 
characteristics, a n d economics . 
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0CN"O~CH2^O"NC0 + HO(CHg) OH 

(MOD (1,4 BDO) 

+ C O N H - 0 - C H 2 - 0 ^ N H C O O ( C H 2 ) 4 - o | 
Figure 5. Typical TPU-elastomer L J η 

hard-segment structure (HARD SEGMENT) 

Just as the p o l y m e r chemist can signif icant ly regulate TPU elastomer, 
low-temperature flexibility b y his choice of m a c r o g l y c o l m o l e c u l a r w e i g h t 
a n d thus soft-segment l ength (molecu lar w e i g h t ) , he also c a n regulate 
other important T P U - e l a s t o m e r propert ies b y regula t ing hard-segment 
l e n g t h ( m o l e c u l a r w e i g h t ) . S u c h regula t ion is easily a c c o m p l i s h e d b y 
v a r y i n g the amounts of the di isocyanate a n d glycol -chain-extender c o m 
ponents ( re lat ive to the m a c r o g l y c o l a m o u n t ) charged i n the T P U -
elastomer f o r m u l a t i o n . Increas ing m a t c h e d amounts of the di isocyanate 
a n d glycol -chain-extender components , re lat ive to the m a c r o g l y c o l amount , 
increase hard-segment c h a i n l e n g t h ( m o l e c u l a r w e i g h t ) a n d T P U - u r e -
thane concentrat ion. T h i s i n t u r n increases T P U m o d u l u s (hardness, 
stiffness, load-bear ing c a p a c i t y ) , processing temperature, u p p e r service 
temperature, etc., w h i l e r e d u c i n g T P U so lubi l i ty . 

Polymer Chain Organization 

F i g u r e 2 d e p i c t e d the T P U - e l a s t o m e r p r i m a r y c h a i n schemat ica l ly 
a n d , I bel ieve, accurately . B u t i n the s o l i d p o l y m e r , the p o l y m e r 
p r i m a r y chains do not rea l ly exist separately as s h o w n i n F i g u r e 2. 
Rather , a l l evidence points to the fact that the h a r d segments of the T P U 
chains strongly attract a n d t e n d to associate w i t h each other t h r o u g h 
urethane-urethane h y d r o g e n b o n d i n g a n d aromat ic ττ-electron attractions. 
A s a result, the h a r d segments i n the p o l y m e r p r i m a r y chains f o r m 
aggregates ( domains ) i n the m o b i l e soft-segment matr ix a n d a two-phase 
p o l y m e r system results. T h i s n e w organizat ion of the p o l y m e r p r i m a r y 
chains is d e p i c t e d schemat ica l ly i n F i g u r e 6. T h e separate hard-segment 
aggregates ( d o m a i n s ) are seen to tie the l inear p o l y m e r p r i m a r y chains 
together i n lateral fashion, i n effect c ross l inking them. It is also apparent 
that the same p h e n o m e n o n extends the chains i n l inear fashion. T h e 
c o m b i n e d lateral a n d l inear effects p r o d u c e a giant cross l inked ne twork 
w h i c h accounts for the elastic character of T P U elastomers. 

H o w e v e r , these crosslinks w h i c h h o l d the T P U ne twork together can 
b e overcome b y heat or b y solvat ion b y processes w h i c h more or less 
regenerate the p o l y m e r p r i m a r y chains. T h i s is a r e a d i l y reversible p r o c 
ess, as F i g u r e 6 shows, a n d o n coo l ing or o n d r y i n g free of solvent, the 
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5. SCHOLLENBERGER Thermoplastic Polyurethane Elastomers 89 

VIRTUALLY CROSSLINKED/EXTENDED NETWORK of 
POLYMER PRIMARY CHAINS 

J J Δ or SOLVENT 

POLYMER PRIMARY CHAINS 

Figure 6. Schematic of chain organization in solid TPU 
elastomer 

p o l y m e r p r i m a r y chains r e f o r m the T P U - n e t w o r k structure i n the ir n e w l y 
fabr i ca ted f o r m . T h e foregoing l a b i l i t y of T P U - e l a s t o m e r networks leads 
us to refer to them as b e i n g " v i r t u a l l y c ross l inked" ( 2 ) . T h a t is, they are 
cross l inked i n effect b u t not i n fact, a n d the hard-segment domains are 
the v i r t u a l crosslinks. 

Hard-Segment Domain Morphology 

A s can be seen, hard-segment domains are a necessary s t ructura l 
feature of T P U elastomers since they tie the p o l y m e r p r i m a r y chains 
together. W i t h o u t these domains T P U w o u l d lack elastic character a n d 
w o u l d be g u m l i k e i n nature. 

M u c h s tudy of the nature of T P U hard-segment domains has b e e n 
m a d e (3-11 ), p a r t i c u l a r l y since they m i g h t be expected to b e crystal l ine 
b u t do not appear to be b y convent iona l crysta l l in i ty tests such as w i d e 
angle x-ray di f f ract ion ( W A X D ). It appears that the strong m u t u a l 
at tract ion of the h a r d segments (e.g., ure thane-urethane h y d r o g e n b o n d 
i n g ) restricts their m o b i l i t y a n d thus their ab i l i ty to organize themselves 
w e l l into a crystal l ine latt ice. Perhaps the s i tuat ion is s imi lar to that 
encountered i n concentrated solutions of the sugars w h i c h crysta l l ize 
re luctant ly , again l i k e l y because of the restrictions of h y d r o g e n b o n d i n g . 
T h e unor iented po lyamides w o u l d seem to be a s imi lar case. 

T h e poss ib i l i ty also exists that the hard-segment domains are rea l ly 
crystal l ine , b u t the crystals are so smal l that they are not detected b y 
W A X D . I n this regard, s m a l l angle x-ray d i f f rac t ion ( S A X D ) does 
detect the domains , so w e k n o w that they exist, that they have some order , 
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90 MULTIPHASE POLYMERS 

a n d w h a t their size a n d separation i n the soft-segment matr ix are. T h e 
subcrysta l l ine state of polyurethane elastomer hard-segment domains has 
b e e n referred to as the "paracrysta l l ine state" (4). 

Phase (Hard Segment, Soft Segment) Segregation 

A final p o i n t on T P U structure. Studies have s h o w n (11 ) that mel t 
i n g a T P U elastomer, as d u r i n g processing, results i n the r e m i x i n g of its 
h a r d a n d soft segments. T h i s is f o l l o w e d b y their tendency to de-mix , 
or segregate, i n the cooled so l id p o l y m e r . It can be apprec ia ted f r o m 
F i g u r e 6 that a T P U - e l a s t o m e r sample whose h a r d segments have not 
aggregated f a i r l y w e l l has not d e v e l o p e d its u l t imate proper ty potent ia l . 
O f t e n the segregation of h a r d a n d soft segments increases w i t h t ime . I n 
some T P U composit ions the intermolecular forces f a v o r i n g the m i x e d or 
the d e - m i x e d states seem to largely ba lance each other, a n d d e - m i x i n g is 
a p p r e c i a b l y re tarded. I n any case, phase segregation i n T P U elastomers 
is a t ime-dependent p h e n o m e n o n whose consequences cannot be over
l o o k e d i n the s tudy a n d use of these polymers . T h e r m a l analysis proves 
to be an excellent tool for invest igat ing the p r o p e r t y - d e t e r m i n i n g m o r p h o 
l o g i c a l state a n d tendencies of the T P U elastomers. I n the balance of 
this chapter, I w i l l demonstrate the t h e r m a l responses c o m m o n l y seen i n 
T P U b y D S C , w h a t they mean , a n d h o w they can a i d i n u n d e r s t a n d i n g 
a n d i m p r o v i n g p o l y m e r per formance . 

Thermal Analysis of TPU 

Differential Scanning Calorimetry ( D S C ) . T h e D S C instrument 
heats or cools a smal l ( 10-15 m g ) sample u n d e r very care fu l ly cont ro l l ed 
a n d r e p r o d u c i b l e condit ions . W h i l e this is g o i n g on a v e r y sensitive 
thermocouple cont inuous ly monitors changes i n the heat capaci ty of the 
sample , w h i c h are recorded as a thermogram. S a m p l e heat capac i ty 
changes w h e n e v e r the temperature reaches a po in t w h e r e i t causes a 
change i n the organizat ion of the molecules i n the sample . S u c h detect
able changes are c a l l e d t h e r m a l responses or thermal transit ions. D S C 
curves are p lo t ted as i n F i g u r e 7. 

I n F i g u r e 7, the vert ic le axis is the di f ferent ia l heat scale w h i c h is 
p r o p o r t i o n a l to the heat flow (mcal/sec/in . ) into or out of the T P U 
sample i n a s m a l l a l u m i n u m p a n ( sample system ) w i t h respect to an 
i d e n t i c a l b u t e m p t y p a n ( reference system ), as the total system ( reference 
system, sample system ) temperature is ra ised or l o w e r e d u n i f o r m l y . T h e 
h o r i z o n t a l axis is the temperature scale ( ° C ) for the ac tua l temperature 
at the sample . 
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5. SCHOLLENBERGER Thermoplastic Polyurethane Elastomers 91 

SAMPLE TEMPERATURE, eC — -

Figure 7. DSC thermogram of an injection-molding thermoplastic poly
urethane elastomer 

T h e T P U sample tested i n F i g u r e 7 was in ject ion m o l d e d f r o m a 
t o u g h , strong, high-urethane-content i n j e c t i o n - m o l d i n g p o l y m e r w h i c h 
contains p o l y ( tetramethylene a d i p a t e ) - M D I soft segments ( F i g u r e 3 ) 
a n d 1 , 4 - b u t a n e d i o l - M D I h a r d segments ( F i g u r e 5 ) . O u r test p r o c e d u r e 
was to : ( 1 ) r a p i d l y coo l the sample to — 1 2 0 ° C i n o u r D S C instrument 
( d u P o n t , M o d e l 990) ; (2 ) heat i t f r o m - 1 2 0 ° C to + 2 5 0 ° C at 1 0 ° C / 
m i n u n d e r n i t rogen; ( 3 ) i m m e d i a t e l y coo l i t to 2 5 ° C at the same rate. 

GLASS-TRANSITION TEMPERATURE ( T g ) . A s w e s l o w l y heat the T P U 
sample ( top c u r v e ) , an increase i n its rate of heat absorpt ion is n o t e d at 
A w h e r e the slope of the u p p e r D S C curve increases. T h i s n e w rate 
persists u n t i l B , w h e r e i t reverts to its o r i g i n a l rate. T h e A - B r e g i o n is 
the temperature range i n w h i c h the T P U soft segments go f r o m a r i g i d 
"g lassy" c o n d i t i o n to a flexible " r u b b e r y " c o n d i t i o n . T h i s is c a l l e d the 
glass-transit ion reg ion of the T P U soft segments, a n d the change occurs 
w h e n the a p p l i e d t h e r m a l energy is adequate to overcome a set of 
re la t ive ly weak, in tercha in attractive forces w h i c h i m m o b i l i z e the T P U 
c h a i n segments, a l l o w i n g t h e m to m o v e . B y convent ion , the m i d p o i n t 
C ( — 3 0 . 5 ° C ) of A - B is c a l l e d the glass-transit ion temperature , T g . 

Tg has p r a c t i c a l s ignif icance i n T P U elastomers since i t indicates the 
temperature at w h i c h the p o l y m e r w i l l lose apprec iab le flexibility as i t 
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92 MULTIPHASE POLYMERS 

cools. I n T P U elastomer, soft segments that p r o d u c e l o w Tg values are 
desirable , for they indicate g o o d low-temperature flexibility. 

MELTING TEMPERATURE ( T M ) AND H E A T OF FUSION (àHt). A s u n i 
f o r m heat ing of the T P U samples continues b e y o n d B , no fur ther inter
prétable t h e r m a l events are n o t e d u n t i l D ( 106 .0°C) , w h e r e an increased 
rate of heat absorpt ion again commences. T h i s d i p ( endotherm ) is q u i t e 
p r o n o u n c e d a n d contains a series of m i n i m a at Ε ( 175 .5°C) , F ( 185 .5°C) , 
a n d G (198 .0°C) , e n d i n g at H (204 .5°C) . T h e D - H endotherm repre
sents the m e l t i n g / d i s r u p t i o n of the total 1 , 4 - b u t a n e d i o l - M D I hard-seg
ment domains i n the T P U elastomer. T h e m u l t i p l e m i n i m u m values, E , 
F , a n d G , are c a l l e d m e l t i n g temperatures ( T m ) a n d are b e l i e v e d to 
reflect the sequent ia l m e l t i n g / d i s r u p t i o n of hard-segment domains h a v i n g 
different degrees of organizat ion w h i c h were d e v e l o p e d d u r i n g p r i o r 
T P U t h e r m a l a n d processing history. 

B y measur ing the area of the entire m e l t i n g endotherm, w h i c h is 
b o u n d e d b y D , E , a n d H , one can calculate the heat of fus ion (àHf) of 
the sample a n d express i t as mi l l i ca lor ies per m i l l i g r a m ( m c a l / m g ) of 
sample . AHt then is a measure of the "s t rength" of the p o l y m e r v i r t u a l 
crosslinks, or i n other words , of the degree of m o l e c u l a r organizat ion i n 
the hard-segment domains . I n F i g u r e 7, ΔΗ{ is 3.20 m c a l / m g . 

O n e likes to see h i g h Tm values for T P U h a r d segments, for this 
indicates s trong v i r t u a l crosslinks w h i c h w i l l a l l o w the m o l d e d T P U 
parts to pass t h r o u g h p a i n t - d r y i n g ovens a n d to s tand i n the hot sun 
w i t h o u t sag or dis tort ion. O f course if Tm is too h i g h , m o l d i n g problems 
c o u l d be encountered. 

F u r t h e r hea t ing of the sample to I ( 2 5 0 ° C ) produces no fur ther 
interprétable t h e r m a l response. A n d since another test, thermogravimetr i c 
analysis ( T G A ), w h i c h I w i l l not discuss i n this chapter , shows that the 
p o l y m e r sample loses a l i t t le w e i g h t ( suggestive of decomposi t ion ) at 
a p p r o x i m a t e l y 250 ° C , w e heat the sample n o fur ther b u t n o w i m m e d i a t e l y 
b e g i n to cool it at 1 0 ° C / m i n . 

CRYSTALLIZATION TEMPERATURE ( Tc ) AND H E A T OF CRYSTALLIZATION 
(AHC). A t t e n t i o n is n o w d i r e c t e d to the l o w e r ( c o o l i n g ) curve i n the 
F i g u r e 7 thermogram. N o thermal response is noted i n the coo l ing sample 
u n t i l J ( 1 4 5 . 0 ° C ) , w h i c h is reached after about 10 minutes of coo l ing . 
H e r e heat suddenly evolves f r o m the sample i n a sharp exotherm, p e a k i n g 
at Κ ( T c , 131 .5°C) a n d e n d i n g at L ( 105 .5°C) . T h i s response represents 
crys ta l l iza t ion i n the sample a n d is ascr ibed to the re format ion of the 
hard-segment domains . H o w e v e r , the accepted methods of detec t ing 
crys ta l l in i ty do not show crys ta l l in i ty i n such T P U , as m e n t i o n e d earl ier . 

B y measur ing the area of the entire " c r y s t a l l i z a t i o n " exotherm w h i c h 
is b o u n d e d b y J , K , a n d L , one can calculate the heat of c rys ta l l iza t ion 
(Δ/ίο m c a l / m g ) of the sample , as was done to get AHt. I n F i g u r e 7, 
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5. SCHOLLENBERGER Thermophstic Polyurethane Elastomers 93 

AHC is 3.11 m c a l / m g . Idea l ly , the heat absorbed to mel t the sample 
s h o u l d e q u a l the heat e v o l v e d w h e n the m e l t e d sample crystal l izes , so 
that AHf = AHC. B u t as F i g u r e 7 shows, AHC is not qui te as large as AHf, 
s h o w i n g that the degree of c rys ta l l in i ty/order present i n the sample 
before m e l t i n g was not reestablished comple te ly d u r i n g its f o u r - m i n u t e -
crysta l l izat ion exotherm. H o w e v e r , after s tanding a w h i l e , h a r d - s e g m e n t -
soft-segment phase segregation tends to increase (11 ) a n d often AHC 

= ΔΗ{. 
N o t i c e also that the coo led sample started to crysta l l ize at J ( 1 4 5 . 0 ° C ) , 

w h i c h is underneath the m e l t i n g endotherm b u t b e y o n d its center a n d 
w e l l b e l o w H ( 2 0 4 . 5 ° C ) , the po in t at w h i c h m e l t i n g was comple te o n 
heatup. T h i s crysta l l izat ion l a g is recognized as supercool ing . T o o m u c h 
of i t means l o n g m o l d i n g cycles, d is tor ted parts, etc. F o r in ject ion m o l d 
i n g T P U , one l ikes to have the crys ta l l i za t ion exotherm ( J - K - L ) sharp 
a n d of about e q u a l area a n d centered fa i r ly w e l l u n d e r a large, reasonably 
h igh- temperature m e l t i n g exotherm ( D - E - H ) . T h e p o l y m e r of F i g u r e 
7 is seen to approximate these requirements fa i r ly w e l l . 

Effects of Composition and Molecular Weight 

T h e p o l y m e r of F i g u r e 7 is, as noted earlier, a high-urethane-content 
p o l y m e r whose properties , i n c l u d i n g t h e r m a l responses, m a k e i t w e l l 
sui ted for i n j e c t i o n - m o l d i n g appl icat ions . H o w e v e r , F i g u r e 7 is not 
representative of the thermograms encountered for a l l T P U , whose 
t h e r m a l differences are at tr ibutable p r i m a r i l y to p o l y m e r compos i t ion 
differences. T h i s even inc ludes polymers based o n the same di isocyanate , 
m a c r o g l y c o l , a n d chain-extender components b u t conta in ing different 
hard-segment concentrations. T h i s is i l lustrated i n F i g u r e 8. 

F i g u r e 8 is the thermogram of a general-purpose T P U more suitable 
for extrusion, ca lender ing , a n d solut ion appl icat ions t h a n for in ject ion 
m o l d i n g . L i k e the p o l y m e r of F i g u r e 7, it was m a d e b y mel t p o l y m e r i z 
i n g M D I , P T A d , a n d 1 , 4 - B D O . B u t its hard-segment content is o n l y 

1 ι 1 ι 1 1 1 ι 1 ι I ι 1 ι I ι 
-100 - 6 0 - 2 0 0 20 60 100 140 180 

TEMPERATURE,^ 

Figure 8. General-purpose thermoplas
tic, polyurethane elastomer thermogram 
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94 MULTIPHASE POLYMERS 

about one-half , a n d its m a c r o g l y c o l molecular w e i g h t o n l y about one-
t h i r d those of the F i g u r e 7 p o l y m e r values, m a k i n g i t a less-segmented 
p o l y m e r . T h e F i g u r e 8 t h e r m o g r a m was ran i n the same w a y as that of 
F i g u r e 7, b u t the c o o l d o w n is not s h o w n since i t was essentially 
featureless. 

Inspect ion of F i g u r e 8 shows: Tg to be — 3 5 ° C ( l o w e r than i n 
F i g u r e 7 ) ; a dis t inct m e l t i n g endotherm at approx imate ly 6 7 ° C (absent 
i n F i g u r e 7 ) ; a n d a b r o a d , s h a l l o w e n d o t h e r m at 8 0 ° - 1 8 0 ° C (at 1 0 6 ° -
2 0 5 ° C , a n d m u c h more p r o n o u n c e d i n F i g u r e 7) w h i c h contains a smal l , 
sharp endotherm at 1 6 5 ° C (at 178° , 186° , a n d 1 9 8 ° C i n F i g u r e 7 ) . 

T h e l o w e r Tg v a l u e of the F i g u r e 8 vs. the F i g u r e 7 p o l y m e r p r o b a b l y 
reflects : a l o w e r p o l y m e r molecu lar w e i g h t ( M w 48,000) a n d attendant 
f ree-volume effect; its l o w e r hard-segment concentrat ion ( r e d u c e d h a r d -
segment-soft -segment phase m i x i n g ) ; a n d its u n u s u a l l y l o n g ( a p p r o x i 
mate ly 500 days) e q u i l i b r a t i o n p e r i o d d u r i n g 2 5 ° C shelf storage ( increased 
hard-segment-soft -segment phase segregation ) . 

T h e 6 7 ° C e n d o t h e r m i n F i g u r e 8 is suspected of represent ing the 
m e l t i n g of soft segment ( m a c r o g l y c o l lengthened to h i g h m o l e c u l a r 
w e i g h t v i a di isocyanate c o u p l i n g ) at a temperature apprec iab ly above 
that of the re la t ive ly l o w - m o l e c u l a r - w e i g h t parent m a c r o g l y c o l itself 
( ~ 4 6 ° C ) . 

T h e b r o a d , sha l low, 8 0 ° - 1 8 0 ° C e n d o t h e r m i n F i g u r e 8 a n d the s m a l l 
sharp endotherm w i t h i n it at 1 6 5 ° C are b e l i e v e d to correspond to the 
1 0 6 ° - 2 0 5 ° C D - E - H endotherm of F i g u r e 7 a n d also to represent the 
thermal d i s r u p t i o n of the (less extensive) h a r d segments of the F i g u r e 
8 p o l y m e r . 

I n a d d i t i o n to p o l y m e r composi t ion , p o l y m e r m o l e c u l a r w e i g h t also 
can exert a signif icant effect on the t h e r m a l response of polymers i n c l u d 
i n g those h a v i n g i d e n t i c a l c h e m i c a l m a k e u p a n d composi t ion . T h i s can 
be seen i n F i g u r e s 9 A a n d 9 B . T h e 10 polymers i n these figures w e r e a l l 
of the same composi t ion , materials , a n d preparat ion m e t h o d as the 
F i g u r e 8 p o l y m e r , w h i c h reappears at the h e a d of F i g u r e 9 A . B u t the 
m o l e c u l a r - w e i g h t levels of this series w e r e v a r i e d i n the range, M w 

48,000-367,000. T h e thermograms w e r e a l l measured as i n the case of 
the F i g u r e 7 p o l y m e r . 

C o m p a r i s o n of F i g u r e 9 A a n d 9 B thermograms shows several interest
i n g changes w i t h increas ing M w i n this p o l y m e r series. It can be seen 
t h a t J F g values increase w i t h M w f r o m - 3 5 ° C at M w of 48,000 to - 2 7 ° C 
at M w of 183,000, w h e r e they h o l d through the final m e m b e r of the series, 
M w of 367,000. W e interpret this pat tern to reflect the inf luence of 
p o l y m e r f ree -volume ( c h a i n e n d ) r e d u c t i o n o n p o l y m e r - c h a i n segment 
m o b i l i t y w i t h increas ing p o l y m e r M w . It appears that p o l y m e r f ree-volume 
decreases w i t h increas ing p o l y m e r m o l e c u l a r w e i g h t u p to M w of a p p r o x i -
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TEMPERATURE, °C TEMPERATURE,°C 

Figure 9. (a, left; b, right) Effects of Mw on general purpose TPU elastomer 
thermograms 

mate ly 160,000, thereafter ceasing to change s ignif icant ly or to fur ther 
inf luence p o l y m e r Tg w i t h a d d i t i o n a l M w increase. 

N o t i c e that the 67 ° C endotherm shows no M w dependency , poss ib ly 
because the smallest T P U of the series ( M w of 48,000) a l ready consists 
of soft segments ( d i i socyanate -coupled polyester chains ) l o n g e n o u g h to 
d i s p l a y the m a x i m u m temperature for this t ransi t ion i n this system. 

T h e b r o a d , sha l low, 8 0 ° - 1 8 0 ° C endotherm of the 4 8 , 0 0 0 - M w p o l y m e r 
( F i g u r e s 8, 9 A ) narrows, d r a w i n g t o w a r d the l o w e r temperature , a n d also 
thins as p o l y m e r m o l e c u l a r w e i g h t increases, w h i l e the dist inct 1 6 5 ° C 
endotherm at M w of 48,000 g r a d u a l l y shrinks, essentially d i s a p p e a r i n g at 
M w of 117,000. Hard-segment d o m a i n deve lopment w o u l d appear to b e 
progress ively i m p e d e d i n the T P U as M w increases. A g a i n , w e suggest 
that this is a t t r ibutable to a decrease of p o l y m e r free v o l u m e a n d thus 
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96 MULTIPHASE POLYMERS 

chain-segment m o b i l i t y . Consequent ly , less p r o n o u n c e d evidence of h a r d -
segment t h e r m a l response is apparent i n the thermograms of the h igher 
M w po lymers of this T P U series. 

O t h e r i n f o r m a t i o n can be obta ined f r o m t h e r m a l studies of T P U 
elastomers w h i c h is also h e l p f u l i n u n d e r s t a n d i n g a n d i m p r o v i n g these 
h i g h performance , easily processed polymers . B u t it was the intent ion 
to l i m i t this chapter to the basic D S C thermal responses w h i c h forecast 
strengths a n d weaknesses i n T P U process ing a n d per formance character
istics a n d to indicate the parts of the T P U structure that are responsible 
for these t h e r m a l responses. H o p e f u l l y , this has been accompl i shed . 
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6 

A Dynamic Mechanical Study of Phase 
Segregation in Toluene Diisocyanate, Block 
Polyurethanes 

G. A. SENICH and W. J. M A C K N I G H T 

Materials Research Laboratory, Polymer Science and Engineering Department, 
University of Massachusetts, Amherst, M A 01003 

The dynamic mechanical response of several toluene diiso
cyanate, polyurethane elastomers has been studied. A sym
metrical hard-segment isomer and increasingly long hard 
and soft blocks promote phase segregation in these mate
rials. The glass-transition temperature of the soft-segment 
phase is strongly influenced by the purity of the soft-segment 
phase and the overall degree of crystallinity. The high tem
perature δ relaxation is directly related to the average hard
-segment length, while the plateau modulus between these 
relaxation regions strongly depends upon hard-segment 
content. Comparison of block polyurethane relaxations with 
corresponding loss processes of the hard- and soft-segment 
polymers indicates that the short block length and significant 
degree of intersegmental mixing contribute to poor phase 
organization in these block polyurethanes. 

Τ inear polyurethane b lock copolymers have been objects of considerable 
research interest over recent years. These materials are composed 

of three parts, a di isocyanate , a l o w m o l e c u l a r w e i g h t c h a i n extender 
(usua l ly a d i o l b u t sometimes a d i a m i n e ) , a n d a l o w molecu lar w e i g h t 
r u b b e r y p o l y m e r , f requent ly a polyether or polyester . T h e soft segment 
consists of the r u b b e r y p o l y m e r w h i l e the di isocyanate a n d the c h a i n 
extender f o r m the h a r d segment. These materials are classif ied as thermo-

0-8412-0457-8/79/33-176-097$07.75/0 
© 1979 American Chemical Society 
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98 MULTIPHASE POLYMERS 

plast ic elastomers since their res i l iency at r o o m temperature is character
ist ic of elastomers w h i l e the ir l inear nature a l lows t h e m to be processed 
w i t h the ease of thermoplast ics at h igher temperatures. 

D y n a m i c m e c h a n i c a l proper ty studies have been successful i n e luc i 
d a t i n g the molecu lar mechanisms u n d e r l y i n g the m e c h a n i c a l behavior 
of these materials . K a j i y a m a a n d M a c K n i g h t (1,2) proposed mechanisms 
for l o w temperature a n d glass-transit ion-region relaxations of three m o d e l 
hard-segment polyurethanes extended w i t h diols c o n t a i n i n g f r o m 2 to 
10 methylene units . T h e y observed relaxations a t t r ibutable to m o t i o n 
of side chains, short- length m a i n c h a i n structures, a n d l o n g m a i n c h a i n 
segments as w e l l as c rys ta l - c rys ta l transitions. D y n a m i c m e c h a n i c a l 
investigations b y H u h a n d C o o p e r (3) demonstrated the existence of a 
two-phase structure i n 4 ,4 ' -d iphenylmethane di isocyanate , M D I , p o l y 
urethanes, a n d examined the effects of composi t ion , soft-segment molec
u l a r weight , a n d t h e r m a l history u p o n the relaxat ion mechanisms of this 
class of copolymers . Relaxat ions, i n their notat ion, corresponding to a 
soft-segment T g , « a , soft-segment crysta l l ine m e l t i n g , « c , hard-segment Tg, 
δ, a n d hard-segment m e l t i n g , δ', w e r e observed i n the polyurethanes 
s tudied . T h e y c o n c l u d e d that the « a a n d δ relaxations were in f luenced 
b y the degree of crys ta l l in i ty a n d the nature of the d o m a i n structure. 
T h e magni tudes of the « c , δ, a n d δ' relaxations w e r e f o u n d to be re lated 
to the size of the d o m a i n structures present. S imi lar studies w e r e c a r r i e d 
o u t o n polyurethanes synthesized w i t h structures that e l iminated h y d r o 
g e n - b o n d i n g effects and w h i c h a l l o w e d blocks of contro l led , molecu lar 
w e i g h t d i s t r ibut ion to be incorporated (4,5). T h e major conclusions 
f r o m this w o r k are that a narrow, hard-segment molecular w e i g h t d i s t r i 
b u t i o n i n the phase-segregated systems increases the hard-segment glass 
transi t ion, « h , a n d the m o d u l u s be tween the h a r d - a n d soft-segment Tg 

w h i l e h a v i n g l i t t le effect o n the soft-segment glass t ransi t ion, aB. A n 
examinat ion of l o w temperature, d y n a m i c m e c h a n i c a l propert ies of M D I 
polyurethanes w i t h various soft segments was reported b y H u n g e r a n d 
co-workers (6). T h e y f o u n d that as urethane concentrat ion increased, aB 

r e m a i n e d constant but crysta l l izat ion of the soft segment was i n h i b i t e d . 
F e r g u s o n a n d co-workers (7) have examined M D I - p o l y e t h e r b lock p o l y 
urethane chains extended w i t h 1 ,3-diaminopropane as a f u n c t i o n of h a r d -
segment content. 

Systematic studies o n M D I polyurethanes w i t h po lycapro lac tone soft 
segments over a w i d e range of soft-segment molecular w e i g h t a n d h a r d -
segment concentrat ion have been car r ied out b y Seefried, Koleske , a n d 
C r i t c h f i e l d (8,9). T h e glass t ransi t ion was observed to shift to l o w e r 
temperatures as the soft-segment c h a i n l e n g t h increased, a n d soft-segment 
crys ta l l iza t ion was f o u n d to occur for the highest molecular w e i g h t p o l y 
ester sample. T h e Tg of lower m o l e c u l a r weight , soft-segment samples 
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β. SENiCH AND MAC KNIGHT Toluene Diisocyanate 99 

increased as the hard-segment content increased w h i l e the Tg of p o l y u r e -
thanes c o n t a i n i n g h i g h e r m o l e c u l a r w e i g h t soft segments was u n c h a n g e d 
u n t i l extreme amounts of h a r d segments w e r e i n t r o d u c e d . T h e authors 
a t t r ibuted the latter b e h a v i o r to a h i g h degree of phase segregation be
t w e e n b locks . T h i s g r o u p also has c o m p a r e d M D I a n d toluene d i i s o c y a 
nate, T D I , h a r d segments over a more l i m i t e d c o m p o s i t i o n a l range a n d 
s tudied the effects of different c h a i n extenders o n T D I p o l y u r e t h a n e 
propert ies (10,11). A l l T D I - e o n t a i n i n g polyurethanes s t u d i e d b y these 
workers d i s p l a y e d l i t t le or n o phase segregation. 

Schneider , P a i k Sung , a n d co-workers have c o m p l e t e d an extensive 
s tudy of T D I polyurethanes (12,13,14,15). T h i s w o r k differs f r o m 
previous studies b y the separate character izat ion of b l o c k polyurethanes 
p r e p a r e d f r o m the t w o isomers of T D I . These materials have been 
s tudied b y thermomechanica l analysis, T M A , D S C , x-ray scattering, a n d 
I R analysis i n order to e lucidate the structure of this p a r t i c u l a r class of 
polyurethanes . T h e i r findings c a n b e br ief ly s u m m a r i z e d i n terms of the 
degree of phase segregation exhib i ted . T h e glass-transit ion temperature 
of 2 , 4 - T D I polyurethanes w i t h polyether soft segments of about 1000 
M n s h o w e d a s trong dependence o n composi t ion . E x t e n s i v e h a r d - a n d 
soft-segment m i x i n g was postula ted i n these materials . S i m i l a r p o l y u r e 
thanes based on the 2 , 6 - T D I s t ructural isomer d i s p l a y e d a h i g h l y o r d e r e d 
d o m a i n structure, i n d i c a t e d b y a concentrat ion invar iant Tg a n d a strong 
h i g h temperature t ransi t ion a t t r ibuted to m e l t i n g of the easily crystal -
l i zab le h a r d segment. A n increase i n soft-segment m o l e c u l a r w e i g h t f r o m 
1000 to 2000 i n d u c e d phase segregation i n the 2 , 4 - T D I series a n d 
i m p r o v e d phase segregation i n the 2 , 6 - T D I series to the p o i n t that the 
soft segment exh ib i ted some crys ta l l in i ty . T h e soft-segment glass t ransi 
t i o n temperature , T g s , was f o u n d to be a sensitive measure of the degree 
of phase segregation i n these materials . 

T h e systematic d y n a m i c m e c h a n i c a l s tudy repor ted here was u n d e r 
taken to ga in a d d i t i o n a l ins ight into the m o l e c u l a r re laxat ion processes 
w h i c h occur i n T D I polyurethanes as w e l l as to test the general i ty of 
findings d e v e l o p e d f r o m investigations of other c h e m i c a l classes of 
segmented polyurethanes . 

Experimental 

Samples. L i n e a r polure thane b l o c k copolymers w i t h h a r d segments 
c o m p o s e d of 2,4- or 2 , 6 - T D I , a n d 1,4-butanediol , B D , a n d either 1040 
or 2060 m o l e c u l a r w e i g h t p o l y ( tetramethylene oxide ), P T M O , soft seg
ments w e r e s u p p l i e d t h r o u g h the courtesy of N . S. Schneider of the A r m y 
Mater ia l s a n d M e c h a n i c s Research Center , W a t e r t o w n , M A . These 
polymers w e r e p r e p a r e d b y a two-step process, first an e n d c a p p i n g of 
the P T M O w i t h a 5 % molar excess of T D I , f o l l o w e d b y c h a i n extension 
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6. SENicH AND MAC KNIGHT Toluene Diisoctjanate 101 

w i t h B D a n d a d d i t i o n a l T D I . A l l were f o u n d to be soluble i n d i m e t h y l -
f o r m a m i d e . H a r d - a n d soft-segment m o d e l po lymers also w e r e s u p p l i e d . 
These materials were m a d e i n a one-step condensat ion react ion of a 2 . 5 % 
m o l a r excess of T D I w i t h either B D or P T M O of 1090 molecular w e i g h t . 
F i g u r e 1 shows a representat ion of the polymers s tudied . T h e h a r d 
segment is the mater ia l conta ined w i t h i n the brackets w i t h subscr ipt m . 
T h e approximate value of the index i corresponds to 14, 15, a n d 28 for 
1040, 1090, a n d 2060 m o l e c u l a r w e i g h t P T M O , respect ively. F o r the p u r e , 
hard-segment mater ia l the index i is, of course, zero, w h i l e for the soft 
segment p o l y m e r m is l i k e w i s e zero. O v e r a l l p o l y m e r M n was est imated 
to be on the order of 13,000-25,000. H a r d - a n d soft-segment po lymers 
are designated first b y the T D I isomeric structure f o l l o w e d b y either 
B D for the h a r d segment o r P T M O for the soft-segment po lymers . F o r 
example , 2 , 4 - T D I / P T M O refers to the 1090 m o l e c u l a r w e i g h t P T M O 
soft segment, w h i c h contains 14 w t % 2 , 4 - T D I . T h e nomencla ture u s e d 
throughout the discussion f o r the b l o c k polyurethanes first refers to the 
T D I isomeric structure f o l l o w e d b y the molecular w e i g h t of P T M O i n 
thousands a n d finally the hard-segment content i n w e i g h t percent i f a 
specific p o l y m e r is designated. F o r example, 2,6-T-2P-60 indicates a b l o c k 
po lyure thane w i t h 60 w t % 2 , 6 - T D I / B D h a r d segments a n d a 2060 
molecular w e i g h t P T M O soft segment. 

Characterization. F i l m samples about 0 .25-mm th ick w e r e p r e p a r e d 
b y compression m o l d i n g the polyurethanes u n d e r d r y ni t rogen at 1 8 0 ° C 
a n d 3 M P a pressure. A f t e r m o l d i n g for 20 m i n , the samples w e r e a l l o w e d 
to c o o l s l o w l y i n the press u n d e r d r y ni t rogen flow. F i g u r e 2 shows the 
t h e r m a l history of the 180°C-molded films. N o discolorat ion was observed 
w h e n the samples were r e m o v e d f r o m the m o l d . T h e t w o soft-segment 
polyurethanes w e r e compression m o l d e d at 1 2 0 ° C . T h e films w e r e 
a l l o w e d to stand at least one week at r o o m temperature i n a dessicator 
before b e i n g evaluated w i t h the R h e o v i b r o n D D V - I I B D y n a m i c V i s c o -

70 I 1 1 1 1 

0 100 200 
Time (min.) 

Figure 2. Thermal history of com
pression-molded polyurethane films 
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102 MULTIPHASE POLYMERS 

elastomer ( T o y o B a l d w i n C o . ) . Samples were tested sequent ia l ly at 
3.5, 11, 35, a n d 110 H z w h i l e hea t ing f r o m - 135° to 1 9 5 ° C at a n o m i n a l 
heat ing rate of 1 .5°C/min u n d e r a d r y ni t rogen atmosphere. Several 
samples were re -examined b y the same procedure about 60 days after 
the first test. A p p a r e n t ac t ivat ion energies w e r e d e t e r m i n e d for major 
relaxations f r o m the A r r h e n i u s dependence of f requency o n inverse t e m 
perature . Least-squares l ines w e r e fitted to plots of l o g ( f requency ) vs. 
T1 a n d the ac t ivat ion energies to the 9 5 % confidence leve l d e t e r m i n e d 
f r o m the slopes. T h e r m a l studies o n the compress ion-molded films w e r e 
carr ied out on a P e r k i n - E l m e r D S C - 2 di f ferent ia l scanning ca lor imeter 
at a heat ing rate of 2 0 ° C / m i n a n d w i t h a sensit ivity of 5 meal/sec. 

H a r d - and Soft-Segment Polymers. T h e hard-segment p o l y m e r 
c o m p o s e d of 2 , 4 - T D I / B D e x h i b i t e d a single major a re laxat ion associated 
w i t h the glass t rans i t ion. T h e re laxat ion o c c u r r e d at 1 0 8 ° C (11 H z ) , as 
d e t e r m i n e d f r o m the pos i t ion of the loss m o d u l u s m a x i m u m . T h e storage 
m o d u l u s decreased f r o m about 1.5 G P a to 50 M P a d u r i n g the relaxat ion, 
a n d the loss of m e c h a n i c a l integr i ty a n d onset of flow was i n d i c a t e d b y 
a r a p i d a n d unabated rise i n tan(8) as the temperature rose above Ts. 
T h e apparent ac t ivat ion energy, E a , de termined f r o m an A r r h e n i u s 
dependence of f requency, ω, on temperature as s h o w n i n E q u a t i o n 1, was 

Results 

ο 2 . 6 - T D I / B D 

o . 

'34.00 60.00 86.00 112.00 138.00 
(C ) 

164.00 90.00 2 
T E M P E R A T U R E 

Figure 3a. Storage and loss modulus of 2,6-TDI/BD as a function of tempera
ture at 110, 35,11, and 3.5 Hz 
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6. SENiCH AND MAC KNIGHT Toluene Diisocyanate 103 

τ 1 1 1 1 Γ 

I » ι ι ι ι ι 1 1 1 
330 390 450 510 

Temp. (K) 

Figure 3b. DSC scans of hard-segment polymers, (a) 
2,4-TDI/BD; (b) quenched 2,6-TDllBD; (c) 2,6-TDI/ 

BD-annealed for 1 hr at 423 K. 

l n W = = ^ + C (1) 

600 k j / m o l . T h e ac t iva t ion energy for the a re laxat ion agrees w i t h i n 
exper imenta l error w i t h the va lue of 480 k j / m o l , d e t e r m i n e d b y K a j i y a m a 
(16). N o crys ta l l in i ty is present i n this hard-segment mater ia l , as s h o w n 
b y the D S C scan i n F i g u r e 3b w h i c h has n o evidence of a m e l t i n g 
endotherm. 

T h e d y n a m i c m e c h a n i c a l behavior of 2 , 6 - T D I / B D was f o u n d to be 
s imi lar to that of the 2 , 4 - T D I / B D h a r d segment at l o w temperatures. 
B o t h s h o w e d a secondary γ re laxat ion at about — 115° to — 1 3 5 ° C , w i t h 
a n ac t iva t ion energy of about 30 k j / m o l . These processes correspond to 
the y χ and/or y2 relaxations, i n v o l v i n g motions of methylene sequences 
w h i c h w e r e observed for m o d e l h a r d segments b y K a j i y a m a a n d M a c -
K n i g h t (2) a n d w i l l not be subsequently cons idered . T h e a or glass-
transit ion re laxat ion for 2 , 6 - T D I / B D o c c u r r e d at 1 0 5 ° C (11 H z ) , w i t h 
an ac t ivat ion energy of 510 k j / m o l . A b o v e the α - l o s s peak, the storage 
m o d u l u s r e m a i n e d at a l eve l of about 300 M P a , as can be seen i n F i g u r e 
3a. T h i s p h e n o m e n o n can be a t t r ibuted to the presence of c rys ta l l in i ty 
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104 MULTIPHASE POLYMERS 

i n the 2 , 6 - T D I / B D h a r d segment. T h e m a g n i t u d e of the p la teau i n 
m o d u l u s was f o u n d to h i g h l y d e p e n d u p o n the t h e r m a l his tory of the 
sample . T h e results i n F i g u r e 3a represent the steady-state behavior of 
the f u l l y annealed p o l y m e r . T h e w i d t h of the α - l o s s peak is about t w i c e 
that of the 2 , 4 - T D I / B D α - r e l a x a t i o n m a x i m u m . B r o a d e n i n g i n the α - l o s s 
m a x i m u m b y the i n t r o d u c t i o n of c rys ta l l in i ty has been s i m i l a r l y observed 
for P E T a n d P T F E ( 1 7 ) . C r y s t a l l i n e structure i n the 2 , 6 - T D I / B D h a r d -
segment p o l y m e r r e m a i n e d u n t i l the onset of the δ re laxat ion i n d y n a m i c 
m e c h a n i c a l experiments, about 2 1 2 ° C . T h e m e l t i n g po int , as d e t e r m i n e d 
f r o m the m a x i m u m of the m e l t i n g endotherm i n F i g u r e 3b, was f o u n d to 
be 2 0 0 ° C . T h e posit ions of the α relaxations for 2,4- a n d 2 , 6 - T D I / B D 
are i n good agreement w i t h Ts values f o u n d f r o m D S C studies, 102° a n d 
9 3 ° C , respect ively. 

T h e m o d e l soft segment c o m p o s e d of 2 , 4 - T D I / P T M O exhib i ted a 
s ingle major α re laxat ion at — 5 5 ° C (11 H z ) , a c c o m p a n i e d b y a d r o p i n 
the l eve l of the storage m o d u l u s of t w o a n d one hal f orders of m a g n i t u d e . 
A n ac t ivat ion energy of 200 k j / m o l was de termined for this re laxat ion. 
T h e 2 , 6 - T D I / P T M O soft segment d i s p l a y e d qui te different behavior 
f r o m the 2 , 4 - T D I / P T M O p o l y m e r , as can be seen f r o m F i g u r e 4a. A n a 
relaxat ion can be observed to occur at — 5 9 ° C (11 H z ) , w i t h an apparent 
ac t ivat ion energy of 260 k j / m o l . A subsequent a c-loss process w i t h a 
corresponding increase i n the storage m o d u l u s b y a factor of three c a n 
be seen to occur at about — 3 0 ° C . T h i s second relaxat ion can be 
a t t r ibuted to crys ta l l iza t ion of the soft segment above TgJ f o l l o w e d b y 
annea l ing a n d finally complete m e l t i n g at 9 ° to 1 3 ° C . C r y s t a l l i z a t i o n i n 
the mater ia l d u r i n g c o o l i n g to — 1 3 5 ° C was i n h i b i t e d b y the r a p i d 
q u e n c h i n g process used for c o o l i n g the sample chamber . T h e D S C 
results for the 2 , 6 - T D I / P T M O soft segment i n F i g u r e 4b conf i rm the 
interpretat ion of the d y n a m i c , m e c h a n i c a l re laxat ion processes. A glass 
transi t ion is i n d i c a t e d at — 6 3 ° C , f o l l o w e d b y a b r o a d crys ta l l iza t ion 
exotherm centered at — 3 0 ° C a n d f inal ly a m e l t i n g endotherm at 1 0 ° C . 
T h e behavior of the 2 , 6 - T D I / P T M O soft segment, c o n t a i n i n g no c h a i n 
extender, is s imi lar to that noted b y I l l i n g e r (6) for a n M D I / B D / P T M O 
polyure thane conta in ing 2 4 - w t % h a r d segments a n d 2000 M n P T M O . 
T h e glass transi t ion o c c u r r e d at — 1 0 0 ° C (110 H z ) , f o l l o w e d b y crystal 
l i z a t i o n , c o m p l e t e d at — 4 5 ° C a n d f ina l ly m e l t i n g at 3 0 ° C . T h e d y n a m i c 
m e c h a n i c a l test results for the h a r d a n d soft segments are s u m m a r i z e d 
i n T a b l e I. 

2,4 -TDI Polyurethanes. T w o 2 , 4 - T - l P samples w i t h different h a r d -
segment concentrations w e r e s tudied a n d f o u n d to d i sp lay a b r o a d a-
relaxat ion m a x i m u m , also charac ter ized b y a dec l ine i n storage m o d u l u s 
of about t w o a n d one hal f orders of magni tude , as s h o w n i n F i g u r e 5, 
a p l o t of storage a n d loss m o d u l u s vs. temperature at 11 H z . T h e pos i t ion 
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Figure 4b. DSC scans of soft-segment polymers, (a) 2,4-
TDI/PTMO, (b) 2,6-TDI/PTMO. 

of the a re laxat ion v a r i e d w i t h hard-segment content, r a n g i n g f r o m 
2 2 ° C for 2 , 4 - T - l P - 5 6 to 3 8 ° C for 2 ,4 -T- lP-60 , b o t h at 11 H z . T h e act iva
t i o n energies f o u n d for each sample are comparable , as c a n be seen f r o m 
T a b l e I I , a s u m m a r y of 2 , 4 - T D I po lyure thane data , o n the order of 290 
k j / m o l . T h e results f r o m d y n a m i c m e c h a n i c a l studies agree w i t h the 
glass-transit ion temperatures f o u n d b y Schneider a n d co-workers (12) 
f r o m a T M A study of the same polyurethanes , as c a n be seen f r o m 
F i g u r e 6, a c o m p a r i s o n of b o t h sets of data . 

T h e d y n a m i c m e c h a n i c a l response of three 2 ,4-T-2P samples at 11 
H z is s h o w n i n F i g u r e 7 for three hard-segment concentrations. A l o w 
temperature re laxat ion m a x i m u m , « s , i n the reg ion of — 68° to — 5 4 ° C , 

T a b l e I . R e l a x a t i o n s of H a r d - a n d Soft -Segment P o l y m e r s 

Activation 
Energy 

(kj/mol) Sample 

2 , 4 - T D I / B D 
2 , 6 - T D I / B D 
2 , 6 - T D I / B D 
2 , 4 - T D I / P T M O 
2 , 6 - T D I / P T M O 
2 , 6 - T D I / P T M O 

Relaxation 

OL 

a 
δ 
OL 

a 

Temperature" 
(°C) 

108 
105 
212 

- 5 3 
- 5 9 
- 3 0 

600 ± 140 

510 ± 70 

200 ± 40 
260 ± 50 

a a and ac determined from position of E"m&x, δ from log(#') = 1.25 MPa, all at 
11 Hz. 
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Figure 6. Comparison of 11-Hz dynamic mechanical (open 
points) and DSC or TMA transition temperatures (filled points, 
Ref. 14) of 2,4-T-lP (triangles) and 2,4-T-2P (squares) poly

urethanes as a function of hard segment wt % 

w i t h a n ac t ivat ion energy of 120 k j / m o l , is apparent f o r each sample. 
T h e pos i t ion of the ««-relaxation m a x i m u m , g i v e n i n T a b l e I I , c a n be 
seen to decrease s l ight ly w i t h increas ing concentrat ion of h a r d segments. 
A g a i n , the d y n a m i c m e c h a n i c a l data compares f a v o r a b l y w i t h results 
f r o m D S C studies o n these materials b y Schneider a n d P a i k S u n g ( 1 4 ) , 
as can be seen i n F i g u r e 6. T h e same s m a l l decrease i n t rans i t ion 
temperature w i t h increas ing hard-b lock content is evident f r o m b o t h 
determinat ions . T h e storage m o d u l u s above the « s re laxat ion c a n be 
seen to h i g h l y d e p e n d u p o n the hard-segment content. A t 0 ° C f o r 

Table II. Relaxations of 2 ,4-TDI Block Polyurethanes 

Approximate Tempera Activation 
Molar Ratio ture'1 Energy 

Sample (TDI/BD/PTMO) Relaxation (°C) fkJ/mol) 

2 , 4 - T - l P - 5 6 5/4/1 a 22 320 ± 50 
2 , 4 - T - l P - 6 0 6/5/1 a 38 280 db 20 
2 ,4 -T~2P-33 4/3/1 « s - 6 2 120 ± 20 
2 , 4 - T - 2 P - 3 9 5/4/1 «s - 6 3 120 ± 20 
2 , 4 - T - 2 P - 3 9 5/4/1 «h 55 260 ± 30 
2 , 4 - T - 2 P - 4 3 6/5/1 - 6 4 120 dz 20 
2 , 4 - T - 2 P - 4 3 6/5/1 «h 68 270 db 40 

a Determined from position of f ' m i x at 11 Hz. 
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6. SE ΝΙΟΙ AND MAC KNIGHT Toluene DUsocijanate 109 

example, the storage m o d u l u s of 2,4-T-2P-43 is twice that of 2,4-T-2P-39, 
w h i c h i n turn has a m o d u l u s five times that of 2,4-T-2P-33. 

O n further examinat ion of F i g u r e 7, a n « h re laxat ion c a n be noted 
that becomes increasingly p r o m i n e n t as hard-segment content increases 
f r o m 33 to 43 w t % . T h e a h -loss process for 2,4-T-2P-43 is comparable 
i n b r e a d t h to the « s re laxat ion a n d has an apparent ac t ivat ion energy of 
about 270 k j / m o l . T h e pos i t ion of « h rose about 1 3 ° C as the h a r d -
segment content increased f r o m 39 to 43 w t % . 

Several 2 ,4-T-2P samples w e r e reevaluated a n d gave results i d e n t i c a l 
w i t h i n exper imenta l error to the first determinat ion , i n d i c a t i n g that 
thermal history has a negl ig ib le effect on these polyurethanes . 

2 , 6 - T D I Po lyure thanes . T h r e e 2 , 6 - T - l P samples of v a r y i n g h a r d -
segment content were s tudied a n d exhib i ted the d y n a m i c m e c h a n i c a l 
response d i s p l a y e d i n F i g u r e 8. A n « s re laxat ion can be noted at — 6 4 ° C 
(11 H z ) for 2,6-T-2P-31, w h i c h progressively b r o a d e n e d as the q u a n t i t y 
of h a r d segments incorporated into the po lyure thane increased. T h e 
ac t ivat ion energy of the « s process was f o u n d to decrease as hard-segment 
content increased, as can be noted f r o m T a b l e I I I . T h e l e v e l of the 
storage m o d u l u s above « s was f o u n d to h i g h l y d e p e n d u p o n the c o m p o 
sit ion of the polyurethane , increas ing f r o m 2 ,6 -T- lP -31 to 2 , 6 - T - l P - 4 2 b y 
about 2 5 0 % at 0 ° C a n d b y a l i k e amount f r o m 2 , 6 - T - l P - 4 2 to the next 
m e m b e r of the series. A final p o i n t to note is the h i g h temperature 
behavior of these polyurethanes . T h e storage modulus shows a r e g i o n 
of r a p i d dec l ine not matched b y the loss m o d u l u s . T h i s leads to a r a p i d 
rise i n the loss tangent vs. temperature curves, not s h o w n , c o r r e s p o n d i n g 
to the onset of a sof tening or flow δ-relaxation process. T h e temperature 
at w h i c h the storage m o d u l u s reached a va lue of 1.25 M P a was taken 
as an arb i t rary i n d i c a t i o n of the loss of m e c h a n i c a l integr i ty a n d m e l t i n g 
of the h a r d segments of these polyurethanes . T h e temperatures of b o t h 
as- a n d δ-relaxation processes are p lo t ted against hard-segment content 
a n d c o m p a r e d w i t h the data of Schneider a n d co-workers (12) i n F i g u r e 
9. T h e « s re laxat ion occurs at increas ingly h igher temperatures as h a r d -
segment content increases w h i l e the T g s d e t e r m i n e d f r o m D S C measure
ments shows a s l ight decrease. B o t h sets of data show the same t r e n d 
for the h i g h e r temperature, hard-segment m e l t i n g t ransi t ion. 

T h e d y n a m i c mechanica l properties of f o u r 2 ,6-T-2P samples con
t a i n i n g f r o m 19 to 43 w t % h a r d segments are s u m m a r i z e d i n F i g u r e 10. 
A l o w temperature as re laxat ion is apparent at about — 7 0 ° C for a l l 
composit ions examined. T h e transi t ion temperatures of these loss m a x i m a 
a n d the associated act ivat ion energies are g i v e n i n T a b l e I I I . A second 
process, the ac re laxat ion, can be noted as a shoulder o n the h i g h t e m 
perature s ide of the « s - loss m a x i m u m . T h e conc lus ion of this re laxat ion 
is m a r k e d b y a change i n slope of the loss m o d u l u s vs. temperature plots 
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Figure 9. Comparison of 11-Hz dynamic mechanical (open points) 
and DSC or TMA transition temperatures (filled points, Ref. 13) of 

2,6-T-lP polyurethanes as a function of hard-segment content 

at about 2 ° to 7 ° C . T h i s re laxat ion c a n be more c lear ly observed i n a 
p lo t of storage a n d loss m o d u l u s vs. temperature at 11 H z for t w o 
polyurethanes , 2 , 6 - T - l P - 3 1 a n d 2,6-T-2P-33, s h o w n i n F i g u r e 11. These 
po lymers have about the same hard-segment content a n d differ o n l y i n 
the soft-segment m o l e c u l a r w e i g h t . T h e « c -relaxation peak c a n be 
observed i n the 2,6-T-2P polyurethane as an elevat ion i n the loss m o d u l u s 
over the reg ion f r o m about — 4 0 ° to 7 ° C . T h e storage m o d u l u s of the 
sample w i t h a h igher m o l e c u l a r - w e i g h t soft segment can be seen to be 
about d o u b l e that of 2 , 6 - T - l P over the same temperature range. T h e 
increase i n storage m o d u l u s above as c a n be a t t r ibuted to re inforcement 
of the soft-segment phase b y crys ta l l iza t ion above its T g . T h i s enhance
ment of strength continues u p to a temperature of about 7 ° C , the reg ion 
w h e r e soft-segment m e l t i n g was f o u n d to occur i n the 2 , 6 - T D I / P T M O 
soft-segment p o l y m e r . T h e ac re laxat ion is also apparent i n loss tangent 
vs. temperature curves, not s h o w n . T h e intensity of the as re laxat ion is 
approx imate ly e q u a l to that of the ac re laxat ion f r o m the tan ( δ ) data , 
a n d the t w o processes exhibi t considerable over lap . 

R e t u r n i n g to the 2 ,6-T-2P i n F i g u r e 10, the storage m o d u l u s above 
ac a n d the pos i t ion of the δ relaxat ion, the temperature at w h i c h the 
storage m o d u l u s reached 1.25 M P a , c a n be seen to d e p e n d u p o n h a r d -
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Table III. Relaxations of 2 , 6 - T D I Block Polyurethanes 

Approximate Tempera Activation 
Molar Ratio ture*1 Energy 

Sample ( TDI/BD/PTMO ) Relaxation ro (kJ/mol) 

2 , 6 - T - l P - 3 1 2/1/1 - 6 4 170 ± 20 
2 , 6 - T - l P - 3 1 2/1/1 δ 120 — 
2 , 6 - T - l P - 4 2 3/2/1 - 5 4 120 ± 40 
2 , 6 - T - l P - 4 2 3/2/1 δ 157 — 
2 , 6 - T - l P - 5 6 5/4/1 - 4 8 70 ± 20 
2 , 6 - T - l P - 5 6 5/4/1 δ 183 — 
2 , 6 - T - 2 P - 1 9 2/1/1 « s - 6 9 140 ± 20 
2 , 6 - T - 2 P - 1 9 2/1/1 δ 97 — 
2 , 6 - T - 2 P - 2 7 3/2/1 «« - 7 1 180 ± 20 
2 ,6 -T-2P-27 3/2/1 - 3 1 — 
2 ,6 -T-2P-27 3/2/1 δ 137 — 
2 ,6 -T-2P-33 4/3/1 - 7 1 180 ± 30 
2 , 6 - T - 2 P - 3 3 4/3/1 - 1 9 — 
2 , 6 - T - 2 P - 3 3 4/3/1 δ 160 — 
2 ,6 -T-2P-39 5/4/1 - 7 2 160 ± 20 
2 ,6 -T -2P-39 5/4/1 - 9 — 
2 , 6 - T - 2 P - 3 9 5/4/1 δ 154 — 
2 , 6 - T - 2 P - 4 3 6/5/1 <% - 6 6 70 db 20 
2 , 6 - T - 2 P - 4 3 6/5/1 - 8 — 
2 , 6 - T - 2 P - 4 3 6/5/1 60 270 ± 90 
2 , 6 - T - 2 P - 4 3 6/5/1 δ 177 — 

a a9 determined from E " m « x , ac and . « h from tan(5)mtx, δ from log(E') = 1.25 MPa; 

all at 11 Hz. 

segment concentra t ion i n a m a n n e r s imi lar to that observed for the 
2 , 6 - T - l P polyurethanes . T h e <*8- a n d δ-relaxation temperatures at 11 H z 
are p lo t ted as a f u n c t i o n of hard-segment content i n F i g u r e 12 a n d 
c o m p a r e d w i t h T M A a n d D S C results of Schneider a n d P a i k S u n g (14). 
T h e r e is good agreement be tween the « 8 -loss process a n d the T g s t ransi t ion, 
a n d b o t h the δ re laxat ion a n d the hard-segment m e l t i n g transi t ion s h o w 
a s imi lar t rend , w i t h the except ion of 2,6-T-2P-39. 

T h e r m a l history was f o u n d to have an effect o n 2 ,6-T-2P d y n a m i c 
m e c h a n i c a l propert ies . F o r the t w o samples retested after the first 
experiment to 1 9 0 ° C , the as re laxat ion was shi f ted to a h i g h e r temperature 
after t h e r m a l treatment w h i l e the storage m o d u l u s increased b y about 
5 0 % over the temperature in te rva l f r o m - 8 0 ° to 1 3 0 ° C . T h e δ re laxa
t i o n was not affected b y hea t ing to 1 9 0 ° C . T a b l e I V summarizes the 
d y n a m i c m e c h a n i c a l data for b o t h of the retested 2,6-T-2P polyurethanes . 
T h e apparent ac t iva t ion energy of the « s re laxat ion increased s ignif icant ly 
after the first determinat ion , as can be seen f r o m F i g u r e 13, a p lo t of 
ac t ivat ion energy vs. hard-segment content. 
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116 MULTIPHASE POLYMERS 

Table IV. Relaxations of Thermally Treated 2,6-TDI Polyurethanes 

Activation 
Temperature* Energy 

Sample Relaxation (°C) (kJ/mol) 

2 ,6 -T -2P-39 - 6 4 310 db 40 
2 ,6 -T -2P-39 - 3 ,— 
2 ,6 -T -2P-39 δ 154 —. 
2 ,6 -T -2P-43 - 6 4 200 ± 3 0 
2 ,6 -T -2P-43 «c - 2 — 
2 ,6 -T -2P-43 «h 71 310 db 50 
2 ,6 -T -2P-43 δ 174 — 

β α» determined from E' 'max, otc and ah from tan(«)m««, δ from log(£') = 1J25 M P a , 
all at 11 Hz. 

Wt% Urethane 

Figure 12. Comparison of 11-Hz dynamic me
chanical (open points) and DSC or TMA transition 
temperatures (filled points, Ref. 14) of 2,6-T-2P 
polyurethanes as a function of hard-segment con

centration 
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6. S E N i c H AND MAC KNIGHT Toluene Diisocyanate 117 
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Figure 13. Apparent activation energy of the as 

relaxation in 2,6-T-2P polyurethanes as a function 
of hard-segment content from the first (filled 
points) and second determination (open points) 

A n a d d i t i o n a l re laxat ion c a n be detected i n plots of the loss tangent 
as a f u n c t i o n of temperature for 2,6-T-2P-43, not s h o w n . T h e ah re laxat ion 
occurred at 6 0 ° C (11 H z ) i n the first examinat ion of this sample. A w e a k 
« h re laxat ion can be detected i n the loss m o d u l u s vs. temperature plots 
i n F i g u r e 13, but the process is more readi ly apparent i n the tan ( δ ) 
data . U p o n retesting of this sample , the a h d ispers ion was shi f ted to 
71 ° C . T h e ac t ivat ion energy for the ah re laxat ion d i d not change s ig
ni f i cant ly w i t h thermal history a n d was extremely w e a k or undetectable 
i n 2,6-T-2P samples w h i c h conta ined less t h a n 43 w t % h a r d segments. 

Discussion 

H a r d - and Soft-Segment Polymers. T h e structure of the d i i s o c y a 
nate component has a signif icant inf luence o n d y n a m i c m e c h a n i c a l p r o p 
erties of b o t h h a r d - a n d soft-segment po lymers . B o t h 2,4- a n d 2 ,6 -TDI/ 
B D a relaxations occur at about the same temperature a n d have a 
comparable ac t ivat ion energy. H o w e v e r , the s y m m e t r i c a l structure of 
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118 MULTIPHASE POLYMERS 

2 , 6 - T D I / B D facil i tates crys ta l l iza t ion of the hard-segment p o l y m e r , w h i c h 
has the effect of b r o a d e n i n g the « re laxat ion w h e n c o m p a r e d w i t h that 
of the total ly amorphous 2 , 4 - T D I / B D (see F i g u r e 3 b ) . T h e semierystal-
l ine nature of the 2 , 6 - T D I h a r d segment provides m o d u l u s re inforcement 
above the a re laxat ion to about 2 1 2 ° C . T h i s behavior c a n be c o m p a r e d 
w i t h that of a M D I / B D h a r d segment s t u d i e d b y H u n g e r et a l . ( 6 ) , 
w h i c h d i s p l a y e d a n a re laxat ion at 1 1 0 ° C (110 H z ) a n d a second relaxa
t i o n , a t t r ibuted to m e l t i n g , at about 1 7 0 ° C (110 H z ) . T h e s y m m e t r i c a l 
T D I h a r d segment m a i n t a i n e d a higher m o d u l u s above the « re laxat ion 
to a h igher temperature t h a n d i d the M D I / B D h a r d segment s tudied 
b y these workers . 

T h e soft-segment po lymers s tudied consisted of 1090 M n P T M O 
chains, c o r r e s p o n d i n g to about 75 carbon a n d oxygen atoms each, i n a n 
al ternat ing arrangement w i t h di isocyanate molecules . T h i s mater ia l was 
thought to be representative of the soft segment, as the single urethane 
units do not f u n c t i o n as h a r d segments i n b l o c k polyurethanes ( 1 8 ) . 
T h e glass transi t ion for b o t h isomers was f o u n d to be i n the r e g i o n 
— 5 0 ° to — 60 ° C , above the l i terature v a l u e for h i g h m o l e c u l a r - w e i g h t 
P T M O , - 8 4 ° C ( 1 9 ) . T h e elevat ion of the soft-segment Tg over that 
of the p u r e P T M O h o m o p o l y m e r can be at t r ibuted to a c o m b i n a t i o n of 
the c o p o l y m e r effect a n d effective cross l inking of the P T M O ether 
oxygens b y h y d r o g e n b o n d i n g w i t h the di isocyanate amine group , a n 
association w h i c h has been f o u n d to be signif icant for b lock copoly -
urethanes (13,14,15). 

A b o v e the «-relaxation process, the 2 , 4 - T D I / P T M O p o l y m e r dis
p l a y e d a short r u b b e r y p l a t e a u at a storage m o d u l u s of about 5 M P a 
w h i l e 2 , 6 - T D I / P T M O was c a p a b l e of crysta l l izat ion , as ev idenced b y the 
«c-loss process. T h i s difference i n d y n a m i c m e c h a n i c a l propert ies d e m o n 
strates the effect of a symmetr ic di isocyanate structure u p o n soft-segment 
propert ies . A s prev ious ly discussed, single urethane l inks can sometimes 
be incorpora ted into the soft-segment phase. T h e i n t r o d u c t i o n of o n l y 
one of these di isocyanate molecules be tween t w o l o n g P T M O chains 
inhib i t s c rys ta l l iza t ion i f the di isocyanate is asymmetr ic . I n the case of 
a symmetr ic di isocyanate , soft-segment crys ta l l iza t ion above Tg can 
r e a d i l y occur . T h e crystals f o r m e d w e r e f o u n d to mel t about 3 0 ° C 
b e l o w the repor ted m e l t i n g p o i n t for P T M O h o m o p o l y m e r , 37°—43°C 
(19), poss ib ly because of d i s r u p t i o n of the crysta l structure b y the b u l k y 
di isocyanate units . 

The a Relaxation of 2 , 4 -T- lP . O n l y the 2 , 4 - T - l P b l o c k p o l y u r e 
thanes exhib i ted a s ingle major a re laxat ion w h i c h h a d a strongly 
composi t ion-dependent pos i t ion . S i m i l a r behavior was observed b y See-
f r i e d a n d co-workers (10) for polyurethanes c o n t a i n i n g a T D I / B D h a r d 
segment a n d a 2 1 0 0 - M n po lycapro lac tone h a r d segment. T h e extreme 
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6. SENiCH AND MAC KNIGHT Toluene Diisocyanate 119 

dependence of the a process o n hard-segment content suggests that the 
amount of h a r d urethane segments m i x e d w i t h the soft segment is 
extensive. T h e loca t ion of the a re laxat ion cannot be p r e d i c t e d f r o m 
the h a r d - a n d soft-segment-polymer re laxat ion temperatures a n d p o l y -
urethane c o m p o s i t i o n b y the use of the c o p o l y m e r equat ion . Schneider 
a n d P a i k S u n g (14) have s h o w n that the difference be tween the observed 
T g a n d that p r e d i c t e d f r o m the c o p o l y m e r equat ion c a n b e accounted 
for b y cons ider ing h y d r o g e n bonds be tween h a r d a n d soft segments as 
crosslinks w h i c h elevate the glass t ransi t ion of the soft-segment phase. 
H y d r o g e n - b o n d cross l ink ing s h o u l d affect the soft segment, m a i n c h a i n 
m i c r o B r o w n i a n m o t i o n t h r o u g h a r e d u c t i o n i n free v o l u m e . A corre
s p o n d i n g increase i n the temperature a n d act ivat ion energy of the a-
re laxat ion process is p r e d i c t e d w i t h increas ing crossl ink density. S u c h 
effects can be observed i n the die lec t r ic re laxat ion data of Scott a n d 
co-workers (20) o n a series of increas ingly cross l inked n a t u r a l r u b b e r 
samples. A n increase i n the ac t iva t ion energy for the α process i n 2 , 4 - T - l P 
b y about 5 0 % over that for 2 , 4 - T D I / P T M O c a n be noted . These results 
are consistent w i t h the c ross l ink ing assumpt ion of Schneider a n d P a i k 
Sung . 

Est imates of the quant i ty of h a r d segments incorporated i n the soft 
segment phase do not a p p r o a c h the total hard-segment content of the 
2 , 4 - T - l P polyurethanes . These materials w e r e f o u n d to give rise to a 
smal l angle, x-ray-scattering intensi ty m a x i m u m w h i c h became more 
p r o n o u n c e d as the hard-segment content increased (15). T h e x-ray 
results indicate that these materials d i sp lay some phase segregation, b u t 
no hard-segment relaxat ion c o u l d be detected b y d y n a m i c m e c h a n i c a l 
test ing as c a r r i e d out i n this s tudy because of the l o w m o d u l u s of these 
materials above the α re laxat ion. A d d i t i o n a l experiments to character ize 
the d y n a m i c m e c h a n i c a l propert ies of 2 , 4 - T - l P samples suppor ted b y 
an elastic s p r i n g above the «-relaxation process are current ly u n d e r w a y . 

Soft-Segment Relaxations. T h e r e m a i n i n g polyurethanes s t u d i e d 
exhib i ted a l o w temperature, a 8 - r e l a x a t i o n m u c h less sensitive to sample 
compos i t ion t h a n the 2 , 4 - T - l P polyurethanes . T h i s re laxat ion process 
can be a t t r ibuted to the glass transi t ion w h i c h occurs i n soft-segment 
domains of the phase-separated structure. T h e an re laxat ion of 2 ,4-T-2P 
occurred about — 6 3 ° C a n d was not a strong f u n c t i o n of hard-segment 
content over the concentrat ion range examined. A n increase i n soft-
segment b lock length caused a dramat ic i m p r o v e m e n t i n phase separation 
of 2 , 4 - T D I polyurethanes . 

T h e increase i n the a 8 - r e l a x a t i o n temperature f o r 2 , 6 - T - l P samples 
w i t h increas ing hard-segment content is caused b y extreme b r o a d e n i n g 
of the re laxat ion m a x i m u m at tr ibutable to increasing h a r d b lock crysta l -
l i n i t y . These effects are s imi lar to changes i n d y n a m i c m e c h a n i c a l a n d 
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120 MULTIPHASE POLYMERS 

die lectr ic glass-transit ion re laxat ion processes i n n y l o n , P E T , a n d other 
semicrysta l l ine polymers as the amount of c rys ta l l in i ty increases ( 2 1 ) . 
H u h a n d C o o p e r ( θ ) , Seefr ied a n d co-workers (9 ,10), a n d F e r g u s o n (7) 
have observed s imi lar effects i n d y n a m i c mechanica l studies of M D I 
polyurethanes . T h e ac t ivat ion energy of the as process i n 2 , 6 - T - l P was 
f o u n d to decrease s ignif icant ly as the hard-segment content increased, 
aga in ref lect ing the influence of the increas ingly crystal l ine h a r d segment 
o n soft-segment motions. S i m i l a r results have been noted for the decrease 
i n ac t ivat ion energy of the P E T a re laxat ion w i t h increas ing degree of 
c rys ta l l in i ty (21,22). 

T h e 2,6-T-2P polyurethanes exhib i ted the lowest temperature aB 

re laxat ion of any of the b lock polyurethanes s tudied. A sl ight increase 
i n ac t ivat ion energy a n d decrease i n the temperature of the as re laxat ion 
o c c u r r e d w h e n the hard-segment content increased f r o m 19 to 27 w t % . 
T h i s behavior c a n be a t t r ibuted to the increas ing p u r i t y of the soft-
segment phase. A s the hard-segment content increases the hard-b lock-
sequence l ength also increases, a n d the longer h a r d segments d i s p l a y a 
greater tendency to f o r m a more h i g h l y organized separate phase i n 
preference to m i x i n g w i t h the soft-segment mater ia l . W h e n a w e l l -
deve loped , hard-segment phase has f o r m e d i n 2,6-T-2P-43, the crysta l l ine 
regions exert a s imi lar b r o a d e n i n g effect on the « s re laxat ion to that 
noted for h i g h l y crysta l l ine 2 , 6 - T - l P polymers . T h e ac t ivat ion energy 
was f o u n d to decrease s ignif icantly a n d the « s -relaxation temperature 
increased for the 2,6-T-2P-43 sample. 

U p o n repet i t ion of the d y n a m i c m e c h a n i c a l tests, the ac t iva t ion 
energy for the « s re laxat ion of the t w o highest hard-segment content 
2 ,6-T-2P polyurethanes showed an increase of about 2 5 0 % over the first 
de terminat ion , as can be seen f r o m F i g u r e 13. T h e increase i n ac t ivat ion 
energy a n d corresponding n a r r o w i n g of the as re laxat ion can be under
stood i n terms of a change i n c o m p o s i t i o n of the soft-segment phase o n 
heat ing. L o n g e r l ength h a r d segments are transferred f r o m the soft-
segment to the hard-segment phase d u r i n g the t h e r m a l treatment. T h i s 
leads to a narrower d i s t r ibut ion of re laxat ion times a n d a corresponding 
n a r r o w i n g of the « s-loss process w h e n the same samples are reevaluated. 
Changes i n the « s -relaxation temperature f r o m r u n to r u n m a y not be 
signif icant i n l ight of the change i n b r e a d t h of the loss process. 

O n l y the 2 ,6-T-2P polyurethanes exhib i ted a re laxat ion associated 
w i t h c rys ta l l iza t ion a n d later m e l t i n g of the soft segments. T h e pos i t ion 
of the c rys ta l l i za t ion m a x i m u m was est imated f r o m the loca t ion of 
tan(8) m ax a n d was somewhat di f f icul t to character ize accurately because 
of extreme o v e r l a p p i n g of the « s a n d ae relaxations, as evident i n F i g u r e 
10. M e l t i n g o c c u r r e d over the r e g i o n 2 ° - 7 ° C i n a l l samples. Phase 
segregation i n 2 ,6-T-2P samples was w e l l deve loped to the p o i n t that the 
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6. SENICH AND MAC KNIGHT Toluene Diisocyanate 121 

s m a l l amount of hard-segment m i x i n g i n the soft segment resul ted i n 
f reedom f r o m restrictions of hard-segment h y d r o g e n b o n d i n g a n d per
m i t t e d the soft segment to crysta l l ize above its glass t rans i t ion. 

Hard-Segment Relaxations. F o r the 2 , 6 - T D I polyurethanes , the 
δ-relaxation temperature increased w i t h increas ing hard-segment content 
as d i d the a h - re laxat ion temperature of 2,4-T-2P. T h i s effect c a n more 
accurately be ascr ibed to an increase i n h a r d - b l o c k l e n g t h as h a r d -
segment content increased. T h e longer hard-segment lengths c a n f o r m 
a more ordered structure w h i c h melts or dissociates at h i g h e r tempera
tures. Peebles (23) has s h o w n that the h a r d - b l o c k l e n g t h is ac tua l ly 
greater than that w h i c h w o u l d be p r e d i c t e d o n a molar basis for a t w o -
stage polyurethane react ion s imi lar to the procedure used to synthesize 
the materials character ized i n this study. U s i n g the n u m b e r average 
hard-segment l e n g t h at 9 9 % convers ion a n d a μ v a l u e of three f r o m 
Peebles* results, the equat ion g iven b y F l o r y (24) c a n be used to o b t a i n 
the m e l t i n g temperature for an infinite c h a i n ( E q u a t i o n 2 ) . A p l o t of 

JL 
Ί fm 

_ 2 R _ 

nÂHn 
(2) 

the inverse of the δ re laxat ion temperature against the inverse of the 
hard-segment length , n , is s h o w n i n F i g u r e 14. T h e δ-relaxation tem
peratures for b o t h 2 , 6 - T D I polyurethanes w e r e f o u n d to fit a straight 
l ine w i t h i d e n t i c a l values of Tm

 0 0 , w i t h i n exper imenta l error, of 2 2 2 ° C 
for 2 ,6-T-2P a n d 2 2 7 ° C for 2 , 6 - T - l P . T h e hard-segment δ re laxat ion 
depends u p o n c h a i n l ength a n d is depressed over the v a l u e for an infinite 
c h a i n o n l y b y the presence of end groups, i n this case the soft segments 
w h i c h cannot enter the hard-segment crystals. 

2.8 

? 2.5 

2 2 .2 

1.9 

• 2 .6 -T-2P 
• 2 , 6 - T - l P 
• 2,6-TDl/BD 

JL 
0.2 0.4 

1/n 

0.6 0.8 

Figure 14. Reciprocal of average hard segment length vs. J / T for 
the 2 fi-TD I-polyurethane δ relaxation 
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F r o m the slope of the l ines, the heat of fus ion per repeat uni t , Δ Η η , 
was ca lcula ted as 64 J/g for 2 ,6-T-2P a n d 82 J/g for 2 , 6 - T - l P . T h e h a r d 
segment i n 2 , 6 - T - l P is more h i g h l y o r g a n i z e d as the heat of fus ion per 
segment, the u n i t conta ined w i t h i n the brackets w i t h subscr ipt m i n 
F i g u r e 1, is about 2 5 % higher than the va lue for 2,6-T-2P. T h i s c o u l d 
occur i f a greater amount of soft segment is m i x e d i n the hard-segment 
phase of 2,6-T-2P. Some caut ion should be exercised i n the interpretat ion 
of the heat of fus ion results, however , as the equat ion g iven b y F l o r y 
appl ies to the m e l t i n g temperature w h i l e the δ-relaxation temperature , 
w h i c h has no t h e r m o d y n a m i c basis, was used i n this s tudy. 

H a r r e l l (18) has noted that the m e l t i n g point increased w i t h h a r d -
b lock l e n g t h w h i l e the degree of c rys ta l l in i ty d i d not change i n a D S C 
s tudy of n o n h y d r o g e n - b o n d i n g po lyure thane elastomers. T h e degree of 
organizat ion i n a hard-segment p o l y m e r was f o u n d to be superior to that 
of a h a r d segment i n a b lock polyurethane . A va lue of ΔΗη of about 
40 J / g was d e t e r m i n e d for these materials , cons iderably less t h a n for 
the 2 , 6 - T D I h a r d segments a t t r ibutable to the absence of h y d r o g e n -
b o n d i n g interactions i n the p iperaz ine -conta in ing samples. 

T h e δ relaxat ion, as def ined i n this study, d i d not exceed 1 8 5 ° C 
w h i l e the 2 , 6 - T D I / B D h a r d segment h a d a m e l t i n g temperature of 
about 2 1 2 ° C . T h e crystal l ine hard-segment domains i n 2 , 6 - T D I p o l y 
urethanes can be seen to be more p o o r l y organ ized t h a n i n the h a r d -
segment p o l y m e r because of their shorter lengths a n d the poss ib i l i ty of 
i n c l u s i o n of soft segments into the hard-segment-domain regions. S i m i l a r 
results that show an increasing hard-segment m e l t i n g relaxation have 
been reported b y F e r g u s o n a n d co-workers (7) for M D I polyurethanes 
of increas ing hard-segment concentrat ion. 

T h e increase i n the « h -relaxation temperature w i t h increasing h a r d -
segment content for 2 ,4-T-2P paral lels the results of K r a u s a n d R o l l m a n 
( 2 5 ) , w h o s tudied S-B-S a n d S-I-S b lock copolymers of v a r y i n g b l o c k 
molecular we ight . T h e y f o u n d that as b lock l ength increased, the h a r d -
segment relaxat ion shif ted to h igher temperatures w h i l e the soft-block 
re laxat ion shi f ted to l o w e r temperatures. T h e y also demonstrated that 
the hard-segment relaxat ion can be l o w e r e d b y m i x i n g of soft segment 
into the hard-segment phase at a g iven hard-b lock length . B y u s i n g the 
theory of M e i e r (26), they c o n c l u d e d that samples w h i c h conta ined 
no compos i t iona l ly pure phases c o u l d s t i l l g ive rise to t y p i c a l b l o c k 
copolymer , d y n a m i c m e c h a n i c a l relaxat ion behavior . T h e existence of 
compos i t iona l ly p u r e phases i n 2 ,4-T-2P polyurethanes is d o u b t f u l . 
Schneider a n d P a i k S u n g (14) have estimated that about 11-19 w t % 
h a r d segment is m i x e d into the soft phase i n 2 ,4-T-2P polyurethanes . 
T h e hard-segment a h - re laxat ion occurs at a m u c h l o w e r temperature i n 
2 ,4-T-2P polyurethanes than i n the p u r e h a r d segment, i n d i c a t i n g that a 
compos i t iona l ly p u r e hard-segment phase may not b e present. T h e exist-
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6. SENiCH AND MAC KNIGHT Toluene Diisocyanate 123 

ence of specific interactions of the h a r d a n d soft segment b y h y d r o g e n 
b o n d i n g fur ther enhances the p r e s u m p t i o n that 2 ,4-T-2P polyurethanes 
conta in no p u r e h a r d or soft phase but consist p r i m a r i l y of inter layer 
mater ia l . 

T h e ah re laxat ion i n 2 , 6 - T D I b lock polyurethanes c o u l d o n l y be 
c lear ly observed for 2,6-T-2P-43. T h i s sample conta ined sufficiently w e l l -
d e v e l o p e d hard-segment domains that b o t h a n amorphous ah a n d a 
crystal l ine m e l t i n g δ re laxat ion w e r e detectable. D u r i n g the second 
examinat ion of this sample, the « h re laxat ion increased b y about 1 0 ° C 
but d i d not change i n intensity, a n effect w h i c h can be a t t r ibuted to the 
presence of a s l ight ly greater degree of crysta l l in i ty i n the h a r d segment 
after thermal treatment. 

Degree of Phase Segregation. T h e relat ive degree of phase segrega
t ion of the various b lock polyurethanes s tudied can be est imated f r o m 
their d y n a m i c m e c h a n i c a l response. T h e 2 ,4 -T - lP samples d i s p l a y e d the 
least amount of phase segregation b y v i r tue of the h i g h l y compos i t ion-
dependent a re laxat ion. T h e 2,6-T-2P polyurethanes possessed the soft-
segment phase of greatest p u r i t y as ev idenced b y the temperature of the 
as re laxation, closest to that of the P T M O h o m o p o l y m e r , as w e l l as the 
ab i l i ty of the soft segment to crystal l ize above its T g . T h e soft-segment 
domains i n 2 ,4-T-2P a n d 2 ,6 -T - lP polyurethanes are intermediate i n 
p u r i t y , w i t h the 2 ,6 -T - lP samples c o n t a i n i n g a s l ight ly greater amount 
of h a r d segment m i x e d into the soft segment than 2,4-T-2P, w h i c h 
i n h i b i t e d soft-segment crys ta l l iza t ion . T h e hard-segment domains i n 
2,4-T-2P are c lear ly the least o rgan ized . A large hard-segment concen
trat ion was f o u n d to be necessary i n order for a w e l l def ined, « h -relaxa-
t i o n process to occur . T h e 2 , 6 - T D I polyurethanes conta ined h i g h l y 
ordered h a r d segments because of the a b i l i t y of the h a r d blocks to 
crystal l ize . T h e 2 ,6 -T - lP polyurethanes appear to be the more h i g h l y 
o r d e r e d of the t w o , as these materials exhib i t a h i g h e r temperature δ 
relaxat ion for a g iven hard-segment length a n d a h i g h e r heat of f u s i o n 
per segment. T h e degree of phase segregation i n the polyurethanes 
s tudied is not near ly as w e l l d e v e l o p e d as i n some nonpolar b l o c k 
copolymers of h igher b lock molecular w e i g h t . T h e polyurethanes dis
p l a y b r o a d re laxat ion processes characterist ic of p o o r l y def ined phases. 
N o p u r e component phases are thought to exist i n these materials . F r o m 
their d y n a m i c mechanica l response, the degree of m i x i n g i n each phase 
can be seen to d e p e n d o n soft-block molecular w e i g h t a n d hard-segment 
structure. 

Effects of Phase Segregation on M o d u l u s . T h e m a g n i t u d e of the 
m o d u l u s be tween as a n d « h for 2,4-T-2P or δ for 2 , 6 - T D I b lock p o l y 
urethanes was f o u n d to h i g h l y d e p e n d u p o n hard-segment content. T h e 
presence of a p la teau region i n m o d u l u s - t e m p e r a t u r e plots has been 
a t t r ibuted to phase segregation i n b lock copolymers ( 2 7 ) . T h e h a r d 
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6. SENiCH AND MAC KNIGHT Toluene Diisocyanate 125 

phase can act to reinforce the plateau m o d u l u s i n a manner s imi lar to 
that of fillers i n cross l inked elastomers. T h e h a r d phase also is thought 
to act as a c ross l ink ing or a n c h o r i n g r e g i o n for the soft segments, a 
m e c h a n i s m w h i c h gives rise to a p la teau i n m o d u l u s above the soft 
segment T g . A n increase i n hard-segment content can i n d u c e a h igher 
va lue of the p la teau modulus t h r o u g h either of these mechanisms. 

T h e nature of the hard-segment domains , either crystal l ine or amor
phous, does not appear to be important to pla teau m o d u l u s enhancement 
i n T D I b lock polyurethanes, p r o v i d e d that the h a r d - b l o c k l ength is 
sufficient. T h i s is i l lustrated i n F i g u r e 15, a m o d u l u s vs. temperature 
c o m p a r i s o n of 2,4- a n d 2,6-T-2P-43. B o t h polyurethanes exhibi t i d e n t i c a l 
storage m o d u l i i n the region be tween the 2,6-T-2P-43 ac a n d 2,4-T-2P-43 
α h relaxations. T h e difference i n m o d u l u s be tween <*s a n d ac c a n be 
accounted for b y crys ta l l in i ty of the soft segment i n the 2 , 6 - T D I sample . A 
compar i son of these t w o polyurethanes c o n t a i n i n g 39 w t % h a r d segments 
indicates that the plateau m o d u l u s is m u c h lower for 2,4-T-2P-39. A w e l l 
d e v e l o p e d , <*h-relaxation m a x i m u m was not present i n this sample. A 
h a r d segment capable of c rys ta l l iza t ion c a n increase the temperature 
range of plateau modulus enhancement or be a m o r e efficient m e t h o d 
of increas ing the pla teau m o d u l u s , but an e q u a l effect c a n be p r o v i d e d 
b y a w e l l deve loped , glassy urethane d o m a i n structure. 

T h e p la teau modulus i n 2 , 6 - T D I polymers was f o u n d to d e p e n d o n 
hard-segment content rather than o n h a r d - b l o c k length . C o m p a r i s o n s 
of the m o d u l u s levels between t w o 2 , 6 - T D I samples w i t h the same h a r d -
segment content, such as i n F i g u r e 11, show that the p la teau m o d u l u s 
of the 2,6-T-2P polyurethanes is o n l y about 1 0 % higher at temperatures 
above the soft-segment m e l t i n g point . I n contrast, for t w o b l o c k p o l y 
urethanes w i t h the same hard-b lock length , such as 2 ,6 -T - lP -42 a n d 
2,6-T-2P-27, the p la teau m o d u l u s of the 2 , 6 - T - l P sample is about 2 5 0 % 
greater. 

Conclusions 

T h e structure of the di isocyanate moie ty has a signif icant effect o n 
h a r d - a n d soft-segment d y n a m i c m e c h a n i c a l response, w h i c h also is 
reflected i n the propert ies of the b lock polyurethanes s tudied . A n asym
metr ic 2 , 4 - T D I h a r d segment displays on ly a n amorphous a re laxat ion 
w h i l e a symmetr ic 2 , 6 - T D I h a r d segment has a broadened glass-transit ion 
re laxat ion a n d is capable of crysta l l izat ion , re ta in ing a h i g h m o d u l u s to 
the m e l t i n g temperature, about 2 1 2 ° C . S i m i l a r l y for soft-segment p o l y 
mers, the re laxat ion associated w i t h the glass t ransi t ion occurs at l o w 
temperatures for b o t h 2,4- a n d 2 , 6 - T D I / P T M O , but the latter crystal l izes 
above Tg a n d later melts at about 1 0 ° C . 
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126 MULTIPHASE POLYMERS 

T h e d y n a m i c mechanica l response of T D I b l o c k polyurethanes is 
sensitive to the degree of phase segregation i n these materials . P o l y 
urethanes composed of 2 , 4 - T - l P conta in a h i g h l y nonhomogeneous 
soft-segment phase, as e v i d e n c e d b y the c o m p o s i t i o n a l l y dependent , 
α-relaxation temperature. A d o u b l i n g i n the soft-segment molecular 
w e i g h t causes phase segregation to occur i n 2,4-T-2P, as a relaxat ion 
process associated w i t h each phase is evident . T h e 2 , 6 - T D I b l o c k 
polyurethanes s tudied are also phase segregated, d i s p l a y i n g an aB 

re laxt ion c o r r e s p o n d i n g to the soft-segment TK a n d a δ relaxat ion, asso
c ia ted w i t h h a r d - b l o c k m e l t i n g . T h e « s -relaxation temperature is affected 
b y soft-segment-phase p u r i t y a n d the degree of crysta l l in i ty . T h e δ-relaxa-
t i o n temperature increases w i t h increas ing hard-b lock length . T h e level of 
the p la teau m o d u l u s between the l o w - and high-temperature relaxations 
i n phase-segregated polyurethanes s trongly depends u p o n h a r d segment 
content. 

T h e 2,6-T-2P samples d i sp lay an a d d i t i o n a l ac re laxat ion associated 
w i t h crys ta l l iza t ion of the soft segment above its glass t ransi t ion, suggest
i n g that the soft-segment phase is re la t ive ly free of i n t e r m i x e d h a r d 
blocks . A hard-segment glass t ransi t ion was observed for the p o l y u r e 
thane sample i n this series w i t h the highest hard-segment content, 
i n d i c a t i n g that hard-b lock organizat ion also is w e l l deve loped i n these 
materials . T h e 2 , 6 - T - l P polyurethanes however , conta in fewer soft 
segments m i x e d i n the hard-b lock domains than the 2,6-T-2P samples. 

C o m p a r i s o n of the b lock copolyurethane relaxations w i t h corre
s p o n d i n g loss processes of the h a r d - a n d soft-segment polymers indicates 
that the organizat ion of phases i n b lock polyurethanes is infer ior because 
of the short b lock length a n d signif icant amount of intersegmental m i x i n g 
i n the domains . Samples w i t h crysta l l izable h a r d segments a n d the h igher 
b l o c k length , amorphous samples are composed of domains w i t h a 
sufficiently s m a l l degree of m i x i n g that t y p i c a l b lock copolymer , d y n a m i c 
m e c h a n i c a l response is exhib i ted . 
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Elastomeric Polyether-Ester Block Copolymers 

Properties as a Function of the Structure and 
Concentration of the Ester Group 

JAMES R. W O L F E , JR. 

Elastomer Chemicals Department, Experimental Station, 
Ε. I. du Pont de Nemours and Co., Wilmington, D E 19898 

Physical properties are related to ester-segment structure 
and concentration in thermoplastic poly ether-ester elasto
mers prepared by melt transesterification of poly(tetra-
methylene ether) glycol with various diols and aromatic 
diesters. Diols used were 1,4-benzenedimethanol, 1,4-cyclo-
hexanedimethanol, and the linear, aliphatic α,ω-diols from 
ethylene glycol to 1,10-decane-diol. Esters used were 
terephthalate, isophthahte, 4,4'-biphenyldicarboxylate, 2,6-
naphthalenedicarboxylate, and m-terphenyl-4,4'-dicarboxyl-
ate. Ester-segment structure was found to affect many 
copolymer properties including ease of synthesis, molecular 
weight obtained, crystallization rate, elastic recovery, and 
tensile and tear strengths. 

T n t e r e s t i n polyether-ester b l o c k copolymers that are b o t h thermoplas t ic 
·*• a n d elastomeric continues at a sustained pace ( 1 - 9 ) . M o s t of the 
recent communicat ions have dealt w i t h the tetramethylene terephthalate/ 
po ly ( te t ramethy lene ether) terephthalate copolymers w h i c h are c ont inu
i n g to find increased use i n c o m m e r c i a l appl icat ions r e q u i r i n g thermo
plast ic elastomers w i t h superior propert ies . 

Part I of this series explored the s t ruc ture -proper ty relat ionships of 
tetramethylene terephthalate/polyether terephthalate copolymers as a 
f u n c t i o n of variat ions i n the c h e m i c a l structure, molecular weight , a n d 
concentrat ion of the polyether units (10). O f the polyether monomers 
tested, p o l y ( tetramethylene ether) g l y c o l of m o l e c u l a r w e i g h t a p p r o x i 
mate ly 1000 was f o u n d to p r o v i d e copolymers h a v i n g the best overa l l 
c o m b i n a t i o n of p h y s i c a l propert ies a n d ease of synthesis. 

0-8412-0457-8/79/33-176-129$05.75/0 
© 1979 American Chemical Society 
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130 MULTIPHASE POLYMERS 

T h e w o r k repor ted here is concerned w i t h the syntheses a n d proper 
ties of polyether-ester b l o c k copolymers conta in ing p o l y ( tetramethylene 
ether) units of m o l e c u l a r w e i g h t of approx imate ly 1000 as the amorphous 
po lye ther b locks a n d a var ie ty of esters as the crys ta l l izable h a r d segments. 
T h e purpose of this s tudy is to correlate changes i n synthesis a n d proper 
ties of these thermoplas t i c a n d elastomeric copolymers w i t h changes i n 
the concentrat ion a n d nature of the ester segments, p a r t i c u l a r l y the types 
of d i o l a n d d i a c i d . 

Experimental 

Nomenclature. P o l y ( t e t r a m e t h y l e n e ether) g l y c o l h a v i n g a n u m 
ber-average m o l e c u l a r w e i g h t of approx imate ly 1000 is c o d e d as P T M E 
g l y c o l . T h e s tra ight-chain , « ,ω -d io l s are c o d e d as 2 G , 3 G , . . . , 10G w h e r e 
the numerals represent the n u m b e r of methylene groups be tween t e r m i n a l 
hydroxyls . T h u s 2 G is ethylene g l y c o l ; 5 G is 1 ,5-pentanediol ; a n d 1 0 G 
is 1,10-decanediol . 1 ,4 -Cyclohexanedimethanol is c o d e d as C D . T e r e p h -
thalate is c o d e d as T . C D T represents 1 ,4-cyclohexanedimethylene tereph-
thalate. 4 G T represents tetramethylene terephthalate. 

C o p o l y m e r composit ions are expressed as w e i g h t percentages of the 
ester units w i t h the remainder b e i n g polyether-es ter units . F o r instance, 
4 0 % tetramethylene t e r e p h t h a l a t e / P T M E terephthalate c o p o l y m e r rep
resents a b lock c o p o l y m e r conta in ing 40 w t % of tetramethylene tereph
thalate units a n d b y difference 60 w t % of p o l y ( tetramethylene ether ) 
terephthalate units . 

Materials. E x c e p t w h e r e otherwise noted the materials w e r e of 
c o m m e r c i a l q u a l i t y a n d were used as rece ived. T h e P T M E g l y c o l used 
was obta ined f r o m Ε . I. d u P o n t de N e m o u r s a n d C o . Its number-average 
molecular w e i g h t ranged f r o m 975 to 1020, based o n h y d r o x y l - n u m b e r 
determinations ( A S T M D2849-69 ) assuming t w o hydroxyls per molecule . 
D i m e t h y l terephthalate, 1 ,4-butanediol , a n d te t rabuty l t i tanate ( " T y z o r " 
T B T organic titanate ) were obta ined f r o m Ε . I. d u Pont de N e m o u r s a n d 
C o . Pract ica l -grade 1 ,4-cyclohexanedimethanol a n d reagent-grade trans-
1,4-cyclohexanedimethanol were obta ined f r o m E a s t m a n K o d a k C o . 
D i m e t h y l isophthalate was pract ica l -grade mater ia l f r o m E a s t m a n K o d a k 
C o . D i m e t h y l m-terphenyl -4 ,4" -dicarboxylate , p r e p a r e d b y W . H . W a t s o n 
u s i n g a reported procedure ( 2 1 ) , was obta ined f r o m the re ta ined-chem-
i c a l storage at the D u P o n t E x p e r i m e n t a l Stat ion. Its structure was 
ver i f ied b y e lemental analysis, molecular w e i g h t determinat ion , a n d 
m e l t i n g point . 

Polymer Preparation. T h e polyether -es ter copolymers w e r e pre
p a r e d b y t i tanate-ester-catalyzed, mel t transesterification of a mixture of 
P T M E g l y c o l , the d i m e t h y l ester of an aromatic d i a c i d , a n d a d i o l present 
i n 5 0 - 1 0 0 % molar excess above the s to ichiometr ic amount r e q u i r e d 
( F i g u r e 1 ) . T h e reactions were carr ied out i n the presence of no more 
than 1 w t % , based o n final po lymer , of an aromatic-amine or h i n d e r e d -
p h e n o l ant ioxidant . T h e general procedures a n d equipment r e q u i r e d 
have been repor ted i n deta i l (12). T h e p o l y m e r i z a t i o n p r o c e d u r e con
sisted of a d d i n g catalyst solut ion to a n i t rogen-blanketed m i x t u r e of the 
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7. WOLFE Elastomeric Poly ether-Ester Copolymers 131 

0 0 

HODOH + CH30CArC0CH3 + H+0CH2CH2CH2CH2-)r40H 
(EXCESS) 

I 
1. 150-255°C, TITANATE CATALYST 

(CH30H DISTILLS) 

2. 255eC,<0.13 kPa 
(HODOH DISTILLS) 

r 0 0 
II II 

-CArC-ODO-
X 

rO 0 1 
II II 

-CArCfOCH 2 CH 2 CH 2 CH 2 * 4 0--
y 

CRYSTALLINE AMORPHOUS 
HARD SEGMENTS ELASTOMERIC SEGMENTS 

Figure 1. Synthesis and structure of poly ether-
ester block copolymers (D = hydrocarbon portion 
of diol; Ar — aromatic portion of the ester; x,y = 
the number of repeat units in the respective ester 

and poly ether-ester blocks) 

monomers plus antioxidant which had been heated sufficiently hot to be 
molten ( 1 5 0 ° - 2 0 0 ° C ) , removing methanol by-product by atmospheric 
distillation as the stirred reaction mass was gradually heated to 2 5 5 ° C 
in 1 hr, and finally reducing the pressure below 0.13 kPa (1 Torr) and 
removing excess diol by distillation from the viscous reaction mass in 
about 30-120 min. A high surface-to-volume ratio for the viscous copoly-
merizing mass and efficient stirring were important to facilitate removal 
of excess diol in order to obtain copolymer of high molecular weight. 
The copolymerization was halted and the copolymer recovered when the 
viscosity of the molten mass ceased to increase as indicated by the stirrer 
torque. 

Polymer compositions are based on the ratios of starting monomers 
on the assumption of no loss of monomers during copolymerization other 
than the deliberate removal of the excess diol needed to drive the 
copolymerization to completion. The polymerization procedures are 
believed to result in block copolymers composed of a random distribution 
of components (12,13). The block structures of these copolymers are 
attributed to the use of P T M E glycol as one of the monomers. X-ray 
diffraction studies of tetramethylene terephthalate/PTME terephthalate 
copolymers have verified the presence of crystalline tetramethylene 
terephthalate segments and the apparent lack of crystallinity of the 
P T M E terephthalate segments (14). 

Measurement Methods. Copolymer inherent viscosities ( 7/inh ) are 
reported in L / g . They were determined at 30 ° C at a concentration of 
1 g / L in m-cresol or of 5 g / L in a 60/40 ( wt % ) mixture of phenol 
and 1,1,2-trichloroethane ( T C E ). The latter were corrected to their 
expected values in m-cresol by the empirically determined relationship: 
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132 MULTIPHASE POLYMERS 

^ ( m - c r e s o l ) = 1 . 2 8 ^ n h ( p h e n o l / T C E ) - 0.027 (1) 

A n inherent viscosi ty of 0.15 L / g for the tetramethylene terephthalate/ 
P T M E terephthalate copolymers corresponds to a n u m b e r average molec 
u l a r w e i g h t of a p p r o x i m a t e l y 25,000 ( 1 2 ) . M e l t i n g points w e r e deter
m i n e d b y the use of di f ferent ia l scanning calorimeters ( D u P o n t M o d e l s 
900 a n d 990) at hea t ing rates of 10° or l l ° C / m i n . T h e m e l t i n g points 
repor ted represent the peaks of the endothermic mel t ing-range curves. 

C o p o l y m e r test specimens were p r e p a r e d b y pressing slabs for 0.5-3 
m i n at temperatures approx imate ly 2 0 ° C above the c o p o l y m e r m e l t i n g 
point , f o l l o w e d b y c o o l i n g u n d e r pressure to r o o m temperature i n 5-10 
m i n . Test samples were c o n d i t i o n e d at 2 4 ° C a n d 5 0 % relat ive h u m i d i t y 
for at least 48 h r before test ing. Stress-strain a n d tear-strength measure
ments w e r e m a d e o n 0.6 to 0 .8-mm-thick specimens. T h i c k e r specimens 
y i e l d l o w e r values for tensile strength a n d e longat ion at break. T h e test 
methods used w e r e : 

stress at 100 a n d 3 0 0 % at 8.5 mm/sec A S T M D 4 1 2 , die C 
tensile strength at 8.5 mm/sec A S T M D 4 1 2 , die C 
elongation at break at 8.5 mm/sec A S T M D 4 1 2 , die C 
permanent set at break A S T M D 4 1 2 , die C 
C l a s h - B e r g tors ional modulus A S T M D1043 
tear strength at 21 mm/sec A S T M D1938 
Shore hardness A S T M D2240 
compression set after 22 hr at 70 °C A S T M D 3 9 5 , method B . 

Specimens used i n the measurement of compression set a n d Shore h a r d 
ness were p r e p a r e d b y s tacking to a he ight of about 12.7 m m , discs 19 
m m i n diameter d i e d out f r o m slabs approx imate ly 1.7-1.9 m m i n th ick
ness. Specimens used i n the tear-strength test were 37 X 75 m m rectangles 
sl i t lengthwise to their center. C l a s h - B e r g tors ional -modulus results are 
repor ted as T 1 0,ooo values, the temperature at w h i c h the apparent m o d u l u s 
of r i g i d i t y equals 10,000 p s i (69 M P a ) . Permanent set at break was 
measured 5 m i n after break rather than 10 m i n as specif ied i n A S T M 
D412 . 

Effects of Hard-Segment Concentration on Copolymer Properties 

T h e concentrat ion of crysta l l ine ester segments i n tetramethylene 
t e r e p h t h a l a t e / P T M E terephthalate copolymers has a major effect on 
p h y s i c a l properties . C o p o l y m e r s were p r e p a r e d a n d tested w h i c h cov
ered a range of tetramethylene terephthalate ( 4 G T ) concentrations f r o m 
a l o w of 3 0 % to a h i g h of 8 2 % ( T a b l e I ) . 

Stress at 1 0 0 % elongat ion increases w i t h increas ing concentrat ion 
of 4 G T segments. A t 57 .4% 4 G T a n d above the polymers exhibi t y i e l d 
points w h i c h occur b e l o w 1 0 0 % elongat ion. T h e occurrence of y i e l d 
points i n these copolymers has been a t t r ibuted to d i s rupt ion a n d orienta
t i o n of the crystal l ine matr ix of 4 G T segments (14). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
7

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



7. WOLFE Elastomeric Poly ether-Ester Copolymers 133 

Table I. Tetramethylene Terephthalate/PTME Terephthalate 
Copolymers—Properties as a Function of Tetramethylene 

Terephthalate Content (36) 

Tetramethylene Tereph-
thalate (wt%) 80 40 50 574 82 

C o p o l y m e r properties 
Inherent v i scos i ty (L/g) 0.20 0.18 0.18 0.17 0.18 
Y i e l d strength ( M P a ) — — — 13.1 28.4 
Stress at 100% ( M P a ) 5.9 8.3 11.7 13.4 24.4 
Tens i le strength 

( M P a ) 24.6 31.0 48.4 46.7 54.5 
E l o n g a t i o n (%) 900 830 755 660 535 
P e r m a n e n t set (%) 250 335 370 365 350 
T e a r strength ( k N / m ) 13 26 48 63 108 
Shore D hardness 34 44 48 54 70 
Compress ion set (%) 60 53 52 52 53 
C l a s h - B e r g T 1 0 ) ooo 

( ° C ) - 6 5 - 5 2 - 3 3 -7 > 25 
M e l t i n g point ( ° C ) 152 172 189 197 212 

Polymer Preprints, ACS 

T e a r strength, hardness, a n d m e l t i n g po in t increase w i t h increas ing 
content of 4 G T i n the copolymers . C o m p r e s s i o n set is highest at 3 0 % 
4 G T content a n d v i r t u a l l y i d e n t i c a l above 4 0 % 4 G T . C o m p r e s s i o n set 
resistance can be i m p r o v e d b y anneal ing the copolymers at elevated 
temperature (12). N o n e of the copolymers i n this chapter were annealed 
p r i o r to testing. 

Resistance to l o w temperature st i ffening as measured b y the C l a s h -
B e r g test becomes increas ingly poor as the concentrat ion of 4 G T is 
increased. T h e glass-transit ion temperature (Ts) of the amorphous phase 
of these crysta l l ine-amorphous copolymers has prev ious ly been s h o w n 
to increase w i t h increasing 4 G T content (12,14). T h e increases i n Tg 

w i t h increased 4 G T content were a t t r ibuted to higher concentrations of 
u n c r y s t a l l i z e d 4 G T units i n the amorphous phase (4,5,14,15), the 
increased n u m b e r of crystal l ine t ie points (14), a n d the greater reinforce
ment of the amorphous phase b y the on-average-longer 4 G T segments 
( 1 5 ) . L i l a o n i t k u l , West , a n d C o o p e r have used di f ferent ia l scanning 
ca lor imetry measurements to relate the percentage of the polyether-ester 
c o p o l y m e r w h i c h is crystal l ine to the total 4 G T content of tetramethylene 
t e r e p h t h a l a t e / P T M Ε terephthalate copolymers (4,5). T h e i r results i n d i 
cate that for copolymers w h i c h have been compression m o l d e d a n d have 
not been annealed, approximate ly 3 5 - 5 4 % of the tota l 4 G T segments 
are c rys ta l l ized . T h e percentage of 4 G T segments w h i c h were f o u n d 
to be crystal l ine increased w i t h increas ing 4 G T content u p to about 7 6 % 
4 G T i n the c o p o l y m e r . 
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134 MULTIPHASE POLYMERS 

E l o n g a t i o n at break decreases as the 4 G T concentrat ion i n the 
copolymers increases. Permanent set at break appears to show no corre
la t ion w i t h 4 G T concentrat ion. A considerably different p ic ture emerges 
i f one calculates permanent set at break as a percentage of e longat ion at 
break a n d plots the result vs. the concentrat ion of 4 G T i n the copolymers 
( F i g u r e 2 ) . A s the concentrat ion of 4 G T increases, the copolymers show 
less a n d less elastic recovery u n d e r the condit ions of the set measure
ments. T h e greater the 4 G T content, the less elastomeric are the b l o c k 
copolymers and the more closely they resemble the ester h o m o p o l y m e r , 
p o l y ( tetramethylene terephthalate) , w h i c h is a tough, r a p i d l y crystal 
l i z i n g plast ic . 

Alkylene Terephthalate/PTME Terephthalate Copolymers 

T h e structure of the d i o l i n a lkylene t e r e p h t h a l a t e / P T M E tereph
thalate copolymers has a n impor tant effect o n the properties of these 
b l o c k copolymers , as evident f r o m the results s h o w n i n Tables II , I I I , 
a n d I V . T h e 5 0 % tetramethylene t e r e p h t h a l a t e / P T M E terephthalate 
c o p o l y m e r p r e p a r e d f r o m 1,4-butanediol ( 4 G ) w h i c h was prev ious ly 
n o t e d i n T a b l e I serves as our reference c o p o l y m e r for purposes of 
discussing the effects of c h a n g i n g the structure of the crysta l l izable ester 
segments. T h e outs tanding propert ies of the 4 G - b a s e d c o p o l y m e r are 
ease of synthesis, a r a p i d rate of crysta l l izat ion f r o m the melt , a h i g h 
m e l t i n g point , a n d excellent tensile a n d tear strengths. 

E t h y l e n e T e r e p h t h a l a t e / P T M E T e r e p h t a l a t e C o p o l y m e r . T h e 
ethylene g l y c o l - or 2 G - b a s e d c o p o l y m e r ( T a b l e I I ) c losely resembles the 
4 G - b a s e d c o p o l y m e r i n h a v i n g a h i g h m e l t i n g point , even h igher than the 
4 G copolymer , a n d excellent tensile a n d tear strengths. T h e 2 G - b a s e d 
c o p o l y m e r suffers f r o m h a v i n g a rather s low rate of c rys ta l l iza t ion 
(8,12). P o l y (e thylene terephthalate ) h o m o p o l y m e r suffers f r o m s imi lar 

T a b l e I I . 5 0 % A l k y l e n e T e r e p h t h a l a t e / P T M E T e r e p h t h a l a t e 

Diol 2G SG 

C o p o l y m e r properties 
Inherent v i scos i ty (L/g) 0.13 0.17 
Y i e l d strength ( M P a ) — — 
Stress at 100% ( M P a ) 11.4 11.7 
Tens i le strength ( M P a ) 45.5 22.8 
E l o n g a t i o n (%) 675 660 
Permanent set (%) 275 195 
T e a r strength ( k N / m ) 42 15 
Shore D hardness 46 48 
Compress ion set (%) 52 48 
C l a s h - B e r g Γ 1 0 ,οοο ( ° C ) - 3 8 - 3 6 
M e l t i n g po in t ( ° C ) 224 198 
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7. WOLFE Elastomeric Poly ether-Ester Copolymers 

Ο 25 50 75 
TETRAMETHYLENE TEREPHTHALATE (WT %) 

Polymer Preprints, ACS 

Figure 2. Permanent set at break as a percentage of elongation 
at break vs. the wt % of tetramethylene terephthalate segments 
in tetramethylene terephthalate/PTME terephthalate copoly

mers (36) 

Copolymers—Properties as a Function of Diol Structure (36) 

4G 5G 6G 10G 

0.18 0.16 0.15 0.13 
— 4.8 — — 
11.7 4.5 5.2 6.1 
48.4 15.4 13.5 15.5 

755 880 750 640 
370 210 370 370 

48 25 18 7.8 
48 32 33 35 
52 90 86 81 

- 3 3 - 5 0 - 5 3 - 5 1 
189 106 122 106 
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136 MULTIPHASE POLYMERS 

T a b l e I I I . 1 ,4-Benzenedimethylene T e r e p h t h a l a t e / P T M E T e r e p h t h a l a t e 
C o p o l y m e r s — P r o p e r t i e s as a F u n c t i o n of 1 ,4-Benzenedimethylene 

T e r e p h t h a l a t e C o n t e n t (36) 

1,4-Benzenedimethylene Terephthalate 
(wt%) 80 40 50 

C o p o l y m e r properties 
Inherent v iscos i ty (L/g) 0.13 0.11 0.10 
Stress at 100% ( M P a ) 5.9 9.0 11.7 
Tens i le strength ( M P a ) 19.2 21.7 21.3 
E l o n g a t i o n (%) 628 500 380 
P e r m a n e n t set ( % ) 161 160 143 
T e a r strength ( k N / m ) 7.7 10.5 14.4 
Shore D hardness 32 40 48 
Compress ion set (%) 55 54 58 
C l a s h - B e r g T 1 0 . 0 o o ( ° C ) - 6 1 - 5 8 - 4 2 
M e l t i n g point ( ° C ) 199 —• 227 

diff icult ies w i t h crys ta l l iza t ion rate ( 2 6 ) . A s l o w rate of crys ta l l iza t ion 
severely l imits the use of in j ec t ion-mold ing techniques to fabricate i tems 
f r o m these po lymers . 

Synthesis of the 2 G - b a s e d c o p o l y m e r can b e somewhat more dif f icult 
t h a n synthesis of the analogous 4 G - b a s e d copolymer . I f the ethylene 
g l y c o l a n d d i m e t h y l terephthalate monomers are prereacted to f o r m 
bis ( 2 - h y d r o x y e t h y l ) terephthalate, a n d this p r o d u c t is then c o p o l y m e r i z e d 
w i t h p o l y ( t e t r a m e t h y l e n e ether) g l y c o l to f o r m the b l o c k c o p o l y m e r 
u s i n g te t rabutyl t i tanate as the transesterification catalyst, the react ion 
proceeds r e a d i l y a n d c o p o l y m e r of h i g h inherent viscosi ty is easily 
obta ined. I f the ethylene g l y c o l m o n o m e r is not prereacted a n d te t rabuty l 
t itanate is aga in used as the transesterification catalyst, the c o p o l y m e r i z a 
t i o n proceeds more s l o w l y a n d a b l o c k c o p o l y m e r of l o w e r inherent 
viscosi ty is usua l ly obta ined. 

T a b l e I V . 1 ,4 -Cyc lohexanedimethylene T e r e p h t h a l a t e / P T M E 
of 1 ,4 -Cyc lohexanedimethylene 

1,4-Cyclohexanedimethylene Terephthalate (wt fo) 
C o p o l y m e r properties 

Inherent v iscos i ty (L/g) 
Stress at 100% ( M P a ) 
Tens i le strength ( M P a ) 
E l o n g a t i o n (%) 
P e r m a n e n t set ( % ) 
T e a r strength ( k N / m ) 
Shore D hardness 
Compress ion set (%) 
C l a s h - B e r g Γ 1 0 ,οοο ( ° C ) 
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7. WOLFE Elastomeric Poly ether-Ester Copolymers 137 

T r i m e t h y l e n e T e r e p h t h a l a t e / P T M E T e r e p h t h a l a t e C o p o l y m e r . T h e 
propert ies of the 1 ,3-propanediol - or 3 G - b a s e d c o p o l y m e r are rather 
surpr i s ing . T h e m e l t i n g point a n d the stress at 1 0 0 % elongat ion of this 
c o p o l y m e r are very s imi lar to those of the 2 G - a n d 4 G - b a s e d copolymers , 
yet the 3 G - b a s e d c o p o l y m e r has m u c h l o w e r tensile strength at break 
a n d very l o w tear strength. T h e cause of these w i d e differences is 
u n k n o w n . Poss ib ly re lated are studies carr ied out on or iented fibers 
w h i c h have s h o w n that the crystal l ine regions of p o l y ( t r imethylene 
terephthalate ) h o m o p o l y m e r respond qui te dif ferently to s t ra in - induced 
deformat ion than do the crystal l ine regions of p o l y (e thylene terephthal 
ate) or p o l y ( tetramethylene terephthalate ) homopolymers (17). 

5 G - , 6 G - , a n d 10G-Based C o p o l y m e r s . T h e a lkylene terephthalate/ 
P T M E terephthalate co-polymers based o n 1,5-pentanediol ( 5 G ) , 1,6-
hexanedio l ( 6 G ) , a n d 1,10-decanediol ( 1 0 G ) resemble each other more 
c losely than they do those p r e p a r e d f r o m the shorter diols . T h e copoly
mers p r e p a r e d f r o m these longer diols a l l show, re lat ive to those copoly 
mers p r e p a r e d f r o m shorter diols , l o w m e l t i n g point , l o w hardness, h i g h 
compression set, l o w stress at 1 0 0 % elongat ion, a n d l o w tensi le strength. 
T h e tear strengths of the 5 G - , 6 G - , a n d 10G-based copolymers are also 
l o w relat ive to the 2 G - a n d 4 G - b a s e d copolymers . T h e 5 G - , 6 G - , a n d 
10G-based copolymers excel i n their resistance to st i f fening at l o w tem
peratures as measured b y the C l a s h - B e r g test. It s h o u l d b e noted that 
the copolymers p r e p a r e d f r o m the longer diols conta in a l o w e r m o l e 
f rac t ion of h a r d segments than do the copolymers p r e p a r e d f r o m the 
shorter diols . 

A p lo t of the observed m e l t i n g points of the 5 0 % alkylene tereph
t h a l a t e / P T M E terephthalate copolymers vs. the range of m e l t i n g points 
of the p o l y (a lky lene terephthalate ) homopolymers as taken f r o m the 
l i terature (16,18-25) results i n the l inear re lat ionship s h o w n i n F i g u r e 3 . 

T e r e p h t h a l a t e C o p o l y m e r s — P r o p e r t i e s as a F u n c t i o n 
T e r e p h t h a l a t e S t r u c t u r e a n d C o n c e n t r a t i o n 

Practical CD t r a n s - C D 

20 30 40 50 20 30 

0.12 0.12 0.11 0.13 insol 
2.6 6.2 — 4.1 
5.9 11.0 8.1 6.8 

625 470 40 br i t t le 280 br i t t le 
118 119 5 47 

3.2 6.0 10.2 4.6 
15 34 42 24 
75 62 53 60 

- 5 5 - 6 0 - 5 3 - 5 8 
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240 

120 160 
HOMOPOLYMER 

200 240 
MELTING POINT (°C) 

280 

Figure 3. The melting points of 50% alkylene tereph
thalate/FTME terephthalate copolymers as a function of 
the melting points of the corresponding poly(alkylene 

terephthalate) homopolymers 

A least-squares fit of the data u s i n g the center of the range of m e l t i n g 
points repor ted for the homopolymers p r o v i d e d the re la t ionship : 

m p (copolymer) = 0.94 m p (homopolymer) — 17 (2) 

1 ,4-Benzenedimethylene T e r e p h t h a l a t e / P T M E T e r e p h t h a l a t e C o 
polymers . T h e 5 0 % 1,4-benzenedimethylene t e r e p h t h a l a t e / P T M E 
terephthalate c o - p o l y m e r of T a b l e I I I has a h i g h stress at 1 0 0 % elongat ion 
comparable to the 2 G - a n d 4 G - b a s e d copolymers of T a b l e I I b u t is l o w 
i n inherent viscosity, tensile strength, e longat ion at break, a n d tear 
strength. T h e poor fa i lure properties of the 1,4-benzenedimethanol-based 
c o p o l y m e r can be at tr ibutable i n part to the l o w m o l e c u l a r w e i g h t of 
the co -polymer as i n d i c a t e d b y its l o w inherent viscosi ty . T h e tensile 
strengths at break of s imi lar 4 G - b a s e d copolymers have been s h o w n to 
decrease as the ir inherent viscosities are r e d u c e d (12). 

1 ,4 -Cyc lohexanedimethylene T e r e p h t h a l a t e / P T M E T e r e p h t h a l a t e 
C o p o l y m e r s . Polyether-ester copolymers based o n 1,4-cyclohexanedi-
m e t h a n o l have been p r e p a r e d u s i n g b o t h i rans - l , 4 - cyc lohexanedimethanol 
( t-CD ) a n d a p r a c t i c a l grade of 1 ,4-cyclohexanedimethanol ( p - C D ) 
w h i c h is repor ted to conta in about a 68/32 mixture of trans- to m - 1 , 4 -
cyc lohexanedimethanol (26). Gas-phase c h r o m a t o g r a p h y of one of our 
samples of p - C D i n d i c a t e d a 72/28 ratio of trans-to-cis isomer. B y use 
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7. WOLFE Elastomeric Poly ether-Ester Copolymers 139 

of p r a c t i c a l grade, 1 ,4-cyclohexanedimethanol , copolymers c o u l d b e 
p r e p a r e d c o n t a i n i n g 20 a n d 3 0 % of 1 ,4-cyclohexanedimethylene tereph
thalate ( p - C D ) units whose stress at 1 0 0 % elongat ion, tensile strength, 
tear strength, a n d Shore D hardness increase w i t h increas ing C D T 
content ( T a b l e I V ) . A t 4 0 % p - C D T content, tensile s trength a n d 
elongat ion at break of the c o p o l y m e r d r o p off f r o m the values ob ta ined 
w i t h the 3 0 % p - C D T c o p o l y m e r because of phase separat ion i n the m e l t 
d u r i n g the synthesis of the 4 0 % p - C D T copolymer . Phase separat ion 
d u r i n g the synthesis of the 5 0 % p - C D T c o p o l y m e r was sufficiently 
severe that the resul t ing c o p o l y m e r was a br i t t l e s o l i d rather than a n 
elastomer. W h e n £rans-l ,4-cyelohexanedimethanol is used as the d i o l 
monomer , severe phase separation d u r i n g c o p o l y m e r i z a t i o n occurs at even 
l o w e r levels of C D T than w h e n u s i n g pract ica l -grade 1,4-cyclohexanedi
methanol . T h e 3 0 % ί - C D T c o p o l y m e r resembles the 5 0 % p - C D T co
p o l y m e r i n that i t is not elastomeric b u t br i t t le ( T a b l e I V ) . 

Phase separat ion d u r i n g mel t c o p o l y m e r i z a t i o n was repor ted i n the 
first paper of this series, p a r t i c u l a r l y w i t h tetramethylene terephthalate/ 
p o l y ( p r o p y l e n e ox ide) terephthalate copolymers p r e p a r e d f r o m the 
h igher m o l e c u l a r w e i g h t polyether glycols ( 1 0 ) . Phase separat ion occurs 
d u r i n g the preparat ion of polyether-es ter copolymers w h e n the copoly-
m e r i z a b l e segments are m u t u a l l y inso luble i n each other. T h e result is a 
react ion mix ture c o n t a i n i n g t w o phases, as often e v i d e n c e d b y the mel t 
h a v i n g an opaque rather than the u s u a l transparent or translucent 
appearance. A s noted i n the previous paper (10) a n d as s h o w n i n T a b l e 
I V , severe phase separation results i n copolymers w h i c h exhibi t l o w 
elongat ion at break a n d very often l o w tensile a n d tear strengths. T h e 
conclus ion that the v e r y l o w elongat ion at break of the 4 0 % p - C D T 
copolymer ( T a b l e I V ) is caused b y phase separation d u r i n g c o p o l y m e r i 
za t ion is s u p p o r t e d b y the observat ion that the p o l y m e r i z i n g mel t of the 
4 0 % p - C D T c o p o l y m e r was opaque w h i l e that of the 3 0 % p - C D T 
copolymer was transparent. 

T h e r e are several techniques avai lable to h e l p overcome the p r o b l e m 
of phase separation d u r i n g mel t c o p o l y m e r i z a t i o n . O n e technique is to 
a d d a h i g h - b o i l i n g solvent to the p o l y m e r i z a t i o n mel t to assist i n so lu-
b i l i z i n g the c o p o l y m e r i z i n g segments. A second technique is to in t roduce 
other monomers into the c o p o l y m e r i z a t i o n such as a second d i o l , a second 
ester ( 2 7 ) , or b o t h . T h e a d d i t i o n a l monomers serve to l o w e r the concen
trat ion a n d m e l t i n g point of any h a r d segment w h i c h m i g h t t e n d to 
separate out. T h e use of pract ica l -grade 1 ,4-cyclohexanedimethanol w h i c h 
contains b o t h the cis a n d trans isomers rather than u s i n g p u r e trans-1,4-
cyc lohexanedimethanol is a m e t h o d of a d d i n g a second d i o l w h i l e s i m u l 
taneously l o w e r i n g the concentrat ion of the first d i o l . T h e effectiveness 
of this m e t h o d is evident f r o m the results s h o w n i n T a b l e I V . A 3 0 % 
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1,4-cyclohexanedimethylene t e r e p h t h a l a t e / P T M E terephthalate copoly
m e r c o u l d be p r e p a r e d u s i n g pract ica l -grade 1 ,4-cyclohexanedimethanol 
whereas the analogous c o p o l y m e r based o n frans-1,4-cyclohexanedi
m e t h a n o l u n d e r w e n t severe phase separat ion i n the mel t d u r i n g synthesis. 

Alkylene Ester/PTME Ester Copolymers Other 
Than Terephthalate Ester 

U p to this po in t the discussion has been concerned w i t h a lky lene 
t e r e p h t h a l a t e / P T M E terephthalate copolymers i n w h i c h the concentrat ion 
of a lkylene terephthalate a n d the c h e m i c a l structure of the a lky lene 
groups have been v a r i e d . T h e next sect ion of this report is concerned 
w i t h polyether-es ter copolymers i n w h i c h aromat ic esters other t h a n 
terephthalate are used i n c o m b i n a t i o n w i t h P T M E g l y c o l a n d var ious 
diols . T h e objective is the same, to correlate changes i n c o p o l y m e r 
structure w i t h changes i n c o p o l y m e r i z a t i o n results a n d c o p o l y m e r proper
ties. O n c e again the 5 0 % tetramethylene t e r e p h t h a l a t e / P T M E tereph
thalate c o p o l y m e r ( Tables I a n d I I ) w i t h its excellent properties a n d 
re lat ive ease of synthesis w i l l be used as the p o i n t of reference to w h i c h 
the other polymers w i l l be c o m p a r e d . 

A l k y l e n e I s o p h t h a l a t e / P T M E Isophthalate C o p o l y m e r s . Po lyether -
ester copolymers h a v i n g the composit ions 5 0 % a lkylene isophthalate/ 
P T M E isophthalate were p r e p a r e d u s i n g as diols ethylene g l y c o l ( 2 G ) , 
1 ,4-butanediol ( 4 G ) , pract ica l -grade 1 ,4-cyclohexanedimethanol ( p - C D ) , 
a n d £rans-l ,4-cyclohexanedimethanol (t-CD) as s h o w n i n T a b l e V . T h e 
2 G - b a s e d copolymer , w h i c h was p r e p a r e d u s i n g bis ( 2 -hydroxyethy l ) 
isophthalate , h a d no discernib le m e l t i n g po in t as measured b y di f ferent ia l 
scanning ca lor imetry . It exh ib i ted l o w hardness, l o w stress at 1 0 0 % 
elongat ion, a n d very l o w tensile strength. A p p a r e n t l y the ethylene i soph-

T a b l e V . 5 0 % A l k y l e n e I s o p h t h a l a t e / P T M E Isophthalate 

Diol 2G 

C o p o l y m e r properties 
Inherent v iscos i ty (L/g) 0.16 
Stress at 100% ( M P a ) 0.7 
Tens i le strength ( M P a ) < 0.7 
E l o n g a t i o n (%) > 1000 
Permanent set (%) > 470 
T e a r strength ( k N / m ) — 
Shore D hardness 7 
Compress ion set (%) — 
C l a s h - B e r g Γ 1 0 ,οοο ( ° C ) - 3 7 
M e l t i n g point ( C ) none 
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thalate segments d i d not crystal l ize , even t h o u g h the h o m o p o l y m e r 
p o l y (e thylene isophthalate) is reported to have a m e l t i n g point i n the 
range 1 0 2 ° - 2 4 0 ° C (20,23,28). A n n e a l i n g this po lye ther -es ter c o p o l y m e r 
above the glass-transit ion temperature of p o l y (e thylene isophthalate ) 
m i g h t poss ib ly i n d u c e some crysta l l iza t ion of ester segments a l though 
this was not at tempted. 

T h e 5 0 % tetramethylene i s o p h t h a l a t e / P T M E isophthalate copoly 
m e r l i s ted u n d e r 4 G i n T a b l e V exhibits outs tanding tensile strength a n d 
excellent tear strength even t h o u g h this c o p o l y m e r is cons iderably l o w e r 
i n m e l t i n g point , Shore hardness, a n d stress at 100% e longat ion t h a n is 
the analogous 5 0 % tetramethylene t e r e p h t h a l a t e / P T M E terephthalate 
c o p o l y m e r of Tables I a n d II . I n contrast to the terephthalate-based 
c o p o l y m e r w h i c h crystal l izes a n d hardens i n seconds, the 5 0 % tetra
methylene i s o p h t h a l a t e / P T M E isophthalate c o p o l y m e r crystal l izes very 
s l o w l y over a p e r i o d of hours. T h e isophthalate-based c o p o l y m e r exhibits 
a d o u b l e endotherm b y dif ferent ia l scanning ca lor imetry w i t h peaks at 
85° a n d 1 1 2 ° C . T h e 8 5 ° C peak is s l ight ly the larger of the t w o . P o l y -
( tetramethylene isophthalate ) h o m o p o l y m e r has repor ted m e l t i n g points 
of 8 8 ° - 1 5 2 ° C ( 2 0 , 2 8 ) . 

F i f t y percent 1 ,4-cyclohexanedimethylene i s o p h t h a l a t e / P T M E i s o p h 
thalate copolymers p r e p a r e d f r o m pract ica l -grade 1 ,4-cyclohexanedimeth-
anol a n d f r o m trans- 1 ,4-cyclohexanedimethanol also h a r d e n s l o w l y over a 
p e r i o d of hours. N o attempts were m a d e to speed the rate of crys ta l l iza 
t i o n of these copolymers b y a d d i t i o n of n u c l e a t i n g agents a l t h o u g h i t has 
been demonstrated that the rate of crys ta l l iza t ion of ethylene tereph
t h a l a t e / P T M E terephthalate copolymers , w h i c h also crys ta l l ize s l o w l y , 
can be increased b y nuc leat ion . 

U n l i k e their terephthalate analogs of T a b l e I V , the 1,4-cyclohexane
d imethylene i s o p h t h a l a t e / P T M E isophthalate copolymers show no e v i -

Copolymers—Properties as a Function of D i o l Structure (36) 

4G Practical CD t r a n s - C D 

0.16 0.14 0.11 
7.2 5.7 6.9 

58.6 31.7 33.8 
720 690 760 
126 70 179 

54 78 61 
39 38 46 
91 89 87 

- 3 1 - 3 8 - 2 8 
85,112 147 184 

Polymer Preprints, ACS 
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142 MULTIPHASE POLYMERS 

dence of phase separation d u r i n g copolymer iza t ion . T h e difference i n 
behavior d u r i n g synthesis m a y be caused b y the l o w e r m e l t i n g points 
of the isophthalate copolymers . P o l y ( £rans-l ,4-cyclohexanedimethylene 
isophthalate) h o m o p o l y m e r is reported to have a m e l t i n g range of 1 9 0 ° -
197 ° C w h i l e p o l y (trans- 1 ,4-cyclohexanedimethylene terephthalate) has a 
m e l t i n g range of 312°-318°C (29). T h i s suggests that i f the 1,4-cyclo
hexanedimethylene t e r e p h t h a l a t e / P T M E terephthalate copolymerizat ions 
c o u l d be r u n at h igher temperatures, phase separation i n the mel t m i g h t 
b e less of a p r o b l e m . U n f o r t u n a t e l y h igher p o l y m e r i z a t i o n temperatures 
w o u l d increase the rate of p o l y m e r degradat ion w h i c h is k n o w n to occur 
at a signif icant rate even at the melt temperatures used i n the prepara t ion 
of the copolymers descr ibed i n this report (13,30). ( T w o of the three 
curves i n F i g u r e 7 of Ref . 13 are mis labe led . T h e " P o l y t e t r a m e t h y l e n o x i d " 
a n d " P o l y p r o p y l e n o x i d " labels s h o u l d be reversed (31).) 

Alkylene 4,4'-Biphenyldicarboxylate/PTjME 4,4'-Biphenyldicarbox-
ylate Copolymers. Te t ramethylene 4 , 4 ' - b i p h e n y l d i c a r b o x y l a t e / P T M E 
4,4 / -biphenyldicarboxylate copolymers conta in ing 20 a n d 3 0 % tetra
methylene 4 ,4 ' -biphenyldicarboxylate w e r e p r e p a r e d w i t h o u t inc ident 
( T a b l e VI) . At tempts to prepare s imi lar copolymers conta in ing 40 a n d 
50% tetramethylene 4,4 ' -biphenyldicarboxylate l e d to problems w i t h 
phase separation i n the mel t d u r i n g the copolymerizat ions . 

F i f t y percent 4 , 4 ' - b i p h e n y l d i c a r b o x y l a t e / P T M E 4,4'-biphenyldicar-
boxylate copolymers were p r e p a r e d u s i n g 1,3-propanediol (3G), 1,5-
p e n t a n e d i o l ( 5 G ) , a n d 1,6-hexanediol (6G) ( T a b l e VII). A l l were 
p r e p a r e d w i t h o u t inc ident . T h e 3G-based c o p o l y m e r has poor tear 
strength. T h e 5G-based c o p o l y m e r has g o o d tear strength but l o w tensile 
strength at break. T h e 6G-based c o p o l y m e r has the best tensile strength 
of the three copolymers b u t has l o w tear strength. 

Table VI . Tetramethylene 4,4'-Biphenyldicarboxylate/PTME 
4,4'-Biphenyldicarboxylate Copolymers—Properties as a 

Function of Tetramethylene 4,4'-Biphenyldicar-
boxylate Concentration 

Tetramethylene 4A'-biphenyl-
dicarboxylate (wt %) 20 30 40 

C o p o l y m e r properties 
Inherent v iscos i ty (L/g) 
Stress at 100% ( M P a ) 
Tens i le strength ( M P a ) 
E l o n g a t i o n (%) 
Permanent set (%) 
T e a r strength ( k N / m ) 
Shore D hardness 
Compress ion set (%) 
C l a s h - B e r g r 1 0 .ooo C O 

1050 
283 

22 
65 

- 5 9 

0.20 
2.8 
9.7 

5 

5.5 
10.3 

600 
175 
20 
33 
49 

-58 

0.21 insol 

200 
69 
10 
32 
67 

8.0 
8.3 
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Table VII. 50% Alkylene 4,4'-Biphenyldicarboxylate/PTME 
4,4'-Biphenyldicarboxylate Copolymers—Properties as 

a Function of Diol Structure 

Diol 3G 5G 6G 

C o p o l y m e r properties 
Inherent v iscos i ty (L/g) 0.12 0.12 0.13 
S t r e s s â t 100% ( M P a ) 9.8 5.5 7.8 
Tensi le strength ( M P a ) 11.0 7.6 15.2 
E l o n g a t i o n (%) 560 490 510 
Permanent set (%) 190 191 329 
T e a r strength ( k N / m ) 11 40 16 
Shore D hardness 50 35 40 
Compress ion set (%) 61 82 67 
C l a s h - B e r g T 1 0,ooo ( ° C ) - 4 0 - 4 0 - 3 5 

Alkylene 2,6-Naphthalenedicarboxylate/PTME 2,6-Naphthalene-
dicarboxylate Copolymers. F i f t y percent a lky lene 2 ,6-naphthalenedicar-
b o x y l a t e / P T M E 2,6-naphthalenedicarboxylate copolymers were p r e p a r e d 
u s i n g each of the straight-chain, h y d r o x y - t e r m i n a t e d diols f r o m ethylene 
g l y c o l ( 2 G ) to 1,10-decanediol ( 1 0 G ) ( T a b l e V I I I ) . I n contrast to m a n y 
of the 5 0 % a lky lene t e r e p h t h a l a t e / P T M E terephthalate copolymers of 
T a b l e I I , a l l of the 2 ,6-naphthalenedicarboxylate-based copolymers tested 
exhibi t excellent tensile strength a n d tear strength regardless of the d i o l 
used or the m e l t i n g p o i n t of the copolymer . A s a consequence of the ir 
excellent properties , the 2 ,6-naphthalenedicarboxylate copolymers have 
been the subject of several patents (32,33,34). 

Permanent set values are re la t ive ly h i g h for the 2 ,6-naphthalenedicar
boxylate copolymers p r e p a r e d f r o m diols conta in ing a n even n u m b e r of 
carbon atoms but qui te l o w for the corresponding copolymers p r e p a r e d 
f r o m o d d - m e m b e r e d diols , p a r t i c u l a r l y the 3 G , 5 G , a n d 7 G diols . S t ra in-
i n d u c e d i rrevers ible d i s r u p t i o n a n d or ientat ion of crysta l l ine ester seg
ments has been a d v a n c e d as the cause of the h i g h permanent sets of 
tetramethylene t e r e p h t h a l a t e / P T M E terephthalate copolymers (14). O n 
this basis the crystal l ine ester segments of the 2 ,6 -naphthalenedicarboxyl 
ate copolymers p r e p a r e d f r o m o d d - m e m b e r e d diols appear to be con
s iderab ly more resistant to s t r a i n - i n d u c e d i rrevers ib le d e f o r m a t i o n t h a n 
do the crystal l ine segments of the corresponding copolymers p r e p a r e d 
f r o m even-membered diols . T h i s i n t u r n suggests the presence of a 
persistent pat tern of m o r p h o l o g i c a l differences be tween the crysta l l ine 
ester segments d e r i v e d f r o m the even-membered diols a n d those d e r i v e d 
f r o m the o d d - m e m b e r e d diols . 

A p lo t of t h e measured m e l t i n g points of the 5 0 % alkylene 2,6-
n a p h t h a l e n e d i c a r b o x y l a t e / P T M E 2,6-naphthalenedicarboxylate copoly
mers of T a b l e V I I I vs. the reported m e l t i n g points of the corresponding 
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Table VIII. 50% Alkylene 2,6-Naphthalenedicarboxylate/PTME 
Function of Diol 

Diol 2G 3G 4G 

C o p o l y m e r propert ies 
Inherent v iscos i ty (L/g) 0.11 0.17 0.15 
Y i e l d strength ( M P a ) — — — 
Stress at 100% ( M P a ) 
Tens i le strength ( M P a ) 
E l o n g a t i o n (%) 
P e r m a n e n t set (%) 
T e a r strength ( k N / m ) 
Shore D hardness 
Compress ion set (%) 
C l a s h - B e r g Γ 1 0 ,οοο ( ° C ) 
M e l t i n g point ( ° C ) 

6.2 7.3 10.0 
35.9 54.5 51.0 

460 525 660 
102 16 280 
151 79 117 

53 47 49 
67 88 49 

1 - 1 5 - 1 4 
232 168 202 

p o l y ( a lkylene-2 ,6-naphthalenedicarboxylate ) homopolymers (22) results 
i n the l inear re lat ionship s h o w n i n F i g u r e 4. A least squares fit of the 
data p r o v i d e d the re la t ionship : 

m p (copolymer) = 0.87 m p (homopolymer) — 4.3 

240 

200 

Lil 

y j 

Ο 
û. 
ο 
ο 

160 

120 

80 

1 I I I 1 1 1 I 

-
/ 

/ " 
/€>4G 

-
3 G 0 ^ 

y © 8 G 

l O G ^ / 

76̂ Γ 
- / e 9 G 

I 1 I I 1 1 1 i 
120 160 200 240 

HOMOPOLYMER MELTING POINT (°C) 
280 

Figure 4. The melting points of 50% alkylene 2,6-naph-
thalenedicarboxyfote/FTME 2f6-naphthalenedicarboxyhte 
copolymers as a function of the melting points of the corre
sponding poly(alkylene 2,6-naphthalenedicarboxylate) ho

mopolymers 

(3) 
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2,6-Naphthalenedicarboxylate Copolymers—Properties as a 
Structure (36) 

5G 6G 7G 8G 9G 10G 

0.18 0.20 0.20 0.20 0.15 0.17 
7.4 
6.8 

52.1 
590 

65 
123 
45 
94 

- 5 
108 

8.8 
51.0 

570 
253 
123 
47 
67 

- 2 4 
176 

7.6 
6.8 

51.7 
540 

60 
103 
49 
93 

- 8 
113 

8.1 
7.9 

44.1 
620 
288 

82 
48 
73 

3.7 
38.6 

625 
147 
69 
37 
99 

- 3 4 
101 

6.6 
6.4 

36.9 
620 
318 

93 
41 
85 

- 2 9 
149 

- 2 7 
125 

Polymer Preprints, ACS 

T h e m e l t i n g points of the 2,6-naphthalenedicarboxylate h o m o p o l y m e r s 
a n d the ir cor responding copolymers c o n t a i n i n g P T M E units s h o w a 
dist inct o d d - e v e n al ternat ion. P o l y m e r s based on o d d - m e m b e r e d diols 
are consistently somewhat l o w e r m e l t i n g t h a n their even-membered 
neighbors . T h i s type of behavior has been noted for other series of 
polyesters a n d has been a t t r ibuted to " a consistent pat tern of conf igura-
t iona l a n d c h a i n - p a c k i n g differences b e t w e e n o d d a n d even members 
i n homologous series" ( 2 2 ) . T h u s b o t h the m e l t i n g points a n d the p e r m a 
nent sets of the a lkylene 2 , 6 - n a p h t h a l e n e d i c a r b o x y l a t e / P T M E 2,6-naph
thalenedicarboxylate copolymers show patterns of al terat ion w h i c h 
suggest that consistent differences i n m o r p h o l o g y exist b e t w e e n the 
crystal l ine ester segments d e r i v e d f r o m the even-membered diols a n d 
those d e r i v e d f r o m the o d d - m e m b e r e d diols . 

A p lo t of compression-set results vs. c o p o l y m e r m e l t i n g points for 
the 5 0 % alkylene t e r e p h t h a l a t e / P T M E terephthalate copolymers of 
T a b l e I I a n d the 5 0 % alky lene 2 , 6 - n a p h t h a l e n e d i c a r b o x y l a t e / P T M E 
2,6-naphthalenedicarboxylate copolymers of T a b l e V I I I indicates that 
compression set general ly increases as c o p o l y m e r m e l t i n g point decreases 
( F i g u r e 5 ) . T h i s is not surpr i s ing as the l o w e r the m e l t i n g point of the 
copolymer , the closer the m e l t i n g point is to the 7 0 ° C temperature at 
w h i c h the compress ion set test is r u n a n d thus the more susceptible are 
the crysta l l ine h a r d segments to dis tort ion. T h i s is p a r t i c u l a r l y true of 
the copolymers m e l t i n g close to 1 0 0 ° C . T h e reported m e l t i n g points 
represent on ly the peaks of the endothermic m e l t i n g curves as measured 
b y di f ferent ia l scanning ca lor imetry . T h e m e l t i n g curves of ten cover a 
range of temperatures as w i d e as 2 0 ° C o n each side of the m e l t i n g - c u r v e 
peaks. T h u s the l o w e r e n d of the m e l t i n g ranges of these l o w - m e l t i n g 
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40 1 

100 140 180 220 260 
COPOLYMER MELTING POINT (°C) 

Figure 5. Copolymer compression set as a function of 
copolymer melting point for 5 0 % alkylene ester/PTME 
ester copolymers (Δ = terephthalate; Ο = 2,6~naphtha~ 

lene-dicarboxylate ) 

copolymers m a y l ie very close to the 7 0 ° C temperature of the compres
s ion set test. 

Alkylene w-Terphenyl-4,4 ' '-dicarboxylate/PTME w-Terphenyl-
4,4"-dicarboxylate Copolymers. Po lye ther -es ter copolymers w i t h the 
compos i t ion 5 0 % alkylene m - t e r p h e n y l - 4 , 4 " - d i c a r b o x y l a t e / P T M E ra-ter-
phenyl-4,4"-dicarboxylate were p r e p a r e d us ing as diols 1 ,3-propanediol 
( 3 G ) a n d 1,4-butanediol ( 4 G ) . B o t h copolymers exhib i t excellent tensile 
a n d tear strength as s h o w n i n T a b l e I X . T h e y b o t h have very poor 
resistance to compression set. 

A f t e r compress ion m o l d i n g , b o t h copolymers w e r e i n i t i a l l y trans
parent . G r a d u a l l y over a p e r i o d of m a n y days the 4 G - b a s e d copolymer 
t u r n e d opaque as i f i t w e r e c r y s t a l l i z i n g (35) . T h e 3 G - b a s e d copolymer 
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Table IX. 50% Alkylene f»-Terphenyl-4,4"-dicarboxylate/PTME 
w-Terphenyl-4,4"-dicarboxylate Copolymers °—Properties 

as a Function of Diol Structure (36) 
Diol 8G 4G 

C o p o l y m e r properties 
Inherent v i scos i ty (L/g) 0.15 0.17 
Stress at 100% (MPa) 5.7 2.8 
Tens i le strength (MPa) 56.2 60.3 
E l o n g a t i o n (%) 420 390 
Permanent set (%) 15 3 
T e a r strength ( k N / m ) 98 47 
Shore A hardness 94 76 
Shore D hardness 43 31 
Compress ion set ( % ) 1 0 0 + 1 0 0 + 
C l a s h - B e r g Γ 1 0 ,οοο ( ° C ) 8 2 

Ο Ο 

• m-Terphenyl-4,4"-dicarboxylate = — O — C - ^ ^ f j ^ < ^ ^ 
Polymer Preprints, ACS 

r e m a i n e d transparent over the same t ime span; however , that p o r t i o n of 
the 3 G - b a s e d c o p o l y m e r w h i c h h a d been subjected to the 70° C test 
for compress ion set also t u r n e d opaque as i f it h a d crys ta l l ized . I n their 
transparent f o r m neither c o p o l y m e r exhib i ted a m e l t i n g po in t as measured 
b y di f ferent ia l scanning ca lor imetry . 

T h e 50 % tetramethylene m - t e r p h e n y l - 4 , 4 " - d i c a r b o x y l a t e / P T M E 
m-terphenyl -4 ,4" -dicarboxylate c o p o l y m e r was r e m o l d e d . T h e r e m o l d e d 
c o p o l y m e r was tested three days after r e m o l d i n g w h i l e i t was s t i l l 
t ransparent a n d 28 days after r e m o l d i n g , b y w h i c h t i m e i t h a d t u r n e d 
opaque. T h e results are s h o w n i n T a b l e X . T h e sample w h i c h was 28 
days o l d h a d t u r n e d f r o m transparent to opaque , h a d d e v e l o p e d endo-
thermic peaks at 63° a n d 1 5 8 ° C i n the di f ferent ia l scanning ca lor imetry 

Table X· 50% Tetramethylene f»-Terphenyl-4,4"-dicarboxylate/ 
PTME *»-Terphenyl-4,4"-dicarboxylate Copolymer—Effect of 

Time on Physical Properties of Remolded Copolymer 
Days after Remolding 3 28 

C o p o l y m e r properties 
Stress at 100% ( M P a ) 2.2 7.9 
Stress at 3 0 0 % ( M P a ) 17.4 30.3 
Tens i le strength ( M P a ) 51.9 49.3 
E l o n g a t i o n (%) 383 375 
P e r m a n e n t set (%) 3 3 
Shore A hardness % 74w 89 
A p p e a r a n c e r V * t ransparent opaque 
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trace ( F i g u r e 6 ) , a n d h a d s h o w n a m a r k e d increase i n Shore A hardness 
a n d i n stress at 100 a n d 3 0 0 % elongat ion. A p p a r e n t l y the 4 G - b a s e d 
c o p o l y m e r s l o w l y c r y s t a l l i z e d over a p e r i o d of t ime . T h e 158 ° C en-
d o t h e r m i c peak is p r e s u m a b l y caused b y crysta l l ine tetramethylene 
ra-terphenyl-4,4"-dicarboxylate b locks . P o l y ( tetramethylene m- terphenyl -
4 ,4" -dicarboxylate ) h o m o p o l y m e r is repor ted to mel t at 2 0 8 ° C ( 1 2 ) . 

If the 4 G - b a s e d c o p o l y m e r is c rys ta l l i z ing s l o w l y w i t h t ime, w h a t 
is h o l d i n g together the n e w l y r e m o l d e d c o p o l y m e r to give i t such 
excellent tensile strength a n d tear strength? Poss ib ly it is a glassy phase 
composed of tetramethylene ra-terphenyl-4,4"-dicarboxylate segments. 
P o l y ( tetramethylene m-terphenyl -4 ,4" -dicarboxylate ) is repor ted to have 
a glass-transit ion temperature of 1 1 0 ° C ( I I ) . 

O t h e r explanations w h i c h have been suggested to account for the 
h i g h strength of the n e w l y r e m o l d e d copolymer are either s t ra in - induced 
crys ta l l iza t ion of the tetramethylene ra-terphenyl-4,4"-dicarboxylate h a r d 
segments d u r i n g the tensile strength a n d tear strength tests or the pres
ence of microcrys ta l l ine h a r d segments of a size sufficiently s m a l l for the 
p o l y m e r to reta in its transparent appearance. S t r a i n - i n d u c e d crysta l l iza
t ion of the h a r d segments is cons idered an u n l i k e l y explanat ion i n v i e w 
of the l o w permanent set of the n e w l y r e m o l d e d copolymer . A f t e r 
r e m o v a l of the strain, crystal l ine h a r d segments i n d u c e d b y strain w o u l d 
be expected to r e m a i n crystal l ine at least i n part , since the crystal l ine 
f o r m of the h a r d segment is the stable f o r m at r o o m temperature as 
i n d i c a t e d b y the spontaneous crys ta l l iza t ion of the 4 G - b a s e d copolymer . 

et 
IAJ X h-
s 

6 DAYS 

> 
ε 

tr 
l u χ Ι Ο 
ο 

35 DAYS 

50 1 0 0 1 5 0 

T E M P E R A T U R E ( ° C ) 

2 0 0 

Figure 6. Differential scanning calorimetry traces of re
molded 50% tetramethylene m-terphenyl-4y4"-dicarbox-
ylate/PTME u\-terphenyl-4,4"-dicarboxylate copolymers 

taken 6 and 35 days after remolding 
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R e t e n t i o n of s t ra in - induced crystals w o u l d b e expected to result i n 
permanent set values for the 4 G - b a s e d c o p o l y m e r cons iderably h igher 
than the 3 % observed. T h e other alternative explanat ion, the presence 
of microcrys ta l l ine h a r d segments, appears u n l i k e l y as there is no m e l t i n g 
endotherm i n the di f ferent ia l scanning ca lor imetry trace of the n e w l y 
r e m o l d e d copolymer . T h e presence of a glassy hard-segment phase 
composed of a lkylene m-terphenyl -4 ,4" -dicarboxylate segments seems the 
most l i k e l y explanat ion at this t ime for the h i g h tensile a n d tear strengths 
of the n e w l y r e m o l d e d copolymer . 

Summary and Conclusions 

E l a s t o m e r i c polyether-es ter b l o c k copolymers were p r e p a r e d b y mel t 
transesterification of po ly ( te t ramethy lene ether) g l y c o l of molecular 
w e i g h t a p p r o x i m a t e l y 1000 w i t h a var ie ty of diols a n d esters. T h e ease of 
synthesis a n d the propert ies of these thermoplas t ic copolymers have b e e n 
re la ted to the c h e m i c a l structure a n d concentrat ion of the ester h a r d 
segments. 

A m o n g the terephthalate-based polyether-ester copolymers , those 
p r e p a r e d u s i n g 1 ,4-butanediol as the d i o l m o n o m e r exhib i t the best 
overa l l p h y s i c a l propert ies . T h e use of ethylene g l y c o l as the d i o l 
m o n o m e r retards the rate of p o l y m e r format ion a n d results i n copolymers 
w h i c h crystal l ize s l o w l y . O t h e r a l iphat ic α,ω-diols y i e l d terephthalate-
based polyether-es ter copolymers w h i c h are l o w i n tensile strength a n d 
tear strength relat ive to the 1,4-butanediol-based copolymer . T e r e p h 
thalate-based copolymers p r e p a r e d w i t h 1 ,4-benzenedimethanol as the 
d i o l m o n o m e r are re lat ively l o w i n inherent viscosity, tensile strength, 
a n d tear strength. 

W h e n 1 ,4-cyclohexanedimethanol is used as the d i o l monomer , phase 
separation occurs i n the p o l y m e r i z i n g melts of terephthalate-based p o l y 
ether-ester copolymers b u t not those of the analogous isophthalate-based 
copolymers . Phase separation i n the mel t d u r i n g copolymer iza t ion , i f 
sufficiently severe, drast ical ly impairs the propert ies of the product . 

A l l of the isophthalate-based polyether-ester copolymers w h i c h w e r e 
p r e p a r e d us ing various diols are s low to crystal l ize . Those copolymers 
that eventual ly do crystal l ize exhibi t excellent tensile strength a n d tear 
strength. A l l of the 2 ,6-naphthalenedicarboxylate copolymers p r e p a r e d 
u s i n g l inear α,ω-diols exhibi t excellent tensile strength a n d tear strength. 
Phase separation i n the melt is encountered w i t h 4 , 4 ' - b i p h e n y l d i c a r b o x y l -
ate-based c o p o l y m e r at the 50-wt % ester l e v e l w h e n 1 ,4-butanediol is 
used as the d i o l m o n o m e r b u t not w h e n 1 ,3-propanediol , 1 ,5-pentanediol , 
a n d 1,6-hexanediol are used. 

Polyether-es ter copolymers based o n ra-terphenyl-4,4"-dicarboxylate 
exhibi t excellent tensile strength a n d tear strength despite a n apparent 
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absence of crysta l l in i ty of the ester groups. O v e r a p e r i o d of weeks the 
I , 4 -butanediol -based c o p o l y m e r g r a d u a l l y crystal l izes , a c c o m p a n i e d b y a n 
increase i n the m o d u l u s a n d hardness of the copolymer . 

It is evident f r o m this s tudy that c o m b i n i n g any h i g h - m e l t i n g ester 
component w i t h the best avai lable polyether segment is not sufficient to 
insure that the resul t ing b l o c k c o p o l y m e r w i l l have the propert ies des i red 
of a high-strength, thermoplast ic elastomer. T h e structure of the ester 
segment has an impor tant effect o n m a n y propert ies i n c l u d i n g ease of 
synthesis, m o l e c u l a r w e i g h t obta ined, rate of crys ta l l iza t ion or h a r d e n i n g , 
tensile strength, tear strength, a n d elastic recovery. 

Literature Cited 

1. Noshay, A., McGrath, J. E., "Block Copolymers," pp. 313-328, 432-435, 
Academic, New York, 1977. 

2. Kalfoglou, Ν. K., J. Appl. Polym. Sci. (1977) 21, 543. 
3. Hoeschele, G. K., Angew. Makromol. Chem. (1977) 58/59 (Nr 841), 299. 
4. Lilaonitkul, A., Cooper, S. L., Rubber Chem. Technol. (1977) 50, 1. 
5. Lilaonitkul, A., West, J. C., Cooper, S. L., J. Macromol. Sci., Phys. (1976) 

B12(4), 563. 
6. Nishi, T., Kwei, T . K., J. Appl. Polym. Sci. (1976) 20, 1331. 
7. Steggerda, B. F., Rijnders, R., F. R., T., SGF Publ. (Environ. Quest., TPE, 

Test.) (1976) 48, C5. 
8. Ijzermans, A. B., Pluijm, F. J., Huntjins, F. J., Repin, J. F., Br. Polym. J. 

(1975) 7, 211. 
9. West, J. C., Lilaonitkul, A., Cooper, S. L., Mehra, U. , Shen, M . , Polymer 

Prepr. (1974) 15(2), 191. 
10. Wolfe, J. R., Jr., Rubber Chem. Technol. (1977) 50, 688. 
11. Watson, W. H . , U.S. Patent 3,350,354 (1967). 
12. Witsiepe, W. K., ADV. C H E M . SER. (1973) 129, 39. 
13. Hoeschele, G. K., Chimia (1974) 28, 544. 
14. Cella, R., J., J. Polym. Sci., Polym. Symp. (1973) 42, 727. 
15. Seymour, R., W., Overton, J. R., Corley, L. S., Macromolecules (1975) 8, 

331. 
16. Duling, I. N. , Stearns, R., S., Scott, M . A., Scott, K. A., U.S. Patent 3,546,320 

(1970). 
17. Jakeways, R., Ward, I. M . , Wilding, M . A., Hall, I. H . , Desborough, I. J., 

Pass, M . G. , J. Polym. Sci., Polym. Phys. Ed. (1975) 13, 799. 
18. Edgar, O. B., Ellery, E., J. Chem. Soc. ( 1952) 2633. 
19. Dole, M . , Wunderlich, B., Makromol. Chem. (1959) 34, 29. 
20. Korshak, V. V., Vinogradova, S. V., Belyakov, V. M . , Izv. Akad. Nauk. 

SSSR, Otd. Khim. Nauk. (1957) 730. 
21. Edgar, Ο. B., Hill, R., J. Polym. Sci. ( 1952) 8, 1. 
22. Goodman, I., "Polyesters," in "Encyclopedia of Polymer Science and Tech

nology," Ν. M . Bikales, Ed., Vol. 11, p. 62, Wiley, New York, 1969. 
23. Hill, R., Walker, Ε. E., J. Polym. Sci. (1948) 3, 609. 
24. Whinfield, J. R., Nature (1946) 158, 930. 
25. Flory, P. J., Bedon, H . D. , Keefer, Ε. H., J. Polym. Sci. (1958) 28, 151. 
26. "1,4-Cyclohexanedimethanol," Eastman Industrial Chemicals Publication 

No. N-199B, Eastman Kodak Co., January 1976. 
27. Bell, A., Kibler, C. J., Smith, J. G. , U.S. Patent 3,261,812 (1966). 
28. Conix, A., Van Kerpel, R., J. Polym. Sci. (1959) 40, 521. 
29. Kibler, C. J., Bell, A., Smith, J. G. , J. Polym. Sci., Part A (1964) 2, 2115. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
7

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



7. W O L F E Elastomeric Polyether-Ester Copolymers 151 

30. Hoeschele, G. K., Witsiepe, W. K., Angew. Makromol. Chem. (1973) 
29/30, 267. 

31. Hoeschele, G. K., private communication. 
32. Wolfe, J. R., Jr., U.S. Patent 3,775,374 (1973). 
33. Wolfe, J. R., Jr., U.S. Patent 3,775,375 (1973). 
34. Oka, I., Tanigawa, Y., Kawase, S., Shima, T. , Jpn. Kokai 73 96,693 (1973); 

Chem. Abstr. (1974) 80, 134543q. 
35. Buck, W. H., Cella, R. J., Gladding, Ε. K., Wolfe, J. R., Jr., J. Polym. Sci., 

Polym. Symp. (1974) 48, 47. 
36. Wolfe, James R., Jr., Polym. Prepr., Am. Chem. Soc., Div. Polym. Chem. 

(1978) 19(1), 5. 

RECEIVED April 14, 1978. Contribution No. 425. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
7

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



8 

Phase Separation and Mechanical Properties of 
an Amorphous Poly(ether-b-ester) 

M . P. C. W A T T S 1 and E . F. T . W H I T E 

Department of Polymer and Fibre Science, University of Manchester, 
Institute of Science and Technology, Manchester, England 

The dynamic mechanical properties and phase separation 
of a series of amorphous condensation multiblock polymers, 
poly(oxypropylene-b-oxypropylene oxyterephthaloyl), was 
studied. Samples prepared from poly(oxypropylene) with a 
molecular weight of 3000 showed clear evidence of block 
phase separation from small angle x-ray scattering and two 
transition regions in torsional braid analysis. As the molec
ular weight of the poly(oxypropylene) was reduced, the 
stages between clear phase separation and formation of a 
homogeneous mixture were observed. The size and shape of 
the mechanical damping peaks could be controlled by the 
block size, the weight fractions of the two components, and 
the chemical composition of the components. 

T ) o l y m e r s are often used i n s o u n d absorpt ion a n d v i b r a t i o n d a m p i n g 
appl icat ions (I) , for example, i n r e d u c i n g h u l l noise i n ships (2) a n d 

i n sound-proof helmets ( 3 ) . T h e i r efficiency i n these appl icat ions is 
re lated to the tan δ of the p o l y m e r i n the range of frequencies a n d 
temperatures f o u n d i n the par t i cu lar appl i ca t ion . A major l i m i t a t i o n of 
convent ional amorphous homopolymers is that the r e g i o n of h i g h tan δ 
( > 0.8) extends over only 2 0 ° - 3 0 ° C , at 1 H z , i n the g lass - rubber transi 
t ion region (4). T h e r e have been m a n y attempts to b r o a d e n this d a m p i n g 
peak b y the a d d i t i o n of plast ic izers a n d fillers, b u t w i t h on ly l i m i t e d 
success (5,6). H o w e v e r , the w i d t h of the peak can be readi ly c o n t r o l l e d 
i n p o l y m e r b lends (7,8,9). Recent ly , interpenetrat ing networks ( I P N ) 
have been p r e p a r e d that show except ional ly b r o a d a n d h i g h tan δ m a x i m a , 

1 Current address: Materials Research Laboratory, Polymer Science and Engineer
ing, University of Massachusetts, Amherst, MA 01003. 

0-8412-0457-8/79/33-176-153$06.50/0 
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154 M U L T I P H A S E POLYMERS 

and they have properties in damping applications that are significantly 
better than other commercially available damping materials (5). It is 
thought that the broad maxima in tan Β observed in IPNs arises from a 
partial phase separation of the network chains such that regions of con
tinuously varying composition are found rather than the regions of p i r e 
homopolymer normally observed in polymer blends. Each volume element 
with a given composition contributes to the overall properties, leading 
to a broad tan 8 peak. 

The tendency of an amorphous multicomponent polymer system to 
phase separate is driven by the large negative enthalpy of the phase-
separated state relative to a homogeneous mixture (11), In terms of the 
Scott-Hildebrand solution theory (10), this negative enthalpy is related 
to the difference in solubility parameter of the components and their 
molecular weight. The tendency to phase separate is opposed by the 
loss in entropy caused by the reduction in chain configurations on phase 
separation. In principle, polymer blocks, grafts, blends, and IPNs could 
all show partial phase separation with a suitable choice of polymers and 
chain topology. 

The remarkable properties of amorphous block polymers, particularly 
poly ( styrene-b-diene ), have been studied extensively in recent years. 
Many studies (JO, 35, 36, 37, 38) suggest that the degree of phase separa
tion depends on the length of, the number of, and the chemical compo
sition of the blocks. 

The aim of the present study was to prepare multiblock polymers 
having a suitable combination of these three variables so that the change 
between a polymer showing phase separation to one behaving as a 
homogeneous mixture could be observed in a thermoplastic. In this 
intermediate region, properties similar to those of IPNs might be expected. 
The properties of these materials also would be of interest in comparison 
with the semicrystalline multiblock polymers such as the segmented 
polyurethanes and poly ( ethcr-b-ester ) s that are available commercially. 

Approach 

A series of amorphous condensation multiblock polymers were pre
pared comprising poly ( oxypropylene oxyterephthaloyl ) (3IGT), a brittle 
glassy solid, as the hard block and poly ( oxypropylene ) (PPO) or poly-
( di ( oxyethylene ) oxyadipoy 1 ) ( P D E G A ) as the soft block. 

Polymer Preparation 

The polymerization method used was a polycondensation of tereph-
thaloyl chloride, propane 1,2-diol, and the appropriate soft block ( Figure 
1) in a 20% solution in dry 1,2-dichloroethane at 8 5 ° C for 48 hours. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
8

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 
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•O-CH-CH.; HO-CH-CH-OH 
ι 2 CH 3 propane 1.2 diol 

d 
CI 

C H 3 ppo 
or 

- + O-CH^CH^O-CH^CH^O-p-fCH^CrO-} 
PDECA 0 0 ferephrhaloyl chbride 

soft block hard block 

sofr Hock MW - prepolymer MW = χ 
wr °fo prepolymer 25 [ 50 j 75 
hard bbc* MW ~~ 2x | χ | x/2 

Figure 1. Preparation of the multiblock polymers 

T h e m o l a r rat io of soft b l o c k to propane 1,2-diol a n d terephtha loy l 
c h l o r i d e was A : B : ( A + Β ) X 1.01. F o u r moles of p y r i d i n e per mole of 
a c i d c h l o r i d e was a d d e d to react w i t h the H C L p r o d u c e d i n the p o l y 
mer iza t ion . P y r i d i n e h y d r o c h l o r i d e was r e m o v e d at the e n d of the 
react ion b y w a s h i n g w i t h d i lu te H C L 

M u l t i b l o c k po lymers were p r e p a r e d f r o m P P O prepolymers w i t h 
molecu lar weights 400, 1000, 2000, 3000, a n d w e i g h t fractions of P P O 
25, 50, a n d 7 5 % . P P O " h o m o p o l y m e r s " were p r e p a r e d b y react ing P P O 
p r e p o l y m e r w i t h terephtha loyl ch lor ide alone. A sample also was pre
p a r e d conta in ing 5 0 % P D E G A of m o l w t 2550. 

T h e polymers w e r e character ized b y viscometry a n d G P C analysis . 
T h e viscosities w e r e measured as 0.5 g d l " 1 solutions i n 1,1,2,2-tetra-
chloroethane at 2 5 ° C . G e l permeat ion chromatograms w e r e measured 
i n d imethy lace tamide solut ion at 8 0 ° C . A t y p i c a l chromatogram of 3 I G T 
h o m o p o l y m e r is g i v e n i n F i g u r e 2. T h e r e is a s m a l l secondary peak at 
h i g h e lut ion v o l u m e . T h i s secondary peak appeared i n a l l of the polymers 
p r e p a r e d f r o m terephtha loy l ch lor ide , a n d the e lut ion v o l u m e of the 
m a x i m u m was constant, independent of the presence of P P O . T h i s 
secondary peak is thought to be at tr ibutable to res idua l terephthal ic 
a c i d a n d c y c l i c d i m e r a n d t r imer that are f o r m e d i n the early stages of 
polycondensat ion reactions ( 1 5 ) . T h e s imple construct ion s h o w n i n 
F i g u r e 2 was used to remove the l o w - m o l e c u l a r - w e i g h t peak, a n d the 
chromatograms were conver ted to p o l y ( s t y r e n e ) m o l e c u l a r w e i g h t u s i n g 
a computer p r o g r a m s u p p l i e d b y the D e p a r t m e n t of C h e m i s t r y , U n i v e r 
sity of Manches ter . A l l results are g iven i n T a b l e I. T h e o v e r a l l m o l e c u l a r 
w e i g h t of these polymers is est imated as 12,000-20,000 f r o m viscosi ty 
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156 MULTIPHASE POLYMERS 

T a b l e I. Data 

Soft Block 

Polymer 

P P O / 3 I G T 

( approx 

3 I G T / C 

(mol wt) wt frac) WfPPo WjTR s 
400 100 0.720 0.280 

75 0.526 0.420 2.03 
50 0.421 0.500 1.53 
25 0.215 0.637 1.17 

1000 100 0.869 0.131 
75 0.678 0.266 1.65 
50 0.469 0.415 1.22 
25 0.226 0.584 1.08 

2000 100 0.930 0.070 
75 0.724 0.216 1.35 
50 0.548 0.341 1.15 
25 0.314 0.511 1.06 

3000 100 0.951 0.049 

75 0.680 0.242 1.18 
50 0.486 0.380 1.08 
25 0.255 0.544 1.03 

2550 100 0.944 0.059 
50 0.55 0.329 1.11 

0 0.718 

β Τg of 3IGT homopolymer with the same molecular weight as the hard block. 
6 Single-point viscosities 0.5 g · dl" 1 in tetrachlorethane at 25°C. 

Elution volume 

Detector 
response 

Figure 2. GFC chromatogram of 3IGT prepared using terephthaloyl 
chloride (3IGT/C) 
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8. WATTS AND WHITE Amorphous Poly(ether-b-ester) 157 

f o r the P o l y m e r s 

Hard Block Tetrachlo- GPC in Tç/K Hard Block 
roethane DMA" (tan δ 

g H r T Tg/°Ca 0.5/dl g-1» (Mn X 10~3 MJMJ max) 

0.401 56 2.03 251 
2.04 536 8 0.615 71 2.26 271 
2.96 728 13 0.548 59 2.18 283 
7.39 1640 12 0.375 29 1.97 315 

0.550 229 
2.59 643 9 0.842 92 1.49 248 
5.54 1260 32 0.556 63 2.61 267 

16.39 3607 71 0.455 54 2.28 308 

0.423 34 2.03 221 
3.98 926 22 0.502 49 2.46 235 
8.38 1820 46 0.490 39 2.22 260 

21.84 4553 78 0.413 308 

0.425 30 1.83 219 
(14.30) a (2.99) * 

7.13 1566 41 0.398 33 2.06 234 
15.77 3368 68 0.494 52 2.29 —. 
43.02 8852 90 0.391 64 2.12 317 

0.415 31 1.74 241 
10.25 2199 0.425 37 2.16 261 

0.319 51 363 
( D S C ) 

c GPC in dimethyl acetamide solution at 80°C, poly(styrene) calibration. 
d GPC in dimethyl acetamide solution at 80°C, poly(oxyethylene) calibration. 

a n d G P C data (16,17). T h e ratio of M w / M ^ i n terms of p o l y ( s t y r e n e ) 
m o l e c u l a r w e i g h t was 1.7/2.6; a s i m i l a r range has been repor ted for 
p o l y ( oxytetramethylene oxyterephthaloyl -co-oxysebacoyl ) r a n d o m co
polymers ( 2 2 ) . 

Naming System 

T h e m u l t i b l o c k polymers are d is t inguished b y soft-block type , the 
m o l e c u l a r w e i g h t of the soft b lock , a n d the appropr ia te w e i g h t f rac t ion 
of the soft b lock . Therefore , P P O 3000/50 refers to a P P O / 3 I G T b l o c k 
p o l y m e r , p r e p a r e d f r o m a P P O p r e p o l y m e r w i t h m o l e c u l a r w e i g h t of 
3000 a n d conta in ing approximate ly 5 0 % b y w e i g h t of P P O . P P O 3000/ 
100 represents a P P O " h o m o p o l y m e r " p r e p a r e d b y l i n k i n g a P P O pre
p o l y m e r m o l w t 3000 w i t h t e rephtha loy l ch lor ide . 3 I G T / C refers to 
3 I G T p r e p a r e d f r o m terephtha loy l ch lor ide a n d 3 I G T / M to m e l t - p o l y 
m e r i z e d 3 I G T u s i n g d i m e t h y l terephthalate . 
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158 MULTIPHASE POLYMERS 

Block Molecular Weights 

T h e sequence d i s t r ibut ion of m o n o m e r residues i n copolycondensa-
t i o n reactions of this type has been s tudied i n deta i l b y Peebles (18,39). 
I f a l l monomers are assumed to have e q u a l react iv i ty a n d if the react ion 
has gone to comple t ion , the number-average sequence length of 3 I G 
res idues (g ) is g i v e n b y : 

__ [ 3 I G ] 0 + [ P P O I o r , . . . . , , + . 
g = 1 r p p r v i [ Jo = i n i t i a l concentrat ion 

S i m i l a r l y , for P P O residues: 

- [ 3 I G ] 0 + [ P P O ] o 
S [ 3 I G ] 0 

T h e sequence lengths f o l l o w a "most p r o b a b l e " d i s t r ibut ion ; values of 
s~ a n d g for each p o l y m e r are g i v e n i n T a b l e I. Because of the h i g h 
m o l e c u l a r w e i g h t of P P O , ~s is general ly less than two , so the m o l e c u l a r 
w e i g h t of the soft b l o c k w i l l be taken as the molecu lar w e i g h t of the 
P P O p r e p o l y m e r . T h e m o l e c u l a r w e i g h t of the h a r d b l o c k (Hn) is 
g i v e n b y : 

# n = 2O6 0 + 148 

206 = m o l w t of repeat u n i t 

148 = m o l wt of o x y t e r e p h t h a l o y l residue 

T o a first a p p r o x i m a t i o n , a m u l t i b l o c k p o l y m e r p r e p a r e d f r o m P P O w i t h 
m o l e c u l a r w e i g h t χ conta in ing 5 0 % P P O b y w e i g h t w i l l have a h a r d -
b l o c k m o l e c u l a r w e i g h t of x; one conta in ing 2 5 % w i l l have a h a r d - b l o c k 
m o l e c u l a r w e i g h t of 2x; a n d one conta in ing 7 5 % P P O a h a r d - b l o c k of 
x/2 ( F i g u r e 1 ) . 

Melt Polymerization of 3IGT 

L o w - m o l e c u l a r - w e i g h t 3 I G T homopolymers (1000-8000) w e r e pre
p a r e d b y mel t po lycondensat ion (19) u s i n g d i m e t h y l terephthalate, a n d 
the T g s w e r e measured u s i n g D S C . M o l e c u l a r weights u p to 4000 w e r e 
measured b y end-group analysis, h igher m o l e c u l a r weights w e r e est imated 
b y extrapolat ion of the T g / m o l w t curves (16,17). A n attempt was m a d e 
to prepare P P O 3000/50 b y the same m e t h o d , b u t the P P O f o r m e d a 
separate layer i n the m e l t before h i g h - m o l e c u l a r - w e i g h t p o l y m e r was 
f o r m e d a n d the attempt was a b a n d o n e d . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
8

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



8. WATTS AND WHITE Amorphous Poly(ether-b-ester) 159 

Mechanical Testing 

T h e room-temperature propert ies of the polymers v a r i e d f r o m visco-
elastic l i q u i d s for 1 0 0 % P P O t h r o u g h soft ( 5 0 % P P O ) a n d t o u g h ( 2 5 % 
P P O ) solids to a br i t t le glass ( 3 I G T ) . A tors ional b r a i d p e n d u l u m was 
used as the d y n a m i c mechanical-test m e t h o d , because o n l y w i t h a sup
p o r t e d sample c o u l d of the po lymers be tested o n one apparatus , a n d 
o n l y s m a l l amounts of the polymers w e r e avai lable . T h e tors ional p e n 
d u l u m was based o n G i l l h a m ' s design (20 ) , w i t h the iner t ia disc m o t i o n 
b e i n g detected b y a Hal l -e f fec t device . T h e glass substrate consisted of 
two glass rovings twis ted a r o u n d each other b y " d o u b l i n g " to g ive a 
u n i f o r m b u n d l e of 1680 filaments that acted as support for the p o l y m e r , 
w i t h the ends of the glass t r a p p e d i n c r i m p tags. T h e p o l y m e r was cast 
onto the b r a i d as a 3 0 % solut ion i n a suitable solvent, a n d the solvent 
r e m o v e d s l o w l y at atmospheric pressure a n d under v a c u u m to leave a 
composite consist ing of a p o l y m e r matr ix a n d the glass support . T h e 
v o l u m e f rac t ion of p o l y m e r i n the b r a i d ( φ ρ ) was ca lcu la ted f r o m the 
weight per uni t length of the b r a i d , k n o w i n g the amount of glass present 
a n d assuming a p o l y m e r density of 1.0. 

T h e braids w e r e tested f r o m — 1 0 0 ° C u p w a r d s at a hea t ing rate of 
1 ° C m i n " 1 a n d a f requency of « 1 H z , u s i n g an iner t ia l w e i g h t of 4.55 
Χ 10" 5 k g m 2 . T h e d a m p e d sine waves were processed b y h a n d to g ive 
l o g decrement a n d m o d u l u s . T h e radius of the sample was ca lcu la ted 
f r o m the weight per uni t length , as above, w i t h the a d d i t i o n a l assumption 
that the sample was a r ight c i r cu lar c y l i n d e r a n d that there were no 
voids i n the sample . 

The Torsional Braid as a Composite Material 

I n any discussion of the results f r o m tors ional b r a i d analysis i t is 
important to establish w h a t cont r ibut ion the glass w i l l m a k e to the 
propert ies of the composite . T h e p r i n c i p a l effects of the glass are i l l u s 
trated i n F i g u r e 3. T h e m o d u l u s a n d log-decrement curves for a sample 
of p o l y ( s t y r e n e ) a n d a b r a i d of p o l y ( s t y r e n e ) were cast f r o m a toluene 
so lut ion a n d tested u s i n g t w o different iner t ia weights . T h e sample of 
pure p o l y ( s t y r e n e ) was tested o n a convent iona l i n v e r t e d tors ional 
p e n d u l u m (21). T h e m o d u l u s a n d d a m p i n g curves are i n f a i r l y close 
agreement at l o w temperatures a n d i n the first par t of the t rans i t ion 
reg ion b u t b e y o n d the m a x i m u m i n l o g decrement, there are major 
differences b e t w e e n the curves. M o s t i m p o r t a n t is i n the observat ion 
that at h i g h temperatures the m o d u l u s of the composi te tends to a 
constant l i m i t i n g va lue . A b o v e the glass-transition temperature , the 
m o d u l u s of the p o l y ( s t y r e n e ) matr ix becomes very s m a l l , so this l i m i t i n g 
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160 MULTIPHASE POLYMERS 

Figure 3 . A comparison between the mechanical properties of poly (sty
rène) and a poly(styrene) braid. (Φ) Compression-molded sample of PS. 
PS braid cast from toluene, φρ = 0.78. (Ο) Il—4.55 Χ JO" 5 kg m'2. (+) 

12—8.8 X JO" 6 kg m'K 

modulus must correspond to the torsional rigidity of the glass trapped 
between the two crimp tags. The damping of the braid also tends to a 
low constant value at high temperatures for the same reason. The effect 
of the different inertia weights (II, 12) is probably a result of the change 
in tension in the sample, altering the configuration of the glass. As a 
result of the change in the damping curves at high temperatures, the Tg 

as defined by the maximum in log decrement has been shifted down in 
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8. WATTS AND WHITE Amorphous Poly(ether-b-ester) 161 

temperature b y about 5 ° C . T h e important conc lus ion of this discussion 
is that b e l o w the m a x i m u m i n l o g decrement the results f r o m the b r a i d 
are c o m p a r a b l e w i t h a sample of p u r e p o l y m e r , b u t above the m a x i m u m 
the propert ies of the glass substrate dominate the composite b r a i d . 

T h e va lue of the m o d u l u s of the p o l y ( styrene) b r a i d at l o w tempera
ture is smaller than the sample of p u r e p o l y (s tyrene) because the cross-
sect ion of the b r a i d is rather i rregular , a n d the a p p r o x i m a t i o n of an 
i r regular cross-section b y a c i rcu lar one w i l l i n e v i t a b l y l e a d to a n u n d e r 
estimate of m o d u l u s (21). F o r this reason, the absolute values of the 
m o d u l u s of the m u l t i b l o c k polymers i n F i g u r e s 4 -10 are unre l iab le . 

It s h o u l d be n o t e d that a T L i L w o u l d not be expected i n this p o l y -
( styrene ) b r a i d sample because of its h i g h m o l e c u l a r w e i g h t ( a p p r o x i 
mate ly 100,000 ) (46). A l s o , this analysis of the composi te s tructure of 
the b r a i d supports Nielsen's (47) suggestion that T L , L arises solely f r o m 
the r e s i d u a l elasticity of the glass. T h e tors ional p e n d u l u m , b r a i d , a n d 
T L f L w i l l be discussed i n more de ta i l e lsewhere (16,17). 

Properties of the Multiblock Polymers 

F i g u r e 4 shows the properties of P P O 3000/50 cast f r o m m e t h y l 
e t h y l ketone ( M E K ) a n d toluene. T h e sample cast f r o m M E K shows 
t w o equal -s ized peaks i n l o g decrement b u t i n the sample cast f r o m 
toluene, the high- temperature peak is m u c h larger than the low- tempera 
ture peak. These variat ions are t y p i c a l of a two-phase composite i n 
w h i c h the m o r p h o l o g y is cont ro l l ed b y the cast ing solvent (21). A l l of 
the other samples were cast f r o m solutions i n M E K . T h e results for a l l of 
the other samples are s u m m a r i z e d i n F i g u r e s 5, 6, 7, 8, a n d 9. T h e series 
of polymers p r e p a r e d f r o m P P O m o l w t 400 a l l s h o w e d a sharp transi t ion 
reg ion s imi lar to p o l y ( s tyrene) . A sample of mel t p o l y m e r i z e d 3 I G T of 
m o l w t 2750 also is s h o w n . A s the b l o c k m o l e c u l a r w e i g h t increases, the 
transi t ion region becomes progressively broader u n t i l i n P P O 3000/50 a 
d o u b l e peak is f o r m e d . T h e breadth of the transi t ion reg ion i n the 
samples p r e p a r e d f r o m h i g h - m o l e c u l a r - w e i g h t P P O m a y be taken as 
evidence of some f o r m of phase separation. 

Small Angle X-Ray Results 

S m a l l angle x-ray pictures of melt-pressed films of P P O 3000/50 a n d 
3000/25 cast f r o m M E K showed a w e l l - d e f i n e d di f f ract ion r i n g g i v i n g a 
measure of the size of the inhomogeneit ies i n the mater ia l . A M E K - c a s t 
film of P P O 3000/50 gave i d e n t i c a l results. A sample of P P O 2000/25 
gave a diffuse scatter ing after three times the exposure of the P P O 
3000/50, i n d i c a t i n g the presence of i r regular inhomogeneit ies w i t h less 
difference i n electron density b e t w e e n the scattering regions ( F i g u r e 10) . 
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168 MULTIPHASE POLYMERS 

Figure 10. Small angle x-ray pictures 
of the multiblock polymers, (top) PPO 
3000/25, 24-hr exposure, (middle) 
PPO 3000/50, 24-hr exposure, (bot
tom) PPO 2000/25, 50-hr exposure. 
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8. WATTS AND WHITE Amorphous Poly(ether-b-ester) 169 

Discussion 

The small angle x-ray results show that regular inhomogeneities were 
present in samples P P O 3000/50 and 3000/25. The crucial question in 
any study of this type is what sort of phase separation has occurred in 
these polymers? The blocks, whole chains with slightly different compo
sition, or low-molecular-weight impurities could have separated out. It is 
well established that the size of the inhomogeneities produced by phase 
separation of the blocks in a block copolymer are controlled by the 
molecular weight of the blocks (24, 25) because the joints between the 
blocks must lie in the interfacial region between the domains ( Figure 11). 

Β Α Β A Β 

Interfacial volume fraction f= 
DA*0B-2X 

Figure 11. Diagram of phase separation of a multiblock polymer 

Table II shows the Bragg spacing and the sum of the unperturbed 
block dimensions for PPO 3000/50 and 3000/25, < r0 > was estimated 
from the values for PPO, and poly ( oxyethylene oxyterephthaloyl ) given 
in the literature (26). As the average block molecular weight increased, 
the Bragg spacing also increased and is the same order of magnitude as 
the unperturbed block dimensions. This can be taken as a clear indication 
that phase separation of the blocks has occurred in P P O 3000/50 and 
3000/25. 
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170 MULTIPHASE POLYMERS 

Table II. Small Angle Scattering Data 

Polymer 

PPO 
(mol 
wt) 

SIGT 
( mol 
wt) 

Average 
(mol 
wt) R ° 

Bragg 
Spacing 

P P O 3000/50 
P P O 3000/25 

3000 
3000 

3368 
8852 

3184 
5926 

10.09 n m 
13.3 n m 

14.4 n m 
19.2 n m 

° R = <r 0 > P po + < r o > 3 i G T ; 
<ro> 

M i ~ 0.087 nm. 

Τg/Composition Relation 

If the polymers do not show phase separat ion they can be cons idered 
as r a n d o m copolymers . T h e Tg of a r a n d o m c o p o l y m e r solely depends 
o n composi t ion i f the m o l e c u l a r w e i g h t is sufficiently h i g h for Tg to be 
independent of molecular w e i g h t ( 2 7 ) . It has been establ ished that the 
m o l e c u l a r w e i g h t of 3 I G T / C is h i g h enough to m a k e the Tg i n d e p e n d e n t 
of m o l e c u l a r w e i g h t (16,17). I n these copolymers the residues of three 
monomers appear . T o define the c o m p o s i t i o n of a l l of the P P O - b a s e d 
copolymers b y one weight f rac t ion , the contr ibut ions of the other t w o 
components must b e a d d e d together. 

- ^ 0 - Ο Η 2 - ( ρ - ] - - [ L o - C H 2 - C H - J - ^ 0 - c 7 o V c 4 
C H 3

n C H 8 ο Ο 

P P O residue propane-1,2-diol oxyterephtha loy l 

residue residue 

D e f i n i n g Tg b y the m a x i m u m i n tan δ, a p lo t of Tg vs . we ight - f rac t ion 
P P O residues ( W f P P 0 ) a n d Tg vs. we ight - f rac t ion oxyterephtha loy l resi
dues ( W f T R ) can b e c o m p a r e d i n F i g u r e 12. T h e p lo t against W f T R 

shows the major i ty of the points l y i n g o n a curve ; those l y i n g off the 
curve are i n d e x e d a n d correspond to those po lymers w i t h u n s y m m e t r i c a l 
m a x i m a i n l o g decrement . T h e points l y i n g o n the l ine are those w i t h 
single, sharp m a x i m a i n l o g decrement a n d the 5 0 % copolymers that 
have s y m m e t r i c a l l y b r o a d e n e d peaks i n l o g decrement. T h e s imple 
Tg -composit ion re la t ionship for polymers w i t h a single sharp m a x i m a i n 
l o g decrement is evidence that they are b e h a v i n g l ike homogeneous 
r a n d o m copolymers . S i m i l a r l y , those po lymers that do not l ie o n the l ine 
must be phase separated because the regions p r o d u c i n g the m a x i m a i n 
l o g decrement have a different composi t ion to the o r i g i n a l p o l y m e r . T h e 
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WATTS AND WHITE Amorphous Poly(ether-b-ester) 

• •1 2 
3 

_J l _ 

0 0 0 2 0-4 0 6 0 8 10 
W f r p o 

Figure 12. Tg against copolymer composition defined by 
weight fraction oxyterephthaloyl and PPO residues. (1) 
PPO 3000/25, (2) PPO 2000/25, (3) PPO 1000/25, (4) 

PPO 2000/75, (5) PPO 3000/75. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
8

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



172 MULTIPHASE POLYMERS 

TG of p o l y ( 1 , 4 phenylene terephtha loyl ) has been repor ted as 540 Κ (41). 
A l l of the points c o u l d not be fitted b y the general Τ J compos i t ion 
f o r m u l a b y W o o d ( 2 7 ) , even w h e n the TG of p o l y (oxyterephtha loy l ) was 
a l l o w e d to float. If the point for 3 I G T was omit ted , the rest of the points 
w e r e fitted b y the F o x equat ion ( 40 ), s h o w n as a dashed l ine i n F i g u r e 12. 

1 W t Wg 
rp ' rp i* rp 
1 S 1 gl 1 g2 

T h e T g against w e i g h t - f r a c t i o n P P O - r e s i d u e s g r a p h shows a general 
T g / c o m p o s i t i o n curve w i t h s igni f icant ly more scatter t h a n the W f T R 

p l o t ( F i g u r e 12) . I n def in ing the c o p o l y m e r b y W f p P 0 , the TG is assumed 
independent of variat ions i n the rat io of terephtha loyl - to -d io l residues. 
I n the case of W f T R , the TG is assumed independent of variat ions i n the 
rat io of P P O to d i o l b y weight . Because P P O a n d propane 1,2-diol have 
the same repeat ing uni t , their c o n t r i b u t i o n to c h a i n flexibility w i l l be the 
same a n d hence W f T R provides the best measure of the compos i t ion of 
the polymers . 

Analysis of the Mechanical Properties 

T h e m o r p h o l o g y a n d compos i t ion var ia t ion f o u n d i n the phase-
separated materials can be d e d u c e d f r o m the shape a n d pos i t ion of the 
d a m p i n g curves. T w o - p h a s e composites are general ly f o u n d i n three 
basic morpholog ies ; phase 1 d ispersed i n a matr ix of phase 2, phase 2 
dispersed i n a matr ix of phase 1, a n d a l a m e l l a m o r p h o l o g y i n w h i c h 
b o t h phases are cont inuous. If phase 1 is a r u b b e r a n d phase 2 a glass, 
then the m o d u l u s of the composi te depends c r u c i a l l y o n the m o r p h o l o g y . 
If one of the phases is dispersed, the cont inuous phase dominates the 
dispersed phase, l e a d i n g to a n impact-resistant glass i n the first case 
a n d a filled r u b b e r i n the second. I n the case of a l a m e l l a m o r p h o l o g y , 
b o t h phases contr ibute e q u a l l y to the m o d u l u s of the composite i n a 
l o g a r i t h m i c l a w of m i x i n g . Consequent ly , the size of the tan δ peaks 
corresponding to the TG of the phases also w i l l d e p e n d o n the m o r p h o l o g y . 
T h e tan δ peak for the cont inuous phase is larger than that of the 
dispersed phase, a n d a l a m e l l a m o r p h o l o g y w i l l l e a d to t w o e q u a l l y s ized 
peaks. T h i s m a y be seen i n the exper imenta l data o n p o l y ( s t y r e n e - b -
d iene) polymers (28,45) a n d fo l lows f r o m the re lat ionship b e t w e e n tan 
δ a n d the dif ferent ia l of the l o g of the rea l m o d u l u s . T h e re lat ionship 
b e t w e e n tan δ a n d the viscoelastic funct ions is discussed i n Refs . 6, 16, 
21, a n d 44, a n d the propert ies of composites have been r e v i e w e d i n 
Ref . 21. 
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8. WATTS AND WHITE Amorphous Poly(ether-b-ester) 173 

T h e f o l l o w i n g assumptions are m a d e i n a n a l y z i n g the m e c h a n i c a l 
proper ty results. I n a complete ly phase-separated system, the Tg of the 
soft b l o c k is the same as the Tg of the P P O " h o m o p o l y m e r s , " e.g., P P O 
3000/100. T h e Tg of the h a r d b l o c k of a g i v e n molecular w e i g h t is the 
same as the Tg of the free h o m o p o l y m e r w i t h same m o l e c u l a r w e i g h t . 
T h e o v e r a l l g lass - rubber transi t ion is cons idered to arise f r o m incre
m e n t a l contr ibut ions of regions of different composi t ion c o m b i n e d to
gether as i n a convent iona l composite . 

PPO 400/75/50/25, 1000/75 (Figures 5 and 6) 

These a l l s h o w a single sharp m a x i m a i n l o g decrement a n d a 
s imple re lat ionship between Tg a n d composi t ion , i n d i c a t i n g that they are 
homogeneous materials . 

P P O 1000/50, 2000/50 (Figures 6 and 7) 

B o t h samples show a symmetr i ca l ly b r o a d e n e d peak i n l o g decre
ment . T h e w i d t h of the peak i n P P O 2000/50 indicates that regions w i t h 
w i d e l y v a r y i n g compos i t ion are present a n d the narrower peak i n P P O 
1000/50 indicates that less phase separation has o c c u r r e d i n this sample. 
T h e fact that the m a x i m a of the log-decrement peaks l ie o n the Tg/ 
compos i t ion curve a n d these peaks are symmetr i ca l ly b r o a d e n e d indicates 
that regions w i t h the same compos i t ion as the o r i g i n a l p o l y m e r are most 
c o m m o n a n d the regions of v a r y i n g composit ions are arranged i n a l a m e l l a 
m o r p h o l o g y i n w h i c h they a l l contr ibute equa l ly to the overa l l propert ies 
of the composite . 

PPO 3000/50 (Figures 4 and 8) 

T h e presence of t w o peaks i n l o g decrement shows that phase 
separat ion has d e v e l o p e d sufficiently for regions r i c h i n P P O a n d 3 I G T 
to be most c o m m o n . T h e differences be tween the temperatures of these 
t w o m a x i m a a n d the Tgs of the blocks i f complete phase separat ion h a d 
o c c u r r e d are s h o w n i n T a b l e I I I . T h e t w o peaks i n the M E K - c a s t sample 
are i n d i c a t i v e of a lamel la - l ike m o r p h o l o g y . T h e difference i n the size 
of the peaks i n the toluene-cast sample indicates a 3 I G T matr ix con
t a i n i n g P P O - r i c h dispersed regions. 

T h i s dependence of b l o c k p o l y m e r proper ty o n cast ing solvent also 
is seen i n p o l y ( styrene-b-diene ) polymers ( 2 8 ) . T h e o r e t i c a l w o r k (23) 
has s h o w n that the t h e r m o d y n a m i c a l l y most stable m o r p h o l o g y for a 
d i b l o c k p o l y m e r conta in ing 5 0 % of each component is a l a m e l l a m o r 
phology . F o r this reason M E K was chosen for the tests o n a l l other 
polymers . 
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174 MULTIPHASE POLYMERS 

T a b l e I I I . Tg V a l u e s of the Phase-Separated Regions 

Maxima in Log. Dec. 

Sample 
High Temp Low Temp 

(°C) (°C) 

P P O 3000/50: M E K C a s t 
P P O 3000/50: To luene C a s t 
P P O 3000/100 
3 I G T / M m o l w t 3368 68 

5 
35 

- 3 5 
- 4 0 
- 5 4 

P P O 3000/25 (Figure 8) 

P P O 3000/25 produces a s m a l l angle x-ray d i f f rac t ion r i n g b u t o n l y a 
single m a x i m a i n l o g decrement w i t h a l o n g , low-temperature t a i l . T h e 
compos i t ion of the regions p r o d u c i n g the m a x i m u m i n l o g decrement are 
different f r o m the compos i t ion of the parent p o l y m e r . T h e fact that a 
second peak i n l o g decrement is not observed for the P P O - r i c h regions 
w o u l d suggest that there is a 3 I G T - r i c h matr ix that dominates the 
m e c h a n i c a l propert ies , w i t h P P O - r i c h dispersed regions p r o d u c i n g the 
l o n g , low-temperature ta i l . B l o c k copolymers c o n t a i n i n g 2 5 % of one 
component general ly f o r m dispersed phases (23,29); also, the l o w -
temperature t rans i t ion i n P P O 3000/50 cast f r o m toluene is o n l y just 
v i s ib le , so i t is reasonable that the r e d u c t i o n i n P P O w e i g h t f rac t ion 
w o u l d l e a d to the disappearance of this t ransi t ion. 

P P O 2000/25, 1000/25 (Figures 6 and 7) 

F r o m the same evidence as above it m a y be d e d u c e d that there is 
a cont inuous 3 I G T matr ix w i t h dispersed P P O - r i c h regions. T h e n a r r o w 
i n g of the tan δ m a x i m a indicates that the differences i n compos i t ion 
get progressively smal ler w i t h l o w e r P P O molecu lar we ight , i n l ine w i t h 
the s m a l l angle x-ray results. 

PPO 3000/75, 2000/75 (Figures 7 and 8) 

T h e sh i f t ing of the m a x i m a i n l o g decrement to l o w temperatures is 
the evidence for phase separat ion. These polymers p r o b a b l y s h o w a l o n g 
low-temperature t a i l that has been o b s c u r e d b y the l i m i t i n g m o d u l u s of 
the b r a i d . 
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8. WATTS AND WHITE Amorphous Poly(ether-b-ester) 175 

PDEGA 2550/50 (Figure 9) 

T h i s sample shows a s l ight ly b r o a d e n e d peak s imi lar to P P O 1000/50. 
A s descr ibed i n the in t roduct ion , the d r i v i n g force for phase separat ion 
comes f r o m the large negat ive enthalpy of the phase-separated state 
relat ive to the homogeneous mixture . T h e entha lpy ( Δ Η ) can b e 
quant i f ied i n terms of the S c o t t - H i l d e b r a n d theory for these m u l t i b l o c k s 

w h e r e M is the average b l o c k molecu lar w e i g h t . T h e difference i n 
so lub i l i ty parameters for the t w o copolymers can be ca lcu la ted f r o m the 
table of g r o u p contr ibut ions ( 2 6 ) . 

C l e a r l y the difference i n s o l u b i l i t y parameters is consistent w i t h the 
difference i n b l o c k molecu lar w e i g h t r e q u i r e d to p r o d u c e phase separa
t i o n i n these t w o copolymers . 

PPO "Homopolymers" and 3IGT 

These polymers represent the homologous series s h o w n i n T a b l e IV. 
T h e strong secondary re laxat ion i n 3 I G T a n d P P O 400/100 is observed 
as a shoulder i n P P O 1000/100, 2000/100, a n d 3000/100. T h e secondary 
i n terephthalate p o l y m e r s is thought to arise f r o m tors ional osci l lat ions of 
the terephthalate units (30,31); this m e c h a n i s m is i n l ine w i t h the 
observat ion that the relaxat ion gets w e a k e r for the h igher -molecular -
w e i g h t P P O polymers . 

(10,12,16); 

P P O / 3 I G T 

P D E G A / 3 I G T 

δχ — § 2 = = s 2.5 

81 - 8 2 — 1.4 

Table IV. Structure of the P P O "Homopolymers 1 

Polymer M 

P P O 400/100 
P P O 1000/100 
P P O 2000/100 
P P O 3000/100 

3 I G T 1 
6.8 

17.3 
34.5 
51.7 

0.718 
0.28 
0.131 
0.07 
0.049 
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176 MULTIPHASE POLYMERS 

Sources of Uncertainty 

T h e major source of uncerta inty i n these results comes f r o m the 
inf luence the glass substrate m i g h t have o n phase separation; preferent ia l 
absorpt ion of one of the b locks onto the surface of the glass (32) w o u l d 
obv ious ly affect phase separation. T h e l o w - m o l e c u l a r - w e i g h t peak 
observed i n the G P C curves also c o u l d affect the results. I n so far as 
the T g / c o m p o s i t i o n c u r v e ( F i g u r e 12) shows a direc t T g / c o m p o s i t i o n 
re la t ion w i t h s y m m e t r i c a l d isplacement of the 2 5 % a n d 7 5 % copoly 
mers above a n d b e l o w the l ine , there is no evidence to suggest that 
these other factors are affect ing phase separation. T h e deta i led analysis 
of tors ional p e n d u l u m data is also rather uncer ta in at h i g h d a m p i n g 
values ( 3 3 ) , as is the analysis of mul t iphase systems b y s ingle- frequency 
i sochronal data (34). F o r most of the curves discussed here, the m a x i 
m u m i n l o g decrement is about 1.0, a n d these effects are l i k e l y to be 
"second o r d e r " c o m p a r e d w i t h the effect of the b r a i d a n d the large 
differences observed be tween the samples. 

Conclusions 

T h e sequence of curves i n F i g u r e s 5-11 shows the stages of p a r t i a l 
phase separation that occur i n an amorphous m u l t i b l o c k p o l y m e r w i t h 
polydisperse h a r d blocks . B y systematical ly v a r y i n g the b l o c k molecu lar 
weights a n d c o p o l y m e r composi t ion , the b r e a d t h a n d shape of the 
d a m p i n g peaks changed i n a systematic a n d predic tab le w a y . C o n t r o l l e d 
p a r t i a l phase separat ion w o u l d appear to be a p o w e r f u l w a y to t a i l o r i n g 
p o l y m e r propert ies for a par t i cu lar a p p l i c a t i o n . 

T h e difference be tween these polymers a n d convent iona l H y t r e l - t y p e 
p o l y ( ether-b-esters ) is e m p h a s i z e d b y the attempt to p o l y m e r i z e P P O 
3000/50 b y mel t polycondensat ion , the m e t h o d n o r m a l l y used for H y t r e l 
(42). C o m p l e t e phase separation occurred , s h o w i n g that the i n c o m 
p a t i b i l i t y be tween P P O / 3 I G T is m u c h greater than p o l y ( oxytetramethyl -
ene-b-oxytetramethylene o x y t e r e p h t h a l o y l ) . 
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9 

Properties and Morphology of Amorphous 
Hydrocarbon Block Copolymers 

M I T C H E L S H E N 

Department of Chemical Engineering, University of California, 
Berkeley, C A 94720 

The morphologies of heterogeneous block copolymers are 
determined by the block composition and by sample prepa
ration conditions. The resulting microstructures exert a 
profound influence on the properties of these materials. In 
this review we shall first discuss the thermodynamic condi
tions under which homogeneous block copolymers can be 
formed. These systems are interesting because their under
lying chain dynamics can be treated by the accepted molec
ular models. Next we present some examples of block 
copolymer morphologies. Statistical theories capable of 
satisfactorily explaining the observed morphologies are then 
briefly discussed. Finally the elastic, viscoelastic, and rheo-
logical properties of these materials are described. In all 
instances the dominant effect of the microdomain structure 
on these properties is demonstrated. 

T A u r i n g the past decade, there has been an upsurge of interest in study-
ing the relation between morphology and properties of block copoly

mers. The interest is generated mainly by the technological importance of 
these materials, e.g., their ability to form thermoplastic elastomers or im
pact-resistant plastics. Although there are some block copolymers that are 
homogeneous, most of them show microphase separation. The type of 
structure depends on such variables as chemical composition, block con
figuration, solvent power, etc. Advances in characterization techniques 
such as electron microscopy and low-angle x-ray scattering now render 
it possible to investigate their detailed morphologies. In this chapter we 
shall review the morphological and property studies of both homogeneous 

0-8412-0457-8/79/33-176-181$06.00/0 
© 1979 American Chemical Society 
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182 MULTIPHASE P O L Y M E R S 

a n d heterogeneous b l o c k copolymers as w e l l as the t h e r m o d y n a m i c theo
ries i n microphase separat ion i n these materials . T h e r e v i e w is not 
i n t e n d e d to be exhaustive, rather it w i l l focus on the more current w o r k s 
i n the field. F u r t h e r i n f o r m a t i o n is avai lab le i n the recent research m o n o 
graphs (1,2,3,4,5) a n d r e v i e w papers c i t e d (6, 7,8, 9,10). 

Homogeneous Block Copolymers 

T h e t h e r m o d y n a m i c cr i ter ion for the m i x i n g of t w o or more systems 
is that the free energy of m i x i n g must be negative. F o r p o l y m e r i c sys
tems, the entropy increases a c c o m p a n y i n g the m i x i n g of l o n g c h a i n 
molecules are very smal l . S ince the enthalpy of m i x i n g is usual ly posi t ive , 
i t is therefore not too surpr i s ing that phase separations often occur i n 
p o l y m e r i c mixtures . T h e t h e r m o d y n a m i c basis for microphase separation 
i n b l o c k copolymers has been presented b y K r a u s e (11,12) a n d M e i e r 
(13). I n the w o r k of Krause , the entha lpy change on microphase separa
t i o n is g i v e n b y the H i l d e b r a n d - V a n L a a r - S c a t c h a r d expression (14): 

AH - -kT(V/Vz)vAvBXAB(l - 2/z) (1) 

w h e r e V is the total v o l u m e of the mixture , Vz the v o l u m e of each latt ice 
site, ζ is the coordinat ion n u m b e r , k is B o l t z m a n n constant t>A a n d t ) B are 
v o l u m e fractions of A a n d Β blocks respect ively, Τ is absolute tempera
ture, a n d XAB is the F l o r y - H u g g i n s interact ion parameter b e t w e e n A s 
a n d Bs. 

T h e entropy change a c c o m p a n y i n g microphase separation is (12) 
for each c o p o l y m e r molecule . I n E q u a t i o n 2, m is the n u m b e r of blocks 

AS/k — ( ν Δ 1ην Δ + VBIUVB) - 2 (m - 1) (ASd/k) + In (m - 1) (2) 

i n the b l o c k c o p o l y m e r molecule . T h e entropy change at tr ibutable to the 
d e m i x i n g f r o m a homogeneous mix ture to a phase-separated system is 
g i v e n b y the first t e r m o n the r i g h t - h a n d side of E q u a t i o n 2. T h e second 
te rm accounts for the entropy decrease at tr ibutable to the i m m o b i l i z a t i o n 
of the segments l i n k i n g the A a n d Β blocks ( where ASd is disor ientat ion 
e n t r o p y ) . If the n u m b e r of blocks i n the c o p o l y m e r is large (m > 3 ) , 
then it is necessary to recognize the fact that after the first b l o c k - l i n k i n g 
segment has been p l a c e d o n the interface, the possible n u m b e r of sites 
ava i lab le to the subsequent l inks is n o w constrained. T h e entropy change 
for this effect is g iven b y the t h i r d te rm. C o m b i n i n g E q u a t i o n s 1 a n d 2, 
the free energy change o n microphase separation can be w r i t t e n . T h e 
cr i t i ca l interact ion parameter then can be readi ly obta ined b y sett ing the 
free energy change to zero : 
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9. SHEN Amorphous Hydrocarbon Block Copolymers 183 

( x a b ) « = F=^ife^ C " i V A l n V A + V B l n V B ) 

+ 2(m - 1) (ASd/k) - m ( m - 1)] (3) 

where n A a n d n B are the numbers of A a n d Β units i n each c o p o l y m e r 
molecule . C a l c u l a t i o n s o n the basis of E q u a t i o n 3 show that the m i c r o -
phase separation becomes more dif f icult w i t h increas ing m . V a l u e s of 
c r i t i ca l interact ion parameters c o m p u t e d for a m i x t u r e of h o m o p o l y m e r s 
are m u c h l o w e r than those for the b l o c k c o p o l y m e r w i t h i d e n t i c a l c o m 
pos i t ion . T h u s it is m o r e dif f icult for microphase separat ion to take place 
w h e n po lymers are l i n k e d together v i a covalent bonds as b l o c k copoly
mers. E x p e r i m e n t a l l y i t has b e e n f o u n d that a l though p o l y b l e n d s of 
polystyrene a n d p o l y (α -methyl styrene ) t e n d to be heterogeneous, the 
corresponding b l o c k copolymers are often homogeneous ( 15-21 ). 

A l t h o u g h there are very f e w homogeneous b l o c k copolymers a v a i l 
able they are nevertheless of interest because their viscoelast ic behav ior 
can be s t u d i e d w i t h i n the exist ing theoret ical f r a m e w o r k to e luc idate the 
molecu lar dynamics of b l o c k copolymers . T h e most accepted m o d e l i? 
the m o l e c u l a r theory of p o l y m e r viscoelast ic i ty p r o p o s e d m a n y years ago 
b y Rouse ( 2 2 ) , Bueche ( 2 3 ) , a n d Z i m m (24). T h e R B Z m o d e l d iv ides 
the p o l y m e r molecu le in to Ν - f 1 submolecules ( beads ) h e l d together 
w i t h Ν springs. T h e springs are stretched w h e n the p o l y m e r c o i l is 
d i s t u r b e d b y a shear gradient . T h e s p r i n g constant is g i v e n b y 3kT/b2, 
w h e r e b2 is the average end- to-end distance of the submolecule . A s the 
beads m o v e through the m e d i u m , a viscous d r a g is exerted o n t h e m whose 
m a g n i t u d e is g iven b y a f r i c t ion coefficient /. A t e q u i l i b r i u m the viscous 
a n d elastic forces are e q u a l to each other. A s i m p l i f i e d f o r m of the 
equat ion of m o t i o n can be w r i t t e n as fo l lows : 

X = σΖχ 

w h e r e χ a n d χ are c o l u m n vectors of b e a d posit ions a n d b e a d velocit ies , 
Ζ is the nearest n e i g h b o r matr ix , a n d σ = 3kT/b2f. 

I n the case of b l o c k copolymers (25, 26, 27, 28,29), E q u a t i o n 4 must 
be m o d i f i e d to take in to account the fact that not a l l of the beads are the 
same (as is the case for h o m o p o l y m e r s ) . F o r a t r ib lock c o p o l y m e r such 
as p o l y ( s tyrene-b -a -methyl styrene-b-styrene ), the equat ion of m o t i o n is 
(26): 

X = — σ 8 Ό _ 1 Ζχ 

w h e r e σ8 = 3kT/b8
2 /8, the subscripts s refer to the P S submolecule . T h e 

matr ix D" 1 is the inverse of 
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D 

Ο 
'"SA (6) 

Ο 

w h e r e δ Α = bA

2fA/bB% a n d subscripts A refer to P a M S submolecules . 
T h u s the elements i n the d i a g o n a l of this matr ix take into account the 
differences b e t w e e n the P S a n d P a M S submolecules . 

T h e solut ion of the equat ion of m o t i o n yie lds the d i s t r i b u t i o n of 
viscoelast ic re laxat ion times. F o r ease of compar i son w i t h exper imenta l 
data , m a x i m u m relaxat ion times for a n u m b e r of b l o c k copolymers w i t h 
different b l o c k configurations were c o m p u t e d (26). These are g i v e n i n 
T a b l e I. F i g u r e 1 shows the stress-relaxation isotherms d e t e r m i n e d for 
t w o d i b l o c k copolymers of styrene a n d α - m e t h y l s t y r e n e of t w o different 
m o l e c u l a r weights (21). These are sh i f ted into smooth viscoelast ic master 
curves ( F i g u r e 2 ) . T h e i r shift factors ( F i g u r e 3) are seen to f o l l o w the 
W L F equat ion closely, i n d i c a t i n g the essential homogenei ty of the b l o c k 
c o p o l y m e r samples. S i m i l a r experiments were also c a r r i e d out for a 
n u m b e r of t r ib lock copolymers of styrene a n d a - m e t h y l s t y r e n e (19). 
M a x i m u m relaxat ion times w e r e d e t e r m i n e d f r o m the master curves b y 

T a b l e I. Block C o n f i g u r a t i o n s a n d M a x i m u m R e t a r d a t i o n 
T i m e s of B l o c k C o p o l y m e r s (26) 

Block 
Log α 

Τ m ax 
Polymer Configuration 10% A 50% A 

I. D i b l o c k copolymer AXBV - 0 . 4 2 0.65 

I I . T r i b l o c k copolymers (a) A ^ B y A ^ 0.64 1.22 
(b) B^AyBj ; - 0 . 6 2 0.65 

I I I . A l t e r n a t i n g (segmented) 
b lock copolymers (a) ΑχΈ$χΑχΒχ . . . 0.26 0.97 

(b) A ^ B y A j B y . . — 0.97 

I V . M u l t i b l o c k copolymers (a) BXAyBZ - 0 . 6 0 0.65 I V . M u l t i b l o c k copolymers 
(b) B^AyB^AyBj ; 0.34 1.01 

° Computed for d A = 185. 
Macromoiecules 
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Figure 1. Stress-relaxation isotherms for two 
samples of poly(styrene-b-a-methylstyrene), BPI 
= M w = 0.8 Χ 105; BPII = M w = 1.5 X JO 5 . 
Solid curves: tensile data; broken curve: flexural 

data (21). 

P r o c e d u r e X of T o b o l s k y a n d M u r a k a m i (SO). T a b l e I I shows that the 
agreement is satisfactory be tween the ca lcu la ted a n d exper imenta l values 
( J O ) . 

Morphology of Heterophase Block Copolymers 

F i v e f u n d a m e n t a l d o m a i n structures are possible for b l o c k copoly
mers consist ing of t w o types of b locks . G e n e r a l l y lamel lar structures w i l l 
f o r m at composit ions w i t h a p p r o x i m a t e l y e q u a l proport ions of the t w o 
components . A s the p r o p o r t i o n of one component increases at the expense 
of the other, c y l i n d r i c a l morphologies w i l l result. T h e matr ix phase w i l l 
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T a b l e I I . M a x i m u m Viscoelas t ic R e l a x a t i o n T i m e s f o r B l o c k 
C o p o l y m e r s of S tyrene a n d a - M e t h y l s t y r e n e 

log (τηι/τηχ°) 

Sample Wt % aMS Exptfl CaVd Ref. 

S A S 5 0.50 0.50 19 
17 0.59 0.55 19 
34 0.01 1.10 19 
42 0.89 1.50 19 
65 1.76 1.90 19 

A S A 73 2.26 2.30 19 
A S 50 1.75 1.75 21 

-2 - ! 0 I 2 3 4 5 6 

Log t (sec) 

Figure 2. Viscoehstic master curves of poly(styrene-b-a-meth-
ylstyrene). Solid curve: sample BPI; broken curve: sample BPII 

(21). 
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0 8 16 2 4 32 4 0 4 8 56 

T - T r e f C C ) 

Figure 3. Viscoehstic shift factor data for samples BPI (tri
angles) and BPII (circles) of poly(styrene-h-a-methylstyrene). 
The solid curve was calculated from the WLF equation (21). 

be composed of the component i n greater abundance . A s the p r o p o r t i o n 
of one component continues to increase, eventual ly the m o r p h o l o g y of 
sper ica l domains of m i n o r component e m b e d d e d i n the matr ix of the 
other component appears. These structures have been observed for 
d i b l o c k copolymers of isoprene a n d styrene cast f r o m toluene (31). T h e i r 
e lectron micrographs are s h o w n i n F i g u r e 4. T h e dark regions b e l o n g to 
the polyisoprene ( P I P ) phase w h i c h was select ively s tained b y O s 0 4 . 
T h e d o m a i n structure of the 20/80 styrene/isoprene b l o c k c o p o l y m e r 
( F i g u r e 4a) shows t i n y spheres of polystyrene ( P S ) b locks dispersed i n 
a matr ix of polyisoprene . E l e c t r o n micrographs of 40/60 a n d 50/50 
composit ions ( F i g u r e 4b a n d 4c ) appear as a l ternat ing stripes w h i c h are 
actual ly profiles of the three d imens iona l lamel lar structures. F o r the 
60/40 b l o c k copolymer , c y l i n d r i c a l domains of the isoprene component 
i n P S matr ix can be observed ( F i g u r e 4 d ) . T h e dark dots represent ends 
of the c y l i n d r i c a l rods. 

T h e progressive changes i n m o r p h o l o g y w i t h c h a n g i n g composit ions 
also can be ach ieved b y a d d i n g homopolymers to the b l o c k c o p o l y m e r 
( 32, 33,34, 35 ). T h e a d d e d h o m o p o l y m e r is s o l u b i l i z e d into the corre
s p o n d i n g domains i n the b l o c k c o p o l y m e r if the m o l e c u l a r w e i g h t of the 
a d d e d h o m o p o l y m e r is e q u a l to or less t h a n that of the corresponding 
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188 MULTIPHASE POLYMERS 

Figure 4. Electron micrographs of diblock copolymers of styrene and isoprene 
cast from toluene and microtomed normal to the surface as indicated (31). 

b l o c k i n the copolymer . F i g u r e 5a shows the electron p h o t o m i c r o g r a p h of 
a t r i b l o c k c o p o l y m e r of s tyrene-butadiene-s tyrene ( S B S ) cast f r o m a 
m i x e d solvent of T H F / m e t h y l e t h y l ketone. Incorporat ion of a l o w 
m o l e c u l a r w e i g h t polystyrene ( P S ) i n the b lock c o p o l y m e r en larged the 
P S domains ( l i g h t reg ions ) , as seen i n F i g u r e 5b. H o w e v e r , if the a d d e d 
P S has a m o l e c u l a r w e i g h t that is greater than that i n SBS , then separate 
domains of p u r e P S appears ( F i g u r e 5c ). 

U n d e r appropr ia te condit ions i t is possible to observe long-range 
order i n b l o c k copolymers , e.g., i f samples are p r e p a r e d b y melt extrusion, 
t h e r m a l annea l ing , or s l o w rate of cas t ing (36-42). A n example for a 
s tyrene-butadiene b l o c k copolymer c o n t a i n i n g 6 8 % styrene is s h o w n i n 
F i g u r e 6. These structures are often referred to as "macrolat t ice . " I n 
some instances imperfect ions i n the long-range order m a y appear as 
" g r a i n boundar ies " n o r m a l l y f o u n d i n meta l l i c systems. These electron 
microscopic observations are s u p p o r t e d b y s m a l l angle x-ray scattering 
( S A X S ) a n d o p t i c a l l ight scattering studies (39,40,41,42). 
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Theories of Microdomain Formation 

T h e basic d r i v i n g force for m i c r o d o m a i n format ion i n b l o c k copoly 
mers is the reduct ion i n the pos i t ive surface free energy of the system 
resul t ing f r o m the increase of the d o m a i n size. T h i s d o m a i n size increase 
gives rise to a decrease i n the v o l u m e f rac t ion of in ter fac ia l reg ion i n 
w h i c h junct ion points of the copolymers must be d is t r ibuted . I n a d d i t i o n , 
configurat ions of the b l o c k chains must also change i n order to even-up 
the density def ic iency i n the inter ior of the domains . 

A n u m b e r of statist ical t h e r m o d y n a m i c theories fo r the d o m a i n 
format ion i n b l o c k a n d graft copolymers have been f o r m u l a t e d o n the 
basis of this idea . T h e p i o n e e r i n g w o r k i n this area was done b y M e i e r 
(43). I n his o r i g i n a l w o r k , however , he assumed that the b o u n d a r y be

t w e e n the t w o phases is sharp. L e a r y a n d W i l l i a m s (43,44) were the 
first to recognize that the interphase must be diffuse a n d has finite th ick
ness. K a w a i a n d co-workers (31 ) t reated the p r o b l e m f r o m the po in t of 
v i e w of mice l le format ion . A s the solvent evaporates f r o m a b l o c k copoly
mer so lut ion , a c r i t i c a l mice l le concentrat ion is reached. A t this point , 
the domains are f o r m e d a n d are assumed to u n d e r g o no further change 
w i t h c o n t i n u e d solvent evaporat ion. M i n i m u m free energies for an A B -
type b l o c k c o p o l y m e r were c o m p u t e d this w a y . 

H e l f a n d ( 45,46 ) u s e d a m e a n field a p p r o a c h to treat the p r o b l e m 
of m i c r o d o m a i n f o r m a t i o n ( F i g u r e 7 ) . F o r a d i b l o c k c o p o l y m e r w i t h a 
h i g h degree of p o l y m e r i z a t i o n , the f o l l o w i n g free-energy expression c a n 
be w r i t t e n (46) : 

T h e first t e r m o n the r i g h t - h a n d side of E q u a t i o n 7 accounts for the 
energy of m i x i n g at the interphase, a n d the entropy loss resu l t ing f r o m 
the fact that an A c h a i n (or Β c h a i n ) w h i c h has penetrated into the 
Β phase ( A phase) must t u r n back. I n this term, γ is the inter fac ia l 
tension, χ is the degree of p o l y m e r i z a t i o n , a n d ρ is the densi ty of p u r e A 
or B . I n a d d i t i o n , the inter fac ia l term must decrease w i t h increas ing 
d o m a i n size, w h i c h goes as 1/d w h e r e d is the d o m a i n repeat distance. 
T h e second term of this equat ion is at tr ibutable to the necessity of the 
segment l i n k i n g A a n d Β blocks b e i n g conf ined to the interphase. It is 
p r o p o r t i o n a l to the l o g a r i t h m of the ratio of the v o l u m e avai lable to the 

<*(XA/PA) (XB/PB) (7) 
(XA/PA) + (XB/PB) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
9

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



MULTIPHASE POLYMERS 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

00
9

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



9. SHE Ν Amorphous Hydrocarbon Block Copolymers 191 

Figure 5. Electron micrographs of triblock copolymers of styrene and buta
diene, (a) (top left) As cast from THF/methyl ethyl ketone; (b) (bottom left) 
cast from the same solvent with 20% polystyrene (Mn =_3,000); (c) (above) cast 

from the same solvent with 20% polystyrene (Mn = 30,000). 
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Figure 6. Electron micrograph of diblock copolymer of styrene and butadiene 
cast from xylene (courtesy of M . Hoffman) 
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A DOMAIN Β DOMAIN 
\ 

INTERPHASE 

l i n k i n a m i x e d homogeneous state to that i n the m i c r o d o m a i n s . T h e 
w i d t h of the in ter fac ia l reg ion is g i v e n b y a,r a n d is general ly of the order 
of nanometers. A n o t h e r consequence of the confinement of the l i n k to 
the interphase is the density def ic iency i n the inter ior of the d o m a i n . 
T h e system tends to statist ically reduce the conformations w h i c h l e a d to 
the inhomogeneous density a n d favor the rarer conformat ions i n the 
center of the d o m a i n . T h e loss of conformat iona l entropy w i l l increase 
w i t h increas ing size of the d o m a i n , w h i c h is represented b y the t h i r d 
term of E q u a t i o n 7. T h e s y m b o l b i n this te rm is the statist ical l e n g t h of 
a m o n o m e r uni t . T h e last t e rm i n the equat ion is independent of d o m a i n 
sizes a n d fixes the s tandard state of the system as that of a homogeneous 
m i x e d state. H e r e a is a measure of the repuls ion b e t w e e n A a n d Β 
blocks . B y m i n i m i z i n g E q u a t i o n 7, d can b e ca lcu la ted . T a b l e I I I shows 
that the c o m p u t e d values of ds are i n satisfactory agreement w i t h a v a i l 
able exper imenta l data for a n u m b e r of b l o c k copolymers of styrene a n d 
butadiene . 

I n their statist ical m o d e l for microphase separation of b l o c k c o p o l y 
mers, L e a r y a n d W i l l i a m s (43) p roposed the concept of a separat ion 
temperature TB. It is def ined as the temperature at w h i c h a first-order 
transi t ion occurs w h e n the d o m a i n structure is at e q u i l i b r i u m w i t h a 
homogeneous melt , i .e., 

AG = AH - Τ AS = 0 (8) 

or 

Γ . = (AH/AS)demix (9) 
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194 MULTIPHASE POLYMERS 

T a b l e III. M i c r o d o m a i n Repeat Dis tances i n B l o c k 
C o p o l y m e r s of Styrene a n d B u t a d i e n e (46) 

Mol Wt dexp 
Polymer (kg/mol) (nm) (nm) 

L a m e l l a r morphology 3 2 - 4 8 44 .5 51 
S - B 3 5 . 5 - 5 4 . 5 4 9 55 

7 1 - 4 6 74 63 
4 8 . 9 - 3 2 . 4 4 6 49 

B - S - B 1 9 . 4 - 7 2 - 1 9 . 4 4 0 38 
2 4 - 7 2 - 2 4 4 4 41 

3 7 . 5 - 7 2 - 3 7 . 5 4 8 48 
7 3 - 7 2 - 7 3 66 64 

S - B - S 1 4 . 1 - 2 7 . 9 - 1 4 . 1 2 7 - 3 0 24 
1 7 - 6 8 - 1 7 3 0 38 
1 4 - 3 0 - 1 4 2 6 25 

Spher i ca l morphology 
S - B 7 . 2 - 3 3 8 .6 8.4 

8 - 4 0 10.7 9.3 
1 1 - 4 7 10.8 11.1 
1 2 - 1 4 7 11.2 11.6 
1 2 - 1 6 3 10 .9 11.4 
1 3 - 5 9 12.8 12.4 
15-^32 11.2 14.3 
1 5 - 8 3 12.2 13.8 

S - B - S 1 3 - 7 5 - 1 3 13.5 13.1 
10-71-10 10 10.7 

7 - 3 5 - 7 9.3 8.5 
1 4 - 6 3 - 1 4 11.6 13.5 
2 1 - 9 8 - 2 1 17.0 18.1 

1 2 0 - 6 6 0 - 1 2 0 21 58 
Polymer Engineering and Science 

V a l u e s of the separat ion temperature for a series of p o l y ( styrene-b-buta-
diene-b-styrene ) were d e t e r m i n e d b y l ight transmission, ca lor imetry , a n d 
electron microscope observations (44). A compar i son be tween these 
exper imenta l a n d ca lcu la ted values of Ts is g iven i n T a b l e I V . F u r t h e r 
evidence for the existence of s u c h " s t r u c t u r e d - u n s t r u c t u r e d " transitions 
t h r o u g h rheo log ica l measurements w i l l be g iven i n a later section. 

Elasticity of Heterophase Block Copolymers 

T h e stress-strain b e h a v i o r of heterogeneous b l o c k copolymers de
pends o n their c h e m i c a l compos i t ion . Those consist ing of a soft r u b b e r y 
c o m p o n e n t a n d a h a r d glassy component m a y ei ther be r u b b e r l i k e or 
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9. SHEN Amorphous Hydrocarbon Block Copolymers 195 

p las t i c l ike . I n t r i b l o c k copolymers w h e r e the f o r m e r is the major c o m 
ponent , the stress-strain curves w o u l d exhibi t h i g h elast ici ty u p to n e a r l y 
1000% before f racture . T h e r u b b e r l i k e e last ic i ty arises f r o m the fact 
that the plast ic domains " a n c h o r " the r u b b e r y ne twork chains as pseudo-
crossl inks. I n a d d i t i o n , these domains also have the r e i n f o r c i n g effect of 
fillers (47). L e o n a r d (48) d e r i v e d an equat ion of state for s u c h systems: 

/ — (NBT/vR^L0) (1.0 + 2.5 μρ + 14.1 ^ p
2) (λ - 1/λ 2 ) (10) 

w h e r e / is the elastic force, R is the i d e a l gas constant, Τ is the absolute 
temperature, L0 is the unstretched length , vr a n d t>p are v o l u m e fractions 
of the r u b b e r y a n d plas t ic components , respect ively , Ν is the n u m b e r of 
r u b b e r chains a n c h o r e d b e t w e e n 2N domains , a n d λ is the e longat ion 
ratio. T h e theory was d e r i v e d f r o m entropy considerations of the hetero
geneous system a l t h o u g h the resul t ing equat ion is ident i ca l to the classi
c a l stat ist ical theory of r u b b e r elast ic i ty for filled systems. 

B l o c k copolymers i n w h i c h the plast ic component is sufficiently 
abundant to f o r m continuous regions can be regarded as microcompos i te 
materials . T h e dispersed domains i n these materials are m i c r o s c o p i c 
rather t h a n macroscopic i n dimensions . A n u m b e r of exist ing theories 
for the elast ici ty of composites has been successfully a p p l i e d to calculate 
the elastic m o d u l i of these materials . T a k a y a n a g i (49) a n d K a w a i (50) 
a n d their co-workers were a m o n g the first to treat the elastic m o d u l i as 
composites. T h e y chose an equiva lent m o d e l to represent composites, 
u s i n g the degree of m i x i n g ( λ ) of the dispersoids a n d the compos i t ion 
( φ ) of the dispersoids a n d matr ix as independent variables . Perfect mate
r i a l contact be tween the phases is assumed. W h e n the equiva lent m o d e l 
is stretched, the elastic force c a n be borne b y the matr ix alone or b y b o t h 
the matr ix a n d the dispersed phases. T h e m o d u l u s of the equiva lent 
m o d e l can be ca lcu la ted b y either the Series M o d e l or the P a r a l l e l M o d e l . 
F o r the Series M o d e l , the m o d u l u s of the composite i s : 

where subscripts d a n d m refer to dispersed a n d matr ix phases respec
t ively , u s are the v o l u m e fractions of the t w o phases, a n d λφ = vd. T h e 

a n d for the P a r a l l e l M o d e l : 

(12) 
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196 MULTIPHASE POLYMERS 

Table IV. Separation Temperatures in Triblock 

Volume 

Polymer 

K r a t o n 1101 

Molecular Weight X 10'3 Fraction 
— Styrene 

M , - M B - Μ , M n (φ8) 

12.5-75-12.5 100 0.245 

K r a t o n 1102 5.4-32.3-5.4 
9.4-56.2-9.4 

7 - 3 6 - 6 
16-78-16 

43 
75 
49 

112 

0.245 
0.245 
0.25 
0.275 

T R - 4 1 - 1 6 4 7 
T R - 4 1 - 1 6 4 8 

T R - 4 1 - 1 6 4 9 14-30-14 58 0.463 

u n p r i m e d λ a n d φ refer to the Series M o d e l a n d the p r i m e d ones to the 
P a r a l l e l M o d e l . T h e t w o models are i n fact equivalent , i f λ ' = 1 — vd — 
φ (51, 5 2 ) . E q u a t i o n s 11 a n d 12 have been u s e d b y a n u m b e r of authors 
(51,52,53) to compare w i t h exper imenta l ly d e t e r m i n e d elastic m o d u l i 
of heterophase b l o c k copolymers . H o w e v e r , the Ser ies -Para l l e l M o d e l 
is on ly v a l i d for soft dispersoids i n h a r d matr ix i n concentrat ion ranges 
where geometry of the dispersed phase is not important . F o r the inverse 
case of h a r d dispersoids i n soft matr ix , the m o d u l i da ta cannot be ade
quate ly p r e d i c t e d b y the m o d e l . H a l p i n (54) a n d N i e l s e n (55,56) 
proposed a more general equat ion that covers the complete composi t ion 
range. B u t as the compos i t ion of the b l o c k c o p o l y m e r changes, a phase 
invers ion can occur at a certain point . F o r such a s i tuat ion, the use of 
some e m p i r i c a l m i x i n g rules is necessary. Recent ly , F a u c h e r (57) p o i n t e d 
out that b y u s i n g the "polyaggregate" m o d e l of K e r n e r (58) i t is not 
necessary to postulate the existence of the matr ix phase. I n fact, the 
m o d e l impl ies the equivalence of the t w o phases. Since neither one can 
b e regarded as the matr ix for the other, the di f f icul ty of treat ing the phase 
invers ion is c i r c u m v e n t e d . T h e resul t ing equations are lengthy, but the 
predic t ions appear to agree w e l l w i t h l i terature data . 

F o r p las t ic - l ike heterophase b l o c k copolymers , the stress-strain be
h a v i o r is s trongly dependent o n m o r p h o l o g y . K a w a i a n d co-workers (59) 
f o u n d that for a 50/50 d i b l o c k c o p o l y m e r of styrene/isoprene cast f r o m 
a m i x e d solvent system of toluene a n d m e t h y l e t h y l ketone, the stress-
strain curve shows regions of y i e l d i n g a n d d r a w i n g . Transmiss ion elec
t r o n micrographs show that there is extensive e longat ion of the plast ic 
domains i n the r e g i o n of d r a w i n g . These authors h y p o t h e s i z e d that such 
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9. S H E N Amorphous Hydrocarbon Block Copolymers 197 

Copolymers of Styrene and Butadiene (44) 

Ts (K) 

Model Observed Method 

265 
430 
298 
735 

590 583-593 
> 343 
373-423 
> 340 
< 310 
> 600 
> 347 
< 530 
> 500 
573-598 

l ight t ransmiss ion 
c a l o r i m e t r y 
l ight t ransmiss ion 
ca lor imetry 
c a l o r i m e t r y 

515 

l ight t ransmiss ion 
c a l o r i m e t r y 
electron microscope 
c a l o r i m e t r y 
l ight t ransmiss ion 

Journal of Polymer Science, Polymer Physics Edition 

m o r p h o l o g i c a l changes can be at t r ibutable to heat t ransformed f r o m the 
strain energy, thereby caus ing the flow to take place u p o n stretching. 

U n d e r appropr ia te condit ions of sample preparat ion , the p h e n o m e n a 
of " s t ra in - induced p l a s t i c - r u b b e r t rans i t ion" can b e observed. F o r b l o c k 
copolymers e x h i b i t i n g y i e l d i n g a n d d r a w i n g regions i n the first stress-
strain cycle , there is usua l ly considerable strain-softening i n the second 
a n d subsequent deformat ion (60, 61, 62, 63). T h e d r a w i n g process occurs 
w h e n the n a r r o w i n g of the cross-sectional area of the sample s u d d e n l y 
appears at one point i n the sample a n d subsequent ly propagates u n t i l 
the entire sample is t ransformed. S u c h phenomena are s imi lar to that 
i n convent iona l plastics except that i n this instance the n e c k e d regions are 
not plast ic b u t r u b b e r y . A f t e r the n e c k i n g process has p r o p a g a t e d 
throughout , the sample w h i c h was i n i t i a l l y a plast ic has n o w become a 
rubber . T h e electron micrographs show that there is extensive d i s r u p t i o n 
of the cont inuous polystyrene domains i n the stretched sample. If the 
sample is annealed at e levated temperature, then the sample returns to 
the plast ic state (63). These m o r p h o l o g i c a l changes also can be observed 
b y smal l -angle x-ray scattering ( S A X S ) i n F i g u r e 8. T h e unstretched 
sample of a p o l y ( styrene-b-butadiene-b-styrene ) b l e n d e d w i t h 20% 
polystyrene shows a rather sharp peak b u t becomes b r o a d e n e d u p o n 
stretching. T h e scattering curve for the annealed sample , however , is 
more s imi lar to that of the unstretched sample, i n d i c a t i n g a p a r t i a l 
restoration of the o r i g i n a l m o r p h o l o g y (64). 

T h e m e c h a n i c a l propert ies of a macrolat t ice of S B S has been invest i 
gated ( 6 5 ) . T h e sample consists of a hexagonal array of polystyrene 
cy l inders e m b e d d e d i n the p o l y b u t a d i e n e matr ix . T h e stress-strain curves 
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S c a t t e r i n g A n g l e 

Figure 8. Small-angle x-ray scattering (SAXS) 
data for poly(styrene-b-butadiene-b-styrene) 
blended with 20% polystyrene and cast from 

THF/methyl ethyl ketone (after Ref. 64) 

of the macrolat t ice show a decis ive anisotropy. T h e m o d u l i data w e r e 
f o u n d to b e i n excellent agreement w i t h the T a k a y a n a g i - K a w a i m o d e l 
i f the l o n g i t u d i n a l sample is represented b y p a r a l l e l c o u p l i n g a n d the 
transverse sample b y series c o u p l i n g . 

Yiscoelasticity of Heterophase Block Copolymers 

I n a n earl ier section, w e have s h o w n that the viscoelast ic b e h a v i o r 
of homogeneous b l o c k copolymers can be treated b y the m o d i f i e d R o u s e -
B u e c h e - Z i m m m o d e l . I n a d d i t i o n , the T i m e - T e m p e r a t u r e Superpos i t ion 
P r i n c i p l e has also been f o u n d to be v a l i d for these systems. H o w e v e r , i f 
the b l o c k c o p o l y m e r shows microphase separat ion, these conclusions n o 
longer a p p l y . T h e basic tenet of the T i m e - T e m p e r a t u r e Superpos i t ion 
P r i n c i p l e is v a l i d o n l y i f a l l of the relaxat ion mechanisms are affected 
b y temperature i n the same manner . M a t e r i a l s o b e y i n g this P r i n c i p l e are 
s a i d to be thermorheologica l ly s imple . I n other w o r d s , re laxat ion times 
at one temperature are re la ted to the corresponding re laxat ion t imes at 
a reference temperature b y a constant rat io ( the shif t f a c t o r ) . F o r 
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9. SHEN Amorphous Hydrocarbon Block Copolymers 199 

heterogeneous systems, the constituent po lymers exist i n separate phases 
a n d must u n d e r g o relaxat ion processes i n d i v i d u a l l y . S u c h heterogeneous 
b l o c k copolymers therefore do not satisfy the sa id s t ipula t ion a n d s h o u l d 
be considered thermorheologica l ly complex (66,67,68, 69). T h e i r master 
curves are i n fact different i n shape at different temperatures because the 
relaxat ion times of the t w o different phases are affected b y temperature 
dif ferent ly . H o w e v e r , the exper imenta l ly accessible range ( w h i c h F e s k o 
a n d T s c h o e g l (66) c a l l " the exper imenta l w i n d o w " ) is smal l . W i t h i n this 
w i n d o w the n e i g h b o r i n g isotherms appear to be superposable b y s i m p l e 
h o r i z o n t a l sh i f t ing a l o n g the l o g a r i t h m i c t i m e axis, b u t the result of s u c h 
s h i f t i n g w o u l d g i v e rise to a n erroneous master curve . A use fu l w a y to 
represent the viscoelast ic i ty of heterogeneous system is the contour p lo t , 
a n example for w h i c h is s h o w n i n F i g u r e 9. S u c h a p l o t shows s i m u l -

-80 -60 -40 -20 0 20 40 60 80 
TEMPERATURE - *C 

Transactions of the Society of Rheology 

Figure 9. Contour plot (70) of dynamic loss compliance as a function of fre
quency and temperature for poly(styrene-b-butadiene-styrene). 
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2 0 0 MULTIPHASE POLYMERS 

taneously h o w a g i v e n viscoelast ic parameter , i n this case the d y n a m i c 
loss compl iance , depends o n b o t h the f requency (or t i m e ) a n d tem
perature ( 7 0 ) . 

T h e effect of m o r p h o l o g y on the viscoelast ic i ty of b l o c k copolymers 
has been invest igated (71, 72). T h e most important factor appears to be 
the connect iv i ty of domains . If the sample was cast f r o m a solvent, 
w h i c h results i n extensive interconnect ions a m o n g the h a r d domains ( for 
instance the glassy PS domains i n S B S ) , then the m o d u l u s i n the region 
( above the Tg of P S ) w i l l be re lat ively h i g h . O n the other h a n d , i f the 
h a r d domains are dispersed i n a soft matr ix ( the r u b b e r y P B d o m a i n s ) , 
then the m o d u l i i n the same region w i l l be l o w e r for the same sample 
( 7 1 ) . In a d d i t i o n , the rat io of storage m o d u l i ( E ' / G ' ) i n tensile a n d 
shear modes was f o u n d to be nearly three for the P B - c o n t i n u o u s S B S , 
w h i c h is as expected for elastomers. H o w e v e r , the rat io for the same 
sample w h i c h was cast f r o m solvents that render t h e m P S cont inuous is 
n o w greater b y an order of m a g n i t u d e (72). T h e anomalously h i g h v a l u e 
is a t t r ibuted to the anisotropic P S - d o m a i n connect iv i ty i n the f o r m of 
l o n g fibrils or lamel lae . 

Rheology of Heterogeneous Block Copolymer Melts 

Because the existence of d o m a i n structure i n heterogeneous b l o c k 
copolymers persists even i n the m o l t e n state, thier rheo log ica l behav ior 
is rather u n i q u e w h e n c o m p a r e d w i t h homogeneous p o l y m e r melts . 

ι 1 1 1 Γ 

I I I I I I 1 
1er 2 i c r 1 ι ί ο ί ο 2 ι ο 3 

S h e a r R a t e ( s e c - 1 ) 

Figure 10. Shear viscosity as a function steady-state shear rate for poly(sty-
rene-b-butadiene-b-styrene) at 150°C (after Ref. 47) 
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9. S H E N Amorphous Hydrocarbon Block Copolymers 201 

H o l d e n et a l . (47) first noted the pecul iar characteristics i n the steady 
shear behavior of the S B S b l o c k c o p o l y m e r melts . F o r a certa in c o m p o s i 
t i o n of styrene a n d butadiene , no l i m i t i n g N e w t o n i a n viscosi ty was f o u n d 
at l o w shear rates. F o r some of the others, there exist t w o dist inct v is 
cosity vs. shear rate relat ionships ( F i g u r e 10). A r n o l d a n d M e i e r (73) 
carr ied out the experiments i n osci l latory shear a n d f o u n d the same 
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Journal of Polymer Science, Polymer Physics Edition 

Figure 11. Dynamic shear viscosity as a function of temperature for poly-
(styrene-b-butadiene-b-styrene) at various angular frequencies (77) 
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anomaly . I n a d d i t i o n , these authors f o u n d that the viscosities ob ta ined 
w e r e m u c h h igher than that of ei ther h o m o p o l y m e r of the same molec 
u l a r w e i g h t as the b l o c k copolymer . T h e absence of a N e w t o n i a n viscosi ty 
was e x p l a i n e d i n terms of a fluid d o m a i n structure i n the melt that was 
progressively d i s r u p t e d , caus ing the viscosi ty to decrease m a r k e d l y w i t h 
increas ing shear rate. T h e h i g h viscosi ty is a t t r ibuted to the a d d i t i o n a l 
w o r k needed to overcome the t h e r m o d y n a m i c resistance to the m i x i n g 
process for the different b l o c k species to flow past each other. 

K r a u s et a l . (74, 75) s t u d i e d the steady flow a n d osci l latory flow 
b e h a v i o r of l inear t r ib locks of S - B - S a n d B - S - B a n d r a d i a l b l o c k copoly
mers of the type ( B - S - ) 3 , ( S - B - ) 3 , a n d ( S - B - ) 4 . F o r b l o c k copolymers 
of the same m o l e c u l a r w e i g h t a n d compos i t ion , those w i t h e n d b locks of 
P S a lways have h igher viscosities. H o w e v e r , w h e n c o m p a r e d w i t h corre
s p o n d i n g l inear b l o c k copolymers , the viscosities of the r a d i a l b l o c k 
copolymers are general ly lower . 

M o r e recently, i t has been demonstrated that m a n y of the u n u s u a l 
rheologica l b e h a v i o r of b l o c k copolymers w i l l d isappear w h e n the meas
urements were carr ied out at temperatures h igher than the separation 
temperature p r o p o s e d b y L e a r y a n d W i l l i a m s (43). F i g u r e 11 shows that 
for b u l k S B S b l o c k copolymers w i t h a c o m p o s i t i o n of 7 - 4 3 - 7 ( x l O 3 ) , 
the transi t ion occurs a r o u n d 1 4 5 ° C ( especial ly clear at l o w frequencies ) 
( 76, 77 ). These data are consistent w i t h those of P i c o a n d W i l l i a m s o n 
plas t i c ized b l o c k copolymers (78). 
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Block Size and Glass-Transition Temperatures 
of the Polystyrene Phase in Different Block 
Copolymers Containing Styrene Blocks as the 
Hard Phase 

S. K R A U S E and M . ISKANDAR 

Department of Chemistry, Rensselaer Polytechnic Institute, Troy NY 12181 

Glass-transition temperatures of the styrene microphases in 
diblock copolymers of styrene and dimethyl siloxane have 
been obtained as a function of the molecular weights of the 
styrene blocks using DSC and DTA techniques. The mag
nitudes of the glass-transition temperatures of the styrene 
microphases in these systems were, within experimental 
error, exactly the same as the glass-transition temperatures 
taken from the literature of the styrene microphases in 
styrene-isoprene diblock and triblock copolymers and in 
styrene-ethylene oxide diblock and triblock copolymers in 
which the styrene blocks had comparable molecular weights. 
It appears, therefore, that the chemical nature of the other 
blocks which are attached to the styrene blocks has no effect 
on the glass-transition temperature of the styrene micro-
phase; some implications of this observation are discussed. 

|^|ften , w h e n Tg da ta have been obta ined o n b l o c k c o p o l y m e r samples 
c o n t a i n i n g s m a l l , l o w - m o l e c u l a r - w e i g h t b locks , a systematic v a r i a 

t i o n of T g w i t h b l o c k l e n g t h has been observed. I f w e consider o n l y b l o c k 
copolymers i n w h i c h microphase separat ion has been demonstrated b y 
the observat ion of t w o different glass-transit ion temperatures, w e find 
that the h igher T g , to be re ferred to hencefor th as the glass-transit ion 

0-8412-0457-8/79/33-176-205$05.00/0 
© 1979 American Chemical Society 
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206 MULTIPHASE POLYMERS 

temperature of the glassy phase, varies qui te di f ferent ly w i t h changes i n 
m o l e c u l a r w e i g h t of the relevant b locks t h a n does the l o w e r T g , to be 
re ferred to hencefor th as the glass-transit ion temperature of the r u b b e r y 
phase. 

I n this chapter , w e shal l dea l m a i n l y w i t h the Tg of the glassy phase, 
w h i c h , i n almost a l l cases that have been invest igated, has been polys ty
rene. I n one of the earliest investigations of this type, K r a u s , C h i l d e r s , 
a n d G r u v e r ( I ) n o t i c e d that the temperature of the loss peak a t t r ibuted 
to the styrene b locks i n d y n a m i c m e c h a n i c a l measurements of s t y r e n e -
butadiene b lock copolymers decreased f r o m 104° to 60 ° C w h e n the 
styrene b l o c k l ength decreased b y a factor of about four ( exact m o l e c u 
lar weights of the samples were not k n o w n ) . I n a more recent w o r k , 
K r a u s a n d R o l l m a n n (2 ) s tudied t r i b l o c k copolymers of styrene w i t h 
isoprene over a c o p o l y m e r - m o l e c u l a r - w e i g h t range f r o m 2 χ 10 4 to about 
10 5 , aga in u s i n g d y n a m i c m e c h a n i c a l techniques. T h e temperature of the 
u p p e r (po lys tyrene) loss m a x i m u m v a r i e d f r o m 120° to 2 0 ° C as the 
m o l e c u l a r w e i g h t of the styrene blocks decreased f r o m 2 Χ 10 4 to about 
5000. D i f f e r e n t i a l scanning ca lor imetry ( D S C ) was used b y R o b i n s o n 
a n d W h i t e (3 ) to s tudy glass-transit ion temperatures i n t r i b l o c k copoly 
mers of styrene a n d isoprene a n d b y O ' M a l l e y et a l . (4) to s tudy the 
m e l t i n g t ransi t ion of the ethylene oxide a n d the glass t rans i t ion of the 
styrene phase i n d i b l o c k a n d t r i b l o c k copolymers of styrene a n d ethylene 
oxide. T h e Tg of the polystyrene microphases i n b o t h D S C studies de
creased w i t h decreasing polystyrene b l o c k lengths as usua l . 

A d d i t i o n a l Tg data on very l o w m o l e c u l a r w e i g h t s tyrene- isoprene 
d i b l o c k a n d t r ib lock copolymers were o b t a i n e d b y T o p o r o w s k i a n d 
Roovers ( 5 ) , also u s i n g D S C techniques. O n l y the Te of the polystyrene 
microphases was g i v e n i n those cases i n w h i c h the Tg of b o t h phases was 
obta ined , i.e., w h e r e microphase separat ion def ini te ly occurred , a n d this 
T g also decreased w i t h decreasing size of the styrene b locks ; however , i t 
increased s l ight ly as the size of the isoprene blocks was increased w h i l e 
h o l d i n g constant the sizes of the styrene b locks . T h i s is i n sharp contrast 
to the data of K r a u s a n d R o l l m a n n ( 2 ) , w h i c h i n d i c a t e d that the Te of 
the polystyrene microphase d e p e n d e d o n l y on the m o l e c u l a r w e i g h t of 
the styrene blocks , whether the other phase was p o l y b u t a d i e n e or p o l y -
isoprene. It is of interest to note that the data of K r a u s a n d R o l l m a n n (2 ) 
w e r e obta ined on b lock copolymers of m u c h h igher m o l e c u l a r w e i g h t 
t h a n were those of T o p o r o w s k i a n d Roovers ( 5 ) ; the latter authors, as 
a matter of fact, s t u d i e d b l o c k copolymers of m o l e c u l a r w e i g h t o n l y 
s l ight ly greater t h a n that at w h i c h microphase separat ion no longer 
occurs. T h e y s tudied , i n a d d i t i o n to the microphase-separated b l o c k 
c o p o l y m e r samples, m a n y l o w e r - m o l e c u l a r - w e i g h t samples i n w h i c h 
microphase separat ion d i d not occur . 
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10. KRAUSE AND iSKANDAR Styrene Blocks 207 

A n u m b e r of explanations exist for the decrease i n glass-transit ion 
temperature of the glassy microphase w i t h decreasing b l o c k l e n g t h of the 
glassy b locks . C h i l d e r s a n d K r a u s (6) speculated that this Tg l o w e r i n g 
m i g h t poss ib ly be a t t r ibuted to some m i x i n g of the b l o c k segments i n 
s tyrene-butadiene b l o c k copolymers , that is, they pos tu la ted increased 
c o m p a t i b i l i t y of the b locks as the b l o c k lengths decreased. M a n y invest i 
gators have postula ted that m i x i n g of the c h e m i c a l l y different b l o c k seg
ments occurs i n a n inter layer w i t h finite v o l u m e b e t w e e n microphases ; 
the v o l u m e of this m i x e d inter layer w o u l d p r e s u m a b l y d e p e n d o n the 
m o l e c u l a r weights of the blocks a n d o n their m u t u a l c o m p a t i b i l i t y . K r a u s 
a n d R o l l m a n n (2) assumed a n inter layer i n their s tyrene-butadiene a n d 
s tyrene- isoprene b l o c k copolymers that was dispropor t ionate ly r i c h i n 
styrene, a n d they presented calculat ions w h i c h s h o w e d that s u c h a n 
interpretat ion was consistent w i t h their data w h i l e an interpretat ion that 
r e l i e d solely o n the free v o l u m e p r o v i d e d b y p o l y m e r c h a i n ends, whose 
concentrat ion increases w i t h decreas ing m o l e c u l a r we ight , p r e d i c t e d a 
v a r i a t i o n of Tg w i t h m o l e c u l a r w e i g h t that was m u c h smal ler t h a n that 
w h i c h was observed. T h e presence of a more u n i f o r m l y m i x e d inter layer 
h a d been postula ted earl ier b y F e s k o a n d T s c h o e g l (7 ) to account for the 
d y n a m i c m e c h a n i c a l propert ies of some s t y r e n e - b u t a d i e n e - s t y r e n e t r i 
b l o c k copolymers . 

T h e observed Tgs of the polystyrene microphases i n a l l of the w o r k 
q u o t e d above (1 ,2 ,3,4,5) w e r e l o w e r t h a n those expected for p o l y 
styrene h o m o p o l y m e r s h a v i n g the same m o l e c u l a r weights as the b locks 
i n the b l o c k copolymers . W e present a de ta i l ed c o m p a r i s o n of s u c h 
data b e l o w . 

E v e n i f there is n o m i x e d inter layer w i t h finite v o l u m e b e t w e e n 
microphases , i t is obvious that contacts b e t w e e n the c h e m i c a l l y dif ferent 
b locks occur at the surfaces be tween microphases a n d that the n u m b e r 
of these contacts must increase as the size of the microphases decreases, 
that is, as the surface area b e t w e e n microphases increases. Bares a n d 
Pegoraro (8 ) a n a l y z e d the observed glass-transit ion temperatures i n 
e t h y l e n e - p r o p y l e n e copolymers w i t h v i n y l - c h l o r i d e grafts i n terms of 
s u c h surface m i x i n g . T h i s type of m i x i n g provides a not iceable decrease 
i n Tg o n l y w h e n the microphases are extremely s m a l l ; Bares a n d Pegoraro 
(8 ) ca l cu la ted that effects w o u l d on ly be observed w h e n spher ica l m i c r o -
phases were less t h a n 25 m o n o m e r units i n diameter or w h e n c y l i n d r i c a l 
microphases w e r e less t h a n 10 m o n o m e r units i n diameter . I n a later 
p u b l i c a t i o n , Bares ( 9 ) devised a less restr ict ive argument for c a l c u l a t i n g 
the T g of the glassy microphases as the m o l e c u l a r w e i g h t of the b locks 
c o m p r i s i n g these- microphases decreased a n d as the surface- to-volume 
rat io of these microphases s imultaneously increased. H e essentially u s e d 
the F o x - F l o r y (10) equat ion for T g l o w e r i n g caused b y l o w m o l e c u l a r 
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w e i g h t i n h o m o p o l y m e r s a n d i n r a n d o m copolymers a n d a d d e d another 
t e r m w h i c h p r o v i d e d for a n a d d i t i o n a l l o w e r i n g of Tg as the sur face :vo l 
u m e rat io of a p a r t i c u l a r microphase increased. Since the s u r f a c e : v o l u m e 
rat io of microphases w i t h different m o r p h o l o g y is not the same, the Tg 

l o w e r i n g w o u l d be expected to v a r y w i t h m o r p h o l o g y . Bares ( 9 ) f o u n d 
qua l i ta t ive agreement b e t w e e n his predic t ions a n d some of the data of 
R o b i n s o n a n d W h i t e ( 3 ) . 

C o u c h m a n a n d K a r a s z (11 ) recent ly have m a d e some calculat ions 
i n d i c a t i n g that spher ica l microphases s h o u l d exhib i t increased glass-
t rans i t ion temperatures because of a n increased pressure ins ide s u c h 
microphases a t t r ibuted to the surface tension b e t w e e n microphases . Since 
there is some d o u b t about the existence of a surface of tension i n the 
G i b b s ' sense (12) b e t w e e n c h e m i c a l l y l i n k e d microphases , w e sha l l 
s i m p l y note that these calculat ions are the o n l y ones i n existence that 
indica te a possible reason for a n increase i n the Tg of a glassy microphase 
a n d , i n a d d i t i o n , that these calculat ions also postulate differences i n Tg 

w i t h differences i n m o r p h o l o g y . F o r example , this surface-tension-de
pendent effect w o u l d not be expected i n samples w i t h l a m e l l a r mor 
p h o l o g y , no matter h o w s m a l l the w i d t h of each l a m e l l a . 

T o s u m m a r i z e the observations m a d e i n the p r e c e d i n g paragraphs , 
w e c a n say that there is no d o u b t about the fact that the Tg of the glassy 
microphases i n phase-separated b l o c k copolymers decreases w h e n the 
lengths of the glassy b locks decrease, a n d fur thermore , that the T g s of 
such microphases are general ly l o w e r t h a n are those of the c o r r e s p o n d i n g 
h o m o p o l y m e r s of c o m p a r a b l e m o l e c u l a r w e i g h t . W e have discussed 
most ly b l o c k copolymers i n w h i c h styrene comprises the glassy b locks ; 
however , s imi lar da ta have been obta ined for the glass-transit ion t e m 
peratures of the po lycarbonate blocks i n a l ternat ing m u l t i b l o c k c o p o l y 
mers of d imethyls i loxane a n d b i s p h e n o l - A carbonate b y K a m b o u r ( 1 3 ) . 
E x p l a n a t i o n s that have been a d v a n c e d for this general Tg l o w e r i n g 
i n c l u d e : ( 1) a n explanat ion s imi lar to the m o l e c u l a r w e i g h t effect i n 
h o m o p o l y m e r s , (2 ) m i x i n g of segments f r o m c h e m i c a l l y different b locks 
b y surface contact b e t w e e n microphases , a n d (3 ) m i x i n g of segments 
f r o m c h e m i c a l l y different b locks i n interlayers of finite v o l u m e . 

T h e decrease i n h o m o p o l y m e r Tg w i t h decreasing m o l e c u l a r w e i g h t 
has general ly been a t t r ibuted to a n increase of free v o l u m e i n l o w -
m o l e c u l a r - w e i g h t b u l k po lymers caused b y the increased concentrat ion 
of c h a i n ends. H o w e v e r , e n d b locks i n b l o c k c o p o l y m e r molecules have 
o n l y a s ingle -chain e n d w h i l e center b locks have no f ree-chain ends. 
O n e w o u l d therefore expect that the Tg of a microphase c o m p r i s e d of e n d 
b locks w o u l d be l o w e r t h a n that of a microphase c o m p r i s e d of center 
b locks of c o m p a r a b l e m o l e c u l a r w e i g h t . 
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T h e v o l u m e of a m i x e d inter layer b e t w e e n microphases s h o u l d 
d e p e n d o n c o m p a t i b i l i t y b e t w e e n the b locks as measured b y the dif fer
ence be tween their s o l u b i l i t y parameters or b y the i r in terac t ion parame
ter. Surface contacts b e t w e e n microphases , o n the other h a n d , s h o u l d b e 
affected o n l y b y microphase size a n d m o r p h o l o g y . 

T o disentangle the var ious possible effects o n the glass-transit ion 
temperatures of glassy microphases , w e have b e g u n studies o n a b l o c k 
c o p o l y m e r system i n w h i c h the b locks are expected to be extremely 
i n c o m p a t i b l e so that the f o r m a t i o n of a m i x e d inter layer w i t h finite v o l 
u m e is m u c h less p r o b a b l e t h a n i t is i n a system l i k e s tyrene- isoprene . 
T h e s l ight b u t signif icant c o m p a t i b i l i t y of styrene b locks w i t h isoprene 
b locks is s h o w n d i rec t ly i n the data of T o p o r o w s k i a n d Roovers ( 5 ) , w h o 
w e r e able to observe complete m i x i n g b e t w e e n styrene a n d isoprene 
b locks i n the ir b l o c k copolymers w h e n molecu lar weights w e r e v e r y l o w . 
T h i s c o m p a t i b i l i t y makes the presence of a m i x e d inter layer b e t w e e n 
microphases reasonable. Some exper imenta l studies of possible d i m e n 
sions of this inter layer u s i n g s m a l l angle x-ray scatter ing ( S A X S ) are 
b e g i n n i n g to appear i n the l i terature (14), a l t h o u g h o lder studies u s i n g 
S A X S i n d i c a t e d a sharp b o u n d a r y b e t w e e n microsphases (15,16). 

T h e system w i t h w h i c h w e have b e g u n our invest igations is the 
s tyrene-d imethy ls i loxane system. T h e d imethyls i loxane b locks s h o u l d be 
cons iderab ly less c o m p a t i b l e w i t h polystyrene b locks than either p o l y -
butadiene or poly isoprene since the s o l u b i l i t y parameter of d i m e t h y l 
si loxane is m u c h farther f r o m that of polystyrene than are the s o l u b i l i t y 
parameters of polybutadienes or of polyisoprenes ( 1 7 ) , no matter w h a t 
their microstructure . F u r t h e r m o r e , even hexamers of polystyrene a n d of 
p o l y d i m e t h y l s i l o x a n e are i m m i s c i b l e at r o o m temperature a n d have a n 
u p p e r c r i t i ca l - so lut ion temperature above 3 5 ° C (18). I n a d d i t i o n , the 
microphases i n this system can be observed w i t h o u t s ta in ing a n d w i t h 
no a m b i g u i t y about the ident i ty of the phases i n the transmiss ion e lectron 
microscope ( T E M ) ; s i l i c o n has a m u c h h i g h e r a tomic n u m b e r t h a n car
b o n or oxygen, m a k i n g the p o l y d i m e t h y l s i l o x a n e microphases the dark 
phases i n T E M (19, 20). 

Experimental 

P o l y m e r s . T h e polystyrene standards used i n this w o r k w e r e A r r o 
Laboratories* " M o n o d i s p e r s e . " O n e g r o u p of s tyrene -d imethy ls i loxane 
d i b l o c k copolymers were those p r e p a r e d a n d charac ter ized b y Z i l l i o x , 
Roovers , a n d B y w a t e r (21), k i n d l y sent to us b y J . E . L . Roovers . These 
polymers have been g i v e n the des ignat ion R i n T a b l e I I b e l o w ; m o l e c u 
lar weights of the blocks w e r e ca l cu la ted f r o m the exper imenta l ly deter
m i n e d weight-average m o l e c u l a r weights a n d composi t ions of the c o p o l y 
mers (21 ) except for sample R13 , for w h i c h o n l y the number-average 
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210 MULTIPHASE POLYMERS 

m o l e c u l a r w e i g h t was avai lab le . G e l p e r m e a t i o n chromatograms w e r e 
o b t a i n e d i n toluene so lut ion o n a W a t e r s Associate's A n a p r e p G P C r u n 
i n the a n a l y t i c a l m o d e u s i n g five co lumns r a n g i n g f r o m 2 Χ 10 3 to 7 Χ 10 5 

A i n exc lus ion l i m i t a n d w e r e c o m p a r e d w i t h chromatograms s u p p l i e d 
to us b y Roovers . T h e chromatograms w e r e v i r t u a l l y ident i ca l . 

A second g r o u p of d i b l o c k copolymers was k i n d l y s u p p l i e d to us 
b y J . W . D e a n of the S i l i cone Products D e p a r t m e n t of the G e n e r a l 
E l e c t r i c C o . These samples are des ignated D i n T a b l e I I ; m o l e c u l a r 
weights of the b locks were ca l cu la ted f r o m weight-average m o l e c u l a r 
weights ob ta ined u s i n g G P C i n our laboratory a n d composi t ions of the 
copolymers as d e t e r m i n e d b y D e a n ( 2 2 ) . W e i g h t - a v e r a g e m o l e c u l a r 
weights obta ined f r o m G P C i n our laboratory were c a l c u l a t e d as f o l l o w s : 
the set of five co lumns descr ibed above were c a l i b r a t e d u s i n g A r r o 
L a b o r a t o r i e s ' " M o n o d i s p e r s e " polystyrenes, a n d t h e n w e assumed that 
the b lock copolymers f o l l o w e d the same c a l i b r a t i o n c u r v e as polystyrene . 
T h e v a l i d i t y of this p r o c e d u r e is presently u n d e r examinat ion i n our 
laboratory . 

Thermal A n a l y s i s . D i f f e r e n t i a l t h e r m a l analysis ( D T A ) data were 
o b t a i n e d u s i n g a F i s h e r T h e r m a l y z e r M o d e l 300 Q D T A w i t h a h e a t i n g 
rate of 2 0 ° C / m i n a n d static a i r i n the sample ho lder , w h i l e di f ferent ia l 
scanning ca lor imetry ( D S C ) data were o b t a i n e d u s i n g a P e r k i n - E l m e r 
D S C - 1 B w i t h a h e a t i n g rate of 10°C/min a n d a steady flow of n i t rogen . 
T h e c o o l i n g rate was also c o n t r o l l e d at 10°C/min be tween runs o n the 
same sample i n the D S C experiments ; c o o l i n g rates v a r i e d i n the D T A 
runs. T h e temperature scales on b o t h instruments w e r e c a l i b r a t e d u s i n g 
the m e l t i n g transit ions of p-ni t rotoluene a n d naphthalene b e l o w 1 0 0 ° C 
a n d those of l ead , t i n , i n d i u m , a n d benzo ic a c i d above 1 0 0 ° C . O n b o t h 
instruments, the average error of the temperature scale for a l l these t ran
sitions was ± 1 . 0 % ( ° C ) . 

A l l glass-transit ion temperatures recorded i n Tables I a n d I I are i n 
the m i d d l e of the t ransi t ion range of the heat capacit ies . W e are aware 
that some workers (23) fee l that the temperature at w h i c h the heat 
capac i ty just begins to change d u r i n g hea t ing is somewhat more repro
d u c i b l e , t h o u g h p r o b a b l y less m e a n i n g f u l than the m i d d l e of the transi 
t ion range. R e c o r d e d temperatures are the averages of m a n y runs for 
each sample ; i f the TK was not comple te ly r e p r o d u c i b l e , the range of 
values ob ta ined is s h o w n i n the tables. T h e r e was one sample , R14, for 
w h i c h t w o Tg-like transit ions sometimes a p p e a r e d o n first h e a t i n g the 

Table I. Glass-Transition Temperatures of Standard Polystyrene 
Samples Obtained in This Laboratory 

Mol Wt 
(X 10~4) 

Tg (°C) 

DTA DSC 

180 

0.20 
LOO 
2.00 
5.00 
9.72 

95 ± 1 
100.5 ± 0.5 
101.5 ± 0.5 

101 ± 1 
104 ± 2 

63 55 
95 db 2 
99 ± 2 

104 
106 
105 
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10. K R A U S E AND I S K A N D A R Styrene Blocks 211 

Table II. Glass-Transition Temperatures of Styrene-Dimethyl 
siloxane Diblock Copolymers Obtained in This Laboratory 

Mw MJMn T , (°C) 
( Styrene Wtfo (Whole 

T , (°C) 
( Styrene Wtfo (Whole 

DSC Sample Block) Styrene Sample) DTA DSC 

R 1 3 9,100 53.5 1.06 77 79 db 4 
R 1 4 19,300 56.8 1.10 7 5 ± 2 e 72 ± V 19,300 

98 ± 3 f t 102 ± 2b 

D 2 20,300 89.7 1.26 — 96 
D l 23,900 91.9 1.30 — 95 ± 1 
R15 47,100 47.1 1.14 103 ± 3 104 ± 2 
R 8 121,000 59.6 1.16 101.5 ± 0.5 108 ± 1 
R 5 136,000 73.5 1.19 102 rb 1 107 ± : 1 
R 2 5 327,000 66.5 1.15 98.5 104 
R 2 6 362,000 58.3 1.13 103 ± 2 109 

° The lower Tg appeared on the first heating of the sample only, sometimes in 
conjunction with the higher Tg. 

b The higher Ί\ sometimes appeared in conjunction with the lower TK on the first 
heating of the sample ; when a transition appeared on subsequent heating of the 
sample, it was always the higher Tg. 

sample ; b o t h of these are s h o w n even t h o u g h the l o w e r t ransi t ion d isap
p e a r e d o n subsequent heat ing . W h e n a large e n d o t h e r m or, i n one case, 
a n exotherm, a p p e a r e d i n the glass-transit ion range of a sample o n first 
heat ing , no at tempt was m a d e to deduce a Tg f r o m it . 

Transmission Electron Microscopy. F i l m s of a l l samples des ignated 
R were obta ined b y evaporat ion of toluene f r o m solutions of the b l o c k 
copolymers a n d were observed w i t h o u t s ta in ing u s i n g a H i t a c h i H u - 1 2 5 
or a J E O L J E M 100 S e lectron microscope. M e t h o d s of p r e p a r i n g the 
films have been descr ibed p r e v i o u s l y (24). So far, w e have o b t a i n e d 
evidence for microphase separat ion i n o n l y the four highest molecular -
w e i g h t samples b y T E M . W e have not o b t a i n e d cont inuous films of the 
l o w e r m o l e c u l a r - w e i g h t samples; w e p l a n to examine sections of these 
samples later. Because of the very s m a l l c o m p a t i b i l i t y of styrene a n d 
p o l y d i m e t h y l s i l o x a n e , however , w e expect phase separat ion i n a l l of these 
samples. 

Results and Discussion 

T a b l e I shows the Tg values obta ined i n this w o r k o n s tandard p o l y 
styrene samples; i n most cases, the values o b t a i n e d f r o m D T A data are 
s l ight ly h i g h e r t h a n those obta ined b y D S C . Since these data were to be 
used for de ta i l ed comparisons w i t h data o b t a i n e d b y others as w e l l as b y 
ourselves on styrene b l o c k copolymers , w e first c o m p a r e d our data o n 
a n i o n i c a l l y p o l y m e r i z e d s tandard polystyrenes w i t h those o b t a i n e d on 
other a n i o n i c a l l y p o l y m e r i z e d polystyrenes b y other workers also u s i n g 
D T A a n d D S C techniques. T h i s c o m p a r i s o n is s h o w n g r a p h i c a l l y i n 
F i g u r e 1. I n F i g u r e 1, the s o l i d curve is d r a w n t h r o u g h a c o m b i n a t i o n 
of our data w i t h that ob ta ined b y W a l l et a l . (25) u s i n g a D u p o n t 900 
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10. KRAUSE AND ISKANDAR Styrene Blocks 213 

D i f f e r e n t i a l T h e r m a l A n a l y z e r at a hea t ing rate of 2 0 ° C / m i n . T h i s curve 
w i l l be cons idered o u r s tandard curve for polystyrene h o m o p o l y m e r a n d 
is r e d r a w n o n F i g u r e 2. O n F i g u r e 1, the dashed c u r v e is d r a w n t h r o u g h 
the data of T o p o r o w s k i a n d Roovers ( 5 ) ; o n l y their lowest molecular -
w e i g h t sample fal ls o n our s tandard curve . T h e d iscrepancy b e t w e e n 
the t w o curves m a y poss ib ly be caused b y some po lydispers i ty i n T o p o 
r o w s k i a n d Roovers* samples; they repor ted o n l y M „ values for their 
h o m o p o l y m e r s . T h e data of R i e t s c h et a l . (26), w h i c h w e r e o b t a i n e d 
u s i n g a P e r k i n - E l m e r D S C - 2 at var ious hea t ing rates a n d extrapola t ing 
the ca l cu la ted T g s to very l o w hea t ing rate, f a l l w e l l b e l o w our s tandard 
curve ; this is to be expected because of the extrapolat ion to l o w h e a t i n g 
rate. T h e data of C o w i e (27), o b t a i n e d u s i n g a D u P o n t 900 D S C m o d u l e 
at a hea t ing rate of 2 0 ° C / m i n , cannot be e x p l a i n e d s i m p l y b y n o t i n g 
that C o w i e repor ted the i n i t i a l change of heat capac i ty o n h e a t i n g as his 
glass-transit ion temperature . 

, , , — _ , , 
V THIS WORK D T A , S - D M S , T O N E OF TWO Tg's O B S E R V E D O N S A M E S A M P L E 
Δ THIS WORK D S C , S - D M S , • ONE OF TWO Tg's O B S E R V E D O N S A M E S A M P L E 
Ο TOPOROWSKI ( 5 ) S - I , P H A S E S E P A R A T E D 
• TOPOROWSKI ( 5 ) S - I - S , P H A S E S E P A R A T E D 
Ο R O B I N S O N (3) S - l - S , φ I - S - I 
χ O ' M A L L E Y 
- f O ' M A L L E Y 

P O L Y S T Y R E N E HOMOPOLYMER 

STANDARD C U R V E 

(FROM FIGURE I) 

5 0 -

4oL-

B 

MOL. WT. EACH STYRENE BLOCK x 10" 

Figure 2. Class-transition temperatures of the glassy microphases of various 
block copolymers containing styrene blocks vs. the molecular weights of the 

styrene blocks as determined by DTA or DSC. 

S-DMS refers to styrene-dimethylsiloxane diblock copolymers; S—I refers to sty-
rene-isoprene diblock copolymers; S-I-S and I-S-I refer to styrene-isoprene-
styrene and to isoprene-styrene-isoprene triblock copolymers, respectively; and 
S-EO and EO-S-EO refer to styrene-ethylene oxide diblock copolymers and to 

ethylene oxide—styrene-ethylene oxide triblock copolymers, respectively. 
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214 MULTIPHASE POLYMERS 

T a b l e I I shows the Tg values ob ta ined for the glassy phase of the 
s tyrene-d imethy ls i loxane b lock copolymers used i n this w o r k ; i n the case 
of the b l o c k copolymers , neither D S C nor D T A gave a consistently h igher 
v a l u e of Tg. T h e only p e c u l i a r sample i n the table is sample R14, w h i c h 
e x h i b i t e d t w o T g s on b o t h instruments at least occasional ly d u r i n g the 
first heat ing cycle . A l t h o u g h the presence of t w o T g s impl ies some k i n d 
of phase separation, poss ib ly i n a d d i t i o n to microphase separation, the 
G P C of this sample shows no d o u b l e peak, shoulder , or other p e c u l i a r i t y 
w h i c h m i g h t expla in its p e c u l i a r phase behavior . T h i s sample is an 
a n o m a l y unless one wishes to dismiss a l l first hea t ing data . 

F i g u r e 2 shows our polystyrene s tandard curve , the data f r o m T a b l e 
I I , a n d data obta ined for the T g of the glassy microphase i n various 
s t y r e n e - r u b b e r b l o c k copolymers b y other investigators u s i n g D T A a n d 
D S C techniques . It is remarkable that the data for a l l b u t a f e w samples 
f a l l i n a n a r r o w b a n d of the order of 10 ° C b e l o w the s tandard polystyrene 
h o m o p o l y m e r curve . T h e lowest m o l e c u l a r - w e i g h t styrene b locks have 
T g s that are somewhat farther than 10 ° C b e l o w the s tandard curve . It 
s h o u l d be noted that some of the b lock copolymers for w h i c h data appear 
o n F i g u r e 2 have styrene as one of the b locks of a d i b l o c k copolymer , some 
have styrene as the center b lock i n a t r ib lock copolymer , a n d others 
have styrene as the t w o e n d blocks i n a t r ib lock c o p o l y m e r . F o r those 
samples i n w h i c h styrene appears as the t w o e n d blocks i n a t r ib lock 
copolymer , the molecu lar w e i g h t of o n l y one of the styrene b locks has 
been used i n the figure. O n e can note that, i n the case of these samples, 
the data w o u l d no longer be i n a b a n d w i t h most of the other da ta if the 
c o m b i n e d m o l e c u l a r w e i g h t of the t w o styrene b locks h a d been used i n 
the figure. O n e also s h o u l d note that there are no systematic differences 
be tween the data for s tyrene- isoprene , s tyrene-ethylene oxide, a n d 
s tyrene-d imethy ls i loxane b l o c k copolymers . T h e molecular w e i g h t of 
each styrene b l o c k appears to be the major v a r i a b l e that controls its 
glass-transit ion temperature , not its c o m p a t i b i l i t y w i t h its c o m o n o m e r 
a n d not its pos i t ion i n the b lock c o p o l y m e r molecule . It is not obvious 
f r o m F i g u r e 2, t h o u g h it m a y be d e d u c e d f r o m T a b l e II a n d f r o m a 
perusa l of the percentage compos i t ion data for a l l the b lock copolymers 
s h o w n i n the figure, that the glass-transit ion temperatures of the styrene 
microphases d o not d e p e n d , i n any systematic w a y , o n the percentage 
composi t ions of the b lock copolymers w h i c h compose t h e m ; this impl ies 
that the m o r p h o l o g y of the b lock copolymers , w h i c h at least at e q u i l i b 
r i u m is cont ro l l ed b y percentage compos i t ion , has no major effect on the 
glass-transit ion temperature of the glassy microphase . 

T h e " m a v e r i c k " points o n F i g u r e 2 can be ra t iona l ized . O n e set of 
t h e m belongs to our anomalous sample , R14, that e x h i b i t e d t w o T g s . I f 
one desires to dismiss a l l " f i rs t -heat ing" data , the l o w e r t w o points w i l l 
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10. KRAUSE AND ISKANDAR Styrene Blocks 215 

disappear . T h e other four points b e l o n g to some of T o p o r o w s k i a n d 
Roovers ' s tyrene- i soprene-s tyrene b lock copolymers i n w h i c h the m o 
lecular weights of the isoprene blocks were not very m u c h above the 
m o l e c u l a r w e i g h t at w h i c h microphase separat ion occurs i n b l o c k co
polymers w i t h styrene-block molecu lar weights e q u a l to those i n the 
b l o c k copolymers for w h i c h data are s h o w n i n F i g u r e 2. T h i s impl ies that 
these p a r t i c u l a r b l o c k copolymers of T o p o r o w s k i a n d Roovers ( 5 ) are 
ones i n w h i c h segment m i x i n g of the c h e m i c a l l y different b locks is 
extremely l i k e l y . W e w o u l d guess that the l o w T g s of the styrene m i c r o -
phases i n these four b l o c k - c o p o l y m e r samples are connected w i t h the 
composi t ions of these microphases ; considerable isoprene is p r o b a b l y 
a d m i x e d w i t h i n these microphases . 

W e p l a n to cont inue studies o n the glass-transit ion temperatures of 
the glassy microphases i n b l o c k copolymers a n d , i n the future , w e also 
shal l investigate the glass-transit ion temperatures of the r u b b e r y 
microphases . 

Conclusion 

T h e glass-transit ion temperature of the glassy microphase i n a g l a s s -
r u b b e r b l o c k c o p o l y m e r depends almost ent ire ly on the m o l e c u l a r weights 
of the glassy b locks a n d not on the c h e m i c a l nature of the r u b b e r y blocks , 
the pos i t ion of the glassy b l o c k or blocks w i t h i n the b l o c k c o p o l y m e r 
molecule , or the percentage c o m p o s i t i o n of the b l o c k c o p o l y m e r . T h e 
c h e m i c a l nature and/or molecu lar w e i g h t of the r u b b e r y b l o c k influences 
the glass-transit ion temperature of the glassy microphase o n l y w h e n the 
m o l e c u l a r w e i g h t a n d c o m p o s i t i o n of the b l o c k c o p o l y m e r is near that at 
w h i c h microphase separat ion no longer takes place . 
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Dilatometry and Relaxations in Triblock 
Polymer Systems 

J. B. ENNS1, C. E. ROGERS, and ROBERT SIMHA 

Department of Macromolecular Science, Case Western Reserve University, 
Cleveland, O H 44106 

Dilatometry has been used for the investigation of relaxation 
processes in styrene-butadiene (SBS) triblock systems of 
varying total molecular weight and relative lengths of cen
ter and end blocks, and in S-B blends. Over the tempera
ture range from about —100°C to the glass temperature of 
polystyrene, several characteristic temperature regions are 
noted in the thermal expansivity, one a relaxation at T/T g = 

0.87, the other a minimum at T/Tg of 0.92-0.95. A signifi
cant transition is seen at T/Tg equal to 0.78-0.83, corre
sponding to the range of the β relaxation reported for poly
styrene. The sensitivity of the results to annealing effects 
indicates that the magnitude of the change in α is greater 
for systems with an initially more perfected interphase 
structure. An increase in temperature thus allows those 
samples to gain the largest configurational freedom corre
sponding to a loosening of structure. 

T P \ i l a t o m e t r y has l o n g been r e c o g n i z e d as a v a l u a b l e technique for 
o b t a i n i n g i n f o r m a t i o n o n transi t ion propert ies of po lymers . Its use 

h a d been general ly l i m i t e d to the glass-transit ion reg ion a n d the m e l t i n g 
process w h i c h d i s p l a y a change i n slope a n d discont inui ty , respect ively , 
i n the v o l u m e - t e m p e r a t u r e curves. I n recent years i t has been d e m o n 
strated (1,2,3,4,5) that re laxat ion processes of l o w intensi ty i n amor
phous a n d semicrysta l l ine po lymers can be invest igated w i t h g o o d reso-

1 Current address: Polymer Materials Program, Princeton University, Princeton, 
NJ 08540. 

0-8412-0457-8/79/33-176-217$05.00/0 
© 1979 American Chemical Society 
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218 MULTIPHASE POLYMERS 

l u t i o n b y u s i n g the first a n d second derivat ives of the specific v o l u m e V 
as a f u n c t i o n of temperature T, n a m e l y : a = ( l / V ) ( d V / d T ) a n d d«/dT, 
w h e r e « is the t h e r m a l v o l u m e expansivi ty . I n a p l o t of a vs. T, second-
order type transit ions appear as steps i n the curve , w i t h da/dT e x h i b i t i n g 
m a x i m a . 

I n the present s tudy, the effects of compos i t ion , m o l e c u l a r w e i g h t , 
a n d heat treatment o n the re laxat ion behavior of s t y r e n e - b u t a d i e n e -
styrene ( S B S ) b lock po lymers are invest igated. T h e r e is evidence (e.g. , 
6 , 7 , 8 ) that these types of m u l t i c o m p o n e n t mul t iphase systems exhibi t 
u n u s u a l p h e n o m e n a i n their d y n a m i c m e c h a n i c a l b e h a v i o r a n d i n other 
p h y s i c a l propert ies . These are apparent ly re la ted to the presence of the 
so-cal led interphase m i x i n g r e g i o n b e t w e e n the elastomeric a n d glassy 
domains . S i m i l a r evidence has been o b t a i n e d b y gas d i f fus ion a n d sorp
t ion studies o n the c o p o l y m e r samples used i n this invest igat ion ( 9 ) . 

Experimental 

T h e S B S c o p o l y m e r materials were k i n d l y s u p p l i e d b y the S m a l l 
D e v e l o p m e n t C o m p a n y , Torrance , C a l i f o r n i a . T h e characteristics of the 
addi t ive- f ree samples are g i v e n i n T a b l e I. 

T h e test specimens were p r e p a r e d b y cast ing f r o m a 2 0 % b y w e i g h t 
so lut ion i n p u r i f i e d toluene at r o o m temperature . Solvent evaporat ion i n 
a cont ro l l ed solvent atmosphere was c a r r i e d out over a 24-hour p e r i o d . 
T h e specimens were then v a c u u m d r i e d for per iods of t ime r a n g i n g f r o m 
36 h r ( f o r 7 5 ° C ) to seven days ( f o r 4 0 ° C ) . T h i s procedure y i e l d e d 
transparent, defect free, u n i f o r m thickness membranes w i t h thicknesses 
be tween 0.012 a n d 0.018 i n . Samples w e r e p r e p a r e d at the f o l l o w i n g 
final d r y i n g temperature : TR-41-2443 at 5 5 ° C , TR-41-2444 at 5 5 ° a n d 
7 5 ° C , a n d TR-41-2445 at 4 0 δ a n d 5 5 ° C . 

T h e samples were p l a c e d into a sample chamber , i m m e r s e d i n mer
cury , a n d the change i n v o l u m e as a f u n c t i o n of temperature o b t a i n e d 

T a b l e I . C h a r a c t e r i z a t i o n of E x p e r i m e n t a l B l o c k C o p o l y m e r s 

Quantity TR-JÎ1-2U3 TR-41-UU TR-4Î-2U5 

Styrene content (weight fract ion) 0.277 0.443 0.254 

M o l e c u l a r weights ( in thousands) 
M s i 16 14 7 

M B 
85 33 43 

M S 2 
17 12 7 

M t o t a l 118 59 57 

P o l y b u t a d i e n e m i c r o s t r u c t u r e (%) 
40 cis-1,4 40 45 40 

trans-1,4: 49 45 50 
1,2 11 10 10 
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b y observ ing the he ight of the m e r c u r y i n the c o l u m n at tached to the 
sample chamber . T h e apparatus , technique , a n d n u m e r i c a l procedures 
for the de terminat ion of first a n d second v o l u m e der ivat ions have been 
descr ibed elsewhere (2,10). T h e procedures enable the v o l u m e to b e 
measured w i t h a m a x i m u m error of 1.3 X 10~4 c m 3 / g . T h e consequent 
m a x i m u m error i n the de terminat ion of a is 0 .014%. T h e m a x i m u m error 
i n the de terminat ion of the temperature v a r i a t i o n of a is 0 .14%. 

Results and Discussion 

D i l a t o m e t r i c measurements w e r e p e r f o r m e d o n each of the S B S 
b lock copolymers , as w e l l as the p o l y b u t a d i e n e h o m o p o l y m e r a n d a so lu
t i o n b l e n d of polystyrene a n d p o l y b u t a d i e n e . F i g u r e 1 shows a p l o t of 
the t h e r m a l expansion coefficient a n d the specif ic v o l u m e vs. temperature 
for the TR-41-2444 sample d r i e d at 7 5 ° C . I n the range 2 0 ° ~ 3 0 ° C b e l o w 
the glass-transit ion temperature of the polystyrene component , there is 
a m i n i m u m i n the a vs. Τ curve . A t 2 0 ° to 3 0 ° C l o w e r there is a n appar 
ent t ransi t ion, as i n d i c a t e d b y a step increase i n a a n d a change i n s lope 
V 8 . These t w o features appear at a p p r o x i m a t e l y the same loca t ion o n a 
n o r m a l i z e d temperature scale of T/Tg for other systems ( F i g u r e s 1, 2, 3, 
4, a n d 5 ) . T h e t rans i t ion occurs at 0.87, a n d the m i n i m u m at 0.92-0.95. 
F o r the TR-41-2445 copolymers ( F i g u r e s 3 a n d 4) these t w o features are 
suppressed b y v a r y i n g amounts . I n the sample d r i e d at 4 0 ° C no transi 
tions or m i n i m a were observed b e t w e e n T/Tg = 0.85 a n d T/Tg = 0.95. 
I n the 5 5 ° C d r i e d mater ia l a t ransi t ion o c c u r r e d at T/Tg = 0.90, b u t n o 
m i n i m u m was f o u n d . I n a l l four samples there is a s ignif icant t rans i t ion 
w h i c h occurs at T/Tg = 0.78-0.83. T h i s range of temperature corre
sponds to that repor ted for the β t rans i t ion i n polystyrene ( I I ) . 

A n o t h e r feature is the dependence of the polystyrene glass tempera
ture o n b o t h the c o p o l y m e r type a n d the d r y i n g temperature . T h i s is a 
c o m b i n a t i o n of effects a t t r ibutable to b o t h m o l e c u l a r w e i g h t a n d anneal 
i n g effects. T h e Tg of polystyrene depends o n m o l e c u l a r w e i g h t a c c o r d 
i n g to the equat ion Tg == Tg

K — K / M , w h e r e Κ is a constant e q u a l to 10 5 

for polystyrene, M is the m o l e c u l a r weight , a n d Tg" = 9 6 . 5 ° C . T h i s 
w o u l d p r e d i c t a polystyrene Tg i n the TR-41-2444 mater ia l at 8 9 ° C a n d 
i n the TR-41-2445 c o p o l y m e r at 8 2 ° C . C a l c u l a t e d values correspond 
reasonably w e l l w i t h those d e t e r m i n e d exper imenta l ly for the samples 
d r i e d at h i g h e r temperatures, i.e., 8 8 ° a n d 7 6 . 5 ° C for TR-41-2444 a n d 
TR-41-2445, respect ively. W h e n the samples w e r e d r i e d at l o w e r t e m 
peratures, the T g s sh i f ted to even l o w e r va lues : 8 3 ° C for TR-41-2444 
d r i e d at 5 5 ° C a n d 5 8 . 5 ° C for TR-41-2445 d r i e d at 4 0 ° C . 

T h e effect of m o l e c u l a r w e i g h t is af f i rmed b y the results for T R - 4 1 -
2443 ( F i g u r e 5 ) . T h i s c o p o l y m e r is s imi lar to TR-41-2445 except that 
the polystyrene m o l e c u l a r w e i g h t is about 2.5 greater t h a n that of T R - 4 1 -
2445. T h e Tg i n this case is 93.5 ° C , a n d since i t was p r e p a r e d i n the 
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same manner as the TR-41-2443 d r i e d at 55 ° C , the Tg effect must be 
at t r ibutable to the difference i n m o l e c u l a r we ight . F i g u r e 5 also shows 
the m i n i m u m i n a a n d the trans i t ion f o u n d for the other b lock copolymers . 

T h e specific v o l u m e a n d expansion coefficient of the so lut ion-b lended 
m a t e r i a l are s h o w n i n F i g u r e 6, a l o n g w i t h data for p u r e p o l y b u t a d i e n e 
a n d p u r e polystyrene . N o n e of the three po lymers has any d i s t i n g u i s h i n g 
features b e l o w the polystyrene Tg, i l l u s t r a t i n g that the observed transi 
t i o n a n d m i n i m u m are the results of the u n i q u e s t ructura l m o r p h o l o g y of 
the b lock copolymers . I t s h o u l d be n o t e d that the substant ia l difference 
i n the t h e r m a l expansion coefficients of p o l y b u t a d i e n e a n d polystyrene 
c a n be expected to be a n impor tant factor affect ing the structure a n d 
propert ies of b l o c k c o p o l y m e r samples p r e p a r e d u n d e r var ious condi t ions . 

F r o m the p u r e component da ta i t is possible to calculate the ex
pec ted a behav ior as a f u n c t i o n of temperature for a b l e n d of the t w o 
polymers u s i n g the equat ion ah = <f>sa8 + <£r«r, w h e r e the subscripts b , s, 
a n d r refer to the b l e n d , polystyrene , a n d rubber , respect ively, a n d the <£s 
represent the v o l u m e fract ions of the t w o components i n the b l e n d . T h e 
c a l c u l a t e d curves ( F i g u r e 7 ) are reasonably smooth a n d exhibi t o n l y the 
polystyrene T g . T h e c a l c u l a t e d curve for TR-41-2445 is i n g o o d agree
ment w i t h that f o u n d exper imenta l ly for the s o l u t i o n - b l e n d e d mater ia l . 
T h e only s ignif icant difference is that b e l o w the polystyrene Tg the c a l c u 
l a t e d values of « are about 0.5 χ 10" 4 d e g " 1 l o w e r t h a n the exper imenta l ly 
d e t e r m i n e d d a t a points . T h i s m a y be at t r ibutable to the densi ty differ
ences i n the samples, p a r t i c u l a r l y for the b l e n d e d m a t e r i a l w h e r e densi ty 
variat ions a n d v o i d f o r m a t i o n can occur at the interfaces b e t w e e n the 
p o l y m e r phases. 
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Figure 7. Calculated thermal expansion coefficients for PS-PBD blends 
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Figure 8. Excess thermal expansion coefficients for TR-41-2444 samples 

If the data calculated for the blend are then subtracted, point by 
point, from the experimental results of the block copolymers, an excess a 
curve can be derived. The calculated data are used rather than the 
experimental results since the two are comparable and because it is 
desired to avoid the possible interfacial effects of the blended material. 

A n excess a curve would illustrate clearly the differences between 
the blended materials and the block copolymers; i.e., demonstrating what 
behavior, if any, is unique to the copolymers. Figures 8 and 9 show the 
results of this calculation for TR-41-2444 and TR-41-2445. The excess « 
values at higher temperatures are attributable to the lowering of the 
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Figure 9. Excess thermal expansion coefficients for TR-41-2445 samples 
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polystyrene Tg re lat ive to that of the h i g h e r m o l e c u l a r w e i g h t polystyrene 
used to ca lculate the « b curve . 

T h e existence of regions of excess a suggests that there is a loosening 
of the membrane 's p o l y m e r network , w h i c h impl ies a n increase i n specific 
v o l u m e . S ince the a a n d excess a plots demonstra ted that the reg ion 
b e t w e e n T/Tg = 0.83 a n d 0.87 was reasonably constant, this p o r t i o n of 
the specific v o l u m e vs. temperature curves c o u l d be fitted qui te w e l l w i t h 
s traight l ines. W h e n these l ines are extrapolated to h i g h e r temperatures, 
a n excess specif ic v o l u m e t e r m c a n be a r r i v e d at b y subtrac t ing f r o m the 
measured values of V 8 the extrapolated values of the l ines. 

T h e temperature p o s i t i o n of the m i n i m u m i n the a curve a lways fal ls 
w i t h i n 5 ° C of the final d r y i n g temperature of the sample , w i t h the corre
s p o n d i n g step increase o c c u r r i n g 15° to 2 0 ° C l o w e r . T h i s , c o m b i n e d 
w i t h the fact that the observed glass-transit ion temperature of the p o l y 
styrene phase is also a f u n c t i o n of the m e m b r a n e d r y i n g temperature , 
demonstrates that the observed proper ty changes d e p e n d strongly o n the 
p r e p a r a t i o n condi t ions . D r y i n g the sample at a n e levated temperature 
w o u l d have the effect of a n n e a l i n g the p o l y m e r , w i t h a resultant perfec
t i o n of the phase-separated d o m a i n structure. E l e c t r o n m i c r o g r a p h e v i 
dence indicates that the d o m a i n boundar ies of the TR-41-2445 sample 
d r i e d at 4 6 ° C are more diffuse t h a n the boundar ies of the TR-41-2444 
sample d r i e d at 5 6 ° C . A diffuse b o u n d a r y layer , or interphase, w o u l d 
have the effect of d i l u t i n g the polystyrene w i t h p o l y b u t a d i e n e segments, 
resu l t ing i n the observed Tg decrease b e y o n d that a t t r ibutable to m o l e c u 
l a r w e i g h t effects alone. 

Conclusions 

W e observe that the t h e r m a l expansion coefficient a n d the specif ic 
v o l u m e increase are greater for the materials that h a d a n i n i t i a l l y more 
per fec ted interphase structure, i.e., a l o w e r interphase conf igurat ional 
entropy. A s the temperature is raised, the chains i n the interphase be
c o m e more free to m o v e a n d the sample w i t h the tightest i n i t i a l s tructure 
( lowest entropy ) w i l l be able to g a i n the most conf igurat ional f r e e d o m , 
as ref lected b y the largest increase i n specific v o l u m e a n d t h e r m a l expan
s iv i ty . T h e current observations a n d interpreta t ion are consistent w i t h 
the results o b t a i n e d f r o m gas sorpt ion a n d di f fus ion . A n n e a l i n g at h i g h e r 
temperatures i n d i c a t e d more per fec ted interphase structures i n terms of 
those experiments as w e l l . 
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Molecular Theories of the Interdomain 
Contribution to the Deformation of Multiple 
Domain Polymeric Systems 

RICHARD J. G A Y L O R D 

Department of Metallurgy and Mining Engineering and Materials Research 
Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL 61801 

A number of theories of the contribution of interdomain 
polymeric material to the stress-strain, modulus, and swell-
ing behavior of block copolymers and semicrystalline 
polymers are examined. The conceptual foundation and the 
mathematical details of each theory are summarized. A 
critique is then made of each theory in terms of the validity 
of the theoretical model, the mathematical development of 
the theory, and the ability of the theory to explain experi
mental findings. 

À n u m b e r of p o l y m e r i c systems exhibi t d o m a i n f o r m a t i o n . T h i s results 
i n some p o l y m e r i c mater ia l b e i n g conf ined i n regions b e t w e e n the 

domains . T h e d e f o r m a t i o n propert ies of these systems d e p e n d o n the 
types of p o l y m e r chains l y i n g be tween the domains , as w e l l as o n the 
shape a n d spat ia l arrangement of the domains . Severa l theories h a v e 
been proposed to date for the c o n t r i b u t i o n of the i n t e r d o m a i n m a t e r i a l 
to different d e f o r m a t i o n propert ies i n semicrysta l l ine po lymers a n d b l o c k 
copolymers . W e w i l l present a n d analyze these theories here in . 

Semicrystalline Polymers 

Modulus. Jackson et a l . ( I ) ca lculate the c o n t r i b u t i o n of amor
phous mater ia l to the shear m o d u l u s of a semicrysta l l ine p o l y m e r b y 
assuming that o n l y t ie chains ( chains whose ends are a t tached to dif ferent 
crystall ites ) contr ibute to the m o d u l u s a n d that these chains f o l l o w 
G a u s s i a n statistics. T h e y assume that the chains d e f o r m affinely. T h e 
p r e d i c t e d m o d u l u s values are l o w e r t h a n the observed values. T h e 

0-8412-0457-8/79/33-176-231$05.00/0 
© 1979 American Chemical Society 
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232 MULTIPHASE POLYMERS 

authors note three possible effects w h i c h w e r e neglec ted i n their treat
m e n t : ( a ) the crystal l i tes act as r i g i d inclusions w i t h i n a n elastic 
m e d i u m . T h i s effect depends o n the v o l u m e f rac t ion of crystals, their 
shape, a n d the ir d ispers ion i n the s u r r o u n d i n g m e d i u m ; ( b ) the t ie 
molecules are h i g h l y extended a n d therefore do not f o l l o w G a u s s i a n 
statistics; ( c ) the crystals in t roduce interfaces w h i c h are impenetrab le 
to the amorphous chains a n d thereby l i m i t their configurations. 

N i e l s o n a n d Stockton (2) at tempt to account for the effect of the 
crystall ites as r i g i d fillers b y m u l t i p l y i n g the shear m o d u l u s result of 
Jackson et a l . b y the " f i l ler effect" correct ion t e r m w h i c h h a d b e e n 
d e r i v e d b y G u t h a n d S m a l l w o o d for the Y o u n g s m o d u l u s . T h e p r e d i c t e d 
shear m o d u l u s values are s t i l l too l o w . T h e authors expla in this b y the 
fact that : (a ) at l o w crystal l ini t ies , amorphous cha in entanglements m a y 
be significant; ( b ) at h i g h crystal l ini t ies , the crystall i tes m a y i m p i n g e o n 
each other a n d f o r m a cont inuous crysta l phase; a n d ( c ) at h i g h crysta l 
l ini t ies , the tie chains m a y be very short a n d f o l l o w n o n - G a u s s i a n be
havior . T h e authors also po in t out that w h i l e exper imenta l ly the m o d u l u s 
of crystal l ine po lymers decreases w i t h temperature, G a u s s i a n elast ic i ty 
theory predicts the opposite effect. H o w e v e r , i f the degree of crysta l -
l i n i t y decreases w i t h temperature then one can p r e d i c t a negative t e m 
perature coefficient of the m o d u l u s , u s i n g G a u s s i a n statistics. 

K r i g b a u m et a l . (3) account for the fact that t ie molecules m a y be i n 
a h i g h l y extended state even i n the absence of an external macroscopic 
strain, b y us ing inverse L a n g e v i n c h a i n statistics to calculate the Young 's 
m o d u l u s . It is assumed that i n the u n d e f o r m e d state, the crystall ites are 
r a n d o m l y or iented ( i n the previous t w o theories, the arrangement of 
crystall i tes is unspeci f ied, a l t h o u g h i t is p r e s u m a b l y r a n d o m ). A n a d d i 
t i o n a l assumption is that w h i l e the o v e r a l l de format ion of the semi-
crystal l ine p o l y m e r is affine, the crystall ites themselves do not d e f o r m . 
Therefore , the deformat ion of the tie molecules is greater t h a n affine. 
C r y s t a l shear a n d reorientat ion u n d e r deformat ion are b o t h neglected. 
T h e expression w h i c h they obta in for the Young's m o d u l u s contains the 
degree of crys ta l l in i ty a n d the tota l n u m b e r of segments i n the semi-
crysta l l ine cha in as variables . It predicts that the Young's m o d u l u s s h o u l d 
increase w i t h crys ta l l in i ty a n d that, for constant crysta l l in i ty , the m o d u l u s 
is p r o p o r t i o n a l to temperature. T h e i r theory is fur ther d e v e l o p e d b y 
u s i n g a re lat ion be tween the degree of crys ta l l in i ty a n d temperature 
w h i c h they h a d p r e v i o u s l y d e r i v e d for the crys ta l l iza t ion of f o l d e d - c h a i n 
crystall i tes i n an isotropic , u n d e f o r m e d sample (4). T h e final expression 
predic ts a decrease i n the Y o u n g s m o d u l u s w i t h increas ing temperature. 

L o h s e a n d G a y l o r d (5) have e x a m i n e d the role of crystal l i te i m p e n 
e t rab i l i ty o n the Y o u n g s m o d u l u s . T h e crystall ites are assumed to f o r m 
pairs of p a r a l l e l lamel lae . T w o macroscopic morphologies are c o n s i d e r e d : 
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12. GAYLORD Deformation of Multiple Domain Polymers 233 

the s tacked lamel lae structure, i n w h i c h a l l the lamel lae pairs are 
p a r a l l e l to each other, a n d the spherul i t i c structure, i n w h i c h the lamel lae 
pairs are d i s t r i b u t e d i n a spher ica l ly s y m m e t r i c m a n n e r a l o n g the r a d i i 
of the spherul i te . It is assumed, as i n the K r i g b a u m et a l . m o d e l , that 
the overa l l d e f o r m a t i o n of the mater ia l is affine, w h i l e the lamel lae are 
u n d e f o r m a b l e . C r y s t a l shear a n d reorientat ion are incorpora ted into the 
m o d e l . T o consider impenet rab i l i ty effects, a lamel lar surface, a l t h o u g h 
not inf ini te , is a p p r o x i m a t e d b y an inf ini te plane. T h e conf igurat ional 
statistics of a c h a i n conf ined b y infinite , para l le l , impenetrab le w a l l s 
(6; 7) are then used . I t is p r e d i c t e d that c i l i a (chains w i t h one e n d 
at tached to a crysta l surface ), loops ( chains w i t h b o t h ends at tached to 
the same crysta l sur face ) , a n d unat tached chains a l l contr ibute to the 
Young's m o d u l u s as a result of d o m a i n i m p e n e t r a b i l i t y effects a n d that 
the ir c o n t r i b u t i o n decreases w i t h decreasing c h a i n contour length . T i e 
molecules , w h e n they are v e r y large, contr ibute to the Young's m o d u l u s 
i n the same manner as the other types of chains, b u t w h e n the contour 
l ength becomes very smal l , the m o d u l u s begins to rise w i t h a fur ther 
decrease i n c h a i n contour length . T h e m o d u l u s is a lways greater i n a 
stacked lamel lar structure than i n a spherul i te for each t y p e of amorphous 
c h a i n . T h e authors also calculate the Young's m o d u l u s dependence o n 
temperature, at constant crysta l l in i ty , w i t h the use of the R o t a t i o n a l 
I someric State scheme. It is p r e d i c t e d that the Young's m o d u l u s of c i l i a , 
loops, a n d unat tached chains s h o u l d a lways decrease w i t h increas ing 
temperature. T h e tie molecu le shows the same behavior at l o w tempera
tures b u t at h i g h temperatures fo l lows Gauss ian b e h a v i o r as its Young 's 
m o d u l u s begins to rise w i t h further temperature increases. T h e p r e d i c 
t i o n of a decrease i n m o d u l u s w i t h increas ing temperature at constant 
c rys ta l l in i ty agrees w i t h experiment . N o attempt is m a d e b y the authors 
to relate the degree of crysta l l in i ty to the temperature. 

Block Copolymers 

Stress—Strain Relation for Uniaxial Extension. L e o n a r d ( 8 ) has 
ca lcu la ted the stress-strain re la t ion for an i n t e r d o m a i n tie m o l e c u l e i n a 
spher ica l d o m a i n m o r p h o l o g y . H e first wri tes the tota l entropy of defor
m a t i o n as the s u m of the entropy of d e f o r m a t i o n w h i c h one gets f r o m 
G a u s s i a n elast ici ty theory a n d the entropy of d o m a i n f o r m a t i o n ( i n b o t h 
terms, the extension ratio refers to the i n t e r d o m a i n s tra in a n d not to the 
macroscopic s t ra in ) . T h i s s u m is then m u l t i p l i e d b y the G u t h a n d 
S m a l l w o o d " f i l ler effect" correct ion term. T h e stress is ca lcu la ted b y 
dif ferent iat ing the entropy expression w i t h respect to the length of the 
d e f o r m e d i n t e r d o m a i n region . T h e rat io of the l ength of the u n d e f o r m e d 
i n t e r d o m a i n region to the i n i t i a l overa l l sample length is set e q u a l to the 
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v o l u m e f rac t ion of i n t e r d o m a i n mater ia l , ra ised to the one- th i rd p o w e r . 
L e o n a r d s ca l cu la t ion contains a great m a n y flaws: i t is incorrect to use 
the entropy of d o m a i n f o r m a t i o n i n the stress ca lcu la t ion because d o m a i n 
f o r m a t i o n occurs p r i o r to deformat ion a n d does not change thereafter; 
the stress ca lcu la t ion s h o u l d b e p e r f o r m e d b y di f ferent iat ing w i t h respect 
to the macroscopic sample d i m e n s i o n rather than the i n t e r d o m a i n d i m e n 
s ion ; the expression re la t ing the i n t e r d o m a i n a n d macroscopic extension 
ratios is incorrect since i t fails to predic t that the former quant i ty becomes 
u n i t y as the latter quant i ty goes to one; a n d , the re la t ion g iven for the 
rat io of the i n i t i a l overa l l sample length to the i n i t i a l i n t e r d o m a i n length 
fails to change w h e n the n u m b e r a n d size of the domains are v a r i e d w h i l e 
the total v o l u m e f rac t ion of i n t e r d o m a i n mater ia l is kept constant. 

M e i e r (9 ) has m o d e l e d the spher ica l d o m a i n m o r p h o l o g y b y a 
s imple c u b i c latt ice i n w h i c h domains are arranged o n the latt ice sites. 
T h e tie molecules r u n between nearest-neighbor domains a n d are assumed 
to be conf ined b y pairs of infinite , p a r a l l e l wal l s . T h e extension rat io 
for the i n t e r d o m a i n region is set e q u a l to the macroscopic extension 
rat io d i v i d e d b y the v o l u m e f rac t ion of the i n t e r d o m a i n mater ia l . T h e 
rat io of the i n i t i a l i n t e r d o m a i n d imens ion to the d o m a i n d imens ion is set 
e q u a l to the ratio of the v o l u m e fractions of the i n t e r d o m a i n a n d d o m a i n 
mater ia l . U s i n g this three-chain m o d e l , M e i e r calculates the stress-strain 
re la t ion b y di f ferent iat ing his entropy expression w i t h respect to the 
i n t e r d o m a i n extension ratio. T h e M e i e r ca lcula t ion has some dif f icult ies : 
the i n t e r d o m a i n deformat ion fails to vanish i n the absence of an a p p l i e d 
macroscopic deformat ion ; the relat ion between the rat io of the d o m a i n 
d imens ion to the i n i t i a l i n t e r d o m a i n d imens ion a n d the ratio of v o l u m e 
fractions is incorrect ; a n d the dif ferent iat ion s h o u l d be carr ied out w i t h 
respect to the macroscopic extension rat io. 

G a y l o r d a n d L o h s e (10) have ca lcu la ted the stress-strain re la t ion 
for c i l i a a n d tie molecules i n a spher ica l d o m a i n m o r p h o l o g y u s i n g the 
same type of three-chain m o d e l as M e i e r . It is assumed that the o v e r a l l 
sample deformat ion is affine w h i l e the domains are undeformable . It is 
p r e d i c t e d that the stress increases r a p i d l y w i t h increas ing strain for b o t h 
types of chains. T h e rate of stress rise is great ly accelerated as the rat io 
of the d o m a i n thickness to the i n i t i a l i n t e r d o m a i n separat ion increases. 
T h e results indicate that it is not correct to use the stress-strain equat ion 
o b t a i n e d b y G a u s s i a n elast ici ty theory, even i f i t is m u l t i p l i e d b y a " f i l ler 
effect" correct ion term. N o connect ion is made b e t w e e n the i n i t i a l 
dimensions a n d the v o l u m e fractions of the d o m a i n a n d i n t e r d o m a i n 
m a t e r i a l i n this theory. 

Partial Molar E l a s t i c Free Energy of Swelling. L e o n a r d ( 8 ) c a l c u 
la ted the p a r t i a l m o l a r elastic free energy of s w e l l i n g for a n i n t e r d o m a i n 
tie molecu le i n a spher ica l d o m a i n m o r p h o l o g y . H e i n c l u d e d the entropy 
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12. GAYLORD Deformation of Multiple Domain Polymers 235 

of d o m a i n f o r m a t i o n a n d the entropy term f r o m G a u s s i a n elast ici ty theory. 
T h e cube of the extension rat io for i sotopic s w e l l i n g is taken e q u a l to 
the inverse of the v o l u m e f rac t ion of p o l y m e r i n the i n t e r d o m a i n reg ion . 
L e o n a r d stated that his expression reduces to the F l o r y - R e h n e r e q u a t i o n 
w h e n the d o m a i n size goes to zero. T h e use of the entropy of d o m a i n 
f o r m a t i o n b y L e o n a r d is incorrect . A d d i t i o n a l l y , Leonard ' s final equat ion 
for the p a r t i a l m o l a r elastic free energy of s w e l l i n g is incorrec t ly w r i t t e n . 
T h e ac tua l expression never reduces to the F l o r y - R e h n e r equat ion , b u t 
is pos i t ive over the entire range of i n t e r d o m a i n p o l y m e r v o l u m e f r a c t i o n 
a n d goes to zero as the v o l u m e f rac t ion becomes zero. 

M e i e r (11 ) considers the s w e l l i n g of a tie molecule i n b l o c k copoly
mers w i t h lamel lar , c y l i n d r i c a l , a n d spher ica l d o m a i n morphologies . T h e 
statistics used for the lamel lar d o m a i n m o r p h o l o g y is that of a c h a i n 
conf ined b e t w e e n a p a i r of inf ini te , p a r a l l e l impenetrable wal l s . T h e 
c y l i n d r i c a l a n d spher ica l d o m a i n structures are m o d e l e d b y a c h a i n 
conf ined be tween infinite , concentr ic cy l inders a n d concentr ic spheres, 
respect ively. T h e inverse of the v o l u m e f rac t ion of p o l y m e r i n the inter-
d o m a i n region is taken e q u a l to the isotropic s w e l l i n g rat io , ra ised to the 
first, second, a n d t h i r d p o w e r i n the lamel lar , c y l i n d r i c a l , a n d spher ica l 
d o m a i n morphologies , respect ively. T h e results indicate that the b e h a v i o r 
of the p a r t i a l m o l a r elastic free energy of s w e l l i n g as a f u n c t i o n of inter-
d o m a i n p o l y m e r v o l u m e f rac t ion is qui te different i n the different m o r 
phologies . A n object ion can b e ra ised about Meier ' s c y l i n d r i c a l a n d 
spher ica l d o m a i n models . M e i e r takes one par t i cu lar d o m a i n a n d then 
constructs a conf in ing shel l a r o u n d that d o m a i n , w h i c h passes t h r o u g h 
nearest-neighbor domains . T h e tie c h a i n is then conf ined be tween the 
d o m a i n a n d the s u r r o u n d i n g shel l . H o w e v e r , a tie molecu le is a t tached 
to t w o different domains , a r o u n d each of w h i c h one can construct a 
conf in ing shel l . A n i n t e r d o m a i n tie molecu le s h o u l d therefore be conf ined 
to the v o l u m e def ined b y the intersect ion of these t w o shells i f M e i e r s 
a p p r o a c h is to be consistent. 

G a y l o r d a n d L o h s e (10) have e x a m i n e d the s w e l l i n g behavior of t ie 
molecules , loops, c i l i a , a n d unat tached chains i n different d o m a i n m o r 
phologies . E a c h c h a i n is conf ined b e t w e e n a p a i r of inf inite , p a r a l l e l 
impenetrable wal l s a l though the domains are not assumed to b e inf ini te . 
T h e r e are one, t w o , a n d three or thogonal pairs of p a r a l l e l wal l s i n the 
lamel lar , c y l i n d r i c a l , a n d spher ica l d o m a i n strucutres, respect ively. T h e 
re la t ion b e t w e e n the s w e l l i n g extension rat io a n d the i n t e r d o m a i n p o l y m e r 
f rac t ion for the different d o m a i n morphologies is the same as that u s e d 
b y M e i e r . T h e results indicate that c i l i a , loops, a n d unat tached chains 
a l l favor s w e l l i n g over the entire range of d i l u t i o n . If the i n i t i a l inter-
d o m a i n separation is not too large relat ive to the i n t e r d o m a i n c h a i n 
contour length, a tie m o l e c u l e also w i l l favor s w e l l i n g at l o w degrees of 
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236 MULTIPHASE POLYMERS 

s w e l l i n g b u t w i l l oppose s w e l l i n g at h i g h levels of d i l u t i o n . W h e n the 
tie c h a i n is short or the i n i t i a l i n t e r d o m a i n separation is large, the curves 
are s imi lar to those obta ined b y M e i e r , a n d s w e l l i n g is a lways opposed . 

Y o u n g ' s M o d u l u s . G a y l o r d a n d L o h s e (10) have e x a m i n e d the 
Y o u n g s m o d u l u s of the various types of i n t e r d o m a i n chains i n the different 
d o m a i n morphologies , u s i n g the m o d e l descr ibed i n the previous section. 
T h e results indica te that i n any g iven m o r p h o l o g y , the Y o u n g s m o d u l u s 
b e h a v i o r of the loop , c i l i u m , a n d unat tached c h a i n a l l arise f r o m the 
i m p e n e t r a b i l i t y of the domains a n d decreases w i t h decreas ing cha in 
l e n g t h . T h e t ie molecule shows this same behavior at l o n g c h a i n contour 
lengths but at sufficiently s m a l l c h a i n l ength behaves i n a G a u s s i a n 
elastic manner . It is p r e d i c t e d that the Young 's m o d u l u s is greatest for a 
lamel lar d o m a i n structure stretched n o r m a l to the lamel lar p lane . T h e 
c y l i n d r i c a l d o m a i n structure stretched n o r m a l to the c y l i n d r i c a l axis has 
a l o w e r m o d u l u s , a n d the m o d u l u s of the spher ica l d o m a i n structure is 
even lower . T h e m o d u l u s is lowest for cyl inders stretched a l o n g the 
c y l i n d r i c a l axis a n d lamel lae stretched a l o n g the lamel lar p lane . It also 
is p r e d i c t e d that the m o d u l u s increases r a p i d l y w i t h increas ing v o l u m e 
f rac t ion of d o m a i n mater ia l a n d that, at l o w temperatures, the m o d u l u s 
decreases w i t h increas ing temperature. These last t w o predict ions are i n 
agreement w i t h experiment . 
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13 
Viscoelastic Properties of Homopolymers and 
Diblock Copolymers of Polybutadiene and 
Polyisoprene 

R. E . C O H E N and A. R. RAMOS 1 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, M A 02139 

Three diblock copolymers of cis-1,4 polyisoprene (IR) and 
1,4-polybutadiene (BR) have been studied in dynamic 
mechanical experiments, transmission electron microscopy, 
and thermomechanical analysis. The block copolymers had 
molar ratios of 1/2, 1/1, and 2/1 for the isoprene and buta
diene blocks. Homopolymers of polybutadiene and polyiso
prene with various diene microstructures also were examined 
using similar experimental methods. Results indicate that in 
all three copolymers, the polybutadiene and polyisoprene 
blocks are essentially compatible whereas blends of homo
polymers of similar molecular weights and microstructures 
were incompatible. 

'onsiderable research efforts have been d i rec ted towards g a i n i n g a n 
^ u n d e r s t a n d i n g of heterogeneous b l o c k c o p o l y m e r systems. T h i s is 
at tr ibutable , i n a large part , to the w i d e range of such materials n o w 
avai lable , the u n u s u a l a n d of ten u n i q u e p h y s i c a l properties w h i c h m a y 
b e obta ined, a n d the w i d e range of morphologies w h i c h can f o r m d u r i n g 
the process of microphase separation. A corresponding l eve l of interest 
i n homogeneous b l o c k copolymers has not emerged, o w i n g to s imi lar 
considerations, i.e., such systems are re la t ive ly rare, properties are not 
dram at i ca l ly different f r o m those of r a n d o m copolymers or homopolymers , 
a n d no dist inct m o r p h o l o g i c a l features are avai lable for analysis . N e v e r -

1 Current address : Centre de Recherches sur Les Macromolecules, 6 Rue Boussin-
gault, Strasbourg, France. 

0-8412-0457-8/79/33-176-237$05.00/0 
© 1979 American Chemical Society 
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238 MULTIPHASE POLYMERS 

theless, homogeneous b l o c k copolymers are interest ing materials i n the i r 
o w n r ight because they can p r o v i d e guidance i n the s tudy of p o l y m e r 
c o m p a t i b i l i t y a n d because they are of potent ia l interest as m o r p h o l o g y 
regulators or " h o m o g e n i z i n g agents" i n p o l y m e r b lends . 

I n the rare case that t w o h o m o p o l y m e r s f o r m a homogeneous molec 
u l a r m i x t u r e i n b u l k , i t also w o u l d be expected that homogenei ty w o u l d 
be observed i n h igh-molecu lar -weight b l o c k copolymers m a d e f r o m 
sequences of the t w o homopolymers . A more interest ing case, however , 
is that of a b l o c k c o p o l y m e r system w h i c h does not exhibi t phase separa
t i o n even t h o u g h a b l e n d of the c o r r e s p o n d i n g h o m o p o l y m e r s is hetero
geneous u n d e r the same condit ions . A qual i ta t ive explanat ion of this 
latter case lies i n considerations of the covalent l i n k b e t w e e n each 
successive p a i r of b l o c k segments. I f the constituent blocks are not 
s trongly incompat ib le , the constraint p r o v i d e d b y this covalent l i n k a g e 
m a y be sufficient to force the overa l l b l o c k c o p o l y m e r mater ia l in to a 
c o m p a t i b l e or semicompat ib le state. T h e semicompat ib le state ( 1 ) m a y 
b e v i e w e d as a case i n w h i c h inter fac ia l m i x i n g takes p lace to a sufficient 
degree so that regions of either pure component are never ach ieved . 
E x p e r i m e n t a l determinat ion of the composi t ion fluctuations i n this semi-
c o m p a t i b l e state w i l l b e h i n d e r e d b y the gentleness of the fluctuations 
themselves a n d b y the small -s ize range over w h i c h they are constra ined 
to occur i n b l o c k copolymers . 

F e w examples of the "homogeneous d i b l o c k - i n c o m p a t i b l e h o m o -
p o l y m e r " behavior have been reported . O n e that has rece ived consider
able attention is the system polystyrene-poly-a -methyls tyrene ( 2 ) . B l o c k 
copolymers of styrene a n d α -methylstyrene exhibi t a s ingle loss peak i n 
d y n a m i c experiments (2, 3 ) a n d have been s h o w n to be thermorheologi -
ca l ly s imple (4); hence they are cons idered to be homogeneous. 
M e c h a n i c a l propert ies data on these copolymers also has been used to 
va l ida te interest ing extensions of the molecu lar theories of p o l y m e r 
viscoelast ic i ty (2,3,4). 

P o l y c a r b o n a t e - p o l y s u l f o n e b l o c k copolymers w i t h rather short seg
ments, i.e., molecu lar w e i g h t of segments i n the order of 5000, also have 
b e e n f o u n d to be homogeneous w h i l e the corresponding homopolymers 
are i n c o m p a t i b l e at the same molecular we ight l eve l ( 5 ) . It is not clear, 
however , whether copolymers w i t h longer blocks w i l l also b e homoge
neous since the s o l u b i l i t y parameter di f ferent ia l ( ~ 1.4 J / c m 3 ) is larger 
t h a n that of the p o l y s t y r e n e - p o l y - a - m e t h y l s t y r e n e system ( ~ 0.4 J / c m 3 ) . 
A n g e l o et a l . (6) observed c o m p a t i b i l i t y of the p o l y b u t a d i e n e a n d p o l y -
isoprene b l o c k segments ( b o t h w i t h less t h a n 1 0 % 1,4 units ) i n s t y r e n e -
butadiene—isoprene a n d butadiene-styrene—isoprene t r ib locks . B l e n d s of 
s tyrene -butad iene a n d styrene—isoprene d i b l o c k s also s h o w e d some m i x 
i n g of the t w o diene segments, a l t h o u g h m i x i n g was not as complete as 
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13. COHEN AND RAMOS Polybutadiene and Polyisoprene 239 

that obta ined t h r o u g h t e r p o l y m e r i z a t i o n , w h e r e some i n d i c a t i o n of the 
effect of segment pos i t ion o n the b l e n d i n g also was n o t e d (6). F i n a l l y , 
s tyrene-butadiene b l o c k copolymers have e x h i b i t e d s e m i c o m p a t i b i l i t y 
u n d e r appropr ia te condi t ions . L o w segmental m o l e c u l a r weights ( 7 ) 
and/or h i g h e r temperatures (8) p romote m i x i n g of the d i s s i m i l a r seg
ments i n agreement w i t h theoret ica l predic t ions (9 , JO) . 

T h e present w o r k considers i n deta i l a n e w example of the homoge
neous b lock-heterogeneous h o m o p o l y m e r system, for w h i c h p r e l i m i n a r y 
results have been reported ( J , 11, 12,13). T h e t w o components , h i g h 
c£s-l ,4-polyisoprene ( I R ) a n d m e d i u m c£s-l ,4-polybutadiene ( B R ) are 
b o t h elastomeric materials of considerable prac t i ca l importance . These 
t w o homopolymers have been f o u n d to f o r m heterogeneous b lends (14) 
a l t h o u g h their so lub i l i ty parameters are very nearly ident i ca l , i.e., 17.0-
17.2 J / c m 3 for the p o l y b u t a d i e n e a n d 16.4-16.8 J / c m 3 for poly isoprene 
( 1 5 ) . T h e system u n d e r considerat ion here m a y be considered to b e the 
diene analog of the s t y r e n e - a - m e t h y l styrene system; i n each case the 
repeat units of the t w o b locks differ o n l y b y a single m e t h y l group. A n 
a d d i t i o n a l s t ructural difference arises i n the polymers of interest here, 
however , o w i n g to the capab i l i ty of the isoprene a n d butadiene m o n o 
mers to p o l y m e r i z e i n four different ways—cis-1,4; trans-1,4; 1,2; a n d 
3,4 a d d i t i o n — w i t h the last t w o b e i n g equiva lent for the case of butadiene . 

Materials and Experimental Methods 

T h r e e po lybutadiene/poly isoprene d ib locks w e r e p r o v i d e d to us b y 
P a u l R e m p p of C R M , Strasbourg. Deta i l s of the m o l e c u l a r weights a n d 
the expected diene microstructures w e r e discussed earl ier (1,13) a n d 
are s u m m a r i z e d i n T a b l e I. H o m o p o l y m e r s of corresponding m i c r o -
structures a n d molecu lar weights (1,13) are also descr ibed i n T a b l e I. 
T h e molecu lar -weight dis tr ibut ions of the homopolymers are cons iderably 
broader t h a n those of the b l o c k polymers , o w i n g to a mast icat ion proce
dure (13) ca r r i ed out on these samples to l o w e r their m o l e c u l a r weights . 
T o insure that the microstructures of the homopolymers were w e l l 
m a t c h e d to the constituent b locks i n the copolymers , 6 0 - M H z N M R 
spectra were obta ined o n a V a r i a n T-60 apparatus for the dib locks , the 
i n d i v i d u a l homopolymers , a n d three equivalent h o m o p o l y m e r b lends (13). 

Samples for the viscoelastic experiments w e r e p r e p a r e d b y a conven
t iona l s low-solvent-evaporat ion technique ( I ) f o l l o w e d b y v a c u u m d r y i n g . 
F o r ease i n h a n d l i n g i n certa in experiments, some samples were l i g h t l y 
c u r e d us ing a 3 0 - M R a d dose of electrons; other experiments were carr ied 
out o n u n c u r e d materials . Transmiss ion electron m i c r o s c o p y ( P h i l l i p s 
M o d e l 200) was used to investigate possible m o r p h o l o g i c a l features i n 
the b l o c k polymers a n d blends . Deta i l s of the various s ta in ing techniques 
used are presented elsewhere ( I , I I , 12,13). 

Viscoelast ic experiments were c o n d u c t e d on a R h e o v i b r o n D D V - I I - C 
apparatus a n d o n a Rheometr ics M e c h a n i c a l Spectrometer. T h e R h e o 
v i b r o n studies w e r e car r ied out i n tension o n c u r e d samples at 3.5, 11, 
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240 M U L T I P H A S E P O L Y M E R S 

T a b l e I . C h a r a c t e r i z a t i o n of P o l y m e r s 

Polymer' 
Isoprene 

Wt % 
Molecular 

Weight" 
Percent1' Cis-1,4, 
trans-1,4, vinyl 

D i b l o c k 2 1 4 3 (1/1) 56 250,000 B : 45,45,10 
I : 9 0 , — — 

D i b l o c k 2144 (2/1) 39 264,000 B : 45,45,10 
I : 9 0 , — — 

D i b l o c k 2148 (1/2) 71 270,000 B : 45,45,10 
I : 9 0 , - -

P o l y isoprene" 100 133,000 9 2 , - -

P o l y butadiene" 0 120,000 45,45,10 
α Diblocks via light scattering ; homopolymers via intrinsic viscosity (after masti

cation (/)). 
b Expected microstructure based on anionic polymerization conditions used in the 

synthesis (see Figure 1 for verification of matched microstructures in the homopoly
mers and block segments), 

c Cariflex 309, Shell Nederland Chemie, unmasticated molecular weight 1.5 Χ 106. 
d Solprene 233, Phillips Petroleum, unmasticated molecular weight 160,000. 
e The numbers in parenthesis after each copolymer designation indicate the ratio 

of moles of butadiene repeat units/moles of isoprene repeat units. 

35, a n d 110 H z at various temperatures be tween — 135° a n d 4 0 ° C . A 
ni t rogen b lanket was used at a l l temperatures to protect the specimens 
f r o m degradat ion . T h e end-butt m e t h o d of V o e t (16) was used for 
g r i p p i n g the specimens, a n d the appropr ia te correct ion factors (17,18) 
w e r e a p p l i e d to account for r e q u i r e d changes i n the spec imen geometry 
d u r i n g the experiment . T h e Rheometr ics apparatus was used i n the 
eccentr ic rota t ing disk m o d e (8) o n u n c u r e d samples at frequencies 
be tween 0.1 a n d 100 rad/sec a n d over a temperature range general ly 
extending f r o m — 4 0 ° to 4 0 ° C ; i n a f e w cases the u p p e r l i m i t of the 
temperature range was extended to 1 7 5 ° C . T o obta in re l iab le i n f o r m a t i o n 
i n the sample temperature , i t was necessary to s h i e l d (13) the u p p e r test 
fixture f r o m the ni t rogen gas stream used to b lanket the spec imen. A l s o , 
a l l measured forces a n d displacements were corrected to account for the 
instrument compl iance . T h e appropr ia te correct ion equations are pre
sented elsewhere (13). T h e compl iance values for our apparatus are 
Kx = 3.2 χ 10" 6 m / N a n d Ky = 2.7 Χ 10" 6 m / N ; these are close to the 
values reported b y G o u i n l o c k a n d Porter (8) for a s imi lar instrument . 

T h e r m a l analysis on a D u P o n t 900 thermomechanica l analyzer p r o 
v i d e d a d d i t i o n a l i n f o r m a t i o n on transi t ion temperatures. A b l u n t - e n d 
expansion probe was used w i t h heat ing rates i n the range of 5 ° - 1 0 ° C / m i n . 

Results 

Because diene micros t ructure is k n o w n to have a m a r k e d inf luence 
o n p h y s i c a l propert ies , w e felt that p r o p e r interpretat ion of our visco-
elastic studies w o u l d require deta i led i n f o r m a t i o n of this type . T h e 
i n f o r m a t i o n p r o v i d e d b y the suppliers of our samples ( T a b l e I ) was 
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Figure 1. Ν MR spectra of diblock copolymers and 
corresponding homopolymer blends. Spectra ob
tained in carbon tetrachloride solution with tetra-

methylsilane internal reference. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

01
3

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



242 MULTIPHASE POLYMERS 

Figure 2. Transmission electron micrographs of (a) a blend of polybutadiene 
(25 wt % ) and polyisoprene (75 wt % ); (b) polyisoprene homopolymer; (c) di

block copolymer 2143. Magnifications as indicated. 
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13. COHEN AND RAMOS Poltjbutadiene and Polyisoprene 243 

based o n the m e t h o d of an ion ic p o l y m e r i z a t i o n u s e d i n the sample 
prepara t ion ; to support the data presented i n T a b l e I, var ious N M R 
experiments w e r e p e r f o r m e d . Results ob ta ined o n the p o l y b u t a d i e n e 
h o m o p o l y m e r s h o w e d that less than 1 0 % v i n y l a d d i t i o n was present, as 
expected, b u t i t was not poss ible to determine the cis/trans rat io for the 
1,4 units w i t h our N M R apparatus. L i k e w i s e , i t was o n l y possible to 
demonstrate that poly isoprene h o m o p o l y m e r conta ined m o r e than 9 2 % , 
1,4 a d d i t i o n . T h e N M R spectra of the various d ib locks c o u l d not b e 
interpreted quant i ta t ive ly , o w i n g to the c o m p l i c a t e d over lap of peaks 
f r o m the various isoprene a n d butadiene repeat uni ts ; however , i t was 
clear that a l l three samples conta ined p r e d o m i n a n t l y 1,4 l inkages . T o 
demonstrate that the microstructures of the constituent b locks of o u r 
copolymers were w e l l m a t c h e d w i t h the homopolymers used i n our 
invest igat ion, three h o m o p o l y m e r b lends also were s tudied i n N M R . 
B l e n d 2144 conta ined 39-wt % polyisoprene, i d e n t i c a l to the poly isoprene 
content of c o p o l y m e r 2144; s imi lar ly the composit ions of b lends 2143 
a n d 2148 corresponded to the p o l y i s o p r e n e / p o l y b u t a d i e n e ratios of co
polymers 2143 a n d 2148, respect ively. T h e close m a t c h i n g of the N M R 
spectra for each p a i r ( F i g u r e 1 ) confirms that the d i b l o c k segments a n d 
corresponding h o m o p o l y m e r have the same microstructure . F i g u r e 1, 
a l o n g w i t h the in format ion obta ined o n the homopolymers alone, also 
provides support of the quant i ta t ive micros t ruc tura l i n f o r m a t i o n l i s ted 
i n T a b l e I. 

F i g u r e 2 presents some transmission electron micrographs obta ined 
u s i n g the ebonite m e t h o d (13,19) for o b t a i n i n g contrast. F i g u r e 2a 
clearly shows the i n c o m p a t i b i l i t y of the I R a n d B R homopolymers a n d 
also provides a t y p i c a l example of the degree to w h i c h the s ta ining tech
n i q u e can differentiate be tween poly isoprene a n d po lybutad iene phases 
w h e n present. A h igh-magni f i ca t ion m i c r o g r a p h of a p u r e I R sample, 
also treated b y the ebonite m e t h o d , is s h o w n i n F i g u r e 2b. N o m o r p h o 
l o g i c a l features are evident i n this m i c r o g r a p h except for the "salt a n d 
p e p p e r ' texture characterist ic of near ly a l l materials at very h i g h resolu
t i o n o n our microscope. M i c r o g r a p h s of a l l three d i b l o c k s at l o w a n d 
m e d i u m magnif icat ion s h o w e d no evidence of phase separat ion. A t h i g h 
magnif icat ions the micrographs of the d ib locks were very s imi lar to those 
obta ined on the homopolymers except for a f e w diffuse darker regions 
r a n d o m l y scattered a r o u n d the field of v i e w ; F i g u r e l c is a t y p i c a l 
example for c o p o l y m e r 2143 ( 1/1), conta in ing 56-wt % polyisoprene . 

Glass- transi t ion temperatures of the three d ib locks a n d the t w o 
homopolymers are p lo t ted against isoprene content i n F i g u r e 3. T h e 
values p lo t ted i n F i g u r e 3 w e r e d e t e r m i n e d b y T M A at a heat ing rate 
of 5 ° C / m i n . T h e points f a l l near a straight l ine w h i c h c a n be descr ibed 
b y a s i m p l i f i e d vers ion of the G o r d o n - T a y l o r equat ion (20): 
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T g ^ W l T g l + ( l ^ W l ) T m (1) 

w h e r e T g I a n d T g B represent the glass transitions of the t w o homopolymers 
a n d Wi is the w e i g h t f rac t ion of isoprene i n the mater ia l . 

C u r v e s of tan δ vs. temperature for the three d ib locks a n d the t w o 
h o m o p o l y m e r s are presented i n F i g u r e 4. T h e t w o arrows a l o n g the 
abscissa indicate the posit ions of the peaks i n the tan δ curves for the 
t w o h o m o p o l y m e r s ; the peak locations for the three copolymers f a l l 
be tween these t w o temperatures i n a systematic fashion. A l s o , w e note 
the absence of any peak b r o a d e n i n g i n the curves for the b l o c k copoly
mers, i n d i c a t i n g that the single peak for each of these materials is not 
a t t r ibutable to the m e r g i n g of t w o p o o r l y resolved peaks ( I ). A p lo t of 
the temperature corresponding to the m a x i m u m i n tan δ as a f u n c t i o n of 
compos i t ion is s h o w n i n F i g u r e 5. A s i n F i g u r e 3, a l l points f a l l near a 
straight l ine w h i c h , again, is w e l l descr ibed b y E q u a t i o n 1; i n this case 
the l i m i t i n g values of TgB a n d Tgï are taken as the tan δ-peak locations 
for the t w o homopolymers . T h e fact that values of Tg ob ta ined i n the 
d y n a m i c m o d e o n the R h e o v i b r o n are a l l s l ight ly greater t h a n those 
ob ta ined i n the quasistatic T M A exper iment is qua l i ta t ive ly consistent 
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Figure 3. Glass-transition temperature plotted as a function of 
isoprene content for BR-IR homopolymers and diblocks; TMA, 
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\ ^ BR 

/ / \ v ^ c o p 2 , 4 4 

——S I / / \ V COP 2148 

— J 

/ / , R 

— 

t, 
3.5 Hz 

t 1 1 
-120 - 8 0 - 4 0 0 4 0 

TEMPERATURE °C 

Figure 4. Tan δ vs. temperature curves at 3.5 Hz for the diblocks 
and homopolymers. The scale on the ordinate corresponds to the 
bottom curve only, the other curves have been shifted upwards for 
clantu. The two arrows along the temperature scale indicate the 

polybutadiene (—82°C) and polyisoprene (—49°C) transitions. 

with well-known rate effects which influence all measurements of transi
tion temperatures in polymers. 

Isothermal measurements of the dynamic mechanical behavior as a 
function of frequency were carried out on the five materials listed in 
Table I. Numerous isotherms were obtained in order to describe the 
behavior in the rubbery plateau and in the terminal zone of the visco-
elastic response curves. An example of such data is shown in Figure 6 
where the storage shear modulus for copolymer 2148 (1/2) is plotted 
against frequency at 10 different temperatures. 
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Figure 5. Location of tan δ peak as a function of composi
tion for BR-IR homopolymers and diblocks; Rheovibron, 
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Figure 6. Storage-modulus isotherms for copolymer 2148(1 /2) 
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Discussion 

T h e m e t h o d used to p r o v i d e contrast i n transmission electron micros
copy was successful i n demonstrat ing the presence of a two-phase 
structure i n h o m o p o l y m e r b lends of B R a n d I R ( F i g u r e 2 a ) . T h e o p p o 
site s i tuat ion, i.e., a clear absence of any phase separation i n the b l o c k 
copolymers , also is demonstrated, b u t m u c h less c o n v i n c i n g l y b y the 
c o m p a r i s o n of F i g u r e s 2b a n d 2c. I t is necessary to consider the evidence 
f r o m a l l of the m e c h a n i c a l a n d t h e r m a l analysis experiments, a long w i t h 
the ev idence f r o m microscopy . 

C l o s e examinat ion of F i g u r e 2c a n d others of s i m i l a r or h i g h e r 
magni f i ca t ion does not reveal any h in t of the regular m o r p h o l o g y , w i t h 
character is t ic d o m a i n sizes i n the range of hundreds of angstroms, w h i c h 
is expected for d i b l o c k copolymers of this type . W e d i d f requent ly 
observe, however , diffuse darker regions about 200-400 A i n size scat
tered r a n d o m l y a r o u n d the field of v i e w i n micrographs of a l l the 
dib locks . These regions w e r e not observed i n any of the micrographs of 
stained homopolymers a n d therefore cannot b e a t t r ibuted d i rec t ly to 
artifacts i n t r o d u c e d b y the s ta in ing technique. Instead, w e be l i eve that 
the three b l o c k copolymers descr ibed i n T a b l e I are " s e m i c o m p a t i b l e , " 
i.e., they conta in significant fluctuations i n compos i t ion throughout the 
b u l k mater ia l ; these gentle fluctuations do not appear to be part of any 
w e l l - o r g a n i z e d m o r p h o l o g y a n d , based o n a l l the data o b t a i n e d here, i t 
is u n l i k e l y that the fluctuations ever l ead to regions w h i c h consist of 
either p u r e B R or p u r e I R . 

T h e G o r d o n - T a y l o r E q u a t i o n , w h i c h i n s i m p l i f i e d f o r m was suc
cessful i n fitting data ( F i g u r e s 3, 4, a n d 5 ) o n transi t ion temperatures 
for the B R / I R b l o c k copolymers , is based o n considerations of segmental 
interact ion energies; the equat ion carries the u n d e r l y i n g assumption that 
the interactions b e t w e e n segments of the d iss imi lar po lymers c a n be 
expressed as the ar i thmet ic m e a n of the interac t ion energies for the t w o 
homopolymers . T h e close agreement w i t h our exper imenta l results sug
gests a large degree of m i x i n g at the segmental l eve l i n the three b l o c k 
copolymers of interest here. 

D e t a i l e d analysis of the i sothermal d y n a m i c m e c h a n i c a l data o b t a i n e d 
as a f u n c t i o n of f requency o n the Rheometr ics apparatus lends strong 
support to the tentative conclusions o u t l i n e d above. It is impor tant to 
note that heterophase ( 21 ) p o l y m e r systems are n o w k n o w n to b e thermo-
rheo log ica l ly complex (22, 23, 24, 25 ) , resul t ing i n the i n a p p l i c a b i l i t y of 
t r a d i t i o n a l t i m e - t e m p e r a t u r e superposi t ion (26) to i so thermal sets of 
viscoelast ic data ; l i m i t a t i o n s o n the t i m e or f requency range of the data 
m a y l e a d to the appearance of successful superposi t ion i n some ranges 
of temperature ( 2 5 ) , but the approximate shift factors (26) thus ob ta ined 
show c lear ly the transfer f r ^ ^ ^ ^ ^ p i Ç j ^ p j ^ [ t h e viscoelast ic response 
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Figure 7. Storage- and loss-modulus master curves for copolymer 
2148(1/2) reduced to 0°C according to the WLF constants shown in 

Table 11 

of one phase to that of a second phase i n the mater ia l . O n the other 
h a n d , p o l y m e r i c materials w h i c h are essentially homogeneous at the 
segmental l eve l ( h o m o p o l y m e r s , r a n d o m copolymers , a n d homogeneous 
b locks a n d b l e n d s ) are thermorheologica l ly s imple (25) materials to 
w h i c h concepts of t ime- tempera ture superposi t ion can be readi ly a p p l i e d . 

I n the present case, a l l of our d y n a m i c m e c h a n i c a l data c o u l d be 
r e d u c e d successful ly into master curves u s i n g convent iona l sh i f t ing proce
dures . A s an example , F i g u r e 7 shows storage a n d loss-modulus master 
curves a n d demonstrates the g o o d superposi t ion obta ined. I n a l l cases, 
the s h i f t i n g was not c a r r i e d out e m p i r i c a l l y i n order to obta in the best 
poss ible superposi t ion ; ins tead the appropr ia te shif t factors w e r e c a l c u 
la ted f r o m the W L F equat ion (26): 

u s i n g Ci a n d C 2 values w h i c h were w e i g h t e d averages of the values 
repor ted for the t w o homopolymers (26). T h e values of these W L F 
constants are l i s ted i n T a b l e I I . 

F i g u r e 8 presents the storage a n d loss-modulus master curves 
ob ta ined o n a l l five samples of interest. T h e dashed lines indica te 
extensions of the master curves, u s i n g appropr ia te ly r e d u c e d data f r o m 
the R h e o v i b r o n experiments i n tension. Storage-modulus data i n the 
r u b b e r y p la teau reg ion vary systematical ly w i t h composi t ion , i.e., the 
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m o d u l u s increases w i t h the isoprene content of the materials . T h e inter
preta t ion of the behavior i n the flow r e g i o n ( l o w r e d u c e d f r e q u e n c y ) 
is not as s t ra ight foreward ; i n par t icular , b o t h of the h o m o p o l y m e r s exhib i t 
v e r y m u c h l o w e r slopes than any of the b l o c k copolymers . T h i s is 
p r o b a b l y a consequence of the re la t ive ly b r o a d m o l e c u l a r - w e i g h t d i s t r i b u 
tions of these materials , i n t r o d u c e d d u r i n g the m i l l i n g procedure ( J , 13) 
used to reduce their molecular weights . S i m i l a r overa l l trends are seen 
i n the loss-modulus master curves. 

A l l of the evidence presented above supports the conc lus ion that the 
d i b l o c k copolymers are essentially homogeneous. O n the other h a n d , the 
corresponding homopolymers have been s h o w n to be i n c o m p a t i b l e i n 
essentially a l l proport ions u n d e r s imi lar condit ions of sample prepara t ion . 
T h u s , i f at r o o m temperature the B R a n d I R can be made compat ib le b y 
the a d d i t i o n of a s ingle c h e m i c a l b o n d , i.e., the one l i n k i n g the t w o 
segments i n the d i b l o c k copolymer , it is not unreasonable to expect that 
an u p p e r cr i t i ca l -so lut ion temperature for the homopolymers m i g h t exist 
not far above r o o m temperature. T h e direct determinat ion of this t e m 
perature b y v i s u a l methods (27) was not feasible i n the present case 
because of the near ly e q u a l indices of re fract ion of B R a n d I R . A s a n 
alternative, the d y n a m i c shear propert ies of a 50/50 b l e n d of I R a n d B R 
w e r e d e t e r m i n e d i n the M e c h a n i c a l Spectrometer f r o m 30° to 2 0 0 ° C . 

I sochronal plots of the storage m o d u l u s G ' vs. temperature for this 
b l e n d are s h o w n i n F i g u r e 9. A clear d iscont inui ty , w h i c h is m o r e 
p r o n o u n c e d at l o w e r frequencies, is observed for a l l curves a r o u n d 8 0 ° C . 
T h i s transit ion also was a c c o m p a n i e d b y a not iceable decrease i n the 
slope of each of the isochrones at the h igher temperatures. A s imi lar , 
a l t h o u g h more dramat ic , d r o p i n m o d u l u s was observed (8) near 1 4 2 ° C 
for a s tyrene-butadiene-s tyrene t r ib lock c o p o l y m e r of rather l o w molec 
u lar w e i g h t (7000-43,000-7000) . It was c o n c l u d e d that above this 
temperature the polystyrene blocks are compat ib le w i t h the cont inuous 
p o l y b u t a d i e n e phase. B y analogy, one m a y then conc lude that above 
8 0 ° C the dispersed I R domains i n the B R - I R b l e n d u n d e r considerat ion 
are d is rupted , resul t ing i n a n essentially homogeneous b l e n d . 

T a b l e I I . W L F E q u a t i o n Parameters at 0 ° C 

C / 

nr 7.io 
C O P 2148* (1/2) 6.26 
C O P 2143 6 (1/1) 5.82 
C O P 2144 6 (2/1) 5.32 
B R e 4.19 

127 
137 
142 
148 
162 

Adjusted to 0°C from Ref. 26. 
6 Weighed averages based on composition (wt %) of the diblock. 
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Figure 9. Storage-modulus isochrones for a 50/50 (wt %) blend of BR and IR 

A s a final p o i n t r e g a r d i n g c o m p a t i b i l i t y i n B R / I R systems, w e 
consider the effect of d iene microstructure . I n a l l of the experiments 
descr ibed above, microstructure was not a v a r i a b l e ( T a b l e I ) , w i t h 
p r e d o m i n a n t l y 1 ,4-addit ion a p p e a r i n g i n b o t h po lymers . I n this case i t 
is possible that the i n c o m p a t i b i l i t y of the h o m o p o l y m e r s m i g h t arise 
f r o m the presence of the m e t h y l g r o u p i n the isoprene repeat u n i t and/or 
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f r o m the p a r t i a l trans-1,4 structure of the p o l y b u t a d i e n e . O n the other 
h a n d , it is interest ing to consider whether changes i n micros t ructure 
(e.g., h i g h e r v i n y l content i n the p o l y b u t a d i e n e ) w o u l d m a k e the h o m o 
polymers themselves compat ib le . T o answer questions of this type , w e 
s tudied the c o m p a t i b i l i t y of the poly isoprene ( I R ) of T a b l e I i n b lends 
w i t h several polybutadienes s u p p l i e d to us b y the P h i l l i p s P e t r o l e u m 
C o . T h e microstructures a n d molecu lar weights of these polymers are 
s h o w n i n T a b l e I I I , a long w i t h the corresponding data for I R a n d B R 
taken f r o m T a b l e I. 

B i n a r y b lends (50/50 w t % ) of different combinat ions of the p o l y 
mers of T a b l e I I I w e r e p r e p a r e d f r o m benzene solut ion as descr ibed 
above. E i t h e r e lectron microscopy, measurements of d y n a m i c m e c h a n i c a l 
propert ies , or b o t h were used to ascertain the heterogeneity ( or homoge
neity ) of each b l e n d . 

B lends of I R a n d m e d i u m - c i s B R have a l ready b e e n discussed i n 
de ta i l a n d are c lear ly heterogeneous systems. T h e b l e n d of I R a n d h i g h -
trans B R resul ted i n a complete ly opaque, w h i t e m a t e r i a l w h i c h was 
o b v i o u s l y heterogeneous. A b l e n d of I R a n d high-c is B R p r o d u c e d a 
transparent film w h i c h , nonetheless, appeared heterogeneous i n the 
electron microscope (see F i g u r e 10a) . U s i n g the same phase-contrast ing 
techniques, a m i c r o g r a p h of a 50/50 b l e n d of h i g h - v i n y l B R a n d m e d i u m -
cis B R exhib i ted t w o phases, as s h o w n i n F i g u r e 10b. O n the other h a n d , 
micrographs of the b l e n d of I R a n d h i g h - v i n y l B R d i d not show any 
evidence of heterogeneity. T h e loss tangent curve of the same b l e n d 
exhib i ted a s ingle peak at a pos i t ion w h i c h was be tween the loss peak 
postions of the homopolymers ( — 4 9 ° C for I R , — 3 3 ° C f o r h i g h - v i n y l 
B R , - 4 2 ° C for the 50/50 b l e n d ) . T h i s latter system w o u l d t h e n offer 
one poss ib i l i ty for e x a m i n i n g the case i n w h i c h the homopolymers are 
c o m p a t i b l e as w e l l as the c o r r e s p o n d i n g d i b l o c k c o p o l y m e r . 

Table III. Microstructure and Molecular Weights of 
Butadiene and Isoprene Polymers 

Trans Cis Vinyl 
(%) (%) (%) 

H i g h - c i s B R 4.2 92.0 3.8 416,000 
M e d i u m - c i s B R e 45.0 45.0 10.0 120,000 
H i g h - v i n y l B R 15.9 19.7 64.4 468,000 
H i g h - t r a n s B R 90.7 — 2.6 156,000 
H i g h - c i s I R * — 92.0 — 133,000 

β Homopolymers used throughout this work. 
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254 MULTIPHASE POLYMERS 

Figure 10. Electron micrographs of (a) a 
50/50 blend of IR and high-cis polybutadiene 
and (b) a 50/50 blend of medium-cis polybuta
diene and high-vinyl polybutadiene. See Table 

III for details of diene microstructures. 
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14 
Strain-Induced Plastic-to-Rubber Transition of 
a SBS Block Copolymer and Its Blend 
with PS 

T. H A S H I M O T O , M . FUJIMURA, K. SAIJO, and H . KAWAI 

Department of Polymer Chemistry, Faculty of Engineering, 
Kyoto University, Kyoto 606, Japan 

J. D I A M A N T and M . S H E N 

Department of Chemical Engineering, University of California, 
Berkeley, C A 94720 

The strain softening phenomenon, a strain-induced plastic
-to-rubber transition, of poly(styrene-b-butadiene-b-styrene) 
and its blends with homopolystyrene, was investigated by 
electron microscopy and small angle x-ray scattering. The 
specimens have morphology of randomly oriented alternat-
ing lamellar domains of the two components, and the transi
tion is believed to occur as a result of structural change from 
alternating lamellar domains to fragmented PS domains 
dispersed in a PB matrix. After the strain has been removed, 
the specimens will spontaneously "heal" themselves, i.e., an 
inverse transition from rubber-like to plastic-like behavior. 
The healing effect is investigated by the same techniques 
and is interpreted in terms of interfacial domain-boundary 
relaxations activated with the fragmentation of the PS 
lamellar domains. 

T t has been s h o w n that some b l o c k copolymers a n d their b lends w i t h 
corresponding h o m o p o l y m e r s exhibi t the so-ca l led s tra in sof tening effect 

(1,2,3,4,5). W h e n the plast ic spec imen is stretched b e y o n d the y i e l d 
point , i t becomes r u b b e r y a n d exhibits high-elast ic i ty w i t h large recover
able d e f o r m a t i o n at t r ibutable to the b r e a k - u p of their o r i g i n a l r i g i d 

0-8412-0457-8/79/33-176-257$05.00/0 
© 1979 American Chemical Society 
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258 MULTIPHASE POLYMERS 

structure (1,6,7). M o r e o v e r , specimens after s tretching exhibi t a h e a l i n g 
effect i n that propert ies of the o r i g i n a l u n d e f o r m e d specimens are 
recovered u p o n r e m o v a l of the a p p l i e d stress (1, 4, 5). T h e effect has 
been a t t r ibuted to the re format ion of the o r i g i n a l m i c r o d o m a i n structure. 
I n this chapter , the s t ruc tura l changes i n S B S b l o c k c o p o l y m e r a n d 
its b lends w i t h homopolys tyrene a c c o m p a n y i n g the s t ra in - induced plast ic-
to-rubber transi t ion a n d the h e a l i n g process are invest igated b y means 
of electron microscopy a n d s m a l l angle x-ray scatter ing ( S A X S ) . T h e 
h e a l i n g effect is ra t iona l ized i n l ight of the d o m a i n - b o u n d a r y re laxat ion 
m e c h a n i s m . 

Experimental 

Research grade p o l y ( styrene-b-butadiene-b-styrene ), des ignated as 
TR-41-1647, TR-41-1648, a n d TR-41-1649, were rece ived f r o m S h e l l D e 
v e l o p m e n t C o . These b l o c k copolymers conta in 26.8, 29.3, a n d 48.2 w t % 
polystyrene ( P S ) , respect ively . T h e average m o l e c u l a r weights , deter
m i n e d b y intr ins ic viscosi ty measurements i n toluene at 3 0 ° C , w e r e f o u n d 
to be 7-36-6, 16-78-16, a n d 14-30-14 i n units of thousands. T h e m i c r o -
structure of p o l y b u t a d i e n e ( P B ) blocks was f o u n d to conta in about 40 
m o l % i n cw-1,4, 5 0 % i n trans-1,4, a n d 1 0 % i n 1,2 units . 

F i l m samples were p r e p a r e d b y spin-cast ing (8) f r o m 1 0 % solutions 
of the po lymers i n a m i x e d solvent of T H F a n d m e t h y l e t h y l ketone 
(90/10 by v o l u m e ) . R e s i d u a l solvent was r e m o v e d b y heat ing i n vacuo 
at 6 0 ° C u n t i l constant w e i g h t was reached. F o r e lectron microscope 
observations, samples w e r e s ta ined b y o s m i u m tetroxide a n d t h e n cut 
n o r m a l to the film surface b y a L K B u l t ramicro tome to a thickness of 
about 300 Â. U n s t r a i n e d samples a n d samples that have b e e n h i g h l y 
s tretched a n d then r e t u r n e d to the unstra ined state w e r e s ta ined i n 
aqueous so lut ion of O s 0 4 for 24 hours at r o o m temperature a n d subse
q u e n t l y cut into r i b b o n shape, e m b e d d e d i n epoxy resin, t r i m m e d , a n d 
s ta ined aga in i n the aqueous solut ion of O s 0 4 for 5 - 1 2 hours at 5 0 ° C 
a n d then sect ioned. T o observe the m o r p h o l o g y of samples i n the 
stretched state, the specimens were first e longated to 85 a n d 5 0 0 % , fixed 
into meta l frames, a n d subsequently s tained b y O s 0 4 v a p o r for 48 hours 
at r o o m temperature u n d e r the stretched state. T h e stained specimens 
w e r e then released f r o m m e t a l frames a n d treated i n the manner descr ibed 
above for resta ining a n d u l t r a t h i n sect ioning. T h e fixation of the speci 
mens b y O s 0 4 is more effective near the surfaces, therefore a p a r t i a l 
contrac t ion of the specimens occurs u p o n release f r o m stretched state 
l e a d i n g to a r e d u c t i o n of effective b u l k strain to 64 a n d 2 0 0 % , respec
t ive ly . F o r the specimens to invest igate the h e a l i n g effect, m o r e q u a n t i 
tat ively , the e m b e d d i n g process of the stained spec imen into epoxy resin 
was not p e r f o r m e d i n order to a v o i d heat generation d u r i n g the process. 

T h e S A X S patterns w e r e o b t a i n e d w i t h n ickel - f i l tered C u K a rad ia t ion 
at 40 K V a n d 100 m A u s i n g a rotaflex R U - 1 0 0 P L generator ( R i g a k u -
D e n k i ) a n d w i t h a po int f o c u s i n g system so arranged that distances of 
the first a n d second pinholes , spec imen, a n d p h o t o g r a p h i c film f r o m 
the f o c a l spot are 128, 378, 438, a n d 738 m m , respect ively. Sizes of the 
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first and second pinholes are 0.5 and 0.2 mm in diameter. The SAXS 
intensity distributions were detected by a scintillation counter with a 
pulse-height analyzer. The same generator and the same power as in 
the photographic experiment were used as an incident x-ray source. The 
size of focal spot was 0.5 X 5 m m 2 on target and 0.07 X 5 m m 2 in 
projection. The incident x-ray source was collimated by using the follow
ing arrangement: the first, second, and third slits, the specimen, and the 
counter and scattering slits were placed at 128, 378, 418, 443, 703, and 
743 mm from the focal spot, respectively. The sizes of the first, second, 
counter, and scattering slits were 0.1 χ 10, 0.1 X 10, 0.1 X 15, and 0.05 
X 15 mm 2 . The intensity distribution was measured by a conventional 
low-angle x-ray goniometer (No. 2202, Rigaku-Denki ), using a step-
scanning device with a step interval of 0.6 min, each for a fixed time of 
100 sec. The measured scattered intensity distributions were corrected 
for collimation error by using the weighting function calculated from the 
Hendricks-Schmidt equations (9) and by using Schmidts method of 
desmearing (20), the detailed procedure of which has been described 
elsewhere (11). 

Results and Discussion 

Mechanical Properties. Figure 1 shows the cyclic tensile stress-strain 
behavior of the three block copolymer film specimens at 2 5 ° C at a con
stant rate of tensile strain of 50%/min. The tensile stress is expressed in 
terms of true stress, i.e., tensile force divided by actual cross-sectional 
area of the elongated specimen, and the tensile strain is expressed by 
extension ratio. The number of small arrows attached to the cyclic 
deformation curves indicate the first, second, and third cycles. As can 
be seen in the figure, the yielding phenomenon becomes more pronounced 
with increasing styrene content (from TR-41-1647 to TR-41-1648 to T R -
41-1649). The strain-softening effect resulting from the strain-induced 
plastic-to-rubber transition is particularly clear for the TR-41-1649 speci
men. Presumably the randomly oriented styrene lamellae have been 
elastically deformed up to the yielding point, beyond which the lamellae 
disintegrate into fragments and are dispersed in the butadiene matrix 
to result in strain softening. 

Figure 2 shows again the tensile stress-strain behavior of TR-41-1649 
and its PS blend measured in first and second stretches. The experiment 
was conducted at room temperature at a strain rate of 50%/min. For 
clarity only the stretching half-cycles are shown. Here the tensile stress 
is expressed in terms of nominal stress, i.e., tensile force divided by 
original cross-sectional area of the specimen, and the tensile strain is 
expressed as percent elongation. As can be seen in the first stretching half-
cycle in the figure, after the yielding has taken place there is a plateau 
region followed by a rapid increase of the stress. These regions are more 
clearly discernable than those shown in Figure 1 where true stress 
was used. 
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- SBS (2) J 

Strain (%) 
Rubber Chemistry and Technology 

Figure 2. Cyclic tensile stress-strain behavior 
of TR-41-1649 and its blend with polystyrene 
(M: 20,400) at room temperature at a constant 
rate of tensile strain, 50%/min. Curves (1 ) 
and (2) refer to the first and second stretching 
half-cycles, respectively, and the tensile stress 

is expressed in terms of nominal stress (29). 

T h e b l o c k c o p o l y m e r exhibits a y i e l d point at a r o u n d 5 % strain, 
after w h i c h the stress decreases u n t i l about 2 0 % strain. T h e stress t h e n 
remains constant w i t h fur ther e longat ion u p to about 1 8 0 % strain. T h i s 
is t y p i c a l p las t ic - l ike behavior . W h e n the a p p l i e d stress exceeds the y i e l d 
stress, n e c k i n g s u d d e n l y appears at a l o c a l i z e d reg ion i n the spec imen, 
w h i c h subsequent ly grows cont inuous ly u n t i l the w h o l e spec imen is 
covered. T h e n e c k i n g process gives rise to the pla teau r e g i o n observed 
i n the stress-strain curve . U p o n fur ther stretching, the stress rises r a p i d l y 
a n d fracture soon fo l lows . I f the deformat ion process is reversed, there 
is n o w substant ial s train recovery. T h u s the i n i t i a l l y plast ic - l ike spec imen 
becomes r u b b e r - l i k e at the c o m p l e t i o n of the n e c k i n g process. T h e stress-
strain behavior d u r i n g the second c y c l i c de format ion is also r u b b e r - l i k e 
a n d does not s h o w any y i e l d i n g a n d n e c k i n g p h e n o m e n a except for a 
s m a l l b u t r a p i d increase i n stress at the b e g i n n i n g of the second stretch
i n g hal f -cyc le . 

T h e b l e n d e d spec imen exhibits s i m i l a r s t ra in - induced plast ic- to-
r u b b e r t rans i t ion or the stra in softening, as c lear ly seen i n F i g u r e 2. 
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Because of the h igher o v e r a l l P S content of the spec imen, i t shows a 
h i g h e r va lue of Y o u n g s m o d u l u s ( i n i t i a l m o d u l u s ) , y i e l d stress, stress 
at the pla teau reg ion , a n d the tangent m o d u l u s after c o m p l e t i o n of the 
n e c k i n g . T h e observed r e s i d u a l strain after r e m o v a l of the a p p l i e d stress 
is also h igher t h a n the S B S spec imen. I t is interest ing to note that the 
difference i n stress-strain b e h a v i o r of the b l o c k c o p o l y m e r a n d the b l e n d 
becomes less p r o n o u n c e d for the second stretch ha l f - cyc le . 

E l e c t r o n M i c r o s c o p y . F i g u r e 3 shows e lectron micrographs of u l t r a -
t h i n sections of film specimens of the three k i n d s of b l o c k copolymers . 
A s c a n be seen i n the figure, TR-41-1647 a n d TR-41-1648 specimens have 
a heterogeneous structure i n w h i c h the polys tyrene domains are dispersed 
w i t h i n a p o l y b u t a d i e n e matr ix a n d are connected to each other to f o r m 
a s w i r l - l i k e structure. O n the other h a n d , TR-41-1649 spec imen is seen 
to consist of a l ternat ing lamel la r domains of the t w o components . 
C h a n g e s of the d o m a i n structure w i t h f rac t iona l composit ions of styrene 
a n d butadiene components are consistent w i t h predic t ions of the current 
theories of micro-phase separat ion (12,13,14,15) for b l o c k copolymers 
cast f r o m such a near ly nonselect ive solvent as the m i x t u r e of T H F a n d 
m e t h y l e t h y l k e t o n (90/10 i n v o l u m e ratio ) . 

F i g u r e 4 shows the e lectron micrographs of u l t r a t h i n sections of film 
specimens of the TR-41-1649 b l o c k c o p o l y m e r (as a reference) a n d of 
t w o blends of the b l o c k c o p o l y m e r w i t h 2 0 % homopolystyrenes h a v i n g 
average m o l e c u l a r weights of 4,800 a n d 20,400, respect ively . T h e t w o 
b l e n d systems also have a l ternat ing lamel lar d o m a i n structures s imi lar to 

Figure 3. Electron micrographs of ultrathin sections of film specimens spin-
cast from 10% solutions of a series of tri-block copolymers; (a) TR-41-1647, 
(b) TR-41-1648, and (c) TR-41-1649, all in a mixture of THF and methylethyl-

ketone in volume ratio of 90/10 and stained by OsO& 
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Figure 4. Electron micrographs of ultrathin sections of film specimens spin-
cast from 10% solutions of: (a) TR-1649 alone, (b) mixture of TR-41-1649 with 
homopolystyrene (M; 4,800) in weight ratio of 80/20, and (c) mixture of TR-
41-1649 with homopolystyrene (M: 20,400) in weight ratio of 80/20, all in a 
mixture of THF and methylethylketone in volume ratio of 90/10 and stained 

by OsOh (29) 

that of the pure b l o c k copolymer . Since the m o l e c u l a r weights of the 
a d d e d homopolystyrenes are either lower than or c o m p a r a b l e w i t h those 
of the styrene segments i n the b l o c k copolymer , they are w e l l - s o l u b i l i z e d 
(16) in to the styrene domains of the o r i g i n a l b l o c k c o p o l y m e r spec imen 
s h o w n i n F i g u r e 4a. F i g u r e s 4b a n d 4c s h o w that the s o l u b i l i z a t i o n has 
resul ted i n t h i c k e n e d P S domains . 

Hereaf ter , the film specimens of the TR-41-1649 b l o c k c o p o l y m e r a n d 
the b l e n d of the b l o c k c o p o l y m e r w i t h the h i g h m o l e c u l a r w e i g h t p o l y 
styrene are redesignated as " S B S " a n d " S B S - P S " specimens, respect ively, 
a n d are u s e d m a i n l y for assuring the above postulate o n the s tructura l 
changes associated w i t h the strain-softening a n d h e a l i n g processes b y 
means of electron m i c r o s c o p i c a n d s m a l l angle x-ray scattering 
investigations. 

T h e micrographs indicate that the o r i g i n a l unstretched specimens of 
the S B S a n d S B S - P S have r a n d o m l y or iented a l ternat ing lamel lar m i c r o -
domains of styrene a n d butadiene components . T h e b l e n d e d h o m o p o l y 
styrene i n the S B S - P S spec imen is s o l u b i l i z e d into the polys tyrene 
lamel lae , resul t ing i n t h i c k e n i n g of the P S lamel lae . S t re tching the S B S 
spec imen b y 8 5 % elongat ion produces i r regular de fo rm at io n of the 
lamel la r m i c r o d o m a i n s a c c o m p a n i e d b y shearing, k i n k i n g , d i s r u p t i o n , 
a n d or ientat ion of the lamel la r m i c r o d o m a i n s ( F i g u r e 5 a ) . These defor-
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Figure 5. Electron micrographs of ultrathin section of SBS film specimens; 
(a) stretched to 80%, (b) stretched to 500%, (c) released from 600% and left 
unstretched at room temperature for several days, and (d) released from 600% 
elongation and heat treated at 100°C for 2 hr. The sectioning was made parallel 
to the stretch direction and normal to the film surfaces. The stretch direction 

is horizontal (29). 

m a t i o n processes are responsible for the y i e l d i n g a n d n e c k i n g of the 
spec imen a n d are d o m i n a n t u n t i l the n e c k i n g is c o m p l e t e d . 

U p o n further stretching, f ragmentat ion of the lamel la r m i c r o d o m a i n s 
prevai l s . F i n a l l y , f ragmented polystyrene domains are dispersed i n the 
matr ix of po lybutadiene , as can be seen i n F i g u r e 5b. These f ragmenta
t i o n processes must have been responsible for the plast ic - to-rubber 
t ransi t ion. T h e polystyrene fragments act as surface-active filler particles 
for p o l y b u t a d i e n e , a n d the elasticity of the spec imen is essentially 
entropie i n o r i g i n . Quant i ta t ive aspects of the d e f o r m a t i o n processes can 
best be a n a l y z e d b y the s m a l l angle x-ray scattering ( S A X S ) experiments . 

I t is also observed i n F i g u r e 5c that the f ragmented polystyrene 
domains are t ransformed into the o r i g i n a l lamel lar domains after " res t ing" 
i n the unstretched state for several days at r o o m temperature. T h e heat 
generated d u r i n g the e m b e d d i n g a n d resta ining processes, however , m a y 
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have c o n t r i b u t e d to the re format ion process also. T h e r e f o r m e d structure 
is m o r e perfect w h e n i t is annealed at e levated temperature , as seen 
i n F i g u r e 5d , a n d less perfect for the S B S / P S . T h e reappearance of 
lamel lar m o r p h o l o g y , however , is obvious i n b o t h types of h e a l i n g 
processes. 

S m a l l A n g l e X - R a y S c a t t e r i n g . F i g u r e 6 shows the l o g a r i t h m of 
the desmeared re lat ive intensi ty as a f u n c t i o n of scatter ing angle (20 i n 
m i n u t e s ) . T h e unstretched S B S spec imen ( b o t t o m c u r v e ) shows the 
first-order a n d the th i rd-order scattering m a x i m a at 20 = 19.7 a n d 60.0 
minutes , respect ively. T h e second-order scattering m a x i m u m w h i c h is 
supposed to appear at 20 ~ 40 minutes is not c lear ly observed because 
v o l u m e fractions of the t w o lamel lae are near ly equa l . T h i s results i n 
decreased intensity of the second-order scattering m a x i m u m ( ext inct ion 
r u l e ) . E a c h scattering m a x i m u m corresponds to the first- a n d higher-
order scattering m a x i m a of a s ingle lamel lar spac ing of 269 Â. T h e 
homopolystyrene w h i c h was b l e n d e d into the S B S is s o l u b i l i z e d , as s h o w n 
i n F i g u r e 4, so that the lamel la r spac ing of the unstretched S B S - P S 
spec imen ( u p p e r c u r v e ) is increased to 319 A , as i n d i c a t e d i n the figure. 
Because of the b l e n d i n g , v o l u m e f rac t ion of the polystyrene lamel lae is 
n o w greater t h a n 5 0 % . T h e intensity of the second-order m a x i m u m 
increases a n d thereby becomes c lear ly d iscernib le . 

/ 1 16.6' 
/ W3I9A) 

33.6' 
(I58A) 
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I i 1 
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Figure 6. Logarithm of relative desmeared in
tensity distributions of SAXS from the SBS-PS 
(upper curve) and SBS (bottom curve) specimens 
plotted against scattering angles 20 in minutes (29) 
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F i g u r e 7 shows the change i n S A X S patterns u p o n stretching the 
S B S spec imen i n the first stretch ha l f -cyc le . T h e figure also inc ludes 
representations of the S A X S patterns w i t h o n l y the first-order scattering 
m a x i m u m . T h e numbers i n the figure indicate percent elongations of the 
specimens. U p o n stretching the m e r i d i o n a l S A X S m a x i m a t e n d to shift 
t o w a r d smal ler angles. Its intensity decreases u n t i l 3 0 % elongat ion w h e r e 
i t disappears. T h i s indicates that the lamel lae , o r i g i n a l l y or iented w i t h 
their boundar ies n o r m a l to the stretch d i rec t ion , increase their spac ing 
w i t h e longat ion. H o w e v e r , the spac ing also becomes i r regular because 
of such deformat ion processes as shearing, k i n k i n g , a n d destruct ion of 
the lamel lae . T h e re lat ion b e t w e e n the extension rat io i n b u l k to that of 
the lamel lar s p a c i n g (d||/do)> est imated f r o m the change of the first- a n d 
the th i rd-order scatter ing m a x i m a , is p lo t ted i n F i g u r e 8a for the i n i t i a l 
stage of s tretching (less t h a n 3 0 % e l o n g a t i o n ) . O n the other h a n d , the 
equator ia l S A X S m a x i m a r e m a i n near ly invar iant u n d e r the same c o n d i -

Figure 7. Change in SAXS patterns of the SBS specimen during the course of 
the first stretch half-cycle. The stretch direction is vertical (29). 
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Rubber Chemistry and Technology 

Figure 8. The relation between the extension ratio in bulk and that of the 
spacing (a) at the initial stage of stretching (less than 30% elongation) and (b) 

at large elongations (29) 

t ions, as seen i n the same figure for the d±/d0 data, w h i c h indicates that 
the spacings do not v a r y for those lamel lae w h i c h were o r i g i n a l l y or iented 
p a r a l l e l to the stretch d i rec t ion . T h i s accounts for the v o l u m e di la ta t ion 
of the spec imen. 

A t h igher elongations, the equator ia l scattering m a x i m a disappear 
because of the deformat ion processes discussed above. T h e scattering 
patterns i n the p la teau reg ion of the stress-strain curve after the y i e l d 
po in t are characterist ic of lamel lar surfaces i n c l i n e d to the stretch d i rec 
t ion, as schematical ly s h o w n i n F i g u r e 8b. W i t h increas ing b u l k extension 
ratio, the scattering lobes t e n d to be elongated p a r a l l e l to the equator , 
i.e., the lateral b r e a d t h of the lobe increases, i n d i c a t i n g that the lamel lae 
are f ragmented so that their la tera l cont inui ty decreases. M o r e o v e r , the 
spac ing p a r a l l e l to the stretch d i r e c t i o n is seen to increase w i t h 
extension ratio as the distance be tween scatter ing lobes i n the stretch 
d i rec t ion decreases w i t h increas ing b u l k extension rat io . T h i s is q u a n t i 
ta t ively demonstra ted i n the p l o t of d\\/(d\\)i.3 vs. b u l k extension rat io 
i n F i g u r e 8b, w h e r e d\\ is the spac ing p a r a l l e l to the stretch d i rec t ion 
a n d )i.3 is that at the b u l k extension rat io of 1.3 at w h i c h the four-
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268 MULTIPHASE POLYMERS 

point pat tern begins to deve lop . T h e spac ing d i n the d i rec t ion perpen
d i c u l a r to the lamel lar surfaces was measured also as a f u n c t i o n of the 
b u l k extension rat io , as i n d i c a t e d i n F i g u r e 8b. S ince d = d||COs « , 

w h e r e a is the angle b e t w e e n the stretch d i rec t ion a n d the lamel lar 
n o r m a l , the fact that the s p a c i n g d h a r d l y changes w i t h the b u l k extension 
rat io, i n contrast to rf||, indicates that the lamel lar surfaces tend to orient 
p a r a l l e l to the stretch d i rec t ion so that the angle a increases. 

U p o n fur ther stretching, scattering lobes disappear . T h e scattering 
pat tern becomes diffuse a n d is more or less independent of the a z i m u t h a l 
angle . T h e i m p l i c a t i o n is that f ragmented polystyrene domains are 
r a n d o m l y dispersed i n the r u b b e r matr ix . T h i s is consistent w i t h the 
conc lus ion obta ined b y a qual i ta t ive examinat ion of the electron m i c r o 
graphs i n F i g u r e 5. T h e polystyrene domains n o w act as filler part ic les , 
o n whose surfaces the po lybutad iene chains ( the m i d d l e b l o c k segments 
of the S B S ) must be anchored, a n d the spec imen exhibits r u b b e r - l i k e 
elasticity. 

F i g u r e 9 shows a representation of the change of the S A X S patterns 
for the S B S (left) a n d S B S - P S (right) specimens. T h e general t r e n d i n 
the change of S A X S patterns for the S B S - P S spec imen is i d e n t i c a l to that 
for the S B S spec imen. F o r the S B S - P S spec imen, however , the s tructural 
regular i ty tends to b e more easily destroyed, resul t ing i n m o r e extensive 
f ragmentat ion t h a n the S B S spec imen. 

Strain (%) 
Rubber Chemistry and Technology 

Figure 9. Representation of changes in SAXS patterns for the SBS 
(left) and SBS-PS (right) specimens during the first and second 

stretch half-cycles (29) 
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Deformation Mechanism 

Rubber Chemistry and Technology 

Figure JO. Representation of the deformation proc
esses involved in the strain-induced plastic-to-rubber 

transition (29) 

F i g u r e 10 summarizes schemat ica l ly the s tructural changes o c c u r i n g 
i n the s t ra in - induced plast ic - to-rubber transit ion. T h e change i n structure 
f r o m ( a ) to ( b ) illustrates the i n i t i a l stage of de fo rm at io n of the m i c r o -
d o m a i n u p to the y i e l d point , as observed i n the expansion of the lamel lar 
s p a c i n g for the lamel lae or iented p e r p e n d i c u l a r to the stretch d i rec t ion . 
T h e changes i n structure f r o m ( b ) to ( d ) i l lustrate the expected changes 
i n the y i e l d i n g a n d n e c k i n g processes i n w h i c h the i r regular d e f o r m a t i o n 
of the lamel lar m i c r o d o m a i n s occurs. T h e deformat ion involves k i n k i n g , 
shearing, destruct ion, a n d or ientat ion of the lamel lae . F i n a l l y , f ragmented 
polystyrene domains are r a n d o m l y dispersed i n the r u b b e r matr ix , as 
i l lus t ra ted i n ( e ) , a n d act as surface-active filler particles for the p o l y 
butadiene chains i n the matr ix . 

T o further examine the effect of h e a l i n g o n m o r p h o l o g y , w e s h o w i n 
F i g u r e s 11a a n d l i b the S A X S patterns of the S B S a n d S B S - P S specimens 
released f r o m 3 5 5 % elongat ion a n d rested at r o o m temperature for a f e w 
days, a n d i n F i g u r e s 11c a n d l i d the patterns of the S B S a n d S B S - P S 
specimens released f r o m 3 9 0 % a n d 5 0 0 % elongations, respect ively, then 
b o t h annealed at 5 9 ° C for 5 hours . I n a l l figures the stretch d i r e c t i o n is 
ver t i ca l . A s can be seen i n F i g u r e s 11a a n d l i b , no signif icant change 
i n the S A X S patterns is observed u p o n hea l ing , except for a fa int reap
pearance of the first-order m a x i m u m at equator ia l zone for the S B S 
spec imen. Therefore , the structure does not become sufficiently regular 
to g i v e the scatter ing m a x i m a u p to the t h i r d order . A s expected the 
re format ion process is s l o w at r o o m temperature. O n the other h a n d , 
F i g u r e 11c shows that the a n n e a l i n g at 5 9 ° C substant ia l ly restores the 
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Figure 11. SAXS patterns of the SBS and SBS-PS 
specimens taken during the healing process at room 
temperature and at an elevated temperature; (a) 
SBS specimen released from 3 5 5 % elongation and 
left in unstretched state at room temperature for a 
few days, (h) SBS-PS specimens released from 3 5 5 % 
elongation and left in unstretched state at room tem
perature for a few days, (c) SBS specimen released 
from 390% elongation and annealed at 59 °C for 5 
hry and (d) SBS-PS specimen released from 500% 

elongation and annealed at 59° C for 5 hr (29). 

o r i g i n a l lamel lar d o m a i n structure, especial ly for the S B S specimen, 
t h o u g h the lamel lar spac ing p a r a l l e l to the stretch d i r e c t i o n is s t i l l s l ight ly 
more expanded than that n o r m a l to i t . It is of interest to note that 
s t ructura l re format ion does occur at a temperature as l o w as 5 9 ° C , w h i c h 
is considerably lower than the glass-transition temperature of polystyrene. 

F i g u r e s 12 a n d 13 show electron micrographs of u l t r a t h i n sections of 
the S B S a n d S B S - P S specimens, respect ively. B o t h d isp lay the h e a l i n g 
effect after re leasing f r o m 500% e longat ion ( the stretch d i rec t ion is 
h o r i z o n t a l ) . H e r e (a ) is after h e a l i n g at r o o m temperature for a f e w 
days a n d ( b ) , ( c ) , a n d ( d ) s h o w the h e a l i n g effect f o l l o w e d b y anneal
i n g at 60°, 88°, a n d 116°C, respect ively, a l l for 5 hours . A l t h o u g h the 
i n i t i a l s tretching of the specimens u p to 500% e longat ion is larger than 
that for the S A X S test i n F i g u r e 11, the s t ructura l re format ion is general ly 
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m u c h more p r o n o u n c e d for the S B S specimen, a n d its general t r e n d is 
consistent w i t h that expected f r o m S A X S patterns s h o w n i n F i g u r e 11. 
F o r example, i n F i g u r e 12a the r e f o r m e d d o m a i n structure is s t i l l largely 
or iented i n the stretch d i rec t ion w i t h less regular lamel lar spac ing 
para l l e l to the stretch d i rec t ion than that p e r p e n d i c u l a r to it , g i v i n g rise 
to the S A X S pat tern s h o w n i n F i g u r e 11a. T h e electron m i c r o g r a p h of 
F i g u r e 5c more c losely resembles that of F i g u r e 12b than F i g u r e 12a, 
suggest ing that heat generated d u r i n g the e m b e d d i n g a n d resta ining 
processes has a nonneg l ig ib le effect on the observed structure. 

F i g u r e s 14a a n d 14b show the changes of equator ia l S A X S intensi ty 
d i s t r i b u t i o n a r o u n d the first-order m a x i m u m for various durat ions of 
h e a l i n g at r o o m temperature a n d at an elevated temperature of 6 0 ° C , 
respect ively. T h e S A X S intensity d i s t r ibut ion f r o m unstretched ( o r i g i n a l ) 
a n d stretched ( 5 0 0 % elongat ion ) specimens also are i n c l u d e d for c o m 
par ison . These figures demonstrate the recovery of the diffuse S A X S 
intensity d i s t r ibut ion of the stretched spec imen to re la t ive ly sharp first-
order m a x i m u m of the o r i g i n a l spec imen. A t r o o m temperature no signif i 
cant recovery c a n be seen u p to 4 hours , w h i l e at 6 0 ° C almost complete 
recovery, except for a sl ight shift of the m a x i m u m to h igher scattering 

Figure 12. Electron micrographs of ultrathin sections of the SBS specimens 
released from 500% elongation and (a) left in unstretched state at room tem
perature for a few days, and (b), (c), and (d) annealed at 60°, 88°, and 116°C, 
respectively, all for 5 hr. Sectioning was made parallel to the stretch direction 

and normal to the film surfaces. The stretch direction is horizontal. 
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Figure 13. Electron micrographs of ultrathin sections of the SBS-PS speci
mens released from 500% elongation and (a) left in unstretched state at room 
temperature for a few days, and (b), (c), and (d) annealed at 60°, 88°, and 
116°C, respectively, all for 5 hr. The sectioning and stretching directions are 

the same as those in Figure 12. 

angles, can be obta ined i n a d u r a t i o n as short as 10 minutes . W h e n the 
d u r a t i o n is longer t h a n 10 minutes , the first-order m a x i m u m becomes 
more intensive a n d closer i n peak pos i t ion to that of the o r i g i n a l spec imen, 
suggest ing not o n l y the recovery of the d o m a i n structure i n lamel lar 
spac ing b u t also the increased regular i ty of lamel lar structure, i.e., the 
a n n e a l i n g effect. 

Dynamic Mechanical Properties. F i g u r e 15 shows the temperature 
dispers ion of i sochronal complex , d y n a m i c tensile m o d u l u s funct ions at 
a fixed f r e q u e n c y of 10 H z for the S B S - P S spec imen i n unstretched a n d 
stretched ( 3 3 0 % elongat ion ) states. T h e t w o temperature dispersions 
a r o u n d — 100° a n d 9 0 ° C i n the unstretched state can be assigned to the 
p r i m a r y glass-transitions of the p o l y b u t a d i e n e a n d polystyrene domains . 
I n the stretched state, however , these loss peaks are b r o a d e n e d a n d 
shi f ted to a r o u n d — 8 0 ° a n d 8 0 ° C , respect ively. I n a d d i t i o n , n e w disper
sion, as e m p h a s i z e d b y a r a p i d decrease i n Ε ' ( ω 0 ) , appears at a r o u n d 
4 0 ° C . T h e shift of the p r i m a r y dispers ion of p o l y b u t a d i e n e matr ix t o w a r d 
h i g h e r temperature can be e x p l a i n e d i n terms of decrease of the free 
v o l u m e because of in terna l stress arisen w i t h i n the matr ix . O n the other 
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Figure 14. Healing effect of the SBS specimen released from 500% elonga
tion, investigated from the change of SAXS intensity distribution around the 
first-order scattering maximum with duration of staying (a) at room temperature 

and (b) at 60°C 

Figure 15. Temperature dispersion of isochronal complex, dynamic 
tensile modulus function at a fixed frequency of 10 Hz, observed for 
the SBS-PS specimen at unstrethed and stretched (330% elonga

tion) states 
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h a n d , the opposi te shift of the p r i m a r y dispers ion of polystyrene d o m a i n 
a n d the appearance of the a d d i t i o n a l dispers ion can be a t t r ibuted to the 
fragmentat ion of the polystyrene lamel lar domains . 

T h e existence of an a d d i t i o n a l re laxat ion m e c h a n i s m has been n o t e d 
b y several authors for the heterogeneous system of b l o c k a n d graft co
polymers a n d been assigned to a type of gra in -boundary p h e n o m e n a 
(17), i .e., in ter fac ia l d o m a i n - b o u n d a r y re laxat ion (18-24), t h o u g h the 
existence of the a d d i t i o n a l re laxat ion m e c h a n i s m has not a lways been 
f o u n d as a discrete loss peak b u t as a monotonous a n d rather r a p i d 
decrease i n Ε'(ω0). T h e existence of the in ter fac ia l d o m a i n b o u n d a r y 
also has been invest igated theoret ical ly (13,14,15) a n d exper imenta l ly 
f r o m S A X S intensity d i s t r i b u t i o n i n terms of the d o m a i n - b o u n d a r y thick
ness (11, 25, 26, 27). F r a g m e n t a t i o n of the polystyrene lamel lae at tr ib
utable to stretching must great ly increase the specif ic surface areas of 
the styrene phase a n d therefore the v o l u m e f rac t ion of the in ter fac ia l 
d o m a i n - b o u n d a r y region (27). T h i s results i n the opposite shift of the 
p r i m a r y dispers ion of polystyrene d o m a i n , as suggested b y Braes (28), 
as w e l l as the appearance of the a d d i t i o n a l dispers ion. 

T h e fact that the s tructural re format ion of the o r i g i n a l l amel lar 
domains f r o m the f ragmented ones can occur even at a temperature as 
l o w as 6 0 ° C a n d a d u r a t i o n as short as 10 minutes , as demonstrated i n 
F i g u r e 14b, can be expla ined i n terms of t h e r m o d y n a m i c d r i v i n g force, 
i.e., the f ragmented system b e i n g associated w i t h an excess free energy 
re lat ive to the o r i g i n a l lamel lar system o w i n g to : ( A ) orientat ion of the 
p o l y b u t a d i e n e chains ( g i v i n g rise to decreased e n t r o p y ) , a n d ( B ) enor
mous increase of the specif ic surface areas i n the f ragmented system 
( g i v i n g rise to increased in ter fac ia l e n e r g y ) . T h e s t ructura l re format ion 
is associated w i t h the process of the enthalpy a n d entropy relaxations. 
I n the inter fac ia l region, the v o l u m e f rac t ion of w h i c h is enormously 
increased i n the f ragmented system, the polystyrene segments must b e 
i n t e r m i x e d w i t h p o l y b u t a d i e n e segments so that the polystyrene chains 
c a n ga in the amount of m o b i l i t y r e q u i r e d for the s tructural re format ion 
even under condit ions as m i l d as annea l ing at 6 0 ° C for 10 minutes . 
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15 
Morphology and Dynamic Viscoelastic 
Behavior of Blends of Styrene-Butadiene Block 
Copolymers 

G E R A R D KRAUS, L. M . FODOR, and K. W. R O L L M A N N 

Phillips Petroleum Co., Bartlesville, OK 74004 

Different block length distributions in styrene-butadiene 
block copolymers of the linear SBS or (SB) x "star" type and 
their mixtures can cause wide changes in domain morphol
ogy at constant overall monomer composition (75 wt % 
styrene). Block polymers of substantially uniform block 
length had the expected spherical, polystyrene-continuous 
morphology. Broadening the styrene block length distribu
tion by blending polymers of different block lengths led to 
appearance of cylindrical and lamellar structures and, ulti
mately, to complex polybutadiene-continuous morphologies. 
Polymers and blends were characterized by electron micros
copy and by their viscoelastic behavior. Correlations were 
established between morphology on one hand and aniso-
tropy in the storage modulus and the height and position of 
the polybutadiene tan δ maximum on the other. 

T T T h e n a b l o c k c o p o l y m e r is b l e n d e d with the h o m o p o l y m e r of one of 
* * the monomers of w h i c h it is composed, the h o m o p o l y m e r w i l l enter 

the b l o c k p o l y m e r d o m a i n structure on ly w h e n its molecu lar w e i g h t does 
not greatly exceed that of the b l o c k sequences of l ike compos i t ion ( 1 , 2 ) . 
W h e n i t does so, the h o m o p o l y m e r forms its o w n , usual ly m u c h larger, 
domains w h i c h m a y absorb some of the l ike -b lock sequences i n the i r 
surface regions. 

I n the present s tudy w e examine the s i tuat ion w h e r e b o t h const i tu
ents of the b l e n d are b l o c k copolymers of the same t w o monomers , b u t 
w h e r e the b l o c k lengths m a y v a r y w i d e l y b e t w e e n constituents. A s a 

0-8412-0457-8/79/33-176-277$05.00/0 
© 1979 American Chemical Society 
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278 MULTIPHASE POLYMERS 

constraint on the enormous n u m b e r of such b lends possible, the tota l 
compos i t ion of the b l e n d is h e l d fixed. T h e monomers chosen are styrene 
a n d butadiene at a n o v e r a l l b l e n d c o m p o s i t i o n of 7 5 % styrene ( b y 
w e i g h t ). 

Experimental 

B l o c k polymers were p r e p a r e d b y o r g a n o l i t h i u m - i n i t i a t e d p o l y m e r i 
z a t i o n i n cyclohexane so lut ion b y u s i n g the sequent ia l m o n o m e r a d d i t i o n 
technique ( 3 ) . P o l y m e r s w e r e b o t h of the l inear -SBS a n d " r a d i a l " -
b r a n c h e d ( S B ) * type. B l e n d s w e r e p r e p a r e d i n cyclohexane solut ion, 
ei ther before or after c o u p l i n g the i n i t i a l l y l inear S B L i precursor . C o u 
p l i n g agents invest igated were e t h y l acetate ( for l inear c o u p l i n g ) , epoxi -
d i z e d soybean o i l ( E S O ) , a n d S i C l j . 

B l o c k m o l e c u l a r weights were ca lcu la ted f r o m m o n o m e r charges a n d 
ini t ia tor levels a n d corrected for "scavenger l e v e l , " i.e., the amount of 
R L i destroyed b y system impur i t i e s . These n o m i n a l b l o c k lengths were , 
i n general , i n g o o d agreement w i t h ge l -permeat ion chromatographic 
m o l e c u l a r weights . 

B l o c k length polydispers i ty indices* for b lends were ca lcu la ted o n the 
assumption that the b l o c k polymers , as prepared , w e r e composed of 
monodisperse b locks . T h i s is ,of course, an a p p r o x i m a t i o n just i f ied o n l y 
b y the narrowness of the m o l e c u l a r we ight d i s t r i b u t i o n i n polymer iza t ions 
of the present type. T h e b l o c k heterogeneity indices g iven here s h o u l d , 
therefore, be regarded as relat ive measures of breadth of d i s t r ibut ion . 

Po lymers a n d blends were w o r k e d u p b y evaporat ing the cyclohexane 
solvent a n d mass ing the p o l y m e r on a 1 4 0 ° C r o l l m i l l . F i l m s were then 
p r e p a r e d b y compress ion m o l d i n g (5 m i n at 2 0 0 ° C ) or, i n one set of 
experiments, b y extrusion t h r o u g h a slit d ie . D y n a m i c viscoelast ic meas-

Table I. Blend Compositions 
Precoupling 

Compo Compo Wt Block Length Styrene 
(Mw/Wn)8 sition nent Fraction MB/1000 Ms/1000 (%) (Mw/Wn)8 

A — 1.00 19 56 75 1 

Β 1 0.64 30 120 80 
2 0.36 7.6 13.4 63.8 

B l e n d 1.00 — — 74.2 2.4 

C 1 0.64 13 137 91.3 
2 0.36 11 10 47.6 

B l e n d 1.00 — — 75.7 3 

D 1 0.64 6 144 96.3 
2 0.36 13.5 7.5 35.9 

B l e n d 1.00 — — 74.5 3.5 

Ε 1 0.64 —, 150 100 
2 0.36 14.9 6.1 29.1 

B l e n d 1.00 — — 74.5 3.7 
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15. KRAUS Styrene-Butadiene Block Copolymers 279 

urements were m a d e w i t h a R h e o v i b r o n M o d e l D D V - I I viscoelastometer 
i n the tensile m o d e at 35 H z . U l t r a t h i n sections of p o l y m e r films w e r e 
p r e p a r e d b y c r y o m i c r o t o m y , s ta ined w i t h O s 0 4 v a p o r ( 4 ) , a n d e x a m i n e d 
u n d e r a P h i l i p s E M - 3 0 0 electron microscope . 

Results 

T a b l e I describes five composit ions , each of 7 5 % styrene content, 
p r e p a r e d b y c o u p l i n g d i b l o c k S B L i molecules of v a r y i n g b l o c k l e n g t h 
w i t h a p o l y f u n c t i o n a l epoxide. T h e data are arranged i n order of increas-

104, 1 

I 1 1 1 1 1 ι t ι ι ι ι ι I 
-120 -80 -40 o C 0 40 80 .001 

Figure 1. Storage modulus and loss tangent (35 Hz) for block polymer 
with uniform polystyrene blocks (composition A). Compression molded. 
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280 MULTIPHASE POLYMERS 

Figure 2. Electron micrograph of composition A 

i n g po lydispers i ty of ( n o m i n a l ) polystyrene ( P S ) b l o c k lengths. W h i l e 
the p o l y b u t a d i e n e ( P B ) blocks also v a r y i n length, their po lydispers i ty 
is cons iderably less. 

F i g u r e 1 shows storage m o d u l u s a n d loss tangent vs. temperature 
plots for compos i t ion A , w h i c h is not a b l e n d . A s s h o w n b y F i g u r e 2, 
the m o r p h o l o g y is spheres of P B i n a c o n t i n u u m of P S . T h e loss tangent 
c lear ly shows the P B glass transit ion at — 9 0 ° C a n d the ascending 
b r a n c h of the P S m a x i m u m near 1 0 0 ° C . T h e results are exactly as 
expected f r o m the spher ica l m o r p h o l o g y , except that the temperature 
of the P B tan δ m a x i m u m lies several degrees l o w e r t h a n that of p o l y 
butad iene of the appropr ia te microstructure (ca . 5 0 % trans, 4 0 % cis, 
a n d 1 0 % v i n y l ) for w h i c h Τ ( t a n 8 m a x ) = - 8 0 ° C . 
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15. KRAus Styrene-Butadiene Block Copolymers 281 

F i g u r e 3 shows the same k i n d of da ta for b l e n d C , i n w h i c h P B 
b l o c k lengths are s imi lar , b u t the P B blocks differ great ly i n l e n g t h ; 
F i g u r e 4 shows a n electron m i c r o g r a p h of this compos i t ion . T h e m o r 
p h o l o g y of this b l e n d is c lear ly lamel lar , w i t h considerable or ientat ion 
i n one d i rec t ion . ( T h e u n e v e n spacings of l i g h t a n d d a r k bands result 
f r o m lamel lae sect ioned at var ious angles. ) T h e d i rec t ion of or ientat ion 
is that of m o l d flow. T h e d y n a m i c data are ent irely consistent w i t h this 

1 0 4 i 1 

120 80 -40 0 0 . 40 100 

Figure 3. Storage modulus and loss tangent (35 Hz) for composition 
with bimodal polystyrene block length distribution (composition C). 
Compression molded: (\\) parallel to direction of mold flow; (±) normal 

to direction of mold flow. 
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282 MULTIPHASE POLYMERS 

Figure 4. Electron micrograph of composition C 

m o r p h o l o g y . I n the d i rec t ion of m o l d flow, £ ' a n d tan δ are not too 
great ly different f r o m F i g u r e 1 b u t n o r m a l to the flow d i rec t ion , the resin 
is m u c h softer ( smal ler E ' ), a n d the P B t a n δ peak is s trongly accentuated. 

T h e above results are for compress ion-molded samples. A closer 
invest igat ion of these resins i n e x t r u d e d film is s u m m a r i z e d i n F i g u r e s 5 
a n d 6. N o t e the relat ive isotropy i n m e c h a n i c a l propert ies characterist ic 
of the spher ica l m o r p h o l o g y for the single p o l y m e r a n d the strong 
anisotropy for the b l e n d . N o t e also that for the l a m e l l a r b l e n d Τ ( tan 
£ m a x ) is consistently — 8 0 ° to — 8 1 ° C , the n o r m a l v a l u e for p o l y b u t a -
d iene independent of or ientat ion. T h e reason for the depression of Τ ( t a n 
8m&x) i n the single p o l y m e r is ev ident ly the constraint the po lybutadiene 
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domains find themselves u n d e r as the result of differences i n t h e r m a l 
contrac t ion of the phases as they c o o l f r o m T g ( p o l y s t y r e n e ) . T h e smal ler 
coefficient of expansion of glassy polystyrene causes the cavit ies a c c o m 
m o d a t i n g the p o l y b u t a d i e n e inclusions to shr ink less t h a n the free 
contract ion of p o l y b u t a d i e n e , p l a c i n g the latter phase i n a state of h y d r o 
static tension a n d l o w e r i n g T g . I n the lamel lar m o r p h o l o g y there is no 
s u c h constraint ; the p o l y b u t a d i e n e lamel lae mere ly t h i n out a n d the 

Figure 5. Effect of orientation on E ' and tan δ in extruded film (35 Hz) 
of composition A. Direction of measurement with respect to extrusion 

direction: (O) 0% f Φ) 22.5% (A) 45°, (Π) 67.5% (X) 90° . 
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Figure 6. Effect of orientation on E ' and tan δ in extruded film (35 
Hz) of composition C . Notation as in Figure 5. 

n o r m a l Tg is observed. C o m p a r i s o n of F i g u r e s 3 a n d 6 indicates the 
degree of or ientat ion to be greater i n the compress ion-molded sample. 

R e t u r n i n g n o w to compos i t ion B , i n w h i c h the P S b l o c k d i s t r i b u t i o n 
is less severe than i n C , w e note that ev ident ly b o t h r o d - l i k e a n d lamel lar 
morphologies are about e q u a l l y probable . T h e morphologies s h o w n i n 
F i g u r e s 7 a n d 8 were o b t a i n e d o n p r e s u m a b l y i d e n t i c a l l y p r e p a r e d 
samples; they appear to be the result of s m a l l advent i t ious variat ions i n 
m o l d i n g technique and/or t h e r m a l history. T h e data of T a b l e I I , w h i c h 
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15. KRAUS Styrene-Butadiene Block Copolymers 285 

is a s u m m a r y of the p r i n c i p a l morphology-re la ted features of the d y n a m i c 
viscoelast ic data, c lear ly conf i rm the different morphologies . T h e r o d - l i k e 
P B domains of F i g u r e 7 cause o n l y modest anisotropy since P S remains 
cont inuous i n b o t h direct ions of or ientat ion. Τ ( tan δ) is aga in depressed, 
as c y l i n d r i c a l P B domains cannot contract freely u n d e r the constraint of 
the glassy c o n t i n u u m . 

E l e c t r o n micrographs of composit ions D a n d Ε are s h o w n i n F i g u r e s 
9 a n d 10. It is evident that i n Ε p o l y b u t a d i e n e is the cont inuous phase 
( w i t h some r u b b e r i n the polystyrene d o m a i n s ) w h i l e D represents a 
transi t ion f r o m lamel lar to polybutadiene-cont inuous m o r p h o l o g y . A g a i n 
the d y n a m i c m e c h a n i c a l data ( T a b l e I I ) are consistent w i t h these obser-

Figure 7. Composition Β in rod-like form 
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286 MULTIPHASE POLYMERS 

T a b l e I I . M o r p h o l o g y a n d 

Resin (Mw/Mn)s Continuous Phase Discrete Phase 

A 1.0 P S P B (spheres) 
B c 2.4 P S P B (rods) 

a l te rnat ing lamel lae 
C 3 a l ternat ing lamel lae 
D 3.5 P B d P S (complex 
Ε 3 7 P B P S (el l ipsoids) 

α Compression-molded samples. 
b E'20 = storage modulus at 20°C. 

Figure 8. Composition Β in lameUar form 
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15. KRAus Styrene-Butadiene Block Copolymers 287 

Dynamic Viscoelastic Properties" 

Parallel to Flow* Normal to Flow* 
Tftan BmaJ E ' M Tftan Bmax) E'„ 

tarifa* (°C) (MPa) tan$mas (°C) (MPa) 

0.021 - 9 4 1760 0.026 - 9 4 1680 
0.024 - 9 0 1550 0.044 - 9 0 1300 
0.061 - 8 4 1260 0.137 - 8 3 520 
0.030 - 8 0 1850 0.120 - 8 0 530 
0.181 - 7 6 330 0.244 - 7 6 170 
0.296 - 7 9 140 0.300 - 7 8 130 
c This composition has been observed in two distinct morphologies ; see text. 
d Predominantly. 

Figure 9. Morphology of composition D 
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288 MULTIPHASE POLYMERS 

Figure 10. Morphology of composition Ε 

vations, s h o w i n g m u c h smaller storage m o d u l i a n d large tan δ m a x i m a 
near — 8 0 ° C for the P B domains . M e c h a n i c a l anisotropy is absent i n E . 

T h e above results s h o w c lear ly that, i n the system at h a n d , the 
broader the d i s t r i b u t i o n of P S b l o c k length , the greater the tendency of 
the m i n o r P B phase to become cont inuous. It is also obvious that the 
d y n a m i c m e c h a n i c a l data te l l a great d e a l about the m o r p h o l o g y . T h e 
height of the P B loss m a x i m u m increases as the r u b b e r becomes increas
i n g l y l o a d bear ing w h i l e at the same t i m e E' ( be tween the transitions ) 
decreases. M e c h a n i c a l anisotropy resul t ing f r o m orientat ion is most 
p r o n o u n c e d for the lamel lar structure. F i n a l l y , the pos i t ion of the p o l y 
butadiene tan δ peak is depressed for those morphologies i n w h i c h 
polystyrene is the cont inuous phase. 
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15. K R A U S Styrene-Butadiene Block Copolymers 289 

Some seventy b lends w e r e e x a m i n e d b y d y n a m i c viscoelast ic meas
urements on ly . T h e y di f fered i n m o l e c u l a r w e i g h t of the constituents, 
l inear i ty of the constituent b l o c k p o l y m e r molecules , ( S B S vs. [ S B ] * ) , 
type a n d stoichiometry of c o u p l i n g , order of c o u p l i n g (before a n d after 
b l e n d i n g ) , compos i t ion of the fractions, a n d b l e n d r a t i o — a l w a y s , h o w 
ever, subject to the constraint of 7 5 % styrene content. A l t h o u g h differ
ences i n viscoelast ic behav ior were observed, the most decis ive v a r i a b l e 
b y far was b l o c k - l e n g t h heterogeneity. F i g u r e 11 shows a p l o t of the 
height of the tan δ m a x i m u m vs. ( M w / M „ ) s . O n e can easi ly spot the 
ranges of b l o c k heterogeneity i n w h i c h different morphologies are to 
be expected. T h i s pat tern is conf i rmed b y F i g u r e 12 i n w h i c h the he ight 
of tan δ is p l o t t e d against its pos i t ion . T h e r e are several reasons, aside 
f r o m exper imenta l error, for the v a r i a b i l i t y i n propert ies at e q u a l ( M w / 
M n ) s . O n e is that M w / M „ is o n l y one of m a n y possible , nonequiva lent 
ways of expressing b lock length heterogeneity a n d is not necessarily the 
most relevant one to the present s i tuat ion. A l s o , as i n T a b l e I, i n the 
e x p a n d e d s tudy the P B blocks do vary i n size, even i f m u c h less than the 
P S blocks . L a c k of m o r p h o l o g i c a l uniqueness, as i n b l e n d B , complicates 
the p ic ture i n the over lap region near M w / M n = 2.5. F i n a l l y , there is a 
tendency for a b n o r m a l l y h i g h Γ ( t a n 8mMX) i n the composi t ions w i t h the 
broadest P S b l o c k d i s t r i b u t i o n . A t t a i n m e n t of s u c h dis t r ibut ions requires 
use of substant ial amounts of p o l y m e r w i t h P S blocks of less than 10,000 
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Figure 11. Maximum low temperature loss tangent (35 Hz) measured 
normal to mold flow vs. styrene block length heterogeneity. Circles— 
branched polymers, triangles—linear polymers, solid symbols—electron 

micrographs displayed. 
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Figure 12. Height and position of low temperature loss maximum. 
Notation as in Figure 11. 

m o l e c u l a r w e i g h t (5000 was the shortest b l o c k u s e d i n this w o r k ) . I n 
this range of b lock molecu lar weights , interphase effects b e g i n to have an 
effect o n the pos i t ion of the P B loss m a x i m u m ( 5 ) . 

E x t r e m e differences i n P B b l o c k length cur ious ly appear to extend 
the range i n P S b l o c k heterogeneity i n w h i c h polystyrene-cont inuous 
morphologies are possible . F o r example , F i g u r e 13 shows a straight 
b l e n d of l inear S B S polymers i n w h i c h b o t h k i n d s of b locks v a r y t e n f o l d 
i n l ength ( compos i t ion F ) : 

Wt 
Fraction S/B/S 

C o m p o n e n t 1 0.60 
C o m p o n e n t 2 0.40 
B l e n d 1.00 

150000/100000/150000 
15000/10000/15000 

Styrene _ 
(%) (Mw/Mn) 

75 (1) 
75 (1) 
75 2.9 

I n spite of ( M w / M n ) 8 = 2.9, the m o r p h o l o g y appears to b e bas ica l ly 
spher ica l , a lbei t w i t h considerable connect iv i ty of p o l y b u t a d i e n e domains . 
M o r e o v e r , fo r this b l e n d t a n 8 m a x = 0.028, T ( t a n S m a x ) = - 8 8 ° C , w i t h 
v i r t u a l l y no anisotropy i n storage m o d u l u s , consistent w i t h spher ica l or 
short r o d - s h a p e d p o l y b u t a d i e n e domains . 
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15. KRAUS Styrene-Butadiene Block Copolymers 291 

Figure 13. Morphology of composition F 

Discussion 

T h e observat ion that b r o a d , b i m o d a l styrene, b l o c k l e n g t h d i s t r i b u 
tions t end to favor cont inui ty of the p o l y b u t a d i e n e phase is not conf ined 
to 7 5 % styrene content. T h u s , a l i m i t e d s tudy at 5 0 % styrene s h o w e d 
that polybutadiene-cont inuous composit ions c o u l d be p r e p a r e d b y b r o a d 
b l e n d i n g i n place of the n o r m a l a l ternat ing lamel lar structures character
istic of this composi t ion . 

S ince s imple b l e n d i n g of the finished b l o c k polymers a n d c o u p l i n g 
blends of S B L i d i - b l o c k polymers d i d not p r o d u c e m a r k e d l y different 
results, i t seems clear that the b l o c k l e n g t h d i s t r i b u t i o n per se is more 
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292 MULTIPHASE POLYMERS 

important i n govern ing m o r p h o l o g y than the disposi t ion of these b locks 
over i n d i v i d u a l molecules . 

Extens ive use is m a d e i n this w o r k of the effects of or ientat ion o n 
m e c h a n i c a l properties i n b l o c k polymers w i t h c y l i n d r i c a l a n d lamel lar 
structures. These effects are, i n general , k n o w n f r o m earlier studies 
( 6 , 7 ) ; they a d d c o n v i n c i n g evidence to the m o r p h o l o g i c a l assignments 
made . 

It s h o u l d be clear that the conclusions of this w o r k are l i m i t e d to 
b l o c k polymers isolated f r o m the p o l y m e r i z a t i o n solvent ( cyclohexane ) 
b y evaporat ion a n d subsequently processed b y convent ional thermal 
m i x i n g a n d shaping techniques. O b v i o u s l y , other morphologies c o u l d 
be rea l ized i n m a n y instances b y cast ing films f r o m solvents of v a r y i n g 
q u a l i t y for the t w o b l o c k sequences. 

Conclusions 

Dif ferent b l o c k length dis tr ibut ions i n S B S a n d ( S B ) X b l o c k polymers 
a n d their mixtures can cause w i d e changes i n d o m a i n m o r p h o l o g y at 
constant overa l l m o n o m e r composi t ion , w h i c h l e a d to character is t ical ly 
different l inear viscoelast ic propert ies . 
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Poly(Arylene Ether Sulfone)-Poly(Aryl 
Carbonate) Block Copolymers 

T. C. W A R D , A. J. W N U K , E . SHCHORI, R. V I S W A N A T H A N , 
and J. E. M C G R A T H 

Department of Chemistry, Virginia Polytechnic Institute and 
State University, Blacksburg, V A 24061 

The influence of block molecular weight and slightly varying 
chemical compositions on microphase separation in poly 
(arylene ether sulfone)-poly(aryl carbonate) block copoly
mers was examined. Compositional variety was achieved by 
replacing the isopropylidene unit in the bisphenol-A derived 
aryl sulfone blocks by either a thiol or a sulfonyl group. 
Synthetic methods and characterization techniques were 
used that allowed careful control of average block size in 
these [AB]n copolymer systems, all of which were overall 
50% by weight of each type segment. Although physical 
blends of the homopolymers are incompatible, DSC and 
mechanical measurements indicated that either one- or 
two-phase films could be molded from the block copolymers. 
Kinetic effects regulating the formation of two phases from 
the melt were observed. 

lase p o l y m e r i c materials very often are based o n either graft 
copolymers or b l o c k copolymers . It is interest ing to note that graft 

copolymers have been largely associated w i t h impac t thermoplast ic 
technology whereas b l o c k copolymers have to date f o u n d most of their 
p r a c t i c a l appl icat ions i n the f o r m of thermoplast ic elastomers ( 1 - 8 ) . W e 
have been interested i n s t u d y i n g duct i le glassy-glassy a n d glassy-crysta l 
l ine b l o c k copolymers as models for homogeneous a n d m u l t i p h a s e e n g i 
neer ing materials . V e r y l i t t le quant i ta t ive exper imenta l i n f o r m a t i o n is 
avai lable concern ing the important parameters g o v e r n i n g the deve lopment 
of the microphases i n s u c h systems. Q u a l i t a t i v e l y , b l o c k m o l e c u l a r w e i g h t 
a n d segment interact ion parameters most l i k e l y are important . Secondly , 
almost n o t h i n g is k n o w n w i t h respect to the effect of microphase deve lop
ment o n m e c h a n i c a l propert ies such as d u c t i l i t y , i m p a c t strength, en
v i r o n m e n t a l stress c rack ing , a n d p h y s i c a l ag ing . 

0-8412-0457-8/79/33-176-293$05.00/0 
© 1979 American Chemical Society 
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294 MULTIPHASE POLYMERS 

W e recent ly have repor ted our i n i t i a l studies o n s tep-growth b l o c k 
copolymers conta in ing segments of p o l y ( a r y l ethers) a n d p o l y ( a r y l 
carbonates) (9, J O ) . T h e m u l t i b l o c k [ A - B ] n b l o c k copolymers were 
p r e p a r e d b y phosgenat ion i n methylene c h l o r i d e / p y r i d i n e so lut ion either 
b y w h a t was t e r m e d an " i n s i t u " or b y a " c o u p l e d o l i g o m e r " technique 
( 1 0 ) . T h e choice of polycarbonates a n d p o l y ( a r y l ethers) for i n i t i a l 
studies was based o n the several considerations. C o p o l y m e r i z a t i o n is 
feasible since the e n d groups i n the t w o ol igomers can be ident i ca l , as 
s h o w n i n Structures 1 a n d 2. C o n s i d e r a b l e i n f o r m a t i o n is ava i lab le i n the 

C H 3 

C H * 

C H 8 

I 

C H , 

h y d r o x y l terminated 
b i s p h e n o l - A polysul fone 

H -

C H 3 Ο 

C H 3 

C H 3 

C H 3 

h y d r o x y l t e rminated 
b i s p h e n o l - A polycarbonate 

2 

l i terature o n b o t h homopolymers ( J J , 12,13,14). B o t h polymers are 
amorphous as p r e p a r e d , w h i c h al lows character izat ion of the ol igomers 
a n d copolymers b y solut ion methods ( J O ) . H o w e v e r , the polycarbonate 
segments subsequently can be c rys ta l l i zed b y certa in solvents (15,16). 
T h u s the same c o p o l y m e r can, i n p r i n c i p l e , b e s t u d i e d w i t h either a 
glassy-glassy or g lass -crysta l l ine m o r p h o l o g y . L a s t l y , w i d e s t ructural 
variat ions are possible w i t h i n the general classes of p o l y ( a r y l ethers ) a n d 
p o l y ( a r y l carbonates ) s i m p l y b y c h a n g i n g the c h e m i c a l nature of the 
b i s p h e n o l . These variat ions, i n t u r n , can b e u s e d to m o d e l the effect of 
the "di f ferent ia l s o l u b i l i t y parameter" (8) ( o r other more quant i ta t ive 
expressions ) on the deve lopment of a mul t iphase system at constant b l o c k 
m o l e c u l a r weights . 
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P h y s i c a l b lends of Structures 1 a n d 2 w e r e not misc ib le (9,10), even 
at very l o w molecular weights ( 1 0 ) . O u r i n i t i a l invest igat ion suggested 
that the b l o c k c o p o l y m e r d e r i v e d f r o m c o u p l i n g Structures 1 a n d 2 w i t h 
phosgene were homogeneous at somewhat h igher b l o c k molecu lar weights 
than one w o u l d have expected ( 1 0 ) . E v a l u a t i o n of these copolymers also 
suggested that i t w o u l d be desirable to develop a d d i t i o n a l synthesis 
routes w h i c h d i d not require quant i ta t ive r e m o v a l of res idua l p y r i d i n e 
a n d p y r i d i n e h y d r o c h l o r i d e . E i t h e r residue can promote degradat ion of 
the c o p o l y m e r d u r i n g studies of its m e c h a n i c a l behavior . O n e poss ib i l i ty 
appeared to b e a n inter fac ia l technique (17,18,25, 26) w h i c h uses phase 
transfer catalysis (19). B o t h ol igomers are soluble i n methylene ch lor ide 
a n d are reasonably compat ib le at l o w concentrations (10). M o r e de ta i l ed 
end-groups analyses techniques for the ol igomers based o n U V - v i s i b l e 
spectroscopy (20,21 ) a n d potent iometr ic t itrations (22,23) also w e r e 
d e v e l o p e d w h i c h have greatly i m p r o v e d the assessment of segment 
number-average molecu lar weights . 

Experimental 

Synthesis. H i g h p u r i t y b i s p h e n o l A ( B i s - A ) a n d 4 ,4 ' -d ichlorosul -
fone ( D C D P S ) were obta ined f r o m U n i o n C a r b i d e . 4 , 4 ' - T h i o d i p h e n o l 
( B i s - T ) a n d 4 ,4 ' - su l fonyld iphenyl ( B i s - S ) w e r e s u p p l i e d b y C r o w n 
Z e l l e r b a c h . 4 ,4 ' -Di f luorodiphenylsul fone was either obta ined f r o m A l d r i c h 
or b y react ion of D C D P S w i t h anhydrous K F . 

T h e p o l y ( a r y l e n e ether sulfones ) were p r e p a r e d as prev ious ly 
descr ibed (10,14,24). T o l u e n e / D M A C was the usual solvent system 
used. T h e more reactive 4 ,4 / -d i f luorodiphenyl sulfone was used i n reac
tions w i t h the re lat ively ac id ic 4 ,4 ' - su l fonyldiphenol . 

T h e polycarbonate ol igomers were prepared b y solut ion or in ter fac ia l 
techniques (10,17,18). M e t h y l e n e ch lor ide a n d tetraethyl a m m o n i u m 
ch lor ide served as the solvent a n d phase transfer catalyst, respect ively. 
T h e b l o c k copolymerizat ions were p e r f o r m e d essentially under inter fac ia l 
react ion condit ions . In the case of copolymerizat ions u s i n g the Bis-S 
polysul fone ol igomers, i t was necessary to use tetrachloroethane as the 
organic solvent. 

T h e o l igomer molecular weights were character ized b y b o t h U V -
vis ib le spectra (20, 21 ) and/or potent iometr ic titrations (22, 23). Deta i l s 
of the measurements are p r o v i d e d i n these papers. T h e b l o c k copolymers 
also were character ized b y intr ins ic viscosity a n d i n some cases b y 
m e m b r a n e osmometry a n d gel permeat ion chromatography. A d d i t i o n a l 
character izat ion studies are c o n t i n u i n g a n d w i l l b e repor ted later. A 
t y p i c a l synthesis of a 5000-5000 p o l y s u l f o n e - S - p o l y c a r b o n a t e - A copoly
mer v i a " i n t e r r a c i a l " p o l y m e r i z a t i o n is descr ibed b e l o w . 

B is -S-polysul fone o l igomer ( 5O_g, M n ~ 5300 b y t i t ra t ion ) a n d B i s -
A - p o l y c a r b o n a t e o l igomer (5.0 g, *M„ ~ 5000 b y U V ) w e r e dissolved i n 
300 m L of tetrachloroethane i n a h o o d . T h e solut ion was somewhat h a z y 
even at these concentrations. ( B y contrast, B i s - A - p o l y s u l f o n e ol igomers 
a n d B i s - A - p o l y c a r b o n a t e o l igomer y i e l d clear solutions at comparable 
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m o l e c u l a r weights a n d concentrat ions.) Separately, 0.2 g of s o d i u m 
h y d r o x i d e a n d 2.0 g of tetraethyl a m m o n i u m ch lor ide were dissolved i n 
120 m L of d i s t i l l e d water . T h e o l igomer solutions a n d the aqueous 
solut ion w e r e c o m b i n e d i n a W a r i n g b lender . T h e b lender was fitted w i t h 
a phosgene inlet . A c o m b i n a t i o n p H electrode connected to a d i g i t a l p H 
meter ( O r i o n 601) was used to m o n i t o r p H d u r i n g the p o l y m e r i z a t i o n . 
T h e t w o layers were r a p i d l y m i x e d a n d phosgene a d d i t i o n was started. 
A react ion t ime of 30 m i n was used, a l though h i g h molecu lar w e i g h t 
c o u l d be ach ieved at considerably shorter t imes. T h e p H was m a i n t a i n e d 
at about 8.8 v i a a d d i t i o n of 2 0 % s o d i u m h y d r o x i d e solut ion f r o m a buret . 
A f t e r the phosgene flow was s topped, the react ion p r o d u c t was p l a c e d 
i n a separation f u n n e l for 30 m i n . A n organic phase a n d a " f o a m y " 
aqueous layer separated. T h e organic phase was prec ip i ta ted i n excess 
i s o p r o p y l a l cohol separately f r o m the f o a m layer . E a c h prec ipi tate was 
col lec ted b y v a c u u m f i l t rat ion, w a s h e d w i t h three 2 0 0 - m L volumes of 
i s o p r o p y l a lcohol , three 2 0 0 - m L volumes of d i s t i l l e d H 2 0 , a n d then one 
2 0 0 - m L v o l u m e of i s o p r o p y l a lcohol . T h e t w o precipitates were d r i e d 
24 h r at 1 2 0 ° C under an aspirator v a c u u m ( ~ 30 T o r r ) . 

7.59 g were col lected f r o m the organic phase a n d 2.33 g f r o m the 
" f o a m y " layer . D S C studies of each precipi tate w e r e ident i ca l . T w o T g s 
were observed at 166° a n d 2 2 9 ° C . T o t a l w e i g h t was 9.92 g of c o p o l y m e r 
( 9 9 % y i e l d ). Cas t films f r o m tetrachloroethane solutions were trans-

Earent a n d duct i le . A compress ion-molded ( 2 8 0 ° C ) film was clear b u t 
r o w n . 

D y n a m i c M e c h a n i c a l Measurements . A R h e o v i b r o n D D V - I I was 
used to measure m e c h a n i c a l properties at frequencies of 3.5 a n d 110 H z . 
H e a t i n g rates were approximate ly l ° C / m i n . F i l m s of 5 - m i l thickness were 
compress ion m o l d e d at 2 6 0 ° C f r o m d r i e d powders for these studies. N o 
annea l ing treatments were a p p l i e d to the films. C o m p l e x , storage, a n d 
loss m o d u l i as w e l l as tan δ were ca lcula ted over a — 160° to 2 4 0 ° C 
range. F o r c lar i ty , a l l of the data are not s h o w n i n the figures. 

Thermal Analysis Measurements. D S C scans at 4 0 ° C / m i n w e r e 
obta ined o n a P e r k i n - E l m e r D S C - 2 . D r i e d c o p o l y m e r p o w d e r was used. 
I n si tu annea l ing treatments were a p p l i e d as discussed b e l o w b y pro
g r a m m i n g the des ired temperature profiles o n the instrument . 

Materials 

T h e o l igomer ic p o l y ( a r y l e n e ether sulfone ) structures o n the f o l 
l o w i n g page w e r e s tudied . I t was i n i t i a l l y expected that the series 1, 3, 
a n d 4 w o u l d a l l o w one to observe a gradat ion i n p o l a r i t y a t t r ibutable to 
the d i p h e n y l l i n k i n g agent. H o w e v e r , so lub i l i ty parameter calculat ions 
s h o w that 1 a n d 3 are i n fact rather s i m i l a r (eg. δ = 10.3). I t was possible 
to accurate ly assess the e n d group concentrat ion, a n d hence the n u m b e r -
average m o l e c u l a r w e i g h t b y potent iometr ic t i t ra t ion of the ol igomers b y 
te t raa lky l a m m o n i u m h y d r o x i d e i n d r y D M A C . T h e more a c i d i c p h e n o l 
e n d groups of 4 show larger breaks. 

T h e b l o c k copolymers of this s tudy were, of course, [ A B ] n i n type, 
as p o i n t e d out above. O v e r a l l compos i t ion was ad justed to a 50-50 w t % 
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C H 3 

- · η 

H - Ό - © - 8 - ® - Ο - © - 8 0 , - @ - - Ο - ® - 8 - © - < > Η 

•J η 

rat io of po lysul fone to polycarbonate . F o r ease of discussion, each of the 
samples has been g i v e n a characterist ic code to indica te b o t h compos i 
tions a n d b l o c k lengths. Since each of the polycarbonate b locks was 
d e r i v e d f r o m the b i s p h e n o l - A monomer , its occurrence i n the c o p o l y m e r 
can b e s y m b o l i z e d s i m p l y b y A C . H o w e v e r , three c h e m i c a l l y different 
po lysul fone blocks w e r e c o u p l e d w i t h the polycarbonate a n d are discussed 
above as the B i s - A , B i s - T , a n d Bis-S o l igomers . A c c o r d i n g l y , these 
sulfone units are c o d e d A S , T S , a n d SS, respect ively. N o t a t i o n of the 
b lock number-average m o l e c u l a r w e i g h t i n thousands of daltons c o m 
pletes the code, w i t h the po lysu l fone notat ion a lways p r e c e e d i n g that of 
the polycarbonate . A s an example, a b l o c k c o p o l y m e r consist ing of 
26,000 g / m o l po lysu l fone segments o r i g i n a t i n g f r o m 1 above w h e n 
c o u p l e d w i t h a 22,000 g / m o l b i s p h e n o l - A polycarbonate w o u l d be desig
nated AS/AC -26/22. 

W e are r e p o r t i n g the t h e r m a l analysis a n d d y n a m i c m e c h a n i c a l da ta 
for a tota l of four copolymers r a n g i n g i n average b l o c k m o l e c u l a r w e i g h t 
f r o m 5000 g / m o l u p to blocks i n w h i c h the polycarbonates a n d p o l y s u l -
fones were each i n the 20,000 g / m o l range. T h e i n f o r m a t i o n i n T a b l e I 
shows that four copolymers of the A S / A C type have b e e n invest igated, 
t w o of the S S / A C , a n d one of the T S / A C type . B e f o r e p r o c e e d i n g 
direc t ly to the results of the measurements, a f e w comments concern ing 
the h o m o p o l y m e r ol igomers are appropriate . 

B a c k g r o u n d . H o m o p o l y m e r s of the carbonate a n d of the sulfone 
type i n this w o r k have been invest igated extensively w i t h respect to 
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298 MULTIPHASE POLYMERS 

T a b l e I . G l a s s y - G l a s s y B l o c k C o p o l y m e r Propert ies 

Glass Transitions (°C) 

Sample Code 

A S / A C ~ 5 / 5 e 

A S / A C - 1 0 / 1 0 
A S / A C - 1 6 / 1 7 
A S / A C - 2 6 / 2 2 
S S / A C - 5 / 5 
S S / A O - 1 0 / 1 0 
T S / A C - 1 0 / 1 0 

Polysulfone/ 
Polycarbonate 

Mol Wt (g/mol) 

5000/5000 
10000/10000 
16000/17000 
26000/22000 

5000/5000 
10000/10000 
10000/10000 

175 
175 

160 

(T9)L (Ύ„)Η 

165 
162 
167 
161 

185 
190 
229 
231 

'From Ref.l . 

t h e r m a l a n d m e c h a n i c a l behav ior (1,27,28). T a b l e I I lists some notable 
features of the h o m o p o l y m e r s appropr ia te for our ol igomers . Interest ing 
combinat ions of glass-transition temperatures a n d specif ic interactions 
are seen to be possible b y appropr ia te choices a m o n g the constituent 
ingredients . W e also estimate, i n response to current interest i n equat ion-
of-state approaches to p o l y m e r - p o l y m e r c o m p a t i b i l i t y , that the sulfone 
a n d carbonate moieties have thermal-expansion mismatches of about 
1 6 % i n each of the three series of materials . 

T h e low-temperature (β) t ransi t ion i n polycarbonates a n d p o l y s u l -
fones has rece ived m u c h at tent ion because of its postulated role i n a 
m e c h a n i s m of impact -s trength enhancement (27,31, 32,33). H o w e v e r , 
this low-temperature re laxat ion appears to be re la t ive ly insensi t ive to 
anneal ing , i n contrast to the polymer 's i m p a c t propert ies , a n observat ion 
l e a d i n g to the conc lus ion that the ^-process contributes to, b u t does not 
exc lus ively determine, toughness i n b i s p h e n o l - A b a s e d polymers (33). 
T h e great b r e a d t h of the β-peak has been discussed b y a n u m b e r of 
workers as ar i s ing f r o m the almost superposi t ion of t w o different loss 
peaks h a v i n g different ac t ivat ion energies (32,34). 

T a b l e II. H o m o p o l y m e r Proper t ies 

Polymer Repeat Unit Tg(°C)a 

B i s h e n o l - A - c a r b o n a t e 145 
B i s p h e n o l - A - s u l f o n e 190 
B i s p h e n o l - S - s u l f o n e 231 
B i s p h e n o l - T - s u l f o n e 180 

* At 3.5 Hz. 
6 Calculated (26), however, see Ref. 27. 

Solubility 
Parameter^ 

9.6 
10.3 
12.6 
10.3 
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16. WARD ET AL. Poly(Arylene Ether Suif one )-Poly(Aryl Carbonate) 299 

Results and Discussion 

B o t h so lut ion a n d inter fac ia l methods of p o l y m e r i z a t i o n p r o d u c e d 
b l o c k copolymers h a v i n g essentially i d e n t i c a l m e c h a n i c a l a n d t h e r m a l 
propert ies . B e l o w , the d y n a m i c m e c h a n i c a l results are presented, f o l l o w e d 
b y t h e r m a l analyses for each of the composit ions A S / A C , S S / A C , a n d 
T S / A C . 

τ — ι — ι — ι — ι — ι — ι — ι — Γ 

I ι » ι ι ι ι ι ι I I 
0 4 0 80 120 160 200 

TEMPERATURE (°C) 

Figure I . High-temperature mechanical behavior of interfacially 
prepared bis-A-poly sulfone/bis-A-poly carbonate (10,000/10,000) 

block copolymer 
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300 MULTIPHASE POLYMERS 

A S / A C C o p o l y m e r s . I t is apparent o n c o m p a r i s o n of F i g u r e s 1 
a n d 2 that a c r i t i c a l average b l o c k l ength for the A S / A C system must 
l ie somewhere be tween 10,000 a n d 22,000 g / m o l . F i g u r e 1 shows m e c h a n 
i c a l response t y p i c a l of a one-phase, homogeneous mater ia l h a v i n g a Tg 

in termediate be tween that of the respective homopolymers . W e note 
that A S / A C - 5 / 5 prev ious ly was observed to have v i r t u a l l y i d e n t i c a l 
behavior ( 9 ) . B y contrast, t w o loss-modulus peaks are seen i n F i g u r e 2, 
ind ica t ive of a two-phase s o l i d . A closer a p p r o a c h to the m o l e c u l a r w e i g h t 
necessary for phase separat ion is i l lus t ra ted i n F i g u r e 3, w h e r e the t w i n 
peaks i n the loss m o d u l u s appear for c o p o l y m e r A S / A C - 1 6 / 1 7 . Paren
thet ica l ly , the relat ive magni tudes of these E " α-loss peaks e m p h a s i z e d 

τ 1 1 Γ 

^ - 0 . α 

I ι ι ι ί -
Ο 50 100 150 200 

TEMPERATURE (°C) 

Figure 2. High-temperature mechanical behavior of 
solution-prepared bis-A-polysulfone/bis-A-polycarbonate 

(26,000/22,000) block copolymer. 
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16. WARD ET AL. Poly(Arylene Ether Sulfone)-?oly(Aryl Carbonate) 301 

the low-temperature (po lycarbonate ) Tg; a p l o t of tan δ vs. temperature 
(not s h o w n ) i n d i c a t e d a m u c h larger area u n d e r the high- temperature 
Tg i n contrast. 

A l s o a p p e a r i n g i n F i g u r e s 2 a n d 3 is a s m a l l in termediate peak i n 
the 0 ° - 1 0 0 ° C range, w h i c h is s imi lar to one p r e v i o u s l y r e p o r t e d ( 3 3 , 3 5 ) 
for the homopolymers a n d postulated to arise f r o m the relaxat ion of 
f r o z e n stresses. Its absence i n F i g u r e 1 ( a n d i n data repor ted b e l o w o n 
a l l of the one-phase systems ) suggests that this intermediate peak appears 
because of n o n e q u i l i b r i u m strain states o r i g i n a t i n g d u r i n g the f o r m a t i o n 
of microphases . F u t u r e studies w i l l feature this observat ion. 

10.Oh 

TEMPERATURE ( ° C ) 

Figure 3. High-temperature mechanical behavior of bis-A-
polysulfone/bis-A-poly carbonate (16,000/17,000) block copoly

mer. Compression molded at 260°C. 
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L o w - t e m p e r a t u r e m e c h a n i c a l propert ies of the entire A S / A C series, 
regardless of m o l e c u l a r weight , are w e l l represented b y the data i n 
F i g u r e 4, ac tual ly d e t e r m i n e d for the 10,000-10,000 g / m o l copolymer . 
V e r y l i t t le sample-to-sample v a r i a t i o n appeared ; a l l plots revea led a large, 
b r o a d /^-loss-modulus m a x i m u m o c c u r r i n g at — 110°C . T h e t y p i c a l 
asymmetry of this peak also is apparent f r o m this figure. V a r y i n g test 
frequencies i n d i c a t e d a n ac t iva t ion energy of a p p r o x i m a t e l y 10 k c a l / m o l 
associated w i t h the peak m a x i m u m . T h e presence of either one or t w o 
phases was not ref lected b y changes i n the β t rans i t ion ; i n d e e d this peak, 
especia l ly w h e n represented b y E " , was p r a c t i c a l l y super imposable w i t h 
that o b t a i n e d for h o m o p o l y m e r s of b i s p h e n o l - A po lycarbonate a n d bis
p h e n o l - A p o l y s u l f o n e . 

-120 -80 -m 
TEMPERATURE ( ° C ) 

Figure 4. Low-temperature dynamic mechanical response of 
a typical block copolymer, interfacially prepared bis-A-poly-

sulfone/bis-A-polycarbonate (10,000/10,000) 
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 J 1 1 1 1 

Τ (. = 448 Κ ( 1 7S°C) 

573 Κ (300°C) 

553 Κ (2KO°C) 

533 Κ (260°C) 

513 Κ (240°C) 

493 Κ (220°C) 

4 73 Κ (200°C) 

• Unannoaleci Powder 

I I I I i I I I I I I I I 1 1—I 1 1 1 1—I 
350 400 450 500 550 

TEMPERATURE ( K) 

Figure 5. DSC thermograms of bis-A-poly sulfone/bis-A-poly carbonate 
(10,000/10,000) block copolymer after annealing at indicated tempera

tures for 15 min. Heating rate, 40 K/min. Range, 5 meal/sec. 

G e n e r a l features observed i n the m e c h a n i c a l test ing w e r e c o n f i r m e d 
b y D S C . F i g u r e 5 shows results for c o p o l y m e r A S / A C - 1 0 / 1 0 . A single 
glass t ransi t ion is readi ly apparent at 1 7 5 ° C . I n the v i c i n i t y of 1 4 7 ° C , a 
s m a l l apparent Tg appeared i n some, b u t not a l l , samples. P r o b a b l y this 
was a result of some r e s i d u a l h o m o p o l y m e r . R e c o g n i z i n g that i n these 
systems k i n e t i c contro l of d o m a i n format ion was a poss ib i l i ty , var ious 
annea l ing experiments were c o n d u c t e d . W e observe i n F i g u r e 5 that 
repeated annea l ing of the A S / A C - 1 0 / 1 0 at successively h i g h e r tempera
tures u p to 3 0 0 ° C a n d for 15 minutes i n each case f o l l o w e d b y a t h e r m a l 
q u e n c h i n g p r o d u c e d no phase separation. I n contrast, the t y p i c a l t h e r m a l 
behavior of A S / A C - s e r i e s two-phase solids is represented i n F i g u r e 6. 
I n the b o t t o m D S C trace ( A ) , the v i r g i n p o w d e r was scanned; o n l y one 
Tg at 1 7 5 ° C was observed. Just b e y o n d this temperature one notes a n 
exotherm at 207 ° C , u n d o u b t e d l y a consequence of c rys ta l l i za t ion i n these 
carbonate domains of the copolymer . I n curve Β a one-minute annea l ing 
at 2 2 0 ° C f o l l o w e d b y q u e n c h i n g p r o d u c e d a sample w i t h latent two-phase 
behavior . M o r e pat ient thermal -anneal ing treatments at 2 2 0 ° C l e d to 
samples w h e r e the t w o glass transitions w e r e readi ly detected, as i l l u s 
trated b y curves C a n d D of F i g u r e 6. 

T o fur ther explore the t ime dependence of f o r m a t i o n of microphases , 
D S C studies were c o n d u c t e d i n w h i c h a n n e a l i n g at different temperatures 
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ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — Γ 

T.. = 4 58 Κ ( 185°C) 

I I I I I l i t ι ι ι ι ι ι ι ι [ J 
320 340 360 380 400 420 440 460 480 

TEMPERATURE ( K) 

Figure 6. Kinetic effects appearing in DSC thermograms for bis-A-
polycarbonate (16,000/17,000) block copolymer. Heating rate, 40 
K/min. Range, 5 meal/sec. (A) Dried polymer powder; no thermal 
pretreatment. (B) Annealed 1 min at 493 Κ and quenched to 320 K. 
(C) Annealed 30 min at 493 Κ and quenched to 320 K. (D) An
nealed 30 min at 493 K.and quenched to 320 K. (D) Annealed 30 

min at 493 Κ and cooled to 320 Katl .25 K/min. 

w a s used. Results are s h o w n i n F i g u r e 7 w h e r e the v i r g i n - p r e c i p i t a t e d 
a n d d r i e d p o w d e r s t h e r m o g r a m is s h o w n as the b o t t o m c u r v e for refer
ence. T h e n cons ider ing the uppermost trace first a n d m o v i n g d o w n w a r d , 
t w o TgS c lear ly resul t ing f r o m 15 minutes annea l ing at 3 0 0 ° C . F u r t h e r 
l o w e r i n g of a n n e a l i n g temperature resul ted i n t w o less-wel l -def ined 
transitions whose locations t e n d t o w a r d a n intermediate temperature . 
T h e p o i n t of convergence to a single Tg suggests here a n analogy to the 
l o w e r c r i t i c a l solut ion temperature ( L C S T ) of ten n o t i c e d i n p o l y m e r 
b lends a n d solutions. W e were prevented f r o m ac tua l ly d e t e r m i n i n g this 
p r o p o s e d s ingular i ty as exper imenta l temperature was l o w e r e d because 
of onset of the Tg of the polysul fone phase at about 1 8 5 ° C , i m m o b i l i z i n g 
fur ther c h a i n m i g r a t i o n . N o t s h o w n are data o n annea l ing A S / A C - 1 6 / 1 7 
at 1 9 0 ° C , i n w h i c h isotherms of three hours were r e q u i r e d for the samples 
to deve lop the d o u b l e basel ine shift i n the D S C scans. C l e a r l y , the 
kinet ics have in tervened here to mask our observat ion of the proposed 
L C S T . C u r r e n t experiments are u n d e r w a y to determine the d o m a i n 
f o r m a t i o n kinet ics a n d , i f possible , the heat of d o m a i n f o r m a t i o n . 
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350 400 450 500 550 

TEMPERATURE ( K) 

Figure 7. DSC thermograms of bis-A-poly suif one/bis-Α-polycarbonate 
(16,000/17,000) block copolymer after annealing at indicated tempera

tures for 15 min. Heating rate, 40 K/min. Range, 5 meal/sec. 

I n T a b l e I the single-phase b l o c k c o p o l y m e r glass transit ions ( T g ) 
or, w h e r e appropriate , the l o w a n d h i g h observed TgS i n the case of t w o 
phases, ( T g ) L a n d ( T g ) H , are presented. B i s p h e n o l - A - p o l y c a r b o n a t e 
homopolymer ' s Tg is approx imate ly 1 4 5 ° C , some 2 0 ° C l o w e r t h a n ( T g ) L . 
H o w e v e r , the ( T g ) H fal ls qui te close to that of h o m o p o l y s u l f o n e b a s e d o n 
b i s p h e n o l - A , a p o i n t to w h i c h w e sha l l later re turn . 

S S / A C C o p o l y m e r s . T h i s series of b l o c k copolymers also was inves
t igated i n v i e w of d e t e r m i n i n g a cr i t i ca l b l o c k length for m i c r o d o m a i n 
f o r m a t i o n . I n a d d i t i o n , b y n o w e x a m i n i n g the same b l o c k lengths as i n 
the A S / A C samples above, the oppor tuni ty exists to estimate specif ic 
in terac t ion inf luence o n phase separat ion at tr ibutable to the large so lu
b i l i t y parameter m i s m a t c h b e t w e e n b l o c k s ) . B o t h 5000/5000 a n d 10,000/ 
10,000 average b l o c k - l e n g t h materials w e r e s tudied m e c h a n i c a l l y a n d 
thermal ly . F i g u r e s 8 a n d 9 present data o n l y for the longer b l o c k - l e n g t h 
spec imen, b u t these are representative of the behavior o n b o t h samples. 
B o t h types of tests ind ica te two-phase materials . B r o a d in termedia te 
peaks were observed as before . A g a i n , the polycarbonate moie ty Tg is 
elevated ( about 1 5 ° C ) w h i l e that of the p o l y s u l f o n e is essential ly u n p e r 
t u r b e d . E x a c t values are s h o w n i n T a b l e I I . W h i l e no quant i ta t ive 
conclusions can b e d r a w n , at least the ranges of d o m i n a t i o n of the t w o 
effects, b l o c k length a n d c h e m i c a l composi t ion , are better def ined b y 
compar i son of the S S / A C w i t h the A S / A C polymers . R o u g h l y , a one-

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

01
6

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



306 MULTIPHASE POLYMERS 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

01
6

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



16. WARD ET AL. ?oly(Arylene Ether Sulfone)-Poly(Aryl Carbonate) 307 

t h i r d increase i n m o l e c u l a r w e i g h t was r e q u i r e d of the A S / A C - 1 0 / 1 0 
sample to achieve the phase segregation demonstrated b y blocks of one-
hal f the l ength b u t d i f fe r ing b y t w o so lub i l i ty parameter units ins tead of 
0.7 uni t . L o w - t e m p e r a t u r e m e c h a n i c a l spectra for the S S / A C samples 
w e r e equivalent to those descr ibed above. 

T S / A C Copolymers. A s a final c o m p o s i t i o n v a r i a t i o n w i t h i n the 
50/50 o v e r a l l weight -percent f r a m e w o r k , tests were r u n o n c o p o l y m e r 
based o n the b i s p h e n o l - T - p o l y s u l f o n e o l igomer . R e c a l l that this o l igomer 
has a s o l u b i l i t y parameter e q u a l to that of the b i s p h e n o l - A polysul fone . 
O n l y the 10,000-10,000 g / m o l b lock-s ize m a t e r i a l have been s tudied . T h e 
results appear i n F i g u r e s 10 a n d 11. C l e a r l y , a s ingle transi t ion is i n d i 
cated, regardless of annea l ing procedures . T h i s Tg lies at 1 5 9 ° C , inter
mediate be tween the 140° a n d 1 8 0 ° C h o m o p o l y m e r TgS, as one w o u l d 
expect f r o m a 50/50 c o p o l y m e r (see T a b l e I I ) . S u p p o r t i n g earl ier data, 
F i g u r e 10 reveals there w e r e no intermediate relaxations for this h o m o g 
eneous s o l i d . 

Conclusions 

T w o - p h a s e , yet o p t i c a l l y transparent, glass-glassy b l o c k copolymers 
c a n b e p r o d u c e d f r o m polycarbonate a n d polysu l fone ol igomers either 
b y increas ing average b l o c k w e i g h t b e y o n d 16,000 g / m o l or b y increas ing 

TEMPERATURE ( K) 

Figure 9. DSC thermogram for bis-S-polysulfone/bis-A-polycarbonate 
(10,000/10,000) block copolymer. Heating rate, 40 K/min. Range, 5 

meal/sec. 
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TEMPERATURE CO 
Figure 10. Dynamic mechanical spectrum at higher 
temperatures for bis-T-polysulfone/bis-A-poly carbonate 

(10,000/10,000) block copolymer 
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TEMPERATURE ( K) 

Figure 11. DSC thermogram for bis-T-polysulfone/bis-A-poly carbonate 
(10,000/10,000) block copolymer. Heating rate, 40 Κ/min. Range, 5 
meal/sec. (A) After annealing at 573 Κ (300°C) for 30 min. (Β) Dried 

polymer powder, no thermal pretreatment. 

s o l u b i l i t y parameter differences b y m i n o r c o m p o s i t i o n a l variat ions at 
about 5000 g / m o l b l o c k w e i g h t . W h e n t w o phases d o result i n these 
materials , the phase h a v i n g the l o w e r Tg must b e heated to a temperature 
cons iderab ly above that of the c o r r e s p o n d i n g h o m o p o l y m e r before s h o w 
i n g a glass transi t ion. T h i s is p r o b a b l y at t r ibutable to the s u r r o u n d i n g 
glassy matr ix i n w h i c h the l o w e r Tg phase is i m m o b i l i z e d ; h o w e v e r , i t is 
possible that phase m i x i n g of the t w o components is responsible . C o n 
sistent w i t h the first p o i n t of v i e w is the observat ion that the phase 
h a v i n g the h i g h e r Tg i n the c o p o l y m e r experiences a glass point , ( T g ) H , 
w h i c h is v i r t u a l l y the same as that of the h o m o p o l y m e r of the same 
compos i t ion . H e r e , there is no r i g i d matr ix b u t rather a r u b b e r y e n v i r o n 
ment a r o u n d the microphase as ( T g ) H is a p p r o a c h e d f r o m b e l o w . 

L o w - t e m p e r a t u r e m e c h a n i c a l propert ies i n the series of b l o c k c o p o l y 
mers h a v i n g either one or t w o phases appear essentially u n a l t e r e d f r o m 
those of the h o m o p o l y m e r s . Intermediate relaxations m a y appear i n these 
systems w h e n t w o phases are present. 
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A Brief Review of Polymer Blend Technology 

D. R. PAUL and J. W. BARLOW 

Department of Chemical Engineering, The University of Texas at Austin, 
Austin, TX 78712 

Thermodynamically miscible, single amorphous-phase multi
-component polymer blends with good physical properties 
are rapidly being discovered as researchers become aware 
that miscible polymer pairs require chemical structures 
which form strong specific interactions. Thermodynamically 
immiscible, multiphase blends continue to be developed as 
a variety of methods, including use of interfacial agents, 
morphology control, and interpenetrating network forma
tion, are used to improve physical properties by enhancing 
interphase stress transfer. Recent commercial applications 
of both types of blends are given and their economic and 
property advantages are discussed. 

T^he concept of appropriately combining together two or more different 
A polymers to obtain a new material system with the desirable features 

of its constituents is not new. Over the years, numerous systems based 
on the chemical combination of different monomers through random, 
block, and graft copolymerization methods have been developed with 
this goal in mind. For similar reasons the coating and rubber industries 
have long blended together different low molecular weight polymers; and 
particularly over the last decade, the interest in polymer blend systems 
as a way to meet new market applications with minimum development 
cost has increased rapidly. 

It is the purpose of this chapter to briefly examine the present state 
of the art of polymer blends from both a technical and commercial 
standpoint. Because of the large variety of blend systems currently being 
investigated and used commercially, it w i l l not be possible to present an 
in-depth discussion of specific results. Instead, the first two sections of 
this chapter w i l l concentrate on the key concepts and fundamental 

0-8412-0457-8/79/33-176-315$05.25/0 
© 1979 American Chemical Society 
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316 MULTIPHASE POLYMEBS 

considerations associated with polymer blends in order to provide some 
technical perspective for the specific technical discussions in later chap
ters. The last section of this chapter discusses several specific examples 
of commercial blend systems and serves to emphasize the property 
advantages inherent in properly formulated polymer blend systems. 

Miscible and Immiscible Polymer Blends 

Over the last decade, the poor economics of new polymer and 
copolymer production and the need for new materials whose perform
ance/ cost ratios can be closely matched to specific applications have 
forced polymer researchers to seriously consider purely physical polymer 
blend systems. This approach has been comparatively slow to develop, 
however, because most physical blends of different high molecular weight 
polymers prove to be immiscible. That is, when mixed together, the 
blend components are likely to separate into phases containing pre
dominantly their own kind. This characteristic, combined with the often 
low physical attraction forces across the immiscible phase boundaries, 
usually causes immiscible blend systems to have poorer mechanical 
properties than could be achieved by the copolymerization route. Despite 
this difficulty a number of physical blend systems have been commer
cialized, and some of these are discussed in a later section. Also, the 
level of technical activity in the physical blend area remains high, as 
indicated by the number of reviews published recently (1-10). 

The basic issue confronting the designer of polymer blend systems 
is how to guarantee good stress transfer between the components of the 
multicomponent system. Only in this way can the component's physical 
properties be efficiently used to give blends with the desired properties. 
One approach is to find blend systems that form miscible amorphous 
phases. In polyblends of this type, the various components have the 
thermodynamic potential for being mixed at the molecular level and the 
interactions between unlike components are quite strong. Since these 
systems form only one miscible amorphous phase, interphase stress 
transfer is not an issue and the physical properties of miscible blends 
approach and frequently exceed those expected for a random copolymer 
comprised of the same chemical constituents. 

Although the number of miscible blends is rapidly being increased, 
immiscibility is generally the result when unlike polymers are mixed. 
Consequently, a great deal of research has been and is being done on 
ways to improve the mechanical properties of immiscible blends. A 
widely practiced approach at the present time is to connect the minor 
dispersed phase to the major continuous phase through a covalent bond. 
This approach can take several forms. The oldest and most basic is to 
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17. PAUL AND BARLOW Polymer Blend Technology 317 

chemically link one phase to the other as is done in the manufacture of 
rubber-modified impact grades of polystyrene (11,12,13). Alternately, 
block or graft copolymers of the form A - B can be used as compatibilizers 
(see chapter 12 of Ref. 10 by D . R. Paul) or interfacial agents to improve 
adhesion between immiscible Α-rich and B-rich phases. The physical 
affinity of the A portion of the copolymer for the A phase and the Β 
portion for the Β phase serves to locate the copolymer at the interface 
and to connect physically the two phases through the covalent bonds 
in the copolymer backbone. The net result of this improved adhesion 
in a variety of systems is a great improvement in the ultimate mechanical 
properties, elongation, and tensile strength, and a finer dispersion of the 
minor component (14-19). 

The tendency of immiscible blocks to segregate into domains or 
phases comprised of like or miscible species is incidentally used to good 
advantage to form an important class of thermoplastic rubbers. These 
materials are comprised of A - B - A tri-block sequences in which the Β 
blocks are elastomeric and the A blocks are either glassy or crystalline 
at room temperature and immiscible with the Β blocks. The "hard" 
domains comprised of A blocks anchor the rubber blocks at their ends 
to form thermally reversible equivalents of crosslinks. Styrene-buta-
diene-styrene block copolymers as well as the segmented polyurethanes 
and related polyesters form commercial examples of this class. A variety 
of mechanical properties can be obtained by blending these materials 
with others. Provided the thermoplastic elastomer is retained as the 
continuous phase, the blend w i l l show rubbery behavior in proportion 
to the amount of rubber in the blend. Should it become discontinuous, 
the blend properties become controlled by the major continuous phase 
and the degree of miscibility between the hard blocks and the third 
component (see chapter 20 of Ref. 10 by Ε. N . Kresge). 

Another method to improve the mechanical properties of immiscible 
blends is to co-mingle the immiscible phases in such a way that each 
phase remains continuously connected throughout the bulk of the blend. 
The idea behind this approach is to minimize the importance of the 
interphase adhesion by developing co-continuous or interpenetrating 
phase morphologies capable of direct stress transfer. By analogy, with 
the improved mechanical behavior of continuous fiber-reinforced plastics 
relative to systems containing discontinuous reinforcement (20), immis
cible blends with interpenetrating phases show improved mechanical 
properties relative to the usual dispersed phase-continuous phase mixtures 
(see chapters 1 and 16 of Ref. JO). Although in its infancy, phase 
morphology control without chemical reaction to form interpenetrating 
phases would seem to be especially appropriate for preparing immiscible 
thermoplastic blends with improved properties. By judicious choice of 
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binary component concentrations and viscosities it is possible to achieve 
co-continuous phases in the melt because the phase i n higher concen
tration tends to be continuous when both phases have similar viscosities, 
whereas at similar concentrations the phase with the lower viscosity 
tends to be continuous. Kresge has demonstrated co-continuous phase 
formation in blends of polyethylene or polypropylene with ethylene-
propylene copolymers when the copolymers are present at high concen
trations and have higher viscosities by a factor 5-10. H e further suggests 
that both polyolefins, when separately blended with styrene-butadiene-
styrene block copolymers, form interpenetrating phases. 

A chemical method of combining polymeric materials is to form 
what are called interpenetrating networks ( I P N ) . The conventional 
method of synthesizing an I P N involves swelling a cross-linked primary 
polymer network with a solution of monomer and cross-linking agent, 
followed by in situ polymerization of the second network ( 22,23 ). 
Ideally what results is an extended primary network intermingled with 
but not reacted to a co-continuous secondary network to give a quasi-
single-phase material. When properly formed, IPNs have been shown 
by Frisch et al. (5, 24,25, 26) to have many of the attributes of miscible 
physical mixtures, including single glass transition temperatures, maxi
mum tensile strengths at intermediate compositions, and increased densi
ties relative to the usual phase-separated mixtures. The ideal phase 
topology is difficult to obtain, however, and some phase segregation of 
the second network often occurs (27). A great deal of work is presently 
being done to elucidate the chemical and physical parameters necessary 
for single-phase formation in these systems and to determine the relation
ships between these parameters and the resulting physical properties. 

Thermodynamic Considerations 

Leaving aside for the moment the relative advantages of immiscible 
vs. miscible blend systems, it is clear from the brief review above that 
the blend properties are strongly dependent on their phase structures 
and on the adhesion between phases. The presence and composition 
of phases as well as the surface energy of interaction between phases 
are, in principle, functions of the thermodynamics of interaction between 
the polymer components of the blend. Consequently, there is a need to 
be able to predict this interaction. 

The theory for predicting polymer-polymer miscibility is not well 
developed at this time, but a brief and incomplete survey of experimental 
observations on a variety of systems suggests that many miscible systems 
exist ( 28-51 ). The existence of miscible-phase behavior depends on the 
chemical structures of the blend components (21,44,46), including co-
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17. PAUL AND BARLOW Polymer Blend Technology 319 

polymer compositions where used as a blend component (30,37,38,42-
44, 47), the molecular weights of the components (48,49), the tacticity 
of the components (50,51 ), the observation temperature (38, 40,44,52), 
and the method of blend fabrication (47,53, 54). In this section, we w i l l 
attempt to bring some of these observations together with a qualitatively 
useful, if quantitatively incomplete, thermodynamic overview. 

Basic thermodynamics suggests that spontaneous solution to give a 
miscible mixture occurs whenever the free energy of mixing is negative, 
as given by 

AGmix — àHmix - TàSaix (1) 

where A f f m 5 x is the enthalpy of mixing and àSmix is the entropy of mixing. 
According to Scott (55) who applied the Flory-Huggins equation (56) 
to mixtures of dissimilar polymers, the enthalpy and entropy of mixing 
of polymers 1 and 2 are given by 

&Hmix — ΒνΦ1Φ2 (2) 

where V r is the reference volume per monomer repeat unit, V is the 
volume of the system, X< is the degree of polymerization of species i, 
Φ< is the volume fraction of i in the binary, and Β is the interaction energy 
density characteristic of the polymer-polymer segmental interactions in 
the blend. 

It is clear from these equations that the entropy of mixing is a func
tion of the molecular sizes being mixed, decreasing rapidly toward zero 
as the degrees of polymerization of the components approach the values 
typically found in commercial polymers. The enthalpy of mixing, on the 
other hand, primarily depends on the energy change associated with 
changes in nearest neighbor contacts during mixing (57) and is much 
less dependent on molecular lengths. The net result of these considera
tions is that the free energy of mixing is primarily influenced by the sign 
and magnitude of AHmix for high molecular weight mixtures. 

Since àHmix could be predicted for weakly interacting materials via 

A ^ m i x = F(8! - 8 2 ) 2 Φ ι Φ 2 (4) 

to be positive and dependent on the difference in pure component solu
bility parameters, δ» (57), early polymer blend work was concentrated 
on closely matching component solubility parameters to achieve misci-
bility. Despite considerable work (58), this approach has not been 
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particularly successful, partly because of the lack of sufficiently accurate 
solubility parameters and partly because of the theoretical requirement 
that the parameters be matched to within 0.1(cal/cm 3 ) 1 / 2 or less. As a 
result, most early workers concluded that formation of miscible polymer 
blends was a highly unlikely event. 

By rough count, more than 50 miscible systems have been reported 
in the literature, and from intensive studies of these systems a more 
optimistic view of the potential for miscibility is beginning to develop. 
Most of these miscible polymer pairs have chemical structures that are 
capable of forming strong specific interactions such as donor-acceptor 
complexes and hydrogen bonds. While they have not all been completely 
studied, those that have show behavior which can only result from the 
presence of exothermic or negative heats of mixing. 

For example, Olabisi (59) recently proposed the possibility of charge-
transfer interactions between poly (vinyl chloride) and the ester oxygen 
groups on poly ( c-caprolactone ) to explain the negative interaction param
eter estimated from solvent probes of the miscible blends in the inverse 
gas chromatography technique and from spectroscopic measurements. 
Matzner et al. (60) also have proposed that the specific interaction 
between the basic disubstituted amide on copolymers of ethylene and 
Ν,Ν-dimethyl acrylamide and the a hydrogen on P V C is responsible for 
the observed miscibility. K w e i et al. (52) found that the interaction 
parameter for polystyrene-poly(vinyl methyl ether) blends was likewise 
negative in the range 35-65% polystyrene. Nishi and Wang (61 ) showed 
that the heat of mixing parameter in classical theory of melting-point-
depression miscible was negative when that theory was applied to mis
cible blends of poly(vinylidene fluoride), P V F 2 , and poly (methyl metha-
crylate), and, following that lead, workers at The University of Texas 
have demonstrated that the interaction parameter, B, is similarly negative 
for miscible P V F 2 blends with poly (ethyl methacrylate ), poly (methyl 
acrylate), poly (ethyl acrylate), and poly (vinyl methyl ketone ) ( 46, 62, 
63, 64, 65). What is particularly encouraging about this latter work is 
that it is possible to relate the magnitude of the interaction parameter 
to the availability of the carbonyl for interaction with the P V F 2 segment. 
This rank order also agrees well with that estimated from the literature 
values of solution dipole moments of the amorphous polymers, a result 
that suggests that strong dipolar interactions can be responsible for the 
observed miscibility. 

Whatever the reason, it is clear that systems with negative heats of 
mixing have a good chance of being miscible and that the simple 
solubility parameter approach, embodied in Equation 4, cannot be used 
to describe the solution thermodynamics of these systems. Blanks and 
Prausnitz (66) suggest a scheme for characterizing polar interactions 
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between polymers and solvents which could prove useful when extended 
to polymer-polymer systems. Even their approach, however, is not 
intended to estimate strong specific interactions. Considering the void 
that presently exists in our ability to predict negative heats of mixing, 
the best approach for estimating the potential for miscibility of polymer 
pairs may be simply to measure the heats of mixing of low molecular 
weight analogs. Should the analogs show negative heats of mixing, the 
polymers could be expected to have a high probability of being miscible. 
Initial work in this direction at The University of Texas appears promis
ing, and if successful, it should be possible to use the large body of 
calorimetric data on low molecular weight mixtures that currently exists 
as a qualitative guide for formulating miscible polymer blends. 

A complete quantitative description of the thermodynamics of poly
mer-polymer solutions also might need to include the effects of polymer 
tacticity. As demonstrated recently by Schurer et al. (50), changing the 
stereo configuration of poly (methyl methacrylate ) from isotactic to syn-
diotactic causes it to become miscible with P V C . These results suggest 
the importance of the spatial articulation of interacting segments in the 
polymer. 

One of the more interesting aspects of miscible polymer blend studies 
is the finding that many miscible systems show cloud points on heating, 
which signal the existence of a Lower Crit ical Solution Temperature, 
L C S T (38,40,46,62-65). The observation of an L C S T establishes a 
l iquid- l iquid phase diagram which has unambiguous thermodynamic 
significance. In addition, comparison of the temperature locations of 
L C S T behavior for various blends has the potential for providing a 
quantitative scale for ranking the specific interactions associated with 
miscibility. With care, a study of L C S T behavior could provide a basis 
for rigorous thermodynamic analysis. 

It is particularly interesting that many of the systems which show 
L C S T behavior also show evidence of negative heats of mixing below 
the L C S T . In this regard, polymer blends appear to be following the 
same behavior seen for low molecular weight binaries. Rowlinson (67), 
for example, observes that low molecular weight binaries which show 
L C S T behavior invariably have negative heats of mixing, negative vol
umes of mixing, and positive excess heat capacities as a result of the 
strong solute-solvent bonds. 

Further, data of Nishi and Kwei (68) show that the L C S T for the 
polystyrene-poly(vinyl methyl ether) system is constant to within 10°C 
when the polystyrene Mw lies between 50,000 and 1,000,000. This result 
again suggests that entropie contributions to the phase transition are of 
secondary importance when the component molecular weights are high 
and that the phase instability at L C S T is governed by enthalpic consider-
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ations. Using this argument, Paul et al. (46) were able to demonstrate 
that the cloud point temperature was directly proportional to the magni
tude of the negative heat of mixing observed from melting point 
depression data of the P V F 2 for the series of blends with P V F 2 noted 
above. 

Obviously, much remains to be done, both experimentally and 
theoretically, before we w i l l be able to predict polymer-polymer misci
bility with any degree of certainty. The situation is far from discouraging, 
however, inasmuch as an experimental pattern is developing which 
strongly suggests the use of specific interactions to obtain miscible 
systems. Continuation of this work and the theoretical reformulations 
which w i l l surely follow ultimately should provide the tools required for 
formulation of new and improved polymer blends. 

Commercial Polymer Blends 

Previous sections have dealt with some of the fundamental issues of 
the technology of polymer blends, and it should be quite clear that there 
are many important questions which remain unanswered. Despite this 
lack of fundamental guidance, there has been a strong effort to develop 
commercially attractive products from polymer blends, and a considerable 
number of these products are on the market today. In this section, we 
w i l l give a brief overview of the status of this commercial practice; how
ever, it w i l l be useful to first give some rationale for this commercial 
interest in the concept of polymer blending. 

W h y Blend? A l l new materials attract interest on the basis of their 
property-processing-cost performance. W i t h regard to properties, poly
mer blends can be expected to exhibit any of the following three possi
bilities for a given property. 

Perhaps the most commonly expected property vs. composition 
relationship is the concept of additivity. By this we mean that when 
polymer A is mixed with polymer B, we can expect the blend to have a 
property which is a weighted average of that property for pure A and 
pure B. In a general sense, we need not be concerned here with the 
exact form of the weighting function involved. Such averaging of prop
erties has many potential benefits for formulating a new material. For 
example, polymer A may have a modulus which is too high for a particular 
application, whereas polymer Β may have a modulus which is too low 
for this application. Thus, if blends of A and Β have moduli that are 
intermediate to those of pure A and pure B, then the possibility exists 
for formulating a blend which meets the precise modulus requirements 
of the particular application. Since unoriented glassy polymers or wholly 
crystalline polymers have moduli of the order of 10 1 0 dyn/cm 2 , whereas 
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rubbery amorphous polymers have moduli of the order of 107 dyn/cm 2 , 
it is clear that intermediate values of modulus can only be had through 
two-phase composites of these extreme possibilities. Semicrystalline poly
mers are a good example of such two-phase composites which allow 
intermediate values of modulus that depend on the degree of crystallinity 
and morphology. Similarly, blends of rigid and soft materials might pose 
another way of achieving intermediate modulus levels, just as block and 
graft copolymers of similarly constructed phases would also allow. Gen
erally, blends represent a less expensive route than block or graft 
copolymers because of the less involved chemistry. Modulus is a prop
erty that can be expected to obey some additivity relationship for blends 
where the weighting functions of composition w i l l be sensitive to phase 
morphology. 

In many cases, important properties like strength and toughness do 
not follow an additive relationship, and in fact, these properties are less 
than predictions based on additivity. Often it is found that these 
properties exhibit a minimum when plotted vs. blend proportion such 
that many mid-range blends have strengths or toughnesses that are less 
than either pure component (69). This situation usually arises from a 
poor degree of interfacial adhesion between components that provides 
a multiplicity of defects for early failure. This situation is the real 
dilemma that prohibits a more general use of blending two polymers. 
Such behavior is often cause for terming two polymers as incompatible. 
Often the term compatibility is used synonomously with the thermody
namic concept of miscibility; however, we prefer to make a distinction 
between these two terms as explained earlier. 

A very intriguing possibility, although less frequently observed, is 
when blends of polymer A and Β show synergism with respect to some 
property. Here, we refer to the situation where some property, such as 
tensile strength, for the blend is larger than that for either pure A or 
pure B. Clearly, such a maxima in the plot of property vs. composition 
is not predicted by any additivity relationship. A few examples of this 
kind of behavior are known and offer unique possibilities when they 
exist. Two examples of synergism of tensile strength w i l l be mentioned 
later. 

In the above discussion, we were concerned with how a single 
property depends upon blend composition. However, the success of a 
new material depends on more than one such factor. In this context, 
we may identify two general situations which provide an impetus for 
blending polymer A and Β for commercial applications. The first of these 
is an advantageous combination of properties. For example, polymer A 
may have a very desirable high thermal resistance but its processing 
characteristics may be very poor. O n the other hand, polymer Β may 
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have very good processability but poor thermal resistance. Therefore, it 
can be of interest to attempt to combine the high thermal resistance of 
polymer A with the good processability of polymer Β although there 
w i l l generally be a compromise involved in this attempt to combine the 
desirable characteristics of each polymer into one material. Specifically, 
the blend can be expected to have poorer thermal resistance than polymer 
A and not to process as easily as polymer B ; but, nevertheless, the blend 
may have adequate combinations of the desirable attributes for certain 
applications that neither pure A nor pure Β alone could meet. Clearly, 
the exact relationship between properties, in this example—thermal 
resistance and processability, w i l l be critical to the success of the blend. 

A second general reason for interest in blending for commercial 
products is cost dilution. In this situation, polymer A may have excellent 
properties, and, in fact, greater levels of some properties than are needed 
for certain applications. However, the price of polymer A can prohibit 
its use in some applications. Dilution of polymer A with a cheaper 
polymer Β can reduce the properties to a level still acceptable for the 
particular application but can bring the price of the blend to within a 
range where it can be competitive in this market. Thus in these situations, 
blending can be an attractive means to engineer a material so that the 
user does not have to pay for more than he needs. This is one of the 
stronger driving forces for developing blend products. 

Examples of Commercial Blends. In this subsection we w i l l review 
some of the commercial activity in polymer blends. W e find it interesting 
and informative to categorize examples into specific areas that relate to 
both technical issues associated with these mixtures, such as miscibility 
or crystallinity, and the intended commercial applications, such as rubbers 
or fibers. Other schemes of classification could be used, and the present 
one is not intended to be exhaustive. Likewise, there is no intent to 
mention all of the commercially interesting polymer blends, but rather, 
the present purpose is to illustrate some of the possibilities. Information 
about the examples used here was obtained from product literature 
supplied by the companies who sell these blends and from various 
literature references that have attempted to review commercial develop
ments in polymer blends ( 70-76). 

MISCIBLE BLENDS. Both Components Amorphous. Certainly one of 
the most commercially important and publicized examples of a miscible 
polymer blend system is that based on polystyrene and poly(phenylene 
oxide ), which is sold under the trade name Noryl by General Electric. 
Many fundamental studies of this system have been published, many 
of which were devoted to proving that these two components are miscible 
in a thermodynamic sense (see chapter 5 of Ref. 10 by MacKnight, 
Karasz, and Fried ). Commercial interest in this system involves both 
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the concepts of property combination and cost dilution. Poly ( phenylene 
oxide), P P O , is well known for its high thermal stability but it is quite 
difficult to process. O n the other hand, polystyrene is easily processed 
but has poorer thermal resistance. P P O when mixed with polystyrene 
yields a blend which can be processed more easily but has a reduced 
thermal resistance compared with that of pure P P O . The degree of 
reduction in thermal resistance depends on the amount of polystyrene 
introduced and thus permits various grades of different thermal resistance 
to be made. As a further benefit, addition of the cheaper polystyrene 
results in a dilution of the cost of the more expensive poly ( phenylene 
oxide ). From a technical point of view, it is interesting to note that this 
system exhibits a synergism of tensile strength (77). Blends are stronger 
than either pure polystyrene or pure poly (phenylene oxide), and it is 
expected that future fundamental work w i l l be devoted to elucidating 
the mechanism for this behavior. 

The scientific literature contains many references to other miscible 
blends of wholly amorphous components. One example is the system 
based on poly (methyl methacrylate), P M M A , and certain styrene-acrylo-
nitrile copolymers, S A N , for which there may be some commercial interest 
and possibilities (71, 73). 

One Component Crystalline. Here, we are concerned with miscible 
mixtures of two polymers of which one component can partially crystallize 
as a pure phase. Many examples of this are known (46,62-65, 78, 79-81, 
and see chapter 22 of Ref. JO by Koleske ). The extent to which crystal
lization occurs w i l l depend on many circumstances of processing and 
thermal history. The remaining amorphous phase w i l l consist of a 
homogeneous mixture of the two components. Over the last several 
years, it has been shown that poly( vinylidene fluoride), P V F 2 , is miscible 
with a variety of oxygen-containing polymers typically of the acrylic 
type. Pennwalt has commercialized various blends based on P V F 2 and 
P M M A . These blends, or alloys, have chemical and solvent resistance 
that is reduced from that of pure P V F 2 but that is greatly improved 
over that of acrylates, especially towards polar solvents. These blends 
are expected to find application where the high cost and performance 
of the P V F 2 is not needed but where P M M A is deficient. These blends 
offer combinations of transparency, toughness, weatherability, and self-
extinguishing behavior. Rexham also has introduced blends of P V F 2 and 
an unspecified acrylic polymer that are trade-named Flourex. Some of 
these materials have found applications in the automotive area as decora
tive striping and labeling where clarity, chemical resistance, and adhesion 
to acrylic paint are requirements. The P V F 2 in these blends may or may 
not crystallize, depending on its proportion in the blend and thermal 
history. 
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There is a large body of patent literature and a growing amount of 
scientific literature on blends of polycarbonate with various crystallizable 
polyesters. The latter would include poly (ethylene terephthalate ), poly-
(butylène terephthalate), polycaprolactone, and certain copolyesters 
derived from mixtures of terephthalic acid and isophthalic acid co-reacted 
with 1,4-cyclohexanedimethanol (79, 80,81,82). As shown recently, some 
of these mixtures form miscible blends although the polyester possesses 
the possibility of crystallizing. The number of patents on such systems 
indicates a degree of commercial interest. 

One Component Acts as a Plasticizer. Considerable quantities of 
poly (vinyl chloride), P V C , and nitrocellulose are used in a flexible form 
created by the addition of plasticizers. Conventionally, plasticizers are 
relatively low molecular weight liquids which are miscible with the 
polymer in question and, thus, cause a lowering of the glass transition 
temperature to make a rubbery-like product. It is commonly believed 
that this rubbery state is stabilized by physical cross-links resulting from 
a small amount of residual crystallinity. The low molecular weight nature 
of these plasticizers creates certain problems associated with their lack 
of permanence. This is evidenced by the undesirable loss of plasticizer 
which eventually may stiffen the polymer and create adverse side effects 
to the environment. For example, a frequent problem of vinyl seat cover
ings in automobiles is the evaporation of plasticizer at high temperatures 
and subsequent condensation on cooler glass surfaces to produce an 
obnoxious oily film. Similarly, low molecular weight plasticizers can be 
leached from the polymer when contacted by liquids such as water with 
resulting pollution and contamination. This has led to an interest in 
replacing the low molecular weight plasticizers with polymeric com
ponents that w i l l serve the same function but w i l l not be leached or 
w i l l not evaporate from the mixture. A number of polymeric plasticizers, 
primarily for P V C and to a lesser extent nitrocellulose, have been identi
fied and commercialized. Some of these include certain copolymers of 
ethylene and vinyl acetate; certain terpolymers of ethylene, vinyl acetate, 
and S 0 2 ; certain terpolymers of ethylene, vinyl acetate, and carbon 
monoxide; certain copolymers of acrylonitrile and butadiene (nitrile 
rubber); and polycaprolactone. Hammer (see chapter 17 of Ref. 10) 
has reviewed the use of polymeric plasticizers and has pointed out the 
advantages and disadvantages of using this type of polymer blend to 
replace conventionally plasticized polymer products. 

IMMISCIBLE BLENDS. Rubber. Elastomer/elastomer blends are used 
extensively for commercial applications, particularly in the construction 
of automobile tires. There is an extensive patent and technological 
literature on this subject. A recent review (see chapter 19 of Ref. 19 
by McDonel , Baranwal, and Andries ) summarizes a great deal of this 
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information. There seems to be no question that most elastomers are 
incompatible with one another and that the reasons for blending are 
primarily to achieve combinations of properties not possessed by any 
single component. For example, ethylene-propylene-based elastomers 
are frequently blended with diene-based elastomers to achieve a measure 
of oxidation or ozone resistance while retaining cost and property advan
tages of the latter. Other advantages are noted but these seem to be 
poorly understood presently. There are at least two fundamental techno
logical problems associated with producing useful blends of elastomers. 
The first is to create the desired phase morphology through mixing and 
processing steps while the second is to develop a chemical method for 
proper covulcanization of the two phases. In a poorly designed system, 
the curatives can largely migrate into one phase, resulting in its being 
overcured while the other phase is undercured. Balanced vulcanization 
of the two phases can be achieved by proper attention to solubilities of 
the curative components in the two phases and the relative rates of 
vulcanization of the two elastomers. In addition, it is desirable to 
achieve a certain level of adhesion between phases which can partly 
stem from cross links formed across the interface. 

Fibers. Textile technology has long used the concept of blending 
various fiber types, such as polyester and cotton, into fabrics. However, 
for many years there have been products based on polymer-polymer 
blends within a single fiber (see chapter 16 of Ref. 10 by Paul) . Such 
mixtures can be highly structured composites like side-by-side bicom-
ponent structures which possess self-crimping capability of interest in 
developing "bulk" and "stretch." Alternately, the two polymers can be 
co-formed into a sheath-core arrangement in which one polymer forms 
the exterior surface while another is imbedded in the interior and thus 
offers such possibilities as adhesion or dyeing of the external fiber while 
retaining cost or mechanical advantages of the interior polymer. Less-
structured mixtures are also possible and are commercially used. For 
example, one component containing ionic dye sites can be dispersed 
within a matrix of a base polymer which does not contain these sites. 
The state of dispersion can range all the way from complete miscibility 
to rather finite domain sizes. Several commercial products use a similar 
concept in which a highly conductive polymer is mixed with a conven
tional fiber-forming polymer to yield carpets that do not exhibit the 
undesirable characteristic of high static-charge buildup in low-humidity 
environments. The blend concept is viewed as a means of solving existing 
problems and of creating new products without the necessity of synthe
sizing entirely new chemical structures. 

"Thermoplastic Elastomers." A new generation of materials was 
initiated by the introduction of phase-separated block copolymers which 
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offered a modulus similar to elastomeric materials but with thermoplastic
like behavior. This was advantageous in that it eliminated the necessity 
for introducing cross links chemically. The effective cross links in such 
systems are provided by physical factors associated with the phase separa
tion of "hard segments" dispersed in a matrix of "soft segments" that 
are covalently bonded one to another. Various chemical approaches have 
been commercialized, such as anionic polymerization, to produce styrene-
diene multiblock copolymers plus segmented polyurethanes and related 
polyester formulations based on condensation syntheses. Whi le these 
materials possess very desirable characteristics for which there is a 
market, they also require rather sophisticated and expensive chemistry. 
Certain types of polymer blends have been introduced in recent years 
which offer similar behavior at lower cost (see chapter 20 of Ref. 10 by 
Kresge ). Most of these are based on mixtures of crystalline polyolefins, 
such as low density polyethylene and high density polyethylene, with 
various types of ethylene—propylene-based elastomers. In some cases the 
components can be partially cross-linked during mixing but to a degree 
that does not prohibit subsequent flow and processing, whereas others 
are based on a unique concept of an interpenetrating network of phases 
that provides unusual characteristics. Such materials are the subject of 
very active research and commercial development. Some commercially 
available products that are based, in one form or another, on the above-
mentioned ideas a r e T P R (by Uni-Royal) , T E L C A R (by B. F . Goodrich), 
R E N - F L E X (by Ciba-Geigy) , and V I S T A F L E X (by Exxon). Some 
interesting work along these lines is described in the current volume (83) 
in which an example of synergism in strength is provided. In this case, 
it has been shown that some ethylene-propylene-based elastomers, when 
blended with low density polyethylene, yield tensile strength vs. compo
sition plots that are just slightly below that expected by simple additivity, 
whereas other such elastomers can be blended with low density poly
ethylene to give blends that are as much as 25% stronger than the strong
est component, i.e., synergism. The difference which causes these two 
patterns of behavior evidently has to do with the ratio of ethylene to 
propylene in the elastomer used for blending. It is suggested that 
elastomers containing high proportions of ethylene, and thus long se
quences of ethylene capable of crystallizing, are responsible for this 
behavior. It is interesting to compare this example of synergism with 
that shown by the polystyrene-PPO system described earlier since the 
mechanisms involved in these two cases clearly must be different. It w i l l 
be of interest to elucidate more clearly by further research al l of the 
possible causes for synergism of this kind because of the many practical 
implications. 
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In addition to the polyolefin blends designed for "thermoplastic 
elastomer" applications, a great deal of interest also has centered on 
other kinds of blends of polyolefins as has been reviewed recently (see 
chapter 21 of Ref. 10 by Plochocki). In a recent paper (84), we showed 
that blends involving polypropylene-high density polyethylene-low den
sity polyethylene in various proportions and combinations exhibit 
additivity of tensile strength; however, there are serious losses in ductility 
in some cases such that the blends are less ductile than either pure 
component. It is interesting to note, however, that these losses in ductility 
can largely be restored by addition of rather small amounts of an 
amorphous ethylene-propylene rubber (84). 

Plastics. Plastic-Elastomer Blends ( Impact Modifications ). Many of 
the commodity thermoplastics lack toughness to a degree that excludes 
them from many applications. However, it has been found that this 
deficiency can be eliminated by properly blending these glassy polymers 
with small amounts of suitable rubbery polymers. Recent reviews have 
extensively described the technology of rubber toughening of brittle 
plastics (77; also see Ref. 10, chapter 13 by Newman and chapter 14 by 
Bucknall ). The mechanism of this phenomenon is rather complex and is 
currently believed to involve craze initiation within the brittle plastic 
caused by the inclusion of the rubbery particles plus certain elements of 
crack arresting. It is well known that the size of the included rubbery 
particles and other aspects of blend morphology are very influential 
parameters in the efficiency of impact modification. Rubber toughening 
of plastics generally involves some synergism of properties. 

It is now recognized that adhesion at the rubber-glass interface is 
a necessary condition for this phenomenon to occur. In many systems, 
adhesion does not occur naturally and must be promoted by the presence 
of an interfacial agent. Typically, impact modification of polystyrene is 
accomplished by producing a reactor-generated blend with a diene 
rubber. In this case, rubber is dissolved in the styrene monomer which 
is subsequently polymerized. Proper control of the attending phase inver
sion is known to play a substantial role in generating a desired blend 
morphology. However, it has been shown that chain-transfer processes 
accompany polymerization and result in a certain amount of graft-polymer 
formation simultaneous with polystyrene homopolymer. This graft mate
rial is believed to play an interfacial role in the blend to provide the 
necessary adhesion between phase domains. A recent review (see chapter 
12 of Ref. 10 by Paul) has considered the fundamental aspects of inter-
facial agents in polymer-polymer blends. P V C also is impact modified 
by blending with rubbery particles; however, in this technology the two 
polymers are made separately and are post-reactor blended. However, 
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pre-formed rubber particles for blending with P V C usually contain some 
grafted material at the surface that provides adhesion with P V C and 
thus can be regarded to contain an interfacial agent as well . The diverse 
family of materials known as A B S also use these concepts. The base 
polymer is typically a glassy copolymer of styrene and acrylonitrile while 
the dispersed rubbery particles are generally composed of copolymers of 
butadiene and acrylonitrile. Once again, some graft material generally is 
involved to provide the interfacial function described above. In principle, 
either reactor blending or post-reactor blending may be used. 

O n the other hand, it is not always necessary that an interfacial 
agent be present. Polypropylene is available in impact-modified grades 
which are made by simply blending polypropylene with suitable olefin-
based elastomers. Most often the elastomer is a suitably chosen ethylene-
propylene-based rubber. Evidently, the required adhesion develops 
naturally in these systems without the need for an interfacial agent. 
However, proper control of phase morphology during mixing is essential. 

Plastic-Plastic Blends. In recent years, a number of alloys of two 
or more plastics which are believed to be largely immiscible have 
achieved commercial prominence or are being considered for commer
cialization. The rationale for these products is different than simply 
impact modification and generally involves the concepts of property 
combinations and cost dilution. We w i l l consider a number of examples 
of such systems. 

It was indicated above that A B S itself is a polymer blend and 
actually constitutes a family of materials that differ widely as a result 
of the many chemical and physical variations that are possible. Interest
ingly, ABS has been blended with other plastic materials to achieve 
several new products. For example A B S has been blended with P V C , 
thermoplastic polyurethanes ( P U ) , and polycarbonate. Table I shows a 
comparison of some of the properties of blends of A B S with these other 
plastics (71,73). 

Table I. Properties 

Propertyb 

ABS/PU 
(Rigid) 

Notched Izod impact (ft-lb/in.) 
Yie ld strength (psi) 
Heat deflection temperature at 264 psi ( °F) 
Hardness, Rockwell R 
Tensile modulus, 10 s (psi) 
Specific gravity 

8.0 
4,450 
2.2 
82 

182 
1.04 

β Adapted from Refs. 71 and 78. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

01
7

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



17. PAUL AND BARLOW Polymer Blend Technology 331 

Several commercial varieties of A B S / P V C blends for injection mold
ing or extrusion are commercially available under trade names such as 
Abson (from Abtec) , Cycovin (from Borg-Warner) , and Polyman (from 
Schulman). Geoffroy (76) has studied the mechanical properties of 
A B S / P V C blends and has found that for certain A B S grades the blends 
show a synergism in Izod impact strength such that some blends have 
considerably greater impact strengths than either pure A B S or pure P V C . 
The modulus of these blends appears to follow a simple additivity form. 
The heat distortion temperature of P V C and ABS are quite similar, and 
this property is relatively unchanged by blending. Addition of P V C to 
A B S results in a product with a certain degree of flame retardance. 
Further, A B S / P V C blends have been found to process more easily than 
either pure P V C or impact-modified P V C . These blends provide good 
rigidity, toughness, and heat and chemical resistance for their cost. A 
further advantage is that various modulus grades of A B S may be used 
to produce a broad family of blend products. Some investigations have 
considered substituting chlorinated polyethylene for the P V C . 

Blend products based on A B S and polycarbonate for extrusion and 
injection molding are available under the trade names Cycloloy (from 
Borg-Warner) and Bayblend (from Mobay) . Geoffroy has shown that 
these blends exhibit mechanical properties which are more or less inter
mediate to those of the pure components. The same applies for the heat-
distortion temperature. These blends have higher impact strength, tensile 
strength, modulus, and heat-distortion temperature than pure A B S ; how
ever, these gains are accompanied by an increased cost by virtue of 
adding the more expensive polycarbonate. These blends often compete 
with the so-called engineering thermoplastics primarily because they have 
properties similar to polycarbonate at a lower cost as a result of the 
presence of the less expensive A B S . These blends exhibit good process-
ability. However, they lack the advantage of transparency that provides 
polycarbonate with many of its important markets. These blends did not 
exhibit the critical thickness problem shown by pure polycarbonate that 

of ABS A l l o y s 0 

Standard ABS/PVC ABS/PVC ABS/PC 
ABS (Rigid) (Flexible) ( Rigid) 

6.5 12.5 15.0 10.3 
6,000 5,450 3,000 8,200 

3.4 3.2 1.0 3.7 
103 102 50 118 
210 147 — 246 
1.04 1.21 1.13 1.14 

b All properties at room temperature. 
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prohibits it from developing its high impact strength in thick sections. 
More w i l l be said later about this "critical thickness" problem of poly
carbonate. 

Another commercially important blend family is derived from P V C 
and acrylics (primarily P M M A ) . Some common trade names for these 
products for extrusion, injection molding, and most importantly, thermo-
forming, include DKE-450 (from du Pont), Kydek (from Rohm & Haas), 
and Polydene (from Schulman). Geoffroy (76) has shown that the 
mechanical and thermal properties of this system follow a more or less 
additive-type behavior. These blends get flame retardance, toughness, 
and chemical resistance from P V C and rigidity and formability from the 
acrylic component. They are most noteworthy because they permit deep 
draw and exhibit high melt strength needed for thermoforming. A B S 
blends with a wide spectrum of polysulfones have been described in the 
patent literature (85), and some of these are believed to be the basis 
for recent products. 

The "critical thickness" problem of polycarbonate was mentioned 
earlier. Polycarbonate is noted for its very high impact strength which, 
combined with its clarity and high heat distortion temperature, make 
it a very versatile but expensive engineering thermoplastic. However, 
it is well known that this high impact strength is only available in 
relatively thin sections. Beyond a critical thickness of about Vs in. , the 
impact strength of polycarbonate is dramatically reduced because of a 
complex change in mechanism of load bearing (86,87). It has been 
observed that this critical thickness shifts to higher values and can, in 
effect, be eliminated by addition of small amounts of relatively soft 
polymers such as polyethylene. However, this solution to the problem 
is accompanied by a loss in transparency and a small reduction in heat 
distortion temperature. However, this approach still has some commercial 
value. 

Recent literature (72,74) has indicated a considerable interest in 
blending ionomers (such as du Ponts Surlyn) with a variety of polymers. 
It is believed that an ionomer-nylon blend is the basis for a new engi
neering thermoplastic. 

Over the past 20 years a considerable chemical research effort was 
devoted to developing new high temperature polymers. It is interesting 
to note that some of these materials are now finding new applications 
and solutions to old problems of processing through blending. A com
mercial series of products trade-named Tribolon X T has been announced 
which are based on an aromatic polymide ( Upjohn's 2080 ) with Phillips' 
poly (phenylene sulfide), trade-named Ryton. A recent publication (88) 
describes some of the unique characteristics of this new family of 
materials. 
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Morphology, Viscoelastic Properties, and 
Stress-Strain Behavior of Blends of 
Polycarbonate of Bisphenol-A (PC) and 
Atactic Polystyrene (PST) 

G. GROENINCKX, S. CHANDRA1, H. BERGHMANS, and G. SMETS 

Katholieke Universiteit Leuven, Department of Chemistry, Laboratory of 
Macromolecular and Organic Chemistry, Celestijnenlaan 200 F, 
3030 Heverlee, Belgium 

The modulus-temperature behavior of polycarbonate-
polystyrene blends has been investigated and correlated 
with sample composition and morphology. Stress-relaxation 
experiments were carried out as a function of time at differ
ent temperatures. The time-temperature superposition 
principle was not applicable in the temperature range 
between the glass transitions of the two polymers; shift 
factors were found to be a function of time in addition to 
temperature. Valid master curves were calculated by means 
of equivalent mechanical models. In the temperature range 
between the two glass transitions, the tensile stress-strain 
behavior of the blends with polycarbonate as the continuous 
phase is characteristic of a toughened system. Two toughen-
ing mechanisms, crazing and shear-band formation, have 
been observed. 

"D lends of two incompatible polymers with different glass-transition 
^ temperatures have properties which differ from the pure components. 
Their viscoelastic behavior is complex and deviation from the simple 
time-temperature superposition is generally observed ( I ) . The high 

1 Current address: H. B. Technological Institute, Kanpur, India. 

0-8412-0457-8/79/33-176-337$07.50/0 
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strain properties, i.e., yielding, deformation, and fracture, depend on 
the morphology and the concentration of the constituent phases (2,3,4, 
5,6). In this chapter, the results of an investigation of the influence of 
the two-phase structure of polycarbonate-polystyrene blends on mechan
ical behavior are presented. A n attempt was made to relate their low 
and high strain properties to sample composition and morphology. 

Experimental 

Materials. Polycarbonate of Bisphenol-A(PC) was a commercial 
product (Lexan, General Electric Co. , U.S .A. ) , with a viscosimetric 
average molecular weight Mv = 40,000. H i g h molecular-weight atactic 
polystyrene (Mv = 280,000) was obtained from Schuchardt, Munchen. 

Preparation of the Samples. Blends of different composition were 
prepared by freeze drying dioxane solutions. Sheets were compression 
molded at 249°C and cut into samples of desired dimensions. Rectangular 
samples were used for the stress-relaxation measurements and dumbbell-
shaped samples were used for the tensile stress-strain experiments. The 
compositions by weight of the P C - P S T blends studied are as follows: 
95/5, 90/10, 80/20, 75/25, 50/50, and 25/75. 

Measurements. The morphology of the blends was studied by opti
cal microscopy (Leitz Dialux Pol ) , transmission electron microscopy 
(Jeol 100 U ) , and scanning electron microscopy (Cambridge M K II) . 
Ultramicrotome sections were made with an L K B Ultratome III. Samples 
for scanning electron microscopy were obtained by fracturing sheets at 
low temperature. The fracture surfaces were etched with a 30% potas
sium hydroxide solution to hydrolyse the polycarbonate phase. Stress-
relaxation and tensile stress-strain experiments were performed with an 
Instron testing machine equipped with a thermostatic chamber. Relaxa
tion measurements were carried out in flexion (Ε > 108 dyn/cm 2 ) or 
in traction (E < 108 dyn/cm 2 ) . Prior to each experiment, the samples 
were annealed to obtain volumetric equilibrium. 

Morphology 

The morphology of P C - P S T blends depends on the concentration 
of the components. To facilitate their observation by electron microscopy, 
the contrast between both phases was increased by crystallizing the 
polycarbonate. This also allows exact identification of the two phases 
by optical microscopy with polarized light; crystallized P C is a highly 
biréfringent phase and PST appears as a black phase. When one of the 
components is in excess, a morphology of dispersed particles in a con
tinuous matrix is observed. The dispersed particles have a large size 
distribution which becomes more pronounced as the concentration is 
increased. This is illustrated in Figures 1 and 2 for PST in P C and 
vice versa. 
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Figures Ια, lb. (a) (top) Transmission electron micrograph of the 95/5 PC-
PST blend, (b) (bottom) Transmission electron micrograph of the 90/10 PC-

PST blend. 
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Figures lc. Id. (c) (top) Transmission electron micrograph of the 80/20 PC-
PST blend, (d) (bottom) Transmission electron micrograph of the 75/25 PC-

PST blend. 
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Figure le. Scanning électron micrograph of the etched fracture surface 
of the 75/25 PC-PST blend 

Figures l a , l b , le , and I d show transmission electron micrographs 
of the blends with 5, 10, 20, and 25 w t % PST, respectively. P C forms 
the continuous phase and PST is dispersed as spherical particles without 
any aggregation. The observed oval shape of the dispersed particles 
results from the deformation of the specimens during ultramicrotome 
sectioning. Their normal spherical shape is evident from scanning 
electron micrographs of the etched fracture surface of these blends 
(Figure l e ) . 

Figures 2a, 2b, 2c, and 2d represent the morphology of the 25/75 
( P C - P S T ) blend. PST forms the continuous phase and the dispersed 
spherical P C particles show some aggregation ( Figure 2a). From the 
transmission electron micrographs ( Figures 2b and 2c) it can be seen 
that small PST particles are present in the dispersed P C phase. Examina
tion of the etched fracture surface by scanning electron microscopy 
reveals depressions of completely removed P C particles as well as spheres 
with dark periphery because of partial hydrolysis of P C (Figure 2d) . 
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Figures 2a, 2b.—(a) (top) Optical micrograph of the microtomed sec
tion of the 25/75 PC-PST blend, (h) (bottom) Transmission electron 

micrograph of the 25/75 PC-PST blend. 
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Figures 2c, 2d. (c) (top) Transmission electron micrograph 
of the 25/75 PC-PST blend showing only the PC phase 
with sperical inclusions of PST. (a) (bottom) Scanning 
electron micrograph of the etched fracture surface of the 

25/75 PC-PST blend. 
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In the 50/50 blend, large continuous phases of both components 
are present. Moreover, inside the phases inclusions of the other com
ponent are observed (Figure 3a). The scanning electron micrograph 
of the PST phase, taken at higher magnification, shows distinct trapped 
spherical P C particles ( Figure 3b). The etched fracture surface shows 
large hydrolyzed P C phases, alternating with PST domains (Figure 3c). 

Modulus-Temperature Behavior 

The temperature dependence of the relaxation modulus at 500 sec
onds of polycarbonate (7), polystyrene (8), and their blends (75/25, 
50/50, and 25/75) was obtained from stress-relaxation experiments 
( Figure 4, ful l lines ). In the modulus-temperature curves of the blends, 
two transition regions are generally observed in the vicinity of the glass-
rubber transitions of the pure components. The inflection temperatures 
Τι in these transition domains are reported in Table I; they are almost 
independent on composition. The presence of these two well-separated 
transitions is a confirmation of the two-phase structure of the blends, 
deduced from microscopic observations. 

Figures 3a, 3b, 3c. (a) (above) Optical micrograph of the microtomed section 
of a 50/50 PC-PST blend, (b) (top right) Scanning electron micrograph of the 
PST phase in the 50/50 PC-PST blend, (c) (bottom right) Scanning electron 
micrograph of the etched fracture surface of the 50/50 PC-PST blend showing 

both continuous phases. 
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The change of the relaxation modulus with composition gives inter
esting information about the phase distribution in the blends. In the 
glassy state (below 95°C) , the relaxation modulus is high and inde
pendent of composition. Above the glass transition of the PST phase, 
the mechanical behavior is affected by the composition. The 25/75 
P C - P S T blend behaves almost like pure PST, shifted slightly to higher 
temperatures. The dispersed P C phase is then present as a hard filler 
and has only a secondary influence on the rubbery modulus. W i t h the 

80 120 160 200 

T E M P E R A T U R E ( ° C ) 

Figure 4. Stress-relaxation modulus at 500 seconds as a 
function of temperature (experimental data: solid lines; calcu
lated values: (O) 75/25 PC-PST, (Δ) 50/50 PC-PST, (Φ) 

25/75 PC-PST) 
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Table I. Characteristic Parameters Deduced from the 
Modulus-Temperature Curves 

Inflection Temperature' δΟΟ-sec Relaxation 
T / Modulus at 120°C 

Sample (°C) ro Er(SOO) (dyn/cm2) 

PC 147 2.1010 

75/25 100 145 1,25.1010 

50/50 101 145 3,30.109 

25/75 103 — 5.10e 

PST 100 — 2,5.10e 

β A and Β correspond to PST and PC phases respectively. 

50/50 blend, a real plateau with high modulus is obtained between the 
glass-rubber transitions of the components. W i t h further increase of the 
P C content, phase inversion occurs; P C then forms the continuous matrix, 
and the modulus value of the blend in the plateau region approaches 
that of pure P C . 

The change of the relaxation modulus with composition at 120°C is 
given in Figure 5. The sudden increase of the relaxation modulus 
between 0.3-0.4 volume fraction of P C is attributable to the increasing 
continuity of the P C phase. As a consequence, the mechanical response 
of the blend becomes more and more dominated by the rigid P C phase, 
as this phase increases in continuity throughout the whole polymer mass. 

Modulus-Time Behavior 

Experimental Relaxation Isotherms. To characterize the visco-
elastic properties of the P C - P S T blends completely, stress-strain-relaxa
tion measurements were carried out over a period of 10 4 seconds at 
different temperatures. The relaxation isotherms of the blends are 
represented in Figures 6a, 6b, and 6c; on each curve the deformation 
given to the sample is indicated. In Figure 6a for the 75/25 blend and 
Figure 6b for the 50/50 blend, the two homopolymer transitions are 
very wel l observed; this is typical for the two-phase structure of these 
blends and confirms previous observations. The relaxation isotherms of 
the 25-75 blend (Figure 6c) resemble those of pure PST (8), indicating 
that the relaxation behavior of this blend is completely dominated by the 
PST phase over the entire temperature and time scale. The glass transi
tion of the dispersed P C phase is masked by the flow region of PST. 

Horizontal shift distances at different points between the relaxation 
isotherms were measured. For P C (7), PST (8) , and the 25/75 blend, 
the shift factors are independent of time, and complete master curves 
can be obtained by simple^ij^^|^np|^|||^||laxation isotherms along 

Society Library 
1155 18th St. N. W. 

Washington. D. C. 20038 
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0.2 0.6 1.0 
VOLUME FRACTION OF PC 

Figure 5. Change of the 500-second relaxation modulus with com
position at 120°C 
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047ο,97 C 
0-4%, 100* 
0.4e/., 110* C 

12 C, 04% 
" C O - 4 % 
20C,04% 

*12 5*0,0.4% 
130*C,04% 
"C, 04% 

Figure 6a. Stress-rehxation isotherms for the 75/25 FC-PST blend 
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Figure 7. Mechanical models, (a) Parallel model; (b) series model 

the logarithmic time scale. The shift factors of the 75/25 and 50/50 
blends between 100° and 140°C not only depend on temperature but 
also on time. Consequently, for these blends no master curves can be 
constructed by simple horizontal shifting of the isotherms. This thermo-
rheologically complex behavior is generally observed for two-phase 
polymer systems ( I ) . It results from the difference in time dependence 
of the relaxation mechanisms of the two phases. Complete master curves 
of P C , PST and their blends at 140°C are represented in Figure 8. For 
the 75/25 and 50/50 blends, the part of the curves between 10"8 and 
10 seconds has been calculated from the equivalent mechanical model; 
at higher relaxation times, the curves were obtained by horizontal shifting. 
In the case of the 25/75 blend, although a valid master curve could be 
obtained by a horizontal shift of the experimental relaxation isotherms, 
a master curve also has been calculated from the model to show its 
validity (Figure 9) . 

Calculation of Master Curves from Mechanical Models. The only 
way to obtain valid master curves for the thermorheologically complex 
systems (75/25 and 50/50 blends ) is to calculate the moduli of the 
blends as a function of time, using an appropriate mechanical model. 
This method requires knowledge of the time and temperature depend
ence of the mechanical properties of the constituent phases. 

In this work the mechanical model proposed by Takayanagi (9) 
w i l l be used. T w o variants were proposed, both assuming that the two 
phases are connected partly in parallel and partly in series ( Figures 7a 
and 7b) . Kaplan and Tschoegl (10) have shown that the two variants 
of the Takayanagi model are equivalent. The series model ( Figure 7b) 
w i l l be used for our calculations. The modulus is given by: 

Ε(ί}Ύ) 
- Γ -

- Φ 
EA + 

Φ 
(1 -\)EA + \E: 

(l) 
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-10 -8 -6 , -4 -2 0 +2 
log t sec 

Figure 9. Experimental and calculated master curves of the 25/75 
PC-PST Mend at 140°C 
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with λ0 = υΒ. ΕΑ and ΕΒ are the moduli of phase A and phase Β (pure 
components), λ and 0 are model parameters relating to the degree of 
coupling between both phases, and vB is the volume fraction of the 
dispersed phase B. 

To apply Equation 1, the model parameters λ and 0 have to be 
determined. They are derived from the calculated modulus-temperature 
curves which best fit the experimental data of Figure 4. To perform 
these calculations, one of the components has to be taken as the con
tinuous phase. For the 75/25 and 50/50 blends, P C was taken as the 
continuous phase while for the 25/75 blend, PST was taken as this phase. 
This choice is based on the morphological study and the mechanical 
behavior reported earlier. The λ and 0 values used to fit the data are 
reported in Table II. A fairly good agreement is found in the tempera
ture range between 95° and 140°C. 

Table II. Takayanagi Model Parameters of PC—PST Blends 

Volume Fraction of 
Sample Dispersed Phase λ Φ 
75/25 0.28 (PST) 0.57 0.49 
50/50 0.53 (PST) 0.90 0.58 
25/75 0.23 (PC) 0.40 0.58 

Deduction of Shift Factors. Time-temperature shift factors for the 
blends were obtained by shifting the experimental relaxation isotherms 
to the calculated master curves (10). The temperature and time depend
ence of the shift factors of the 75/25 and 50/50 blends are represented 
in Figures 10a and 10b at t = 10 sec and t = 1000 sec for a reference 
temperature of 140°C. The empirically determined shift factors of the 
pure components are given in these figures by dotted lines; their tempera
ture dependence is of the W L F type. 

The calculated shift factors for the 75/25 and 50/50 blends in the 
low temperature region ( below 100°C) are close to the empirical shift 
factors for the pure PST phase. Above 140°C, a W L F - t y p e behavior is 
found but with important deviations from P C . In between, the shift 
factors are time and temperature dependent. For the 25/75 blend 
(Figure 10c), no time dependence of log aT is found because t ime-
temperature superposition is valid over the whole temperature domain. 
The relaxation behavior of this blend is completely dominated by the 
PST phase. The good agreement between the calculated and empirical 
values of the shift factors confirms again the validity of the mechanical 
model. 
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80 100 120 H O 160 
T E M P E R A T U R E ( °C ) 

Figure 10c. Shift factors, log a T , as a function of temperature for the 25/75 
blend at 10 and 1000 sec; reference temperature: 140°C 
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Stress—Strain Properties 

Stress-Strain Curves. The tensile stress-strain behavior of the blends 
in which P C is the continuous phase (blends with 5, 10, 20, and 25 w t % 
PST) also has been investigated. Some preliminary results regarding the 
influence of composition, strain rate, and temperature on the yield and 
fracture behavior of these blends w i l l be reported. 

It has been observed that these blends behave as toughened systems 
in the temperature range between the glass transitions of the two 
polymers. In this temperature domain, the P C matrix is in the glassy 
state and the dispersed PST phase is in the rubbery state. Below the 
glass transition of PST, the blends are very brittle, although pure P C 
exhibits ductile behavior. Figure 11 shows the effect of the PST content 
on the stress-strain curves at 120°C (strain rate c = 10%/min). Pure 
P C and the different blends exhibit a yield point and thus plastic 
deformation. As can be seen from this figure, the yield stress σγ decreases 
and the elongation at rupture cr increases with increasing PST content. 
The blend with 25 w t % PST (75/25 blend) shows very pronounced 
ductile behavior; the elongation at rupture cr of this specimen is remark
ably high (c r = 95% ). The toughness, defined as the amount of energy 
stored in a sample during deformation prior to failure, can be deduced 
from the area under the stress-strain curve. For the blends studied, it 
can be observed that the toughness rises markedly with increasing PST 
content. 

The influence of the strain rate on the tensile behavior has been 
investigated for the 75/25 blend at 120°C and is represented in Figure 
12. The yield stress σΎ increases with increasing strain rate c, but the 
fracture strain cr is almost independent of the applied strain rate within 
the range considered. A plot of ay/T vs. log c at 120°C shows a linear 
relationship which means that the simplified Eyr ing equation (11,12, 
13,14) describing the yielding process can be applied to our yield data. 
To obtain the characteristic Eyring parameters, the temperature depend
ence of the yield stress also has to be determined. These experiments 
still have to be carried out and the results w i l l be reported elsewhere. 

Mechanisms of Plastic Deformation. The mechanisms of plastic 
deformation of the 95/5, 90/10, 80/20, and 75/25 blends w i l l now be 
examined. In glassy polymers, two different toughening mechanisms 
have been identified: crazing and shear deformation (3,4,5). Crazing 
is a tensile yielding process accompanied by molecular orientation in the 
stretching direction and extensive formation of microvoids. Crazes occur 
in a direction perpendicular to the tensile-stress axis and cause an increase 
in the sample volume. Shear yielding involves elongation by shearing 
under a certain angle with regard to the tensile-stress direction, with no 
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change in sample density. It is well known that the impact strength and 
the toughness of glassy polymers can be improved by the incorporation 
of finely dispersed elastomer particles. When such a composite material 
is stretched, the stress concentrations around the rubber particles cause 
the glassy matrix to yield locally by allowing crazing and shear mecha
nisms to operate (3,4,5). 

In the case of the blends studied, when the applied stress exceeds 
the yield point, the samples first show homogeneous whitening through
out their whole length, indicating that crazing occurs, and then undergo 
a localized deformation in the form of a neck. For the 75/25 blend, the 

Figure 13. Samples used in stress-strain experiments at 120°C. 
(1) undeformed sample of 75/25 PC-PST blend; (2) sample of 
pure PC (i = 10%/min); (3) sample of 75/25 PC-PST blend 
(i = 1,25%/min); (4) sample of 75/25 PC-PST blend (i = 

lt25%/min). 
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18. G R O E N i N C K X E T A L . Ρolycarbonate Blends 363 

Figure 14. Optical micrograph showing crazes and dispersed PST particles in 
sample 3 of Figure 13. Stretching direction is perpendicular to the crazes. 

initiated neck subsequently grows until the whole sample is covered and 
then fracture occurs. For this sample, a very high fracture strain was 
obtained. For the 95/5, 90/10, and 80/20 blends, the neck only propa
gates over a certain length of the samples and early fracture results. 
Consequently, for these blends, the elongation at break is much less than 
that of the 75/25 blend. 

The observation that the different blends exhibit stress whitening, 
necking, and cold drawing during a tensile test indicates that crazing 
and shear processes contribute to the tensile strain. This is illustrated 
in Figure 13 for samples of the 75/25 blend. The whitening observed in 
the samples during the initial stage of plastic deformation points out to 
the formation of numerous crazes. This is evident from the optical 
micrograph in Figure 14, where many small crazes are observed; they 
are induced by the dispersed PST particles. These particles correspond 
to the largest particles of the bimodal size distribution shown in Figure 
Id . Shear bands appear very clearly in the necked zone of the samples 
(Figure 15). 
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Figure 15. Photomicrograph of the surface of sample 3 in Figure 13 showing 
shear bands 

Consequently, the plastic deformation of the blends, in the tempera
ture range between the glass transitions of the two phases, occurs partly 
by crazing and partly by shear band formation. Measurements of longi
tudinal and lateral strains can be used to evaluate the contribution of 
crazing and shear yielding to the extension of the samples (15,16). This 
analysis is based on the assumption that shear yielding occurs at constant 
volume, so that any volume increase has to be attributed to crazing. 
For the 75/25 blend, these measurements show that about 85% of the 
total deformation arises from shear processes while crazing accounts for 
about 15%. 

The whitening developed in the 95/5 and 90/10 blends with the 
smallest particles ( Figure l a and l b ) appears to be less than that in the 
80/20 and 75/25 blends in which a bimodal distribution of particle sizes 
was observed (Figures l c and I d ) . These observations indicate that 
crazing is more pronounced in the blends with the largest particles. 
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18. G R O E N i N C K X E T A L . Polycarbonate Blends 365 

From this it is concluded that shear deformation is enhanced by the 
presence of relatively small particles whereas crazing is favored by 
larger particles. 

Similar observations were made by Sultan and McGarry (17) in 
rubber-modified epoxy resins and by Groeninckx (18) in rubber-tough
ened gelatin. Among the different blends studied, the 75/25 blend 
exhibits the highest toughness. The relatively high concentration of PST 
particles (28 v o l % ) and their bimodal size distribution, which allow 
both shear and craze deformations to occur, give excellent tensile prop
erties to this blend. As a conclusion, the improved mechanical properties 
exhibited by the P C - P S T blends studied between the glass transitions 
of the pure components and the combination of crazing and shear 
yielding make them very attractive for a further fundamental study of 
the kinetics of plastic deformation mechanisms. 
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Morphology of Low Density Polyethylene/ 
EPDM Blends Having Tensile Strength 
Synergism 

GEOFFREY A. LINDSAY, CHLOE J. SINGLETON, 
CHARLES J. CARMAN, and RONALD W. SMITH 

B. F. Goodrich Co., Chemical and Corporate Divisions, 9921 Brecksville Road, 
Brecksville, OH 44141 

Blends of low density polyethylene (LDPE) with certain 
crystalline ethylene-propylene-diene monomer (EPDM) 
rubbers have tensile strengths greater than either com
ponent. Differential calorimetry scans of these blends and 
their components have been compared with those of low 
strength blends of LDPE with amorphous EPDM rubber. 
Upon cooling the high strength blend from the melt, LDPE 
crystallites appear to nucleate the crystallization of some 
high ethylene segments of the EPDM rubber. Nodules, 
believed to be crystallites, were observed on ion-etched 
surfaces by scanning electron microscopy. High strength 
blends had a 50% larger nodule size than other blends, 
which may also result from high ethylene segments of 
EPDM crystallized on the surfaces of LDPE crystallites. 

"D atiuk, Herman, and Healy discovered that blends of certain ethylene-
propylene-diene monomer ( E P D M ) rubbers with polyethylene have 

surprisingly high tensile strengths ( I ) . Several patents have been pub
lished on these and related blends (2,3,4). These blends are not cross-
linked in the normal sense, but can be melted and molded repeatedly, 
retaining their high strength upon cooling. 

W e have begun to study the morphology of these blends i n an 
attempt to learn what causes the tensile strength synergism. This chapter 
gives our initial results and interpretations. 

0-8412-0457-8/79/33-176-367$05.00/0 
© 1979 American Chemical Society 
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368 M U L T I P H A S E P O L Y M E R S 

Table I. Physical Properties of Polymers 

Polymer type EPDM EPDM LDPE 

Tradename Epcar 845 Epcar 847 Epolene C-14 
Obtained from B . F . G o o d r i c h B . F . G o o d r i c h Eastman 
Crystall inity (%) β 0 6 32 
Density, g/cm 3 .87 .88 .918 
W t % ethylene 56 71 100 
W t % E N B b 4 4 0 
Mooney viscosity 0 56 55 
M e l t index, g/ 10 min* — — 1.6 

* From x-ray diffraction scans. 
6 Ethylidene norbornene. 
c Four minute warm up/four minute run at 1 2 0 ° C . 
d A S T M D 1 2 3 8 2.16 k g / 1 9 0 ° C . 

Experimental 

The polymers used and some of their physical properties are listed 
in Table I. Polymers were mixed and blended on a two-roll mi l l at 450 K. 
Samples were compression molded at 450 Κ for 7 min and cooled in the 
press with tap water for 5 min. A S T M D412 6.35-mm ( VA in . ) dumb
bells were cut parallel to the mil l grain from sheets having 1.9-mm (75 
mils ) thickness. Instron tensile tests were carried out at least 48 hr after 
molding. Pul l rate was 50.8 cm/min (20 in./min). 

A Perkin-Elmer DSC-2 differential scanning calorimeter equipped 
with an Automatic Scanning Zero was used. D S C conditions were 20 
K/min on a 20.8-mW sensitivity with a 24-mg aluminum reference. 

A J E O L J S M 50A scanning electron microscope was used. Polymer 
surfaces were etched with a Hummer II sputtering device using argon 
ions and coated with a 20-nm thick sputtered film of gold/palladium 
alloy. 

Results and Discussion 

The structure of the E P D M rubber is very important to the strength 
of these blends. Those E P D M rubbers which have crystallinity melting 
above room temperature give blends with the highest tensile strengths. 
E P D M rubbers having crystallinity levels (by x-ray diffraction measure
ments ) in the range 1-20% are of greatest interest. Above 20%, the 
E P D M behaves more like a plastic than a rubber. Blends of amorphous 
E P D M rubber with L D P E do not have tensile strength synergism. 

Commercial E P D M rubbers have monomer sequence distributions 
ranging between random and alternating in the first-order Markovian 
sense. From our previous experience they must contain at least about 
68 wt % ethylene to have runs of ethylene long enough to crystallize 
above room temperature at rest. 
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19. L I N D S A Y E T A L . Tensile Strength Synergism 369 

A low level of crystallinity ( 1-3% ) is sometimes difficult to detect 
by x-ray diffraction techniques. Differential scanning calorimetry ( D S C ) 
does detect these first-order thermal transitions. However, crystallinity 
is difficult to quantify by D S C because of uncertainties in locating the 
baseline. This uncertainty is a result of an overlap of both the E P D M 
Tg and L D P E melting endotherm with the two ends of the E P D M 
melting endotherm. 1 3 C N M R has proved to be a good method of 
characterizing the monomer sequence distribution of ethylene-propylene 
copolymers (3,4,5). Those E P D M rubbers with an appropriate fraction 
of long ethylene runs also give blends with polyethylene having unusually 
high tensile strengths. W e plan to make this the subject of a future paper. 

Figure 1 shows tensile strengths for the amorphous and crystalline 
E P D M blended with various levels of L D P E . The strength of the 
crystalline E P D M blend goes through a maximum between 20-40 wt % 
L D P E , where it is greater than either component. The strength of the 
amorphous E P D M blend is much lower. 

Tensile properties of these two E P D M rubbers are fairly representa
tive of what can be obtained using commercial polymers having a 125°C 
Mooney viscosity near 55. Tensile strengths as high as 2900 psi have 

0 20 40 60 80 100 
Wt. % LDPE 

Figure 1. Tensile data 
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370 M U L T I P H A S E P O L Y M E R S 

been obtained with blends of L D P E and an E P D M having a slightly 
higher ethylene content. Lower tensile strengths have been reported for 
blends of L D P E and E P copolymer having only 43 wt % ethylene (6). 
Tensile strength also decreases as the molecular weight of the E P ( D ) M 
decreases. 

Figure 2 shows tensile-yield strengths for blends of the crystalline 
E P D M with various levels of L D P E . The curve increases monotonically 
as expected if no phase inversion occurs. Since amorphous L D P E has a 
glass-transition temperature near that of E P D M (7) and since the L P D E 
has only 27% crystallinity, one should not expect a rubber-to-rigid phase 
transition. 

Our wide-angle x-ray diffraction ( W A X D ) measurements have 
shown that stretching pure Epcar 847 induces considerable orientation 
and crystallinity—just as is the case with natural rubber. The blend of 
Epcar 847 with 50 phr L D P E also undergoes stress-induced crystalliza
tion. However, quantitative or qualitative differences in amounts of 

20 40 60 80 
WEIGHT % LDPE in BLEND 

Figure 2. Tensile yield strength vs. composition for blends of 
Epcar 847 and LDPE 
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TEMPERATURE(Κ) 
200 250 300 350 400 
Π—ι—ι—ι—ι—ι—I—I—I—I ρ I—I—ι—ι—ι—I—I—I—I—Γ 

RI 

Figure 3. DSC scans of Epcar 847 
Figure 3. DSC SCANS of EPCAR 847. 

stress-induced orientation between the pure crystalline rubber and its 
blend with L D P E are impossible to measure. The amorphous Epcar 845 
and its blend with L D P E show no stress-induced orientation or crystal
lization by W A X D measurements. The crystallinity as measured by 
W A X D agrees with that calculated from a weighted average of the 
crystallinity of the individual components. 

In our differential scanning calorimetry ( D S C ) measurements, a l l 
samples were quenched in l iquid nitrogen from room temperature to 170 
K, heated at 20 K/min to 470 K, cooled at 20 K/min to 170 K, and 
reheated to 470 K . Figure 3 shows the first and second heating scans 
of the crystalline E P D M rubber. The first D S C heating scans give good 
representations of the morphology present in tensile dumbbell specimens 
which were annealed at least two days at room temperature. The location 
and shape of the endotherm changes considerably in the second heating 
scan. Shih and Cluff also have shown how sensitive the endothermic 
response of crystalline ethylene copolymers can be to the thermal history 
of the sample (8) . 

Figure 4 shows the first and second D S C heating scans of the blend 
of crystalline E P D M with 50 phr L D P E . The L D P E endotherm changes 
very little between the first and second heating scan. The rubbers endo-
therms in the blend change similar to those of the pure rubber as shown 
in Figure 3. 
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Figure 5 compares the second D S C heating scans of pure L D P E , a 
blend of amorphous E P D M with 50 phr L D P E , and a blend of crystalline 
E P D M with 50 phr L D P E . The L D P E endotherm is decreased three 
or four kelvins in the blends compared with pure L D P E . This could be 
caused by: (a) slightly smaller or less perfect crystallites in the blend 
and/or (b) better heat transfer to the L P D E crystallites in the blend 
attributable to intimate contact with molten E P D M chains . 

Figures 6 and 7 show D S C cooling scans of the pure rubbers, 
L D P E , and blends of rubber with 50 phr L D P E . The crystallization 
temperature ( T c r ) of L D P E (largest exothermic peak) is decreased six 
kelvins in the presence of the amorphous E P D M and is decreased 12 
kelvins in the presence of the crystalline E P D M . This T c r decrease could 
be attributable to partial solubility of E P D M rubber and L D P E . The 
soluble E P D M chains would have to be expelled from the L D P E crystal-
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lization zones. This would retard the L D P E crystallization rate and lower 
T c r . Because the crystalline E P D M has a higher ethylene content than 
the amorphous E P D M , it should be more soluble with L D P E . 

The D S C cooling scan of L D P E shows a small exotherm at 325 Κ 
(see Figure 6) . This could be caused by less perfect crystals or 
paracrystalline L D P E regions. Perhaps it represents L D P E segments 
containing the branch points (9) which must lie outside the normal 
chain-folded lamellae. Depending on crystallization conditions, some 
segments are normally trapped as loose loops or cilia (10). In the amor
phous rubber/LDPE blend, this small exotherm at 325 Κ has not been 
shifted. However, in the crystalline rubber/LDPE blend (see Figure 7), 

Figure 6. DSC cooling scans of an Epcar 845/LDPE blend ( ) and its 
individual components ( ). Blend contains 50 phr LDPE. 
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348 

3601! 

Figure 7. DSC cooling scans of an Epcar 847/LDPE blend ( ) and its 
individual components ( ). Blend contains 50 phr LDPE. 

this small exotherm is absent or shifted and overlapped. This may 
indicate an interaction of this L D P E structure and high ethylene E P D M 
segments. 

In Figure 7 one can see that the temperature of a portion of the 
E P D M exotherm is increased i n the blend compared with the pure 
E P D M . A possible explanation is that L D P E crystallites are nucleating 
the crystallization of high-ethylene-EPDM segments. In this case, E P D M 
crystallites would form layers on L D P E crystallites. 

Figure 8 shows scanning electron photomicrographs of ion-etched 
surfaces of the three pure polymers. Presumably, argon-ion bombard-
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Figure 8. SEM photomicrographs. 25500 X magnification. Ion-etched sur
faces. Polymers and % crystallinity as follows: (a) (top) Epcar 847 (EPDM), 
6; (b) (bottom left) Epcar 845 (EPDM), 0; (c) (bottom right) Epolene C-14-

(LDPE), 32. 

ment selectively etches a soft amorphous polymer to a greater extent than 
a hard crystalline polymer. Hence, the nodules seen in these photomicro
graphs are probably crystallite residues. Pure amorphous Epcar 845 has 
no nodules visible by S E M as expected. Diameters of nodules i n pure 
L D P E and Epcar 847 are about 60 nm on the average. 

Figure 9 shows S E M photomicrographs of ion-etched surfaces of 
blends of LDPE/amorphous Epcar 845 and of LDPE/crystal l ine Epcar 
847. Nodule diameters of the LDPE/amorphous rubber blend average 
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Figure 9. SEM photomicrographs. 24000 X. Ion-etched surfaces, (a) (hit) 
Epcar 845 + 50 phr LDPE (amorphous EPDM). (h) (right) Epcar 847 + 

50 phr LDPE (crystalline EPDM). 

about 60 nm—the same as for pure L D P E . Nodule diameters of the 
LDPE/crystall ine rubber blend average about 90 nm. This larger size 
may be attributable to E P D M crystallized on surfaces of L D P E crystal
lites. This is in line with D S C data which indicates L D P E crystallites 
nucleate the crystallization of high ethylene E P D M . 

One might expect the nodule diameter of pure L D P E to be the same 
as that in the amorphous rubber/LDPE blend. This could result if the 
same proportion of L D P E nucleated the crystals and if no amorphous 
E P D M lay inside the L D P E crystallites. However, the concentration of 
crystallites would be lower in the blend. It is impossible for us to measure 
the concentration of crystallites in this blend. The resolution is inade
quate and the etching depth is not accurately known. W e w i l l have to 
look at blends containing less L D P E to see if the crystallite concentration 
decreases. No spherulites are seen in these blends by polarized optical 
microscopy. However, these nodules are too small for optical resolution, 
and may indeed be spherulites or aggregates of lamellae. 

Figure 10 compares a transmission electron ( T E M ) photomicro
graph, (a), with S E M photomicrographs, (b) and (c) , of the same blend 
of crystalline E P D M and 50 phr L D P E . A thin section of the blend was 
stained with osmium tetroxide and examined with our Phillips EM100B 
T E M . In the T E M photomicrograph, 10a, the light spots are probably 
L D P E crystallites, and the gray regions are probably E P D M rubber 
(black spots are probably osmium residue). Figure 10b is a view of a 
solvent-etched surface which has been gently swabbed with xylene, a 
good solvent for amorphous E P D M . Figure 10c is the ion-etched surface. 
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378 M U L T I P H A S E P O L Y M E R S 

Figure 10. Epcar 847 -f 50 phr LDPE. (a) (top) TEM photomicrograph; 
10560 X; OsOh-stained thin section, (b) (bottom left) SEM photomicro
graphs; 24000 X; ion-etched surface; (c) (bottom right) xylene-etched 

surface. 

Crystallite diameters estimated from Figure 10a, 10b, and 10c, are 140, 
120, and 90 nm, respectively. Hence, these three different sample prepa
ration techniques give crystallite-diameter-size estimates of the same 
order of magnitude. 

Summary and Conclusions 

Blends of L D P E with certain partially crystalline E P D M rubbers 
exhibit tensile strengths greater than that of either pure component. 
Blends of L D P E with amorphous E P D M have tensile strengths less than 
expected from a weighted average of the pure components' tensile 
strengths. 
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D S C measurements show that the crystallization temperature of 
L D P E is decreased 6 and 12 kelvins in blends with E P D M rubber having 
56 and 72 wt % ethylene respectively. W e believe this indicates partial 
miscibility between melts of L D P E and high ethylene E P D M rubber. 
D S C cooling scans also give evidence that upon cooling the high ethylene 
E P D M / L D P E blend from the melt, the L D P E crystallites nucleate the 
crystallization of high ethylene E P D M segments. 

S E M observations of ion-etched surfaces of these blends add more 
evidence that high ethylene E P D M rubber crystallizes on L D P E lamellae 
in the surface regions of L D P E crystallites. Hence, the morphology of 
these high tensile blends appears to consist of E P D M reinforced with 
many tiny L D P E spherulites—much like carbon-black-reinforced SBR. 
A fraction of high ethylene E P D M chains crystallizes in surface regions 
of neighboring L D P E spherulites, tying them together in a virtually 
crosslinked network. The crystalline E P D M rubber undergoes further 
crystallization upon stretching, just like natural rubber. The blend of 
crystalline E P D M with L D P E also stress crystallizes, and its special 
morphology must help distribute the tensile load more evenly. 
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Fracture Surface Morphology and Phase 
Relationships of Polystyrene/Poly(methyl 
Methacrylate) Systems 

Low-Molecular-Weight Poly (methyl 
Methacrylate) in Polystyrene 

R A Y M O N D D. P A R E N T 1 and E D W A R D V. T H O M P S O N 

Department of Chemical Engineering, University of Maine at Orono, 
Orono, M E 04473 

Samples of low-molecular-weight poly (methyl methacrylate) 
(PMMA) in polystyrene (PS) of varying number-average 
molecular weight (3600-49,000) and composition (5-30 wt 
%) of PMMA were prepared, and the surface morphology 
and phase relationships studied by scanning electron micros
copy. Three distinct types of phase relationships were 
observed: (1) a single phase consisting of PMMA dissolved 
in PS; (2) PMMA dispersed in PS; and (3) PS dispersed in 
PMMA. Values of the size of the dispersed particles are 
reported and are compared with the results of a prior study 
of the low-molecular-weight PS/PMMA system. Finally, 
the size of the dispersed particles and the various types of 
phase relationships are discussed in terms of the ternary 
poly (methyl methacrylate)/polystyrene/styrene phase dia
gram. 

/Considerable interest lias developed in recent years concerning the 
^ morphology, phase relationships, and mechanical properties of two-
phase, polyblend-like polymer systems; that is, systems in which one 
polymer component appears as a discontinuous, dispersed phase in a 

1 Present address: S. D. Warren and Co., Westbrook, ME 04092. 
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382 M U L T I P H A S E P O L Y M E R S 

continuous phase of the other polymer. Probably the bulk of this effort 
has centered around high-impact plastics based on a rubbery, dispersed 
phase such as polybutadiene contained in a glassy, continuous phase 
such as polystyrene, although many other systems have been examined 
for various features. In spite of this interest, however, very little sys
tematic data have appeared, in particular data concerned with the 
influence of molecular weight and concentration of the dispersed phase 
on the properties of the final system. In this and several other reports 
we w i l l discuss results that we have obtained for the polystyrene/poly-
( methyl methacrylate) system with the aim of helping to elucidate the 
dependence of morphology and phase behavior, and in later reports, 
mechanical properties, on the molecular weight and weight percent of 
the dispersed phase. First, however, before proceeding to a description 
of the experimental procedures and a discussion of the results, it seems 
appropriate to briefly review prior work that bears on the present report. 

Studies of two-phase, polymer/polymer systems have been reported 
from at least the turn of the century ( I ) ; interest, if only empirical, in 
polymer/polymer solubility or compatibility (or incompatibility, the far 
more usual situation) developed in the 1940s (2) and 1950s (3). The 
development of the technology and subsequent manufacture of systems 
based on two incompatible polymers, so-called high-impact plastics, 
followed; microscopic observations of the structures of the dispersed 
phase were probably first made in a study of high-impact polystyrene 
by Claver and Merz (4). Shortly thereafter, Traylor reported studies 
involving the use of phase contrast microscopy to investigate two-phase 
systems (5) ; more recently, transmission electron microscopy has been 
applied to the study of the dispersed phase in high-impact materials 
{6,7, 8 ,9) . 

It has been suggested that both the size of the dispersed particles 
(10,11 ) and the amount of the dispersed phase (12) are of critical 
importance in determining the mechanical properties and, in particular, 
the impact strength of high-impact plastics. These observations are 
based on the belief that the dispersed particles dissipate energy of impact 
by the formation of countless, small internal crazes (13,14). Baer studied 
the effect of variations of polybutadiene molecular weight on the size 
of dispersed particles and found that at molecular weights above 60,000 
the size increases linearly with molecular weight when plotted on a 
log-log plot (15). Further, Moore demonstrated that the concentration 
of the original polymer in the initial polymer/monomer mixture is an 
important factor in determining the size of the dispersed particles (16). 
Unfortunately, these data are incomplete in that the systematic variation 
of both molecular weight and concentration of the original polymer was 
not investigated. In a recent report we described the results of a study 
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20. P A R E N T A N D T H O M P S O N Polystyrene/Foly(methyl Methacrylate) 383 

of the polystyrene/poly ( methyl methacrylate ) system in which the 
molecular weight and weight percent of the initial polystyrene was 
varied from 2100 to 49,000 and 5 to 40%, respectively (17,18). These 
results will be reviewed in subsequent sections and compared with the 
results to be presented in this chapter. 

The phase relationships of two-phase polymer systems also have 
been of considerable interest in recent years. In an important series of 
papers, Molau and co-workers (19-24) studied systems, which were 
denoted POO emulsions (polymeric oil-in-oil), prepared by dissolving 
a given polymer in monomer and then polymerizing the monomer. Dur
ing polymerizations of this type the composition of the respective phases 
reverses, and a phase inversion process was proposed to explain this. 
A similar process has been suggested as the mechanism by which poly-
butadiene forms the dispersed phase in the manufacture of high-impact 
polystyrenes (22,25). Recently, Kruse has pointed out that this phase-
inversion point may correspond to that point on a ternary phase diagram 
at which the reaction line bisects a tie line (26), and we have advanced 
a similar point of view in our earlier reports (17, IS, 27). 

Because of the very limited data available correlating both molecular 
weight and concentration of the initial polymer to the size and distribu
tion of the dispersed phase resulting after polymerization, we undertook 
the study of the polystyrene/poly ( methyl methacrylate ) system to help 
elucidate these relationships. In particular, we were especially interested 
in the morphology and phase relationships after polymerization and the 
nature of the dispersed and continuous phases. The results for the case 
in which polystyrene is the initial polymer present have been reported 
(18), and in this chapter we will discuss the situation when poly (methyl 
methacrylate ) is the initial polymer. The results of a morphological 
study using scanning electron microscopy and the particle size and 
distribution will be described, and the various phase relationships will 
be discussed in terms of the ternary poly (methyl methacrylate ) / poly-
styrene/styrene phase diagram. 

Experimental Procedures 

The polymers chosen for the initial stages of our studies were poly-
( methyl methacrylate ) and polystyrene. There were several reasons for 
this choice, the most important being: (1) well-characterized, low-
molecular-weight monodisperse samples of poly (methyl methacrylate ) 
and polystyrene are readily available, or at least relatively easy to synthe
size; and (2) the poly (methyl methacrylate ) / polystyrene system is 
especially amenable to study by scanning electron microscopy, as we 
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384 M U L T I P H A S E P O L Y M E R S 

w i l l discuss in more detail below. In what now follows we describe the 
various synthesis and experimental techniques that were used during 
our studies. 

Styrene ( hereafter denoted S; Eastman Kodak ) and methyl metha-
crylate ( hereafter denoted MMA; Eastman Kodak ) were dried for two 
days with calcium chloride and then for an additional few hours with 
calcium hydride, passed through a column packed with silica gel to 
remove the inhibitor, distilled under vacuum, and stored for future use 
at - 30°C. Poly (methyl methacrylate) (hereafter denoted P M M A ) 
samples of number-average molecular weight Mn = 3600; 5700; 8400; 
19,900, and 49,000 were prepared in our laboratories through the use of 
free radical polymerization and standard fractionation techniques. The 
weight-average to number-average molecular weight ratios of these 
samples were in the 1.1 to 1.3 range, and thus the P M M A samples were 
reasonably_monodisperse. Polystyrene (hereafter denoted PS) samples 
for which Mn = 2100 (Pressure Chemical, Pittsburgh, P A ) and 3100; 
9600; 19,650; and 49,000 (Waters Associates, Mil ford, M A ) were used 
as received. The weight-average to number-average molecular weights 
of these samples ranged from 1.02 to 1.10, and they could be considered 
to be reasonably monodisperse. The initiator, 2,2'-azobis ( isobutyroni-
trile) ( A I B N ; Eastman Kodak ), was recrystallized from toluene and 
stored until needed. 

Figure 1. Pure, high-molecuhr-weight polystyrene. 1150X. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
0

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



20. P A R E N T A N D T H O M P S O N Polystyrene/Poly(methyl Meihacrylate) 385 

Figure 2. Pure, high-molecufor-weight poly(methyl methacrylate). 1200X. 

Two-phase polymer samples were prepared by first weighing a given 
amount of low-molecular-weight P M M A (or PS) into a 5-mm i .d . boro-
silicate glass tube sealed at one end and then introducing S (or M M A ) 
monomer precatalyzed with lA wt % A I B N . The tube was then re-
weighed and the open end sealed. The polymer was dissolved in the 
monomer by physical agitation, and until complete solution of the polymer 
took place the tubes were kept at temperatures well below 50°C to 
prevent any polymerization of the monomer. After the polymer was 
completely dissolved, the monomer was polymerized at 50°C for two 
days, and then postcured for about 12 hr at 80°C and 2 hr at 100°C 
in an oven to polymerize any remaining traces of monomer. 

Several aspects of the characterization of the samples obtained by 
the procedure described above deserve comment, and these are sum
marized as follows. 

(1) No residual monomer could be detected by gas-liquid chromato
graphic techniques, and hence is at most no greater than about 0.15 % 
by weight. 

(2) The molecular weight of PS or P M M A polymerized under the 
conditions given above is very high, being over one million. W e com
pared the intrinsic viscosities of several samples of low P M M A or PS 
content with that of pure PS or P M M A polymerized under identical 
conditions and since the viscosities were similar, concluded that the 
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molecular weight of PS or P M M A in our samples was also very high, at 
least when they form the continuous phase. 

(3) When P M M A is the dissolved polymer and S the polymerizing 
monomer, little if any grafting would oe expected. However, in the 
reverse situation where M M A is polymerizing in the presence of dissolved 
PS, the α-hydrogen presents an opportunity for grafting. In an effort to 
check on the possible extent of this, we determined the weight percent 
of PS after polymerization by gel permeation chromatography and 
compared it with the known, initial concentration. Since the ratio of PS 
to M M A before and to P M M A after polymerization appeared to be vir
tually unaltered, we concluded that, at most, relatively little grafting took 
place. 

The morphological details of the final polymer samples were exam
ined using a Stereoscan S4 scanning electron microscope. The samples 
were brittle fractured and mounted and examined using routine S E M 
procedures. Typically, a specimen was coated with a 100-A-thick layer 
of gold metal to provide proper surface conduction; and the microscope 
was operated with # 1 aperture opening, 20-kV acceleration potential, 
45° tilt angle, 180-220 μΑ beam current, and 2.3-2.5 A filament current. 
Magnifications ranged from 700 to more than ΙΟ,ΟΟΟΧ. 

Figure 3. PMMA/PS system with PMMA (Mn = 8400; W = 5.01 wt % ) the 
dispersed phase and PS the continuous phase. 1000X. 
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Figure 4. PS/PMMA system with PS (Mn = 19,650; W = 4.96 wt %) the 
dispersed phase and Ρ MM A the continuous phase. 960 X. 

Clearly, successful use of S E M microscopy for this study depends 
on the ability to distinguish PS regions from P M M A regions. Pure PS 
and pure P M M A display characteristically different fracture-surface 
features, the latter displaying rather regular, recurrent, and intersecting 
parabolic structures while the former is characterized by much more 
irregular surface patterns (28, 29,30,31). These features are shown in 
Figures 1 and 2; and, furthermore, these distinctive features are retained 
when dispersed particles are present as seen in Figures 3 and 4. Based 
on the overall surface morphology, therefore, it is always possible to 
identify the continuous phase unambiguously. However, it is not always 
possible from the visual appearance of the surface to specify the nature 
of a dispersed phase, or more particularly, multiple emulsions within a 
dispersed phase, but it happens that a second criterion is available for 
the system under study. 

It is well known that P M M A depolymerizes under a variety of 
influences, including electron irradiation (32,33). Indeed, if a P M M A 
sample is overexposed to the electron beam of the scanning electron 
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Figure 5. PS/PMMA system with PS (Wn = 9600; W = 5.04 wt % ) 
the dispersed phase and PMMA the continuous phase: (a) prior to any 
depolymerization; (b) some depolymerization; (c) substantial depolym

erization. 2000 X. 

microscope, this phenomenon soon manifests itself with attendant bub
bling and loss of surface features. Because PS is not similarly affected 
at all by the electron beam, this feature proves to be a very sensitive 
identifying criterion regardless of whether P M M A is the continuous or 
dispersed phase or even present as multiple emulsions in the dispersed 
phase. This effect is shown i n Figures 5a, 5b, and 5c where P M M A is 
the continuous phase and in Figures 6a, 6b, and 6c where P M M A is the 
dispersed phase. In both sets, a continuous erosion of the surface features 
of the P M M A phase is observed, these changes taking place rather 
rapidly at high magnifications. Parenthetically, as it might be surmised, 
the depolymerization of the P M M A phase, especially at magnifications 
above 2000X, was also somewhat troublesome, and required the develop
ment of special techniques emphasizing speed to get high quality photo
micrographs. 
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Figure 6. PS/PMMA system with PMMA the dispersed phase and PS 
(Mn = 19,650; W = 30.02 wt %) the continuous phase: (a) prior to 
any depolymerization; (b) some depolymerization; (c) substantial de

polymerization. 3500X. 

Experimental Results 

In Table I we list the specimens that were prepared in conjunction 
with this study, giving the number-average molecular weight ( M n ) and 
weight percent ( W ) of the P M M A present i n the initial P M M A / S 
mixture and an indication of the opacity of the final system. 

For the P M M A / P S system summarized in Table I, three distinct 
types of fracture morphologies and phase relationships are observed, 
these being: 

Type (1) A single phase which has the morphological features of 
pure PS and in which no dispersed phase can be detected at magnifica
tions as high as 15,000X. Figure 7 depicts an example of this type. 

Type (2) P M M A is the dispersed phase and PS is the continuous 
phase. Almost all of the samples were of this type, and Figures 8, 9, 10, 
11, and 12 illustrate the group, showing the phase behavior and particle 
sizes for the 10-wt % P M M A series. 

Type (3) PS is the dispersed phase and P M M A is the continuous 
phase. This type was observed in only three samples, one of which is 
illustrated in Figure 13. 
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Table I. Summary of P M M A / P S Specimens* 

Wt% wt% 
PMMA M n PMMA Opacity" PMMA Mn PMMA Opacity" 

4.99 3600 cl. 4.96 19,900 op. 
10.05 3600 trans. 9.76 19,900 op. 
20.26 3600 trans. 14.87 19,900 op. 
29.92 3600 op. 20.19 19,900 op. op. 

25.17 19,900 op. 
4.94 5700 trans. 

10.01 5700 op. 4.93 49,000 op. 
20.13 5700 op. 9.98 49,000 op. op. 

15.13 49,000 op. 
5.01 8400 op. 20.25 49,000 op. 
9.65 8400 op. 

20.42 8400 op. 
25.03 8400 op. 
° P M M A t h e p o l y m e r p r e s e n t i n t h e i n i t i a l P M M A / S m i x t u r e . 
* c l . = c l e a r ; t r a n s . = t r a n s l u c e n t ; o p . = o p a q u e . 

Figure 7. FMMA/PS system with FMMA (Mn = 3600; W = 4.99 wt %) in 
PS. 920X. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
0

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



20. P A R E N T A N D T H O M P S O N Polystyrene/ Poly(methyl Methacrylate) 393 

Figure 8. PMMA/PS system with PMMA (Mn = 3600; W = 10.05 wt %) 
the dispersed phase and PS the continuous phase. 1530X. 

Figure 9. PMMA/PS system with PMMA (Mn = 5700; W = 10.01 wt % ) 
the dispersed phase and PS the continuous phase. 1980X. 
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Figure 10. PMMA/PS system with PMMA (Mn = 8400; W = 9.65 wt %) the 
dispersed phase and PS the continuous phase. 1620X. 

Figure 11. PMMA/PS system with PMMA (Mn = 19,900; W = 9.76 wt %) 
the dispersed phase and PS the continuous phase. 1840X. 
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Figure 12. PMMA/PS system with PMMA (Wn = 49,000; W = 9.98 wt % ) 
the dispersed phase and PS the continuous phase. 1080X. 

__ In Table II we list the values of the size of the dispersed particles 
(S) in microns, defined perhaps somewhat arbitrarily as the average 
of the geometrical mean diameter of the particles in a given representative 
area. Only one sample appeared to be a homogeneous single_phase 
(type (1) ) , that being W — 5.0% and M n = 3600, for which "S — 0. 
This sample was, of course, perfectly transparent; all other samples were 
opaque, although for S < 4.0 the samples are only slightly opaque, or 
translucent, and are so designated in Table I. In Table II, unstarred 
values refer to type (2) where the initial polymer, P M M A , forms the 
dispersed phase; starred values refer to type (3) where PS forms the 
dispersed phase. Some care must be taken that underestimates of S 
are not obtained (16, 34); the standard deviation of our estimates was 
usually within 5 % and never more than 10%. The relationship between 
the three types of phase behavior described above and their dependence 
on W and M n is summarized schematically in Figure 14. 
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Figure 13. PMMA/PS system with PS the dispersed phase and PMMA (Mn 

= 49,000; W = 20.25 wt % ) the continuous phase. 504 X . 

WEIGHT 
PERCENT NUMBER--AVERAGE MOLECULAR WEIGHT PMMA 

PMMA 3600 5700 8400 19,900 49,000 

5.0 
ONE PHASE 

10.0 

15.0 

PMMA DISPERSED / 
PHASE; PS / 
CONTINUOUS PHASE 

20.0 

25.0 

30.0 

y/ PS DISPERSED 
PHASE; PMMA 

/S CONTINUOUS 
PHASE 

Figure 14. Regions of three types of phase refotionships for the low-molecu
lar-weight PMMA/PS system for various values of number-average molecular 

weight (STn) of PMMA and weight percent (W) of PMMA 
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Table II. Dispersed Particle Size ( S ) 8 in Microns as a Function 
of Weight Percent P M M A (W) and N u m b e r - A ver age Molecular 

Weight P M M A ( M n ) for the P M M A / P S System 

PMMA 3600 5700 8400 19,900 49,000 

5.0 0 2.6 4.7 6.6 10.8 
10.0 1.2 4.5 12.5 21.6 > 130 
15.0 — — — 55 - 8 0 * 
20.0 3.8 9.1 93 129 < 60* 
25.0 — — > 150 8.2* — 30.0 5.2 — — — 

°Unstarred values of S refer to type (2), PMMA dispersed in PS; and starred (*) 
values to type (3), PS dispersed in PMMA. 

Figure 15. PS/PMMA system with PS (Wn = 9600; W = 5.04 wt %) the 
dispersed phase and PMMA the continuous phase. 1900X. 
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It w i l l be of interest to compare the results described above with 
those obtained when low-molecular-weight PS is the initial polymer and 
M M A the monomer. Although these data do not, strictly speaking, 
belong to the present experimental results, we w i l l nevertheless include 
a summary of them here. For this situation we observed four types of 
phase behavior. 

Type ( Γ ) A single phase which has the morphological features of 
pure P M M A with no indication of a second, dispersed phase. Samples 
of this type showed S E M photomicrographs identical to pure P M M A 
as shown in Figure 2. 

Type (2') PS is the dispersed phase and P M M A is the continuous 
phase. Figure 15 is an example of this type, although there is consider
able variation in the shape of the ^dispersed PS particles, these tending 
to be spherical at low W and/or M n and becoming more ellipsoidal or 
irregular at higher values of W and M n . 

Type (3') P M M A is the dispersed phase and PS is the continuous 
phase. Figure 16 is a typical example of this type. 

Type (4') Regions coexisting in which both P M M A and PS form 
the continuous phases, with PS and P M M A forming the dispersed phases, 

Figure 16. PS/PMMA with PMMA the dispersed phase and PS (Mn = 19,650; 
W = 30.02 wt %) the continuous phase. 1780X. 
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Figure 17. PS/PMMA with PMMA the dispersed phase in PS (upper part) 
and PS the dispersed phase in PMMA (lower part). (Mn = 9600; W = 20.31 

wt %.) 855 X. 

WEIGHT 
PERCENT NUMBER -AVERAGE MOLECULAR WEIGHT PS 

PS 2100 3100 9600 19,650 49,000 

5.0 PS DISPERSED 

10.0 ONE PHASE 
PHASE; PMMA 
C O N T I N U O U S / ^ 

15.0 
PHASE 

y^ BOTH PMMA AND 
20.0 f PS FORM THE 

CONTINUOUS 
25.0 P H A S E S / ^ 25.0 P H A S E S / ^ 

30.0 

35.0 
PMMA DISPERSED 

35.0 ^ PHASE ·, PS 

40.0 
CONTINUOUS 
PHASE 

Figure 18. Regions of four types of phase relationships for the low-mohcu-
hr-weight PS/PMMA system for various values of number-average molecu

lar weight (M~J of PS and weight percent (W) of PS 
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respectively. A t least 11 samples of this type were studied, and Figure 
17 represents a typical example of the morphology observed. 

The quantitative data associated with these samples have been re
ported earlier (18), and for comparison with Figure 14 the dependence 
of the various regions of phase behavior on M n and W of the initial PS is 
summarized in Figure 18. 

Discussion 

In the previous section we have described the three types of phase 
behavior observed in the low-molecular-weight P M M A / P S system and 
reviewed the four types observed in the low-molecular-weight P S / P M M A 
system. These various phase relationships have been studied in terms of 
their dependence on the molecular weight ( M n ) and weight percent ( W ) 
of the initial polymer present. Further, we have presented quantitative 
data concerning the sizes of the dispersed particles, again correlated to 
variations in M n and W. In this section we w i l l discuss the results in 
terms of the poly (methyl methacrylate ) /polystyrene/styrene and poly
styrene/poly ( methyl methacrylate ) /methyl methacrylate ternary phase 
diagrams, whichever is appropriate. 

It is important to note that discussions involving phase diagrams 
imply, strictly speaking, the attainment of equilibrium. This certainly 
w i l l not be the case for a polymerizing system at a high degree of 
conversion which is the situation during the later stages of the poly
merization process that we used, that is, relatively high S-to-PS conver
sion. However, several interesting insights result from the analysis of 
our data in terms of the phase diagrams and the properties of the 
polymerizing system, and for this reason we feel justified in making use 
of the equilibrium phase diagrams in the discussion which follows. 

Phase Relationships. The first systematic investigation of the two-
phase behavior of polymer/polymer/solvent systems was probably made 
by Dobry and Boyer-Kawenoki (2) for a variety of polymer pairs, and 
more recently this work was extended by Kern and Slocombe (3) and 
Paxton (35) to a number of other systems including several vinyl poly
mers. Typically, the three-component phase behavior is as shown in 
Figure 19 for the polystyrene/polybutadiene/benzene system (2), where 
a one-phase ( polystyrene/polybutadiene/benzene ) region is separated 
by a phase boundary from a two-phase ( polystyrene-rich/benzene and 
polybutadiene-rich/benzene ) mixture. As with any three-component 
system of this type, a critical point exists somewhere near the maximum 
of the phase boundary, and appropriate tie lines give the compositions 
and amounts of the respective phases in the two-phase region. 
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20. P A R E N T A N D T H O M P S O N Polystyrene/Poly(methyl Methacrylate) 401 

BENZENE 

POLYBUTADIENE POLYSTYRENE 

Figure 19. Ternary phase diagram for the polystyrene/ 
polybutadiene/ benzene system. (After Dobry and Boyer-

Kawenoki (2).) 

The details of the poly (methyl methacrylate ) /polystyrene/styrene 
( hereafter denoted P M M A / P S / S ) system have not, to our knowledge, 
been worked out, particularly as a function of molecular weight of 
P M M A . However, based on the evidence provided by other systems, 
we assume that the general form is as shown in Figure 20, where we 
might make the following points: 

(1) Two different molecular weights of P M M A are indicated in 
Figure 20. Clearly, the one-phase region w i l l be more limited for the 
higher-molecular-weight P M M A , as the mutual miscibility of two poly
mers in a common solvent is highly molecular-weight dependent. Further, 
we expect relatively little effect of molecular weight of P M M A on the 
solubility of PS in the vicinity of the P M M A apex since the molecular 
weight of PS is assumed to be very high; however, the reverse is true in 
the vicinity of the PS apex where even minor changes in the molecular 
weight of P M M A w i l l have pronounced effects on its solubility i n this 
region. 

(2) The critical point is not symmetrically located on the phase 
boundary but skewed towards the lower-molecular-weight polymer, that 
is, the P M M A apex (for a discussion of this print see Ref. 36). 

(3) Although probably similar in general form, the P M M A / P S / S 
phase diagram discussed here is not a mirror-image of the low-molecular-
weight P S / P M M A / M M A phase diagram which we have described in an 
earlier report (18). There are at least two indications of this, namely 
as follows. 
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S 

PMMA PS 

Figure 20. Assumed ternary phase diagram for the poly(methyl 
methacrylate)/ polystyrene/ styrene system for two molecular weights 

of poly(methyl methacrylate) 

PMMA PS 

Figure 21. PMMA/PS/S phase diagram with three reaction 
lines indicating: reaction line I, one phase system (type (1)); 
reaction line 2, P M M A dispersed in PS (type (2)); and reac

tion line 3, PS dispersed in PMMA (type (3)) 
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(a) The one-phase region appears to be somewhat 
more restricted for the low-molecular-weight P M M A / P S / S 
system. 

(b) W e found no evidence in the P M M A / P S / S system 
of transitional behavior from type (2) ( P M M A dispersed) 
to type (3) ( P M M A continuous) systems. This behavior, 
denoted type (4') in the section above, was very common 
in the P S / P M M A / M M A system. 

Turning our attention now to the three types of phase relationships 
resulting from the P M M A / P S / S system (types (1), (2), and (3) as 
defined in the section above ), we refer to Figure 21 and summarize our 
analysis in terms of the three reaction lines ( hereafter denoted R L ) 
as follows. 

1. Reaction line 1. The initial composition of the P M M A / S mixture 
is given by point a: since R L 1 never intersects the phase boundary, a 
one-phase solution of P M M A in PS results. This corresponds to type (1) . 

2. Reaction line 2. The initial composition is given by b, and initial 
phase separation occurs to the right of the critical point at point c, the 
intersection of R L 2 with the phase boundary. Further polymerization 
results in a two-phase system of overall composition d, with the predomi
nant phase rich in PS ( point e) and the lean phase rich in P M M A 
( point f ) and the relative amounts of the PS-rich to P M M A - r i c h phases 
being fd/de. The final system consists of a P M M A - r i c h phase dispersed 
in a continuous, PS-rich phase, and corresponds to type (2) . 

3. Reaction line 3. The initial composition is given by g, and initial 
phase separation occurs to the left of the critical point at point h. Further 
polymerization results in a two-phase system of overall composition k, 
with the predominant phase rich in P M M A ( point m) and the lean phase 
rich in PS ( point n) and the relative amounts of the P M M A - r i c h to 
PS-rich phases being kn/mk. The final system consists of a PS-rich phase 
dispersed in a continuous, P M M A - r i c h phase and corresponds to type (3) . 

W e can now further investigate the effect of the molecular weight 
of P M M A on the phase relationships of the final system by referring to 
Figure 22. For example, it is seen that R L 1 does not intersect the lower-
molecular-weight phase boundary but does intersect the higher-molecular-
weight phase boundary to the right of the critical point. Polymerization 
along R L 1 , therefore, results in a type (1) system in the former and a 
type (2) system in the latter case. O n the other hand, along R L 2 , again 
for a constant weight percent P M M A , intersection of the lower-molecular-
weight phase boundary is to the right of the critical point and of the 
high-molecular-weight boundary to the left of the critical point; the 
former leads to type(2) and the latter to type (3) systems. 

Examination of Table II or Figure 14 indicates that the lowest values 
of molecular weight ( M n ) and weight percent ( W ) favor the formation 
of a one-phase, type ( 1) system; higher values of Mn and/or W favor 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
0

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



404 M U L T I P H A S E P O L Y M E R S 

S 

PMMA PS 

Figure 22. PMMA/PS/S phase diagram with two reaction lines indi
cating possible final phase relationships 

type (2) systems; and the highest values of M„ and/or W, type (3) 
systems. These trends seem to be in complete accordance with the 
explanation offered in terms of the P M M A / P S / S phase diagram and the 
polymerizing systems as depicted in Figures 21 and 22. 

Finally, referring to Figure 18 we note that the dependence of the 
phase relationships denoted as types ( Γ ) , (2'), and (3') for the PS/ 
P M M A / M M A system where low-molecular-weight PS is the initial poly
mer are similar to those discussed above, and we have offered a similar 
explanation for this behavior (17,18). The major departure is the 
appearance of a rather extended transitional region, denoted type (4'), 
between type (2') where PS is the sole dispersed phase to type (3') 
where P M M A is the sole dispersed phase. This region is characterized 
by intermediate values of M n and/or W and displays areas coexisting in 
which both PS and P M M A form the continuous phases, with P M M A 
and PS forming the dispersed phases, respectively. W e discussed type 
( 4' ) systems in terms of reaction lines which intersect the phase boundary 
very close to the critical point, thereby giving rise to tie-line ratios near 
unity. Under these circumstances, neither phase can become predominant 
in the sense that it becomes the sole continuous phase. As we have 
pointed out, we have not observed any type (4) samples for the P M M A / 
PS/S system, and, if they exist, this behavior must be limited to a very 
narrow M n - W band. W e suspect that the tie lines for the phase diagram 
of this system are so steep, that is, essentially parallel to the P M M A - S 
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20. P A R E N T A N D T H O M P S O N Polystyrene/ Poly(methyl Methacrylate) 405 

edge of the phase diagram, as to preclude tie-line ratios approaching 
unity except in the very immediate vicinity of the critical point. 

Dispersed Particle Size. W e w i l l continue now to consider the varia
tions of the dispersed particle size, S, with W and M n , and their relation
ship to the P M M A / P S / S phase diagram. The experimental values of S 
reported in Table II are shown graphically in Figure 23 where, in all 

WEIGHT PERCENT, W, PMMA 
Figure 23. Dispersed particle size vs. wt % PMMA for 
various values of number-average molecular weight 

PMMA: PMMA is the dispersed phase 
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ο M n = 2100 

• M~n = 3100 

• Μ η = 9600 

X M n = 19,650 

ν IMn = 49,000 

0 10 20 

WEIGHT PERCENT, W, PS 

30 

Figure 24. Dispersed particle size vs. wt % PS for various values 
of number-average molecular weight PS: PS is the dispersed phase; 
the region in which both PS and PMMA coexist as the continuous 

phases is to the right of the single bar 
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cases, P M M A is the dispersed phase. For comparison, the results from 
our prior study of the low-molecular-weight P S / P M M A / M M A system 
are shown in Figures 24 and 25; where PS and P M M A are the dispersed 
phases, respectively, and the regions where both PS and P M M A coexist 
as the continuous phases are to the right of the single bar in Figure 24 
and to the left of the double bar in Figure 25. 

The variations of S with W and M n can be understood in terms of 
the phase diagram, Figure 20, and of certain assumptions concerning the 
viscosity of the polymerizing solution at the point of phase separation. 
In particular, we assume that at the point of phase separation and beyond, 
the dispersed particles in a less viscous medium have a higher coalescence 
rate and therefore larger sizes. Considering first the type (2) system, 
we compare R L 1 and R L 2 in Figure 26 for two values of W at a constant 
value of M n . W e note that phase separation occurs at a much lower 
value of overall monomer conversion along R L 2 (point b) than along 

WEIGHT PERCENT, W, PS 

Figure 25. Dispersed particle size vs. wt % PS for various 
values of number-average molecular weight PS: PMMA is the 
dispersed phase; the region in which both PS and PMMA coexist 

as the continuous phases is to the left of the double bar. 
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S 

Reaction line 4 

Reaction line 3 

PMMA PS 

Figure 26. PMMA/PS/S phase diagram indicating various 
relationships between molecuhr weight anil composition of 

PMMA and the dispersed particle size 

R L 1 (point a) . Therefore, the viscosity at phase separation along R L 2 
is lower than that along R L 1 (assuming that this effect, attributable to 
lower monomer conversion, is not offset by the increase in viscosity be
cause of the somewhat higher initial concentration of P M M A ) . Similarly, 
comparing the effect of two different values of Mn for a constant value 
of W , we observe that along R L 2 , for example, phase separation occurs 
at a lower overall monomer conversion for the higher value of M n ( point 
b) compared with the lower value (point c ) , and thus results in a lower 
viscosity ( assuming this effect is not offset by the increase in initial 
viscosity of the system attributable to a higher molecular of P M M A ) . 
In both cases the higher value of either W or Mn favors lower viscosity 
at phase separation and hence increased particle coalescence and in
creased particle size. These conclusions are in accord with the experi
mental observations seen in Figure 23. 

Turning to the situation where PS forms the dispersed phase (type 
(3) ), we have relatively sparse data for the P M M A / P S / S system; how
ever, these data do suggest trends analogous to those displayed by the 
P S / P M M A / M M A system and illustrated in Figure 25. Again referring 
to Figure 26, for a constant value of W the behavior is exactly analogous 
to that discussed above, where now phase separation is depicted as 
occurring along R L 3 at points d and e. The behavior with respect to 
variations in W , however, is not analogous. W e note that in this region 
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the phase boundary is almost parallel to the P M M A - S edge of the 
triangular diagram, and thus phase separation w i l l occur at roughly the 
same overall conversion along both R L 3 and R L 4 . However, since the 
initial viscosity of the mixture polymerizing along R L 4 w i l l be greater 
because of its higher initial concentration of P M M A , we expect its 
viscosity also to be greater at the point of phase separation as compared 
with the mixture reacting along R L 3 . This being the case, the mixture 
reacting along R L 4 w i l l ultimately produce smaller dispersed particles. 
For the type (3) region we conclude that increased Mn results in in
creased particle size while increased W results in decreased particle 
size; both of these conclusions are in accord with the experimental 
results shown in Figure 25. 

Finally, we note that type (4') behavior also can be discussed in 
terms of the appropriate ternary diagram and we have done so in an 
earlier report (28). However, since we did not observe this type of phase 
relationship in our present study, we w i l l not pursue this point here. 

Multiple Emulsions. Multiple emulsions, or subinclusions, were 
noted in virtually all of the samples containing P M M A as the dispersed 
phase. They are, for example, clearly visible in Figures 9, 10, 11, and 
12, with Figures 10 and 11 providing striking examples; even in Figure 8 
where the dispersed particles are very small, multiple emulsions can be 
seen at higher magnification. This phenomenon can also be understood 

S 

Figure 27. PMMA/PS/S phase diagram reaction lines leading to multi
ple emulsions 
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410 M U L T I P H A S E P O L Y M E R S 

i n terms of the ternary phase diagram and the viscosity of the polymeriz
ing system, and we conclude with this discussion. 

Suppose a P M M A / S mixture of initial concentration indicated by 
point a in Figure 27 polymerizes along reaction line 1. Phase separation 
occurs at point b, and soon afterwards the system reaches the overall 
composition c with a PS-rich phase of composition d and a P M M A - r i c h 
phase of composition e in the relative amounts ce/cd. As the system 
continues to polymerize the viscosity increases, and eventually it seems 
reasonable to suppose that the viscosity becomes so high that the two 
phases become essentially isolated from each other. If this point is 
represented by the overall composition f, we then have two isolated 
phases of compositions g and n. Further polymerization of the dispersed 
P M M A - r i c h phase of composition g w i l l follow along R L 2 ; and at point 
h, for example, two phases w i l l coexist, a P M M A - r i c h phase of composi
tion k and a PS-rich phase, the multiple emulsions, of composition m. 
Similarly, further polymerization of the original continuous phase ( point 
n) w i l l follow along R L 3 ; at point ρ we would expect a PS-rich con
tinuous phase of composition m and a new, P M M A - r i c h dispersed phase 
of composition. Indeed, we have studied several samples in which this 
behavior is observed although they are not among the samples discussed 
here and w i l l be mentioned in a future report. 
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Physical Properties of Blends of Poly(vinyl 
Chloride) and a Terpolymer of Ethylene 

E. W. ANDERSON, H. E. BAIR, G. E. JOHNSON, T. K. KWEI, 
F. J. PADDEN, JR., and DENISE WILLIAMS1 

Bell Laboratories, Murray Hi l l , NJ 07974 

The compatibility of blends of poly (vinyl chloride) (PVC) 
and a terpolymer (TP) of ethylene, vinyl acetate, and carbon 
monoxide was investigated by dynamic mechanical, dielec
tric, and calorimetric studies. Each technique showed a 
single glass transition and that transition temperature, as 
defined by the initial rise in E" at 110 Hz, e" at 100 Hz, 
and Cp at 20°C/min, agreed to within 5°C. PVC acted as 
a polymeric diluent which lowered the crystallization tem
perature, Tc, of the terpolymer such that Tc decreased with 
increasing PVC content while Tg increased. In this manner, 
terpolymer crystallization is inhibited in blends whose value 
of (T c — Tg) was negative. Thus, all blends which contained 
60% or more PVC showed little or no crystallinity unless 
solvent was added. 

T> y blending with any one of a multitude of additives, P V C can be 
^ transformed into a broad spectrum of resins ranging from highly 
plasticized to impact resistant. The use of polymeric plasticizers has 
attracted a great deal of attention because they provide superior perma
nence in physical properties over their low molecular weight counter
parts. Recently a terpolymer of ethylene, vinyl acetate, and carbon 
monoxide was reported to be miscible with P V C (1 ,2) . The system is 
of interest because blends of P V C and ethylene-vinyl acetate copolymers 
range from incompatible to miscible, depending on the content of vinyl 
acetate in the copolymer (3,4,5). W e have therefore undertaken x-ray, 

1 Present address: University of Massachusetts, Amherst, MA 01002. 

0-8412-0457-8/79/33-176-413$05.00/0 
© 1979 American Chemical Society 
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414 M U L T I P H A S E P O L Y M E R S 

morphological, calorimetric, dielectric, and dynamic mechanical studies 
to elucidate the compatibility and physical properties of blends of P V C 
with the terpolymer. 

A second objective of this study concerns the crystallization of the 
terpolymer in the mixture. While the terpolymer acts as a plasticizer 
for P V C , the latter also can be viewed as a polymeric diluent which 
influences the crystallization of the former. The melting point of the 
terpolymer, about 77°C, is slightly lower than the glass transition tem
perature of P V C , and it is conceivable that a mixture containing a minor 
quantity of the terpolymer can have a glass temperature approaching or 
exceeding the crystallization temperature of the terpolymer in the mix
ture. One would then expect the crystallization process to be retarded or 
inhibited by the highly viscous matrix. If, however, the Tg of the mixture 
is lowered by the addition of a solvent, then crystallization still may be 
able to proceed. W e have conducted preliminary experiments to explore 
this possibility. 

Experimental 
Materials. P V C , Geon 103 E P from B. F . Goodrich Co. , and a 

terpolymer, Elvaloy 741 from Ε. I. du Pont de Nemours and Co. , were 
used. Blends of the two polymers were mixed on a two-roll mi l l at 160°C 
and then pressed into films on a heated press at 150 °C. The compositions 
of the mixtures are reported as weight percentages in our text. 

X-Ray and Light Microscopy. X-ray diffraction patterns of pow
dered specimens of Elvaloy 742 and its blends with P V C were recorded 
on photographic films in a Guinier-DeWolff focusing camera. Light 
microscopy was performed on a Reichert Zetopan polarizing microscope 
with a Mettler FP21 hot stage. 

Dynamic Modulus. Measurement of dynamic viscoelasticity was 
made by the use of a direct-reading dynamic viscoelastometer from the 
Toyo Measuring Instrument Co., at a frequency of 110 H z . 

Tensile Strength. The tensile strength and elongation of the two 
polymers and their blends were measured at room temperature with a 
table model, Instron tensile tester at a strain rate of 111 percent per 
minute. 

Calorimetry. Glass and melting transitions and apparent heats of 
fusion ( A Q f ) were analyzed by a differential scanning calorimeter, 
Perkin-Elmer DSC-2. Measurements were made in a helium atmosphere 
at a heating or cooling rate of 40°C/min in a manner which has been 
reported elsewhere (6) . Where accurate absolute values of heat capacity 
( rather than merely the change in C p ) are desired, a Scanning Auto 
Zero accessory was used to produce an essentially flat baseline from 
— 100° to 150°C. Heat-capacity calculations were performed by a Per
k in-Elmer programmable calculator system which includes a Tektronix 
Model 31 calculator. In these measurements, the heating rate was 20°C/ 
min. The heat capacities of a standard A 1 2 0 3 sample in the temperature 
range of —30° to 120°C were found to be within 1 % of the values re
ported in the literature (7) . 
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21. A N D E R S O N E T A L . Polyvinyl Chloride) 415 

Dielectric Properties. Dielectric measurements were conducted at 
ΙΟ2, ΙΟ3, 104, and 105 H z . The data were obtained by combining a Prince
ton Applied Research 124 lock-in amplifier and a General Radio 1615A 
capacitance bridge. The bridge was connected to a Balsbaugh L D 3 
research cell inside a test chamber. Temperature was monitored with a 
thermocouple taped to the cell. After the chamber was equilibrated at 
—160°C for 1 hr, measurements were made at approximately 10°-inter
vals with a 15-min waiting period between each temperature change. 

Results 

X-Ray Studies. Lines in the x-ray, powder diffraction pattern of the 
terpolymer were similar to those found in polyethylene (PE). Since the 
terpolymer contains a majority of ethylene segments, we assumed that it 
crystallized in an orthorhombic unit cell as polyethylene does. The lattice 
parameters for the terpolymer were calculated to be a = 7.76 A , b = 
5.06 A, and c = 2.56 A . These values are to be compared with the dimen
sions of P E unit cell : a = 7.40 A, b = 4.93 A, and c = 2.54 A (8). Thus 
x-ray data suggest that the terpolymer crystallizes with an expanded P E 
unit cell. 

The low intensity of the x-ray lines found in the diffraction pattern 
of the terpolymer compared with the high intensity observed for P E 
signified that the level of crystallinity in the former was significantly 
below that of P E . In spite of this, an amorphous sample could not be 
prepared by quenching. The presence of crystalline regions was indi
cated in many mixtures, but crystallinity decreased markedly as the 
weight fraction of the terpolymer decreased. 

Light Microscopy. Although films of the terpolymer were biréfrin
gent, no spherulites could be detected regardless of the manner in which 
specimens were prepared. Samples cast from a 2 % solution in tetra-
hydrofuran ( T H F ) and annealed at 60°C overnight had optical melting 
points which ranged from 63° to 75°C. 

Dynamic Viscoelasticity. The dynamic modulus and loss tangent 
curves are shown in Figures 1, 2, and 3. The E" peak temperature of the 
main transition in P V C occurs at 90°C; the secondary transition, which 
has been ascribed to local mode motion of the P V C main chain, extends 
from - 1 2 0 ° to 40°C, with a maximum located at about - 3 0 ° C . These 
results are in good agreement with earlier investigations (9) . The ter
polymer has a sharp glass transition near —22°C; the γ relaxation in the 
neighborhood of —135 °C occurs at a lower temperature and is broader 
than the corresponding relaxation in linear or branched polyethylene (9) . 

The blends show three regions of mechanical relaxation. The low 
temperature dispersion near — 135°C, characteristic of the terpolymer, 
remains prominent. For each mixture, a single loss maximum above 0°C 
is accompanied by an abrupt decrease in £ ' and is undoubtedly associated 
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416 M U L T I P H A S E P O L Y M E R S 

Τ (°C) 

Figure 1. The storage and loss modulus curves for the terpolymer and PVC 

with the glass transition of the mixture. In the region between —20° 
and — 80 °C, where the local mode motion of P V C occurs, the loss tangent 
curves are almost flat. This observation suggests that the local environ
ment of P V C segments has been influenced by the terpolymer as a result 
of extensive mixing. The flat region also appears to shift to a lower 
temperature and covers a narrower temperature span as the amount of 
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21. A N D E R S O N E T A L . Poly (vinyl Chloride) 417 

terpolymer increases. Similar results were reported in blends of P V C 
with a copolyester of poly ( tetramethylene ether ) glycol terephthalate 
and tetramethylene terephthalate ( JO) , poly(c-caprolactone (11 ), ethyl-
ene-ethyl acrylate-carbon monoxide terpolymer (12), ethylene-N,I\F-
dimethylacrylamide copolymer (13), and ethylene-vinyl acetate copoly
mer (4). 

i | Q 8 « I I I I I 1 

-160 -120 -80 -40 0 40 80 120 
T( °C) 

Figure 2. Temperature dependence of dynamic-mechanical properties for 
60 TP/40 PVC (O), 40 TP/60 PVC (Φ), and 20 TP/80 PVC (-) 
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418 M U L T I P H A S E P O L Y M E R S 

Dielectric Measurements. The dielectric loss ( e" ) curves at different 
frequencies for samples containing 100, 80, 40, and 0% P V C , respectively, 
are shown in Figures 4, 5, 6, and 7. Figure 8 is a composite of the 
dielectric loss data at 1 kHz for each sample. The general characteristics 
of a and β relaxation peaks of the component polymers and their mixtures 
parallel the results of dynamic mechanical measurements. For each 
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21. A N D E R S O N E T A L . Poly(vinyl Chloride) 419 

100 TP 

400 

Τ (°C) 

Figure 4. Temperature dependence of the dielectric loss behavior 
from 102 toiœHz of the terpolymer (100 TP) 

mixture, a single a peak was detected. It is noticed, however, that the a 
transition of the 80% P V C sample is broader than that of the 40% P V C 
sample and that small shoulders between — 20° and — 80°C are observed 
for the former at 10 2 and 103 H z . These results are again i n harmony 
with the viscoelastfc data. 

Calorimetry. Prior to C p measurements, each sample was heated to 
140°C and then cooled at a rate of 40°C/min to — 90°C unless otherwise 
stated. Measured C p values are listed in Table I. 
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420 M U L T I P H A S E P O L Y M E R S 

The Cp of P V C (lower curve in Figure 9) increases linearly with 
temperature from - 60° to 80°C. Between 85° and 93°C, the glass 
transition is manifested by a discontinuous increase in C p and corresponds 
to the a transition observed in the dielectric and dynamic mechanical 
experiments. Above the glass-transition temperature, C p increases 
smoothly to 120°C where the experiment was terminated. 
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21. A N D E R S O N E T A L . Poly(vinyl Chloride) 421 

The C p curve of the terpolymer (upper curve Figure 9) is more 
complex. It rises smoothly from - 120° to - 40°C but above - 34°C 
increases abruptly, and a broad endothermic peak, typical of fusion of 
polymer crystals, occurs between 50° and 77°C. W e attribute the initial 
discontinuity i n C p at — 34°C to the onset of glass transition and the 
subsequent increase in C p to melting. The point of inception of melting 
of terpolymer crystals can be estimated by extrapolating the C p curve 

1.0 

0.1 

.001 

l I 
20 T P / 8 0 PVC 

I 

/ 1°2 

y ^ ? \ \ i o 5 

^ V i o 3 

ί 
Ί Vo4 

/ / / \ ^ - i o 3 — II V _ 1 0 2 

I I 
-200 -100 0 100 

Τ (°C) 

Figure 6. Temperature dependence of the dielectric loss behavior 
from KPtolPHz of the 20 TP/80 PVC 
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1.0 

0.1 

.01 

.001 

I 

100 PVC 

I I 
η Λ ί Ο 5 

I io 3 

» 10 2 

' / \ M O 3 

/ V__io 2 

I I I 
-200 -100 0 100 

Τ (°C) 

Figure 7. Temperature dependence of the dielectric hss behavior from 
102 to 10s Hz of the PVC (100 PVC) 

of the l iquid between 80° and 150°C to lower temperatures until it 
intersects the C p curve at about — 15 °C. The broad temperature range 
of fusion, from — 15° to 77°C, most likely reflects the presence of 
lamellae of varying thickness or defects. Accepting the above interpre
tation, we estimate the apparent heat of fusion, AQt, from the area of 
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the C p curve between the inception of melting at — 15°C and its 
termination at 77°C. The value of AQt is 8.3 cal/g. (As a point of 
reference, the heat of fusion per crystallized unit is about 68 cal/g for 
linear polyethylene (14,15).) 

Slow cooling from the melt at 0.31°C/min results in only minor 
changes in the C p curve. Annealing of a quenched sample near its Tg, 
on the other hand, produces noticeable differences in the thermal scan. 

Figure 8. Temperature dependence of dielectric loss behavior at 1 
kHz for PVC (A), 20 TP 180 PVC (O), 60 TP/40 PVC (Φ), and TP (X) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
1

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 
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A melted sample of the terpolymer was cooled in the calorimeter at 
320°/min to - 40°C and was allowed to remain at - 40°C for 16 hr 
after which the temperature was lowered to — 150°C. Upon reheating, 
the Τg of the annealed sample increased to — 31 °C; moreover, an addi
tional adsorption of thermal energy was superimposed upon the normal 
increase in C p during the glass transition. The additional increase in en
thalpy, 0.5 cal/g, is the result of enthalpy relaxation occurring during 

Table I. Heat Capacity of T P and P V C and T w o Blends β 

Cpfcal g'1 K1) 

100 TP 60 TP/40 PVC 40 TP/60 PVC 100 PVC 

T(K) 

215.0 0.278 0.212 0.170 
220.8 0.288 0.216 0.173 
225.7 0.296 0.223 0.176 
230.6 0.306 0.261 0.228 0.180 
234.6 0.316 0.266 0.235 0.182 
240.5 0.338 0.274 0.239 0.184 
245.9 0.354 0.284 0.247 0.186 
248.9 0.372 0.289 0.250 0.187 
254.9 0.409 0.298 0.255 0.191 
260.8 0.438 0.309 0.262 0.195 
263.8 0.453 0.316 0.267 0.196 
269.7 0.481 0.335 0.275 0.200 
275.6 0.508 0.358 0.285 0.204 
281.6 0.532 0.371 0.300 0.208 
284.5 0.542 0.369 0.306 0.209 
290.5 0.562 0.361 0.319 0.213 
293.4 0.572 0.362 0.325 0.215 
299.4 0.600 0.377 0.334 0.219 
305.3 0.621 0.406 0.342 0.222 
311.3 0.630 0.441 0.354 0.226 
317.2 0.643 0.476 0.368 0.230 
323.1 0.655 0.506 0.385 0.234 
329.1 0.691 0.527 0.401 0.238 
335.0 0.737 0.534 0.409 0.242 
341.0 0.763 0.513 0.406 0.247 
346.9 0.701 0.469 0.398 0.251 
352.8 0.538 0.445 0.397 0.257 
358.8 0.513 0.445 0.401 0.264 
364.7 0.514 0.448 0.404 0.282 
370.6 0.517 0.451 0.409 0.319 
376.6 0.519 0.454 0.412 0.341 
379.6 0.520 0.456 0.414 0.345 
385.5 0.522 0.459 0.417 0.350 
391.4 0.524 0.462 0.420 0.356 

β All samples were quenched from 400 to 200 Κ a t a cooling rate of — 1 6 0 K min"1. 
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Figure 9. Specific heat as a function of temperature for TP, 40 TP 160 PVC, 
60 TP/40 PVC, and PVC 

annealing at — 40°C. W e have observed similar reduction i n excess 
enthalpy after annealing poly (butylène terephthalate ), a semicrystalline 
polymer, below its Tg (16). Furthermore, the annealing process caused 
a small increase in the amount of crystals which melted between 21° 
and 51°C. 

Annealing at temperatures near the melting point of the terpolymer 
also resulted in additional features in the C p curve. In Figure 10, the 
melting curve for a terpolymer sample with a complex thermal history 
is depicted. After melting, this sample was placed in a 60°C oven for 
24 hr, then cooled slowly to 40°C, and finally stored at 23°C. Although 
its Tg was unchanged at — 34 °C, the sample exhibited three melting 
peaks at 43°, 56°, and 72°C. The end of the fusion process occurred at 
a higher temperature, 92°C, than previously observed. Annealing at 20°, 
40°, and 60°C for 30 min each produced crystals which melted at 30°, 
48°, 67°C, respectively. Apparently each increase in annealing tempera
ture produced lamellae of increased thickness and correspondingly higher 
melting points. 
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-100 -50 0 50 100 
TEMPERATURE (°C) 

Figure 10. Cp behavior of TP after annealing at 60% 40\ and 23°C 

Similar heat treatment of the blends also yielded multiple melting 
peaks ( Table II ). Because the specific heats of blends are influenced by 
the thermal histories of the samples, only two mixtures containing 40 and 
60% terpolymer, respectively, were selected for quantitative C p measure
ments. Each sample experienced the same thermal history as the two 
component polymers, namely, cooling at 40°C/min from 140° to — 90°C. 
The C p curves of the two mixtures are also shown in Figure 9. In the 
l iquid state, the C p of the blend was found to be the weight average of 

Table II. Thermal Properties of Elvaloy 

Elvaloy 741 i y T V T V 

(Wt %) (°C) (°C) (°C) 

100 - 3 4 43 77 
80 - 2 9 34 76 
60 - 1 9 27 73 
40 - 6 15 71 
20 11 — — 10 41 — — 0 85 — — 

a C o o l e d f r o m m e l t a t 4 0 ° C / m . 
b A n n e a l e d a t 6 0 ° C f o r 24 h r , t h e n c o o l e d s l o w l y t o 4 0 ° C a n d f i n a l l y s t o r e d a t 

23°C f o r s e v e r a l w e e k s . 
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the heat capacities of P V C and the terpolymer. For example, the calcu
lated C p of a blend of 40% terpolymer is 0.528 c a P C ^ g " 1 at 118°C while 
the experimental value is 0.524 caPc^g" 1 . Both the melting point and the 
apparent heat of fusion of the terpolymer decrease as the amount of P V C 
increases. W e made no attempt for theoretical analysis in this regard. 

Only a single Tg was detected for each blend and it increased in 
temperature as the amount of P V C was increased (Figure 11). The 
value of T g , however, did not conform to the volume-fraction average of 
component polymers as had been found in poly ( vinylidene fluoride ) and 
poly (methyl methacrylate ) mixtures (17). The reasons are twofold; 
first, the composition of the amorphous portion of the terpolymer is 
different from that of the crystalline region. Therefore the Tg of the 
terpolymer is not representative of the overall composition. Secondly, 
blends containing more than 40% terpolymer still retain some crystal-
linity even in the quenched state. As crystallinity decreases continuously 
in the blend, the composition of the amorphous fraction also changes 
through the incorporation of more methylene units which are normally 
crystallizable in the pure polymer. Consequently, the glass-transition 
temperatures of the mixtures do not obey simple relationships. 

At this point, a comparison of the calorimetric results with dielectric 
and viscoelastic data, with regard to glass transitions, is in order. In both 
viscoelastic and dielectric measurements, the α-relaxation processes en
compass both the glass transition of the mixture and the melting of 
terpolymer crystals, if present. Therefore, the peak position is not 
necessarily a good measure of the glass-transition temperature. O n the 
other hand, the calorimetric results are relatively free of such ambiguities. 
For the purpose of correlating data between these three different meas
urements, we have compiled the temperatures of initial rise of E" at 110 
H z , c" at 100 H z , and C p at 20°C/min for these samples and plotted the 

741 and Its Blends with P V C 

T m
6 T V 

(°C) (°C) (cal/g) ( cal/g) ( cal/g) 

92, 74, 66, 49 79 8.3 11.8 13.8 
79, 69,52 78 7.3 8.0 9.2 
78,67, 52 — 2.8 (φ) 4.9 — 
67, 62,53 74 0.6 2.0 3.0 

62,54 74 — _ 1.6 
•— 73 — — 0.8 

0 S o l u t i o n c r y s t a l l i z e d . 
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Figure 11. Ύ0 as a function PVC concentration as defined from 
initial rise in Ε", ε', and Cp by dynamic mechanical (Π), dielectric 

(O), and calorimetric (Φ) measurements, respectively 

values against composition in Figure 11. The agreement among the three 
methods is within 5°C. Although such a comparison appears obvious, 
we do not recall similar efforts in the literature. 

Crystallization of the Terpolymer in the Mixture. Crystallization 
of the terpolymer occurred in samples containing 60% or more of the 
terpolymer when cooled from the melt at a rate of 40°C/min. The 
specimen containing 40% terpolymer at first d id not exhibit a measurable 
exotherm because of crystallization, although a small amount of crystals 
was detected in the sample upon subsequent reheating. Additional cool
ing studies conducted at 40°, 20°, 10°, and 5°C/min on samples con-
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21. A N D E R S O N E T A L . Poly(vinyl Chloride) 429 

taining 40% T P have revealed that the onset of crystallization, Tc, 
occurred at about 15°C, which was just before the sample began to 
undergo vitrification. Mixtures containing 20 and 10% terpolymer, 
respectively, d id not crystallize upon cooling from their melts. 

When Tc ( determined at a cooling rate of 40°C/min) and Tg were 
plotted vs. weight percent P V C , it was noticed that the former decreased 
with increasing P V C content while the latter increased (Figure 12). 
The differences between T c and Tg were 77°, 63°, 46°, and 21°C for 
samples containing 100, 80, 60, and 40% terpolymer, respectively. If the 
Tc data is extrapolated linearly to other compositions, the value of 

1 Γ 

Wgt % PVC 

Figure 12. Crystallization and ghss temperatures as a function of 
PVC concentration 
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430 M U L T I P H A S E P O L Y M E R S 

( T c — Tg) would have been 0°C for a 25% terpolymer sample. The 
fact that the extrapolated Tc has fallen below Tg in the 20% T P sample 
probably accounts for the lack of crystallization in this sample. 

When the quenched samples were thermally treated at 60°C for 
24 hr, they underwent further crystallization as indicated by the higher 
values of heat of fusion obtained in subsequent thermal scans ( Table II ). 
In addition to the annealing study, a second approach also was attempted. 
It was based on the thought that crystallization might be facilitated by 
lowering the T g of the mixtures with a suitable solvent. Three samples 
were selected for this investigation, containing 40, 20, and 10% terpoly
mer, respectively. The crystallization temperature was chosen to be 0°C 
because Tc for the 10% terpolymer sample in the bulk was estimated to 
be below room temperature. For the purpose of comparison, films con
taining 80 and 100% terpolymer also were cast from solution. 

Our rudimentary experiments were conducted as follows: each 
sample was dissolved in T H F to form a 7% solution. A n aliquot of the 
solution was poured into a Petri dish which was surrounded by an ice-
water mixture. The content in the dish was placed under a well-venti
lated hood and the solvent was allowed to evaporate. Within 15 minutes, 
the solution began to turn opaque, indicative of crystallization. At the 
end of about one hour, the mixture was completely opaque. It still 
contained more than 30% solvent but could be lifted from the dish as 
a free film. The opacity of the film was retained even after heating at 
100°C overnight. 

600 
I 1 ! 1 

o - P V C 

500 
• - P V C / T P =80/20 

500 * - P V C / T P = 60/40 
* - P V C / T P = 40/60 

(\J 400 PVC/TP =20/80 
e ο \ 

400 
• - P B 

σ» 300 - tf -
b 

200 -1 — 

100 -
0 

0 200 400 600 800 1000 

€ (%) 
Figure 13. Stress-strain curves of PVC, TP and their blends at a strain 

rate of 111%/min 
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The calorimetric results of the solution-crystallized films are given 
in Table II. The apparent heat of fusion is enhanced for all films 
containing 40% or more of T P relative to the bulk crystallized samples. 
In addition, the 10 and 20% T P blends were found to be partially 
crystalline with T m s only lowered by 5° or 6°C. 

Tensile Properties. Figure 13 shows the stress-strain behavior at 
room temperature of the two component polymers and their mixtures. 
The tensile properties range from rigid response for P V C to elastomeric, 
ductile behavior for the terpolymer. Note that the 80% P V C sample 
exhibits a high Youngs modulus followed by extensive yielding at high 
stress before breaking. 

Conclusion 

The compatibility of blends of P V C and the terpolymer was investi
gated by dynamic mechanical, dielectric, and calorimetric studies. Not 
only did each technique show a single glass transition for each mixture, 
but also the temperature of the transition, as defined by the initial rise 
in E " at 110 H z , e" at 100 H z , and C p at 20°/min, agreed to within 5°C. 
Tg was found to increase with increasing concentration of P V C . 

Although the terpolymer plasticized P V C , the latter was found to 
act as a polymeric diluent which lowered the crystallization temperature, 
T c , of the former. In this maner, the crystallization of the terpolymer 
could be retarded or inhibited in blends whose value of (T c — Tg) was 
near or below 0°C. Mixtures containing 60% or more P V C were found 
to be in this category and showed little or no sign of bulk crystallization. 
However mixtures containing 80 and 90% P V C which were completely 
amorphous in the bulk, crystallized when solvent was added. Though 
we believe crystallization occurred because of a lowering of T g , separation 
of this from the possibility of crystallization from solution would require 
further studies. 
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Physical Properties of Blends of Polystyrene 
with Poly(methyl Methacrylate) and Styrene/ 
(methyl Methacrylate) Copolymers 

DENNIS J. MASSA 

Research Laboratories, Eastman Kodak Co., Rochester, NY 14650 

The effect of polystyrene (PS) molecular weight (M) on com
patibility and physical properties of blends of PS with poly-
(methyl methacrylate) (PMMA) and PS with styrene/ 
(methyl methacrylate), PMMA, and PS with styrene/ 
(methyl methacrylate) copolymers has been investigated. 
The polystyrene M ranged from 600 to 110,000, and the 
styrene fraction in the copolymers varied from 0 to 0.8. The 
conclusions of this work are as follows: (i) PS is compatible 
at low M with PMMA over a range of PS concentrations, 
up to nearly 40% for M = 600; (ii) increasing the styrene 
content in the styrene/(methyl methacrylate) copolymers 
increases compatibility with PS; (iii) molecular weight is 
important in all cases; compatibility increases with decreas
ing M; and (iv) the Flory-Huggins-Scott solubility param
eter approach is consistent with qualitative trends in the 
results. 

immense importance to their use in mixtures and blends. The phase 
morphology and resulting physical properties of polymer blends are 
critically dependent upon the equilibrium thermodynamic interactions 
among polymers as well as upon the nonequilibrium effects that the 
thermal and physical histories can impress on the blend during 
preparation. 

Although the prediction of polymer-polymer miscibility based on 
chemical structure and/or equilibrium thermodynamic properties has 
been a goal of polymer chemists for decades (1,2), the complexity of 

0-8412-0457-8/79/33-176-433$05.00/0 
© 1979 American Chemical Society 
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434 M U L T I P H A S E P O L Y M E R S 

the problem has limited successful efforts to relatively few cases. Instead, 
compatible polymer pairs are often discovered empirically and only 
thereafter studied intensively. Nonetheless, despite difficulties with 
quantitative predictions, the way in which molecular variables affect 
polymer-polymer miscibility is understood well enough to allow qualita
tive judgements of their influence on polymer blend properties. 

For example, the Flory-Huggins-Scott (3-8) expression for the free 
energy of mixing, shown below in the form given by Krause ( J ) , where 

Gmis - ^ ~ lnVA + | ^ l n F B + X A B F A F B ] , 

V is the total volume of the mixture; V r is the reference volume, the 
volume of polymer repeat unit; V A and V B are the volume fractions of 
polymers A and B; X A and X B are the degrees of polymerization of A 
and B; X A B is related to the enthalpy of interaction of the polymer repeat 
units, each of molar volume VT> indicates that whereas at high degrees 
of polymerization ( X A and X B ) the value of the interaction parameter 
X A B would have to be nearly zero or negative to result in a favorable 
(negative) free energy of mixing (9), even fairly dissimilar polymers 
might be compatible at low molecular weights ( small X A and X B ). The 
relatively few studies of compatibility of low-molecular-weight polymers 
reported in the literature, an example being the work of Al len et al. 
(10), confirm the latter prediction. A recent treatment of molecular 
weight effects in polymer compatibility is contained in the paper of 
Casper and Morbitzer (11). 

The extent of incompatibility of high-molecular-weight polymers has 
been elegantly shown by Yuen and Kinsinger (12) in their work on light 
scattering from blends of polystyrene, PS, and poly(methyl methacrylate), 
P M M A . For these high-molecular-weight blends, incompatibility was 
detected when the PS concentration exceeded 0.008 w t % . The effect of 
molecular weight, M , was not investigated by Yuen and Kinsinger. 

In an effort to define more clearly the effects of molecular weight 
and composition on polymer compatibility, a study was undertaken on 
the effect of PS molecular weight on compatibility and physical proper
ties of blends of PS with P M M A and PS with styrene( S ) /methyl metha-
c r y l a t e ( M M A ) copolymers. The range in M investigated for PS was 
600-110,000, and the S / M M A ratio was varied from 0 to 4.0. The results 
of this study are reported below. 

Experimental 

The polymers studied are listed in Table I along with their sources 
and characterizations. Bulk samples were prepared in two steps. First, 
a thin film ( 2-10 mils ) was obtained by casting onto glass from a solution 
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22. M A S S A Properties of Blends 435 

Table I. Materials and Characterization 

Polymer τ„ co
rn 

X„ 
Mw/Mn (estimated) 

PS-600* 
PS-2100 
PS-4000 
PS-10,000 
PS-20,400 
PS-37,000 
PS-110,000 

P M M A 0 

S - M M A - 1 0 (9.8) * 
S - M M A - 2 5 (26.6) * 
S - M M A - 6 0 (62.6) * 
S - M M A - 8 0 (80.0) * 

- 1 5 
60 
78 
96 

109 
106 

108 

0.34 
2.19 
1.10 
1.18 
1.19 

1.77 e 400 r 9.26 
4500* 9.24 
1800 ' 9.21 
2000 " 9.15 
2000 * 9.13 

< 1.101 5.8' 
< 1.10 20.2' 
< 1.10 38.5' 
< 1.06 96.2 ; 

< 1.06 196 ' 
< 1.06 356' 
< 1.06 1058' 9.10 

β Tg taken as midpoint in baseline transition at a heating rate of 10°C/min. 
b Inherent viscosity, (ln^ r ei)/c, where c = 0.25 g/dL, in benzene. 
c Rohm and poly (methyl methacrylate). Plexiglas type V-811. 
d Prepared by radical suspension bead polymerization by J. L . Tucker. Dissolved 

in benzene, precipitated, and freeze dried from benzene. Numbers in parentheses are 
the percentages of styrene determined by N M R . 

β Polystyrene-equivalent ratio as determined by G P C . 
1 Estimated from the inherent viscosity and the Mark-Houwink parameters Κ = 

5.2 χ 10"5 and a = 0.76 (28). 
9 Estimated from the ijmh, using Κ = 5.75 Χ 10"5 and a = 0.77, and assuming 

Mw/Mn = 2. This degree of precision was sufficient for calculation of miscibility 
because in most cases the molecular weights were high compared with those of PS. 

* Pressure Chemical Co. The PS numbers indicate the molecular weights. 
* The polydispersities are those given by the manufacturer. 
i Calculated assuming monodispersity. 
* Solubility parameters calculated using the tables of Hoy, as given by Krause (1 ). 

of the two polymers in methylene chloride, evaporating to dryness, 
heating for 2 hr in vacuum at about 150°C, and cooling. Fol lowing this, 
the films were broken up into small pieces and compression molded i n 
vacuum at 200°C for 2 hr to form a disc 1 in. in diameter and lA in . thick. 

Our method of sample preparation was chosen for the following 
reasons. The thick moldings allowed us to check for optical clarity 
without concern for the apparent clarity that can result from thin films. 
Also, it was expected that the effect of the solvent used to cast the films 
would be eliminated by heating the thin film above Tg to remove the 
solvent and subsequently molding at 200°C. The efficacy of this tech
nique could be checked for the PS-600/PMMA samples by diffusing 
PS-600 into P M M A at 180°C in the absence of solvent. No differences 
were observed. 

Two criteria for compatibility were used: optical clarity and 
a single glass-transition temperature, Tg. Optical clarity indicates either 
that compatibility is .present or that the domains involved in the phase 
separation are small compared with optical wavelengths. (The refractive 
indices must differ, of course. In these studies the refractive index be
tween blend components varied from 0.02 for PS/S-MMA-80 blends to 
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0.10 for P S / P M M A . ) Cloudiness or opacity indicates unequivocally 
that phase separation has occurred. The thermal measurements reveal 
whether a single Tg or two TgS are present, the latter a confirmation of 
incompatibility. For blends or high-molecular-weight PS (Tg = 108°C) 
with P M M A (Tg — 115°C) and S / M M A copolymers (105° ^ Tg < 
115°C) , the glass-transition temperatures are too close to be resolved by 
thermal measurements. Only for PS-600 (Tg = - 15°C) and PS-2100 
(Tg = 60°C) are the PS glass-transition temperatures sufficiently lower 
than those of P M M A and S / M M A to be resolved. Because most of the 
blends exhibiting compatibility are at low molecular weight and because 
where both optical and thermal criteria were used there was agreement 
between the two methods, the optical criterion was considered a useful 
one at higher molecular weights where the thermal criterion could not 
be used. 

Dynamic mechanical properties were measured on some P S / P M M A 
blends, using a Rheovibron model D D V - I I system previously described 
(13). These measurements are a sensitive indicator of phase separation 
and can be used to obtain semiquantitative information about phase 
morphology as well (14). 

Results and Discussion 

Experimental Results. Regions of compatibility at room tempera
ture were determined as described in the section above for PS in P M M A 
and the S / M M A copolymers as a function of PS molecular weight and 
weight-fraction PS. Blends were prepared at weight-fractions separated 
by intervals of 5 w t % so that the line between compatible and incom
patible compositions for each series was determined to no better than 
zb 2.5 w t % in most cases. The results are shown in Figure 1 and are 
discussed below. 

P S / P M M A . The PS-600 and PS-2100 show compatibility (optically 
clear and a single Tg) up to about 38 and 10 w t % , respectively (see 
Figure 1 and preceding paragraph ). The thermal data of Figure 2 show 
the onset of phase separation by the appearance in the 42-wt% blend 
of a second Tg at — 10°C, or five degrees higher than the Tg of pure 
PS-600. Assuming that the slightly elevated Tg is caused by the dissolu
tion of a small amount of P M M A in the phase-separated PS-600, one can 
calculate that approximately 5 w t % P M M A would produce the observed 
Tg (from Tg = 263 Κ for the separated phase vs. 258 Κ for pure PS-600 
and the approximate relation Wi/Tgi + tv2/Tg2 = 1/Tg, where Wi and 
w2 are the weight-fractions of each blend component ). Similarly, the 
higher Tg phase has nearly 40 w t % PS-600. There are other mechanisms 
by which the Tg of the separated phase could be elevated over that of 
pure PS-600, owing to the interaction between the rubbery PS-600 phase 
and the rigid, glassy phase surrounding it. The preferred mechanism 
is not established by this work. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
2

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



22. M A S S A Properties of Blends 437 

6 0 0 2 1 0 0 4 0 0 0 1 0 , 0 0 0 3 7 , 0 0 0 1 1 0 , 0 0 0 

Polystyrene molecular weight 

Figure 1. Room-temperature miscibility diagrams for blends of polystyrene 
with poly(methyl methacrylate) and styrene/(methyl methacryhte) copoly

mers. Shaded area is compatible region. 

ο 
X 

LU 

Temperature ( °C ) 

Figure 2. Differential scanning calorimetry curves 
(10°C/min) for blends of polystyrene, PS-600 with 
PMMA; (upper) 34 wt% PS-600; (lower) 42 wt% PS-600. 
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The PS-2100/PMMA thermal data of Figure 3 also show two glass-
transition temperatures for the 25% blend, indicating incompatibility. 
The dynamic mechanical results for blends of PS-600 in P M M A are con
sistent with the thermal and optical results, as Figure 4 shows. The 
P M M A secondary loss shoulder is diminished somewhat as the concentra
tion of PS-600 is increased, in a manner similar to that observed in other 
polymer-diluent systems in which the diluent is monomeric (15) until 
phase separation occurs. Thereafter, the phase-separated PS-600 shows 
up as a characteristically narrow peak at about — 10°C. 

Similar results have been reported recently by Parent and Thompson 
(16) for blends prepared by polymerizing M M A in the presence of PS. 
In their work, in which the M of PS was varied from 2100 to 49,000, a 
single phase was observed under electron microscopy up to 20 w t % 
PS-2100, a concentration somewhat higher than observed in this work but 
in general agreement with our results. Trends in miscibility with M were 
i n agreement with this work as well . 

PS/S-MMA-10. The inclusion of 10-wt% styrene in the host polymer 
had the predictable effect of increasing the compatibility with PS 
slightly, as shown in Figure 1. The increase would have been greater 
were it not for the much higher degree of polymerization of the S - M M A -
10 vs. the P M M A , as Table I shows. 

PS/S-MMA-25. Putting 25-wt% styrene into the host polymer makes 
it compatible in all proportions with PS-600 and compatible to substantial 
weight fractions with the PS-2100 and PS-4000 (Figure 1). 

< 
62° 

||0· ~ 

Temperature ( °C) 

Figure 3. Differential scanning calorimetry curves (10°C/ 
min) for blend of 25 wt% PS-2100 in PMMA: (upper) after 
one year at room temperature; (lower) after quenching from 

approximately 150°C. 
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Figure 4. Dynamic mechanical properties of PMMA and 
blends of PS-600 with PMMA at 11 Hz. (O) PMMA; (M) 
20 wt% PS-600 in PMMA; (A) 50 wt% PS-600 in PMMA. 
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PS/S-MMA-60. A t this value of copolymer composition, one observes 
further increases in compatibility, with PS-600 and PS-2100 compatible 
in all proportions and even PS-10,000 showing slight miscibility. It is 
worth emphasizing here that for PS M = 4000 and higher, the com
patibility criterion is optical only and therefore is not unequivocal. 

PS/S-MMA-80. A t the 80-wt% styrene level, even the high-molec
ular-weight PS samples begin to show compatibility—e.g., PS-37,000 up 
to approximately 20 w t % and PS-110,000 at a few percent. The lower-M 
PS samples, 600, 2100, and 4000, are compatible in al l proportions 
( Figure 1). 

Comparison w i t h Theory. In view of the qualitative agreement of 
the data with the predictions of the Flory-Huggins-Scott treatment, i.e., 
increasing compatibility at lower molecular weights and/or increasing 
polymer similarity, it is of interest to examine the quantitative agreement 
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between theory and experiment. This, it is recalled (1,11 ), can be done 
by calculating χΑΒ from the solubility parameters using the van L a a r -
Hildebrand expression given below and comparing it with (XAB)CV 

calculated from the degrees of polymerization of the blend components, 
using the expression given below, taken from Krause ( J ) . 

In these expressions, δ Α and δ Β are the solubility parameters of polymers 
A and B, defined for simple liquids as the square root of the energy of 
vaporization per unit volume (17,18), and X A and X B are the degrees 
of polymerization of the blend components. When X A B < ( Χ Α Β ) Ο Γ ' 

compatibility is predicted in al l proportions. 
When such calculations were performed using the solubility param

eters listed in Table I that were calculated from the tables of Hoy as 
given by Krause ( J ) , the predicted compatibility greatly exceeded the 
observed compatibility in all cases. For example, for the P S / P M M A 
blends, for which χ Α Β is calculated to be 0.004, compatibility in all 
proportions is predicted up to molecular weights of 20,000, for which 
(ΧΑΒ)ΟΓ is 0.007. For the copolymers, compatibility in all proportions 
was predicted at all molecular weights of PS studied when the fraction 
of styrene in the copolymers exceeded 0.25. These calculations are, of 
course, sensitive to the values of solubility parameters chosen for the 
homopolymers. If, for example, a value of ( S P M M A ~~ S P S ) equal to 1.0 
were used in place of the value of 0.16 obtained from Table I, the fit 
between theory and experiment is much improved. The limited scope of 
the present study and the compositional and molecular-weight hetero
geneities of the P M M A and S - M M A copolymers cannot support an 
extensive analysis of the differences between theory and experiment, 
which must await more exhaustive experimental and theoretical studies 
of this system. In view of the simplifying assumptions of the F l o r y -
Huggins-Scott treatment and the nonidealities of the system studied 
here, the qualitative and semiquantitative agreement between theory and 
experiment is reasonable and provides a framework for considering at 
least qualitatively the effects of polymer composition and molecular 
weight. 

For all but the more simple trends in polymer-polymer miscibility, 
however, it seems essential to consider a more complex treatment of the 
phenomena than the Flory-Huggins-Scott approach. A t the least, one 

XAB = RT ( δ Α - δ Β ) 2 
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should consider the temperature dependence of the free energy of mixing 
(11 ) since for blends such as those studied here it is the equilibrium 
miscibility of the polymers in the temperature region just above the glass-
transition temperature of the mixture that determines whether miscibility 
is observed at room temperature in the ( nonequilibrium ) glassy state. 
Recent theories on the thermodynamics of polymer mixing predict that 
lower critical solution temperature ( L C S T ) behavior, i.e., phase separa
tion upon heating, is likely to occur in miscible polymer blends, as 
summarized by Paul and collaborators (19). The number of blends 
known to exhibit L C S T behavior is increasing; for example, the work of 
Alexandrovich, Karasz, and MacKnight demonstrates L C S T behavior in 
various blends of poly ( 2,6-dimethyl phenylene oxide ) with halogenated 
analogs of polystyrene (20). Differences in thermal expansion coefficient 
and/or molecular size, which one would expect in the lower-M PS 
samples, may favor such an occurrence (21,22). It would be of interest 
to probe the blends studied here and other polymer-oligomer and 
oligomer-oligomer blends for L C S T phenomena. 

Summary 

The conclusions of this work are as follows: ( i ) PS is compatible 
at low M with P M M A over a range of PS concentrations and molecular 
weights, up to nearly 40% for M = 600; ( i i ) increasing the styrene ratio 
in S - M M A copolymers increases compatibility with PS; ( i i i ) molecular 
weight is important in all cases, compatibility increasing with decreasing 
M ; ( iv) the Flory-Huggins-Scott solubility parameter approach, while 
not quantitatively predictive, is consistent with qualitative trends in the 
results. 
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Stress-Strain Behavior of P M M A / C l E A 
Gradient Polymers 

C. F. JASSO,1 S. D. HONG,2 and M. SHEN 

Department of Chemical Engineering, University of California, 
Berkeley, C A 94720 

Gradient polymers were prepared by diffusing the 2-chloro
-ethyl acrylate (ClEA) monomer into crosslinked poly(methyl 
methacrylate). The resulting profile of the diffusion gradient 
is then fixed by polymerizing the monomer in situ by photo
chemical initiation. If the diffusion of the monomer is 
permitted to proceed to swelling equilibrium, then inter
penetrating networks (IPN) are formed. The stress-strain 
curves of the gradient polymers are plasticlike in that they 
exhibit yield points and enhanced fracture strains. Those of 
interpenetrating networks at comparable chemical compo
sition, on the other hand, show essentially rubbery behavior. 
Data may be interpreted in terms of the stress transfer mech
anism or surface stabilization mechanism. 

radient polymers are multicomponent polymers whose structure or 
composition is not homogeneous throughout the material, but varies 

as a function of position (I ). In other words, these polymers have gradi
ents in their structures or compositions. In a previous paper (2), we have 
shown that it is possible to produce such materials by diffusing a guest 
monomer into a host polymer for a period of time sufficient for the 
establishment of a diffusion gradient profile. This profile is then "fixed" 
by polymerization of the monomer in situ. The mechanical behavior of 
such gradient polymers was found to be quite different from the inter-

1 Current address: Av. Mexico 2286-1, Guadalajara, Jalisco, Mexico. 
* Current address: Jet Propulsion Laboratory, Pasadena, CA 91103. 

0-8412-0457-8/79/33-176-443$05.00/0 
© 1979 American Chemical Society 
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penetrating networks ( IPNs ) of comparable composition. Of course the 
latter material allows the monomer to reach a swelling equilibrium i n the 
host polymer and therefore has no gradient structure. 

In our preliminary report (2), we have chosen poly (methyl metha
crylate ) or P M M A as a host polymer and methyl acrylate as the guest 
monomer. They were both crosslinked by a divinyl acrylic monomer. 
However, because of the similarity in the constitutions of these two 
components, it was not possible to establish the gradient profile through 
chemical analysis. In this work, we have selected a halogenated acrylic 
monomer as the second component to be diffused into P M M A . By analyz
ing the halogen content, it was possible to determine the profiles of the 
gradient polymers. Stress-strain measurements of the samples were then 
carried out on these unique materials. 

τ ι ι ι ι r 

t (MlN) 

Figure I . Uptake of 2-chloroethyl acrylate (percent by weight) 
by crosslinked poly(methyl methacrylate) at 60°C as a function 

of time of immersion 
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23. J A S S O E T A L . Stress-Strain Behavior 445 

Figure 2. Concentration profiles of poly(2-chloroethyl acrylate) in poly-
(methyl methacrylate) along the thickness (L0) dimension of the samples. 

(GRAD) Gradient polymer, (IPN) interpenetrating networks. 

Experimental 

Monomers of methyl methacrylate and 2-chloroethyl acrylate (C1EA) 
were purchased from the Polysciences, Inc. They were distilled and sub
sequently mixed with 1.3% by weight of the crosslinking agent ( ethylene 
glycol dimethacrylate obtained from the J. T. Baker Co.) and 1.9% by 
weight of the photosensitizer ( benzoin isobutyl ether supplied by the 
Stauffer Chemical Co. ). P M M A was first prepared by photopolymeriza-
tion in front of U V light for 48 hr. Samples were stored in a vacuum 
oven at 60° C until a constant weight was achieved to remove remaining 
monomer. The cross-linked P M M A samples were then immersed in the 
bath of C1EA monomer for various periods of time by monitoring the 
weight uptake (Figure 1). When the desired amount of monomer has 
been imbibed into the host polymer, the latter was removed, surface 
dried, and then immediately polymerized by U V radiation. IPNs were 
prepared in a similar manner except that after immersion in the monomer 
bath the sample was stored in a sealed polymerization cell at 60°C for 
several days prior to polymerization. 

The profiles of these gradient polymers were determined by machin
ing off the samples layer by layer. Shavings from each layer were then 
analyzed for chlorine content by combustion methods (3) . The results 
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of these analyses are shown in Figure 2, recalculated in terms of mole 
percent of C1EA in P M M A . 

A n Instron Universal Testing Machine Model T M - S M was used to 
carry out the stress-strain measurements. A n environmental chamber, 
equipped with a Missimers P I T C temperature controller, was used in 
providing constant temperatures to ± 0.5°C. Samples were of the approxi
mate dimensions of 5.0 X 0.5 χ 0.1 cm 3 . To prevent slippage from the 
Instron clamps, special aluminum tabs were glued to the ends of the 
samples. 

Results and Discussion 

Stress-strain curves for a series of gradient polymers of 2-chloroethyl 
acrylate in poly (methyl methacrylate), which are designated as P M M A / 
Grad PC1EA, are shown in Figure 3. Quantities in the parentheses indi
cate the mole percent of the acrylate. Also included are the stress-strain 
curves of pure P M M A and an interpenetrating network ( P M M A / I P N 
P C 1 E A ) . A l l of these measurements were carried out at 80° C and at 
strain rates of 2-3%/sec. First we note that the stress-strain curve of 
P M M A has a high initial slope (high elastic modulus) and fractures at 

Τ 1 r~ 
" / * P M M A 

€ * 2.1% SEC" ' 

P M M A / G R A O PC1EA ( 1 2 . 5 ) 

€ = 3% SEC" 1 

V P M M A / G R A D PCI Ε A ( 2 9 . 7 ) 

€ * 3% SEC"' 

J L J L J L 
80 90 100 110 120 130 

Figure 3. Stress-strain curves of three gradient polymers and one interpene
trating network of poly(methyl methacrylate) with 2-chloroethyl acrylate at 
comparable strain rates of 2-3%/sec and same temperature of 80° C. The 
numerals in parentheses indicate concentrations (mole percent) of chloroethyl 

acrylate in poly(methyl methacrylate). 
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τ 1 1 1 1 Γ 

0 10 20 30 40 50 6 0 70 80 90 100 

c (%) 

Figure 4. Same as Figure 3 except that the strain rates are between 18-25%/ 
sec and that the PMMA data are not included 

about 6% strain. Upon introduction of a 5 % PC1EA gradient, there is 
a slight decrease of the initial slope but a dramatic increase in fracture 
strain ( ~ 65% ). In addition, a pronounced yield region is observed 
around 5 % strain. Further increases in PC1EA contents to 12.5 and 29.7% 
show a continuing decrease in the elastic moduli but even higher fracture 
strains were attained (85 and 130%, respectively ). Both of the latter 
gradient polymers, however, still exhibit the yielding behavior and are 
plasticlike in mechanical properties. In contrast, the I P N at 29.8% PC1EA 
content is rubbery and fractures at slightly greater than 100% strain. 
Apparently the presence of the gradient structure enables the samples to 
retain the plasticlike properties without sacrificing the enhanced ability 
to withstand deformation. 

The effects of increasing strain rates on P M M A / G r a d PC1EA and 
P M M A / I P N PC1EA are shown in Figure 4. Increased strain rates are 
seen to increase the yield stresses as well as stress levels in the plateau 
regions of the gradient polymers but to decrease the fracture strains. For 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20036 
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the interpenetrating networks of comparable composition, there is no 
observable yielding, but the stress levels are increased by higher strain 
rates. However, there also appear to be decreases in the fracture strains. 
As expected, the effects of decreasing strain rates are just the opposite 
(Figures 5 and 6) . Again IPNs behave essentially as rubbers, while the 
gradient polymers exhibit plasticlike properties. 

The effect of temperature on the stress-strain properties of P M M A , 
its gradient polymers with various compositions, and an I P N are shown 
in Figures 7, 8, and 9. These experiments were performed at various 
strain rates at 60°C. Comparison with the 80°C data shows that the main 
effects of temperature are to increase the stress levels in the plateau 
regions at lower temperatures without significant differences in other 
aspects. 

In our previous paper (2), we proposed a possible mechanism to 
interpret the stress-strain behavior of gradient polymers. We perceived 
the gradient polymer as consisting of infinite number of layers of varying 
compositions. Upon deformation, the macroscopic strain is the same for 
the entire sample. Because of the fact that the moduli of the various 

Figure 5. Same as Figure 3 except that the strain rates are between 3-6 
10'Wo/sec 
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"Τ 1 1 ! 1 1 1 1 1 Γ 
/ PMMA 
' c = 1.9% SEC"1 

PMMA/GRAD PCI EA(5) 
€ = 2% SEC" 

PMMA/GRAD PCIEA (12.5) 
€ * 2.1 % SEC"1 

PMMA/GRAD PCIEA (29.7) 
é = 2% SEC" 

PMMA/GRAD PCIEA (29.8) 
c = 2.7% SEC" 1 

J L J I I L 
"0 10 20 30 40 50 60 70 80 90 100 110 120 

€ (%) 

Figure 9. Same as Figure 3 except that the temperature is 60°C 

layers are different owing to their differences i n composition, those 
layers with higher moduli must sustain greater stresses (for the same 
strain). According to Eyring's stress-biased activated rate theory of 
yielding (4,5), the barrier height for a molecular segment to jump in 
the forward direction is reduced by the applied stress. As a consequence, 
the higher modulus layers in the gradient polymer should show greater 
tendency to yield because of the greater stress biases they have than those 
with lower moduli. This mechanism w i l l be inoperative for interpenetrat
ing networks because of their uniform composition. 

A n alternative mechanism for the observed high fracture strain may 
be the reduction in surface imperfections for the gradient polymers. The 
surfaces of these materials must be more résistent to fracture because of 
the relatively high loading of rubbery phases. Thus, under stress they are 
likely to craze or crack, which would have initiated fracture for the 
sample as a whole. The validity of either mechanism, however, must 
await verification. 

In conclusion, we find that gradient polymers produced by diffusion 
polymerization generally show enhanced fracture strain, while retaining 
their plasticlike properties. This behavior appears to be a consequence 
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of the gradient structure, rather than being attributable to the composi
tions alone. Interpenetrating networks with comparable composition do 
not possess the unique mechanical behavior of the gradient polymers. 
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Crystallization Studies of Blends of Polyethylene 
Terephthalate and Polybutylene Terephthalate 

A N T O N I O E S C A L A and R I C H A R D S. S T E I N 1 

Polymer Research Institute, Department of Chemistry and Materials Research 
Laboratory, University of Massachusetts, Amherst, M A 01002 

The compatibility of blends of polybutylene terephthalate 
and polyethylene terephthalate has been studied. A single 
glass transition for the blend is observed which varies with 
composition, suggesting that the components are compatible 
in the amorphous phase. Studies of the effects of time and 
temperature in the melt show that this is not a consequence 
of trans-esterification. X-ray, DSC, and IR studies demon
strate that crystallization results in separate crystals of the 
two components rather than cocrystallization. An IR tech
nique, calibrated by density, was developed for measuring 
degrees of crystallinity of each component in the presence 
of the other. Crystallization rates are primarily affected by 
the degree of supercooling of each component in the blend 
and by the influence of blending on the glass-transition 
temperature. 

À fter having studied in our laboratory, polymer blends of amorphous 
polymers poly-e-caprolactone and poly (vinyl chloride) (1,2) ( P C L / 

P V C ) , blends with a crystalline component P C L / P V C (3,4), poly(2,6-
dimethyl phenylene oxide) ( P P O ) with isotactic polystyrene (i-PS) (5) 
and atactic polystyrene (a-PS) with i-PS (6), we have now become 
involved in the study of a blend in which both polymers crystallize. The 
system chosen is the poly( 1,4-butylene terephthalate ) /poly ( ethylene 
terephthalate) ( P B T / P E T ) blend. The crystallization behavior of P B T 
has been studied extensively in our laboratory (7,8); this polymer has a 

1 Author to whom correspondence should be sent. 

0-8412-0457-8/79/33-176-455$08.25/0 
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very high crystallization rate which usually leads to a skin-core mor
phology during the processing of the polymer. P E T is also a crystallizable 
polymer which has more moderate crystallization rates (9,10,11). The 
purpose of the present study is to observe how the crystallization be
havior of each component is affected by the presence of the second one. 

The evidence from wide angle x-ray scattering ( W A X S ) , differential 
scanning calorimetry ( D S C ) , and IR spectroscopy ( IR) shows that both 
polymers crystallize separately according to their own unit cell structure. 
The W A X S diffraction lines of each component are present in the blends; 
no new bands appear (12,13,14). By D S C one observes the melting 
peaks corresponding to each polymer (Figure 1), and IR shows the 
typical characteristic crystalline bands of the pure polymers in the blends. 
The IR spectra of the blend can essentially be accounted for as the sum 
of the spectra of the components. 

Studies performed on the amorphous blends by D S C show the pres
ence of only one glass-transition temperature in the blends which is 
intermediate between those of P B T and P E T , changing in value with 
composition (Figure 2) . This is the first evidence we have of the com
patibility of both polymers in the amorphous phase. 

The overall crystallization behavior was studied by depolarized light 
intensity ( D L I ) and D S C (15,16,17). W e observed a decrease in over
all crystallization rate in the PBT-r ich blends when the P E T percentage 

2801 1 

WT. PERCENT PET 

Figure 1. PET and PBT melting points vs. PET percent as deter
mined by DSC. PBT/PET crystallized at 185°C. 
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°K 350r 

457 

I « 1 I I 1 I I I I I I 

0 10 20 30 40 50 60 70 80 90 100 

PET PERCENT 
Figure 2. PBT/PET blends glass-transition temperatures. T0 vs. 

PET percent as determined by DSC. 

Figure 3. DLI-crystallization half times vs. PET 
percent at 200° (A), 202° (O), and 205°C (Φ) 
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increases, similarly a decrease in the PET-r i ch blends with increasing 
P B T presence is registered, occurring with a minimum in the 85/15 
( P B T / P E T ) blend (Figure 3) . 

The morphology was studied by small angle light scattering ( S A L S ) 
at 130 °C, showing typical spherulitic morphology for P E T and P B T 
with the maximum in directions 45° to the polaroids for P B T , corre
sponding to the fact that the extinction crosses of P B T when viewed 
under a polarizing microscopy are 45° to the directions of polarization. 
Introduction of small percentages of the second component in each case 
causes the scattering patterns to become bigger, more diffuse, and less 
azimuthally dependent, indicating smaller and more disordered spheru-
lites (Figures 4, 5, and 6). Final ly with higher concentrations of the 

Figure 5. Photomicrographs of the 0/100 (top) and 10/90 
(bottom; (PBT/PET) blends crystallized at 200°C 
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Figure 6. Photomicrographs of the 20/80 (top) and 40/60 
(bottom) (PBT/PET) blends crystallized at 200°C 

second component the spherulitic morphology is lost, and the scattering 
patterns show no maximum but an intensity continuously decreasing 
from the center, indicating rod-like structures. After looking at the over
all crystallization behavior, the interpretation of which is very difficult, 
we have tried to follow the crystallization of each component separately 
in the blends. 

The study of the intensity of W A X S diffraction peaks for this purpose 
is not useful because of the closeness of the diffraction lines of both 
polymers because of their similar unit cell structures. A n overlapping of 
the peaks occurs and the patterns cannot be efficiently resolved into the 
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contributions of each component. A similar difficulty is encountered i n 
D S C where the crystallization exotherms overlap each other, and although 
the peaks are distinctly seen, one cannot separate the overall crystalliza
tion exotherms into the contributions of each component. IR has pro
vided a very useful way of following the crystallization of each component 
separately. The change in intensity of crystalline band of each com
ponent, which was not affected by the crystallization of the second one, 
was followed as crystallization proceeded. One is able, in this way, to 
follow the crystallization of each component in the blends under different 
crystallization conditions. By correlating these studies with the simul
taneously obtained density measurement, which also provide information 
on the overall crystallization behavior, we were able to determine the 
ultimate crystallinity obtained by each component in the blends and 
follow the changes with blend composition. 

Experimental 

Samples of the 100/0; 80/20; 60/40; 50/50; 40/60; 20/80; 10/90; 
0/100 ( P B T / P E T ) blends were provided by the General Electric Co. by 
coextruding at 520°F, in a Sterling 1 % in. extruder, 60 rpm, P B T of a 
viscosity average molecular weight 25,600 and melt viscosity at 250 °C 
of 2740 poises, and P E T of a viscosity average molecular weight of 
36,800 and a melt viscosity at 270°S of 1250 poises. 

The samples were desiccated in a vacuum oven at 110°C for 24 hr. 
They were then compression molded on a Pasadena press at 280°C and 
30,000 psi for 1 min. They were then immediately quenched in the ice-
water mixture and melted again in the press without pressure for another 
minute. They were then immediately quenched in the ice-water mixture. 
A set of these amorphous samples was used in the determination of the 
Τg by D S C . Other samples were crystallized in a fluidized bed at 150°, 
130°, 110°, and 90°C for 15, 30, 60, 120, 180, 240, 300, 600, 900, and 1,800 
seconds, following which they were quenched again. 

Another set of samples of the same blends, after the initial pressing 
and quenching, were remelted between hot plates at 280°C for 1 min and 
then transferred immediately to the crystallization bath at 200°C. After 
the same crystallization times they were quenched in the ice-water 
mixture. 

The morphology studies were performed on two sets of samples, the 
first set (after the initial melting) was crystallized at 130°C for 10 min in 
an oil bath. The morphology of these samples was studied by light 
scattering. The samples were melted again at 280°C for 1 min and then 
crystallized in the Mettler FP-2 at 200°C for 10 min. The morphology 
of these samples was studied under the polarizing microscope. 

The density studies were carried out in two different density columns. 
The first one had a density range 1.33-1.40 gm/cm 3 and was made by 
establishing a gradient using equal volumes of two mixtures of carbon 
tetrachloride and heptane of the compositions of 70% C C l 4 / 3 0 % C 7 H 1 G 

and 90% CC1 4 /10% C 7 H 1 G . The second column of a density range 1.26-
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1.40 gm/cm 3 was made by using the two mixtures of 63% C C l 4 / 3 7 % 
C 7 H 1 6 and 82% CC1 4 /18% C 7 H 1 6 . Both carbon tetrachloride and hep
tane provide excellent wettability of the samples and do not change 
their crystallinity by solvent-induced crystallization or appear to swell the 
samples. Samples of P B T and P E T were kept in the columns for one 
week without the occurrence of any change in density. The IR measure
ments were performed in these crystallized samples using a Perkin-Elmer 
IR spectrophotometer, Model 283. 

Depolarized Light Intensity 

The study of the kinetics of crystallization was initiated through the 
measurement of the depolarized light intensity ( D L I ) , transmitted be
tween crossed polaroids. W e basically followed the method initiated by 
Magi l l (17) in which a thin polymer sample is sandwiched between cover 
slides, melted, and then rapidly transferred to a Mettler FP-2 hot stage at 
the crystallization temperature (200°, 202°, and 205°C) . W e then, 
through a photocell adapted to the occular, measured the intensity of 
the light transmitted between crossed polaroids in the light microscope 
as a function of time. This method, although empirical, describes accu
rately the primary initial crystallization, that is, until the sample volume 
becomes filled with structured units. However, the intensity transmitted 
between crossed polaroids levels off when this occurs, and no further 
secondary intraspherulitic crystallization is seen. Therefore crystalliza
tion half times lower than those obtained by other methods like D S C or 
density are achieved. This effect can be corrected for by simultaneously 
measuring the light transmitted with parallel polaroids, which when 
added to the previous-obtained intensity transmitted between crossed 
polaroids, gives the turbidity of the sample. These measurements repre
sent more accurately the crystallization process, as they do not only 
include the initial formation of crystalline structures, but also the further 
increase of anisotropy as the secondary crystallization proceeds. There
fore, the crystallization half times obtained from the turbidity measure
ments are more in coincidence with those obtained by other methods. 

As we can see in Figure 3, the crystallization half times increase with 
low amounts of P E T up to the 85/15 blend, and from there they go on 
decreasing with increasing amounts of P E T . It is important to notice 
( in consideration of the melting points given in Figure 1) that our crys
tallization temperature provides a low undercooling for P B T which ex
plains its slow crystallization, while undercooling for P E T is much larger, 
giving a faster crystallization rate. The D L I response may actually de
pend upon the size and morphology of the transformed phase as well as 
its amount. It is apparent from microscopic observations that the mor
phology of the crystallized blend depends upon its composition, ranging 
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from spherulitic to a random collection of crystals with no superstructure. 
Thus, the relationship between the amount of transformed phase and the 
D L I response may depend on composition of the blend and may vary 
during the course of crystallization. 

As we can see, the information provided by D L I on the kinetics of 
crystallization is useful but very hard to interpret, especially in this case 
where we have two polymers crystallizing separately. W e only obtain 
an experimental idea of the overall crystallization behavior, but we cannot 
separate the crystallization of each component. This information was 
only provided by the IR measurements. 

IR Studies 

The crystallization of each component in the blends can be followed 
by IR. This is done by isolating a band that is sensitive to the crystalliza
tion of only one of the components. 

The crystallization kinetics of P E T have been followed by IR by 
Cobbs and Burton (18). It was observed that the 972-cm"1 band is sensi
tive to the crystallization while the 795 cm" 1 remains unchanged. In the 
P B T / P E T blends the 972-cm"1 band is affected by the presence of P B T 
so that it cannot be used. Koenig and Boerio (19, 20) have studied the 
P E T spectra by Fourier transform IR and assigned the 848-cm"1 band to 
the rocking mode of the trans conformation of the ethylene glycol seg
ments in the crystalline regions. Since we did not detect any change of 
intensity of this band with P B T crystallization, it was used to follow the 
crystallization of P E T . 

P B T recently has been studied by Koenig who looked at the - C H 2 -
rocking region. H e identified a high-energy band at 917 cm" 1 , which 
showed a marked increase in intensity with crystallization (21). To fol
low the crystallization of P B T we simultaneously monitored the changes 
in intensity of the 917- and 810-cm"1 bands, but the final results are 
plotted in terms of the 917-cm"1 band, which shows a more sensitive 
change during the crystallization. As a reference band, the 632-cm"1 band 
was selected which is assigned to the C - C - C bending mode in the benzene 
ring. 

The intensity of the crystalline bands was monitored simultaneously 
during the crystallization. To correct for changes in density or thickness 
in the different samples, the intensities were normalized by the reference 
band. These normalized intensities were plotted vs. log time for each of 
the blends at the different crystallization temperatures. The curves 
obtained are sigmoidal in nature and they level off when the final crystal-
linity is achieved. A typical curve for the normalized intensity of the 
848-cm"1 band vs. log time is plotted in Figure 7 for P E T . 
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\ I 1 1—I . 1 , 1 . 1 I . I . 1 . 1 . 1 I 
20 40 60 80100 200 400600 1000 

LOG TIME 

Figure 7. IR intensity of the 848 cm1 band for PET crystal-
lized at 200°C vs. log time 

Because of the limitations of signal-to-noise ratio, we can follow the 
crystallization of P B T only for blends having at least 50% P B T . Simi
larly, P E T crystallization can be followed only in blends having at least 
50% P E T . 

The intensity for the P E T and P B T crystalline bands in the blends 
must be corrected to take into account the contribution to these bands 
of the other component and the dilution effect also caused by it. The 
corrected intensity reflects the change in crystallinity of the P E T and 
P B T phases individually, based upon the weight of that phase. In other 
words, the corrected intensity would be the observed intensity if the 
sample had only one component, and it would have crystallized at the 
same rate and manner as it d id in the blend. 

The correction is done according to Equations 1 and 2, where 

r *917-exp "~ ̂ P E T ^917-PET / n 

1917-corr = w 1* / 
M PBT 

^848-exp ~~ MFBT IgiS-FBT /Q\ 

^917-corr and Is48-corr are the corrected intensities for the 917- and 848-cm"1 

bands. Z 848-exP and Z 9 i 7 . e x p are the experimentally measured values in the 
blends. I917.PET is the value for the intensity of the 917-cm"1 band for 
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P E T and IS48-PBT is the value of the intensity of the 848-cm"1 band for 
PBT, neither of which change with crystallization. Μ Ρ Β τ and M P E T are 
the monomer mole fractions for P B T and P E T in the blends. 

For the pure polymers, since the values of the IR crystalline bands 
and the density are known, a linear correlation can be established between 
the intensity of the crystalline band for each crystallizing polymer and its 
degree of crystallinity obtained from the density measurements. By 
assuming that the same relationship exists in the blends between the IR 
intensity and the degree of crystallinity, the partial degrees of crystallinity 
of each component in the blends are obtained. 

Density Studies 

Considering the semicrystalline polymers as a two-phase system with 
a sharp delineation between the crystalline and the amorphous material, 
we can use the specific volumes to calculate the weight-fraction degree 
of crystallinity. 

Xc = J J L ^ L (3) 
F A - Vc 

or expressing it in terms of the densities : 

X c = P ^ £ ^ l P ^ (4) 
P Pc — pa 

where P c is the density of the crystalline materials and p& that of the 
amorphous. 

There is a dispute in the literature over the values of the crystalline 
density of P E T ; for our calculation we have chosen the value proposed 
by Bunn (22) and Tadokoro (23) of 1.455 g/cm 3, which traditionally 
has been used more than the value 1.515 g/cm 3 proposed by Alter and 
Bonart (24), which would give lower degrees of crystallinity for a given 
density. A similar situation occurs with the P B T crystalline density. 
Boye (25) proposes 1.39 g/cm 3 and this value has been used by Misra 
and Stein (7) and by Slagowski (26). Tadokoro (23) proposes the value 
1.404 g/cm 3 and a similar value, 1.406 g/cm 3, is obtained by Mencik 
(12). In our calculations we have used the value obtained by Alter and 
Bonart (24) of 1.433 g/cm 3 because their W A X S pattern is in very good 
agreement with the one obtained by us. 

The amorphous density for P E T is 1.33 g/cm 3 and for P B T is 1.28 
g/cm 3. It is apparent that only two decimal digits are significant, which 
must be kept in mind when interpreting the results. 
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LOG TIME 

Figure 8. Density and degree of crystaUinity vs. log time for PET crystal
lized at 200° (·), 150° (O), and 110°C (X) 

LOG TIME 

Figure 9. Density and degree of crystaUinity vs. log time for PBT crys
tallized at 200° (Φ), 150° (Ο), and UO°C (X) 
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W i t h the above densities the crystallization of P B T and P E T can be 
easily followed. Figures 8 and 9 show the change in density and degree 
of crystallinity of P E T and P B T with log time for the samples crystallized 
at 200°, 150°, and 110°C. These density results are used to establish 
the correlation with IR data. 

By plotting the change of the degree of crystallinity at different 
temperatures vs. log time, as it is done in Figures 8 and 9, it is possible 
to observe that the curves would not superimpose by means of a hori
zontal shift which would correct for the rate difference but that the 
ultimate degree of crystallinity is a function of crystallization tempera
ture. Mandelkern (27) has shown that when the crystallization tempera
tures are close to T m and close to each other, the curves can be super
imposed by a horizontal shift, but still the final crystallinities depend 
on the crystallization temperature. W i t h much bigger differences in 
crystallization temperatures, the superposition is lost, especially in those 
samples annealed from the glass where the crystallization occurs very 
fast but the ultimate crystallinity depends on the crystallization tempera
ture. This same superposition is observed by Hoffman (28) when look
ing at wide ranges of crystallization temperatures. 

20 40 60 80100 200 400 600 1000 

LOG TIME 

Figure 10. Density and apparent degree of crystallinity vs. log time for 
the 20/80 PBT/PET blend crystallized at 200° (Φ), 150° (O), and 

110°C(X) 
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468 M U L T I P H A S E P O L Y M E R S 

In the melt-crystallized samples, we can observe how at 200°C the 
ultimate crystallinity of P E T is higher than that of P B T . The behavior 
upon annealing is different for P E T and P B T . P E T reaches high degrees 
of crystallinity, the samples become very turbid, and there is microscopic 
evidence of the formation of small spherulites with their extinction pat
terns in the directions of the polaroids. Upon annealing, P B T reaches 
much lower degrees of crystallinity, the samples do not become turbid, 
and when viewed under the polarizing microscope one observes only 
slight birefringence with no structures resolvable. 

The crystallization of the blends cannot be followed adequately with 
density measurements since both components crystallize separately; the 
density measurements indicate only the change of the overall density 
with time and its interpretation is difficult. 

W e have plotted in Figures 10, 11, and 12 for the 20/80, 40/60, and 
50/50 blends the change of density with log time at the three crystalliza
tion temperatures, 200°, 150°, and 110°C. Their interpretation in terms 
of the apparent degree of crystallinity (obtained through use of analysis), 
which is also plotted in the same graphs, is difficult but is done in these 
P E T - r i c h blends to obtain further information about the PET-crystalliza-
tion behavior and final crystallinities in the presence of P B T . 

LOG TIME 

Figure 11. Density and apparent degree of crystallinity vs. log time for 
the 40/60 PBT/PET blend crystallized at 200° (Φ), 150° (X), and 

110°C (O) 
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LOG TIME 

Figure 12. Density and apparent degree of crystallinity vs. log time 
for the 50/50 PBT/PET blend crystallized at 200° (m) and 150°C (X) 

Interpretation of Results 

From the IR measurements we have obtained the crystallization half-
times of each component in the blends at the different temperatures; 
they are plotted in Figures 13, 14, 15, 16, and 17. They can be trans
formed into the crystallization rate vs. temperature of crystallization for 
the different blends, which are plotted in Figures 18, 19, 20, and 21. 
From the density-IR correlation we obtained the ultimate degrees of 
crystallinity of each component in the blends, and their change with 
blend composition is plotted in Figures 22 and 23. Since the crystalliza
tion behavior varies with temperature of crystallization, we w i l l approach 
its interpretation looking at the behavior at each crystallization tempera
ture separately. 

Crystallization at 200°C. Whi le normally P B T is known to have a 
faster crystallization rate than P E T , at 200°C its undercooling is only 
24°C while that of P E T is 65°C. Therefore, the crystallization rate at 
200°C is higher for P E T than for PBT, which was already observed by 
D L I and now can be verified by IR and density. While the crystalliza
tion half-time of P B T in the blends remains quite constant, that of P E T 
increases with P B T content, showing a decrease in the crystallization rate 
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PET PERCENT 

Figure 13. Ρ ET-crystallization half times vs. PET percent at 
200°C 

I 1 1 I I I I 
100 90 80 70 60 50 

PET PERCENT 

Figure 14. Ρ ET-crystallization half times vs. PET percent 
at 150° C 
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(sec) 

100 -

log t,/2 

,0I 1 1 1 ι 1 

100 90 80 70 60 

PET PERCENT 

Figure 15. Ρ Ε Τ-crystallization half times vs. PET 
percent at 130°C 

of P E T . The same behavior was observed by D L I and can be explained 
as a consequence of the dilution effect, resulting in a need for each com
ponent to segregate from the mixture in order to crystallize. 

The final P B T crystallinity decreases with the increase of P E T con
tent, while a reverse effect occurs with the P E T crystallinity, which in
creases markedly with the presence of P B T . The experimental evidence 
from D S C shows a similar increase of crystallinity; the same effect is seen 
in the density measurements. The apparent degree of crystallinity of the 
20/80 blend is higher than that of the 0/100 sample, which is a clear 
indication of the increase of P E T crystallinity, especially if we consider 
that there is D S C , W A X S , and IR evidence that P B T does not crystallize 
in this sample. The apparent degrees of crystallinity for the 40/60 and 
50/50 blends are also higher than the expected values and confirm the 
increase in crystallinity of P E T since the IR and D S C evidence shows 
that the crystallinity of P B T decreases. 

The microscopic examination shows for P B T small spherulites which 
become immediately volume filling, yielding a circularly symmetrical 
S A L S pattern. For P E T we can observe volume-filling spherulites with 
distinct maltese crosses (Figure 5) . When the P B T percentage increases, 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
4

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



472 M U L T I P H A S E P O L Y M E R S 

PET PERCENT 

Figure 16. Ρ ET-crystallization half times (plotted 
logarithmically) vs. PET percent at 110°C 

90 80 70 
PBT PERCENT 

60 50 40 

Figure 17. PBT-crystallization half times vs. PBT percent at 
200% 150% and 110°C 
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_ J I I I I I 1 1 1 1 

110 120 130 140 150 160 170 180 190 200 

TEMPERATURE e C 

Figure 18. Ρ ET-crystallization rate vs. temperature for the 0/100 ( X ) , 
10/90 ( Δ ) , 20180 (Φ), and 40/60 (O) (PBT/PET) blends 

In Κ 

ι ι ι ι ι ι ι ι ι 1 

110 120 130 140 150 160 170 180 190 200 °C 
TEMPERATURE °C 

Figure 19. PBT-crystallization rate vs. temperature for the 100/0 (Φ), 
80/20 (X),and 60/40 (O) (PBTI PET) blends 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
4

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



474 M U L T I P H A S E P O L Y M E R S 

In Κ 

-5 Γ 

0.2 0.3 0.4 OS 0.6 0.7 

Tm-Tg 
Figure 20. Ρ ET-crystallization rate vs. re
duced temperature for the 01100 (·), 
10/90 ( Δ ) , 20/80 ( X ) , and 40/60 (O) 

(PBT/PET) blends 

waviness of the maltese cross appears until the extinction pattern be
comes lost in the 40/60 blend (Figure 6). 

Crystallization at 150°C. The crystallization at 150°C was carried 
out by annealing the glassy samples that had been quenched from the 
melt. It can be seen how the PET-crystallization half-times decrease with 
increasing P B T concentration, which decreases the Tg of the blend. 
Similarly the crystallization half times for P B T increase with increasing 
P E T , which increases the Tg of the blends. The change in the crystalliza
tion half-times of each component in the blends can be explained in terms 
of the changing Tg. The crystallization rate is controlled by Tc-Tg in the 
diffusion-controlled region; the crystallization temperature remains con
stant but the T g , as we have shown, changes with blend composition. 
Therefore, Tc-Tg changes with blend composition and this affects the 
crystallization rate of each component. The crystallization rates of the 
P E T component increase with increasing P B T composition because the 
Tg of the blends is lowered; similarly the crystallization rate of the P B T 
component decreases with increasing amounts of P E T , which causes an 
increase of the T g . 
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Because of the closeness of the annealing temperature ( 150°C) to 
the temperature of maximum rate of crystallization, both P B T and P E T 
show at this temperature their lowest crystallization half-times. Since the 
distance from the changing Tg is quite high, the changes in crystallization 
rate are not as strong as those observed at lower annealing temperatures. 

The P E T crystallinity remains fairly constant with the presence of 
P E T in the blends ( Figure 22). There are two opposite effects at this 
temperature that probably compensate each other. These are the dilution 
effect by the P B T and the increase of mobility with the lowering of the 
T g . The results from the apparent crystallinities obtained through density 
are further evidence of this behavior. The apparent degrees of crystal
linity are very close to the values expected from the density of the pure 
polymers, showing no drastic changes in the partial crystallinities. 

Microscopic examination of these samples show for the P E T - r i c h 
blends the presence of very small spherulites. The PBT-r ich blends show 
very low birefringence, low turbidity, and no organized structures. The 
S A L S patterns are circularly symmetrical. 

Crystallization at 130° and 110°C. The most profound changes i n 
the crystallization behavior with blend composition are seen at the 130° 
and the 110°C crystallization temperatures. The PET-crystallization half-

In Κ 

-4 Γ 

Η -9 -
ω 
α. 

-10 -

0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Tm-Tg 

Figure 21. PBT-crystallization rate vs. reduced 
temperature for the 100/0 (φ), 80/20 (X), and 

60/40 (Ο) (PBT/PET) blends 
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476 M U L T I P H A S E P O L Y M E R S 

times decrease drastically with P B T percentage, while those of P B T 
increase with P E T content. This reflects the effect of the changing T g . 
The effect is large for P E T since it is a slowly crystallizing polymer, and 
this annealing temperature is quite close to its T g . 

The final crystallinity for P B T is lower than for the sample annealed 
at 150°C and decreases with increasing P E T percentage in the blends. 
A t the same time the P E T crystallinity increases with the presence of 
P B T quite markedly. Both phenomena can be accounted for as a conse
quence of the change in Tg in the blends. 

The interpretation of the effect of the difference between T c and Tg 

on the ultimate degree of crystallinity depends on the approach taken 
to explain the nature of the T g . In terms of a free-volume theory, one 
expects always to obtain the same ultimate degree of crystallinity regard
less of the annealing temperature; the only difference w i l l be that the 
crystallization w i l l proceed at a higher rate at high annealing tempera
tures. 

However, if the Tg is explained according to the G i b b s - D i M a r z i o 
second-order transition theory, it may be expected that not only the 
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24. E S C A L A A N D S T E I N Crystallization Studies 477 

crystallization rate depends on the annealing temperature, but also the 
ultimate degree of crystallinity achieved w i l l similarly vary. A t higher 
annealing temperatures, a large number of configurations are available 
which allows for individual rearrangements into different configurations 
that w i l l facilitate the achievement of higher ultimate degrees of crystal
linity. W e also must consider that as crystallization proceeds, the Tg w i l l 
increase because of the introduction of crystallites, and the Tg w i l l 
become closer to the crystallization temperature. Therefore, crystalliza
tion w i l l stop sooner at lower crystallization temperatures, yielding lower 
ultimate crystallinities. The change of Tg in the blends with blend com
position changes T c - T g , influencing therefore the ultimate crystallinities. 

Microscopic examination of the samples crystallized at 130°C shows 
very low turbidity and birefringence for the P B T samples; the turbidity 
in the blends increased, and small spherulites were present for P E T . The 
samples crystallized at 110°C again showed small spherulites for P E T , 
and no organized structures were observed in the blends of intermediate 
composition although their turbidity was quite high; with samples of 
very high P B T composition, the turbidity was lost. 

Crystallization at 90°C. The crystallization at 90°C is very slow 
and since the samples were not crystallized long enough to allow for a 
definite determination of the crystallization half-times, these have not 
been plotted. The plotted degrees of crystallinity for P B T and P E T are 
those achieved after 30 minutes at the crystallization temperature. 

40 -

30 

20 

10 

0 
100 90 80 70 60 50 40 

PBT PERCENT 

Figure 23. PBT ultimate degree of crystallinity vs. PBT 
percent at 200° (φ), 150° (O), 130° (•), 110° ( Δ ) , and 

90°C(X) 
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Although P E T has not completed its crystallization, P B T and the blends 
have done so because of their higher rate. As in previous cases, we can 
observe how the P B T crystallinity decreases with P E T content in the 
PBT-r ich blends. 

The Avrami analysis was performed on the crystallization data. The 
D L I measurements provided high Avrami exponents in the blends, but 
the analysis on the D L I data is extremely inaccurate because of all the 
difficulties inherent to the method. The IR measurements show Avrami 
exponents that range from 2.5 to 1.5 for P E T and P B T . These studies 
were made on the diffusion-controlled region. It is our belief that the 
Avrami analysis strongly depends on the method used to follow the 
crystallization and always has to be accompanied with direct observations 
on the morphology. 

Overal l Crystallization Behavior. If instead of plotting the crystal
lization half times vs. blend composition we plot the crystallization rates 
for each component in the blends vs. temperature of crystallization, we 
obtain a series of curves which show a maximum. The right side of these 
curves is nucleation controlled while the left side is diffusion controlled 
(Figures 18 and 19). 

For the P E T component we can observe how increasing amounts 
of P B T shift the value of the maximum towards lower temperatures, 
increasing at the same time the crystallization rate. A similar behavior 
is observed by Boon and Azcue ( 29 ) when looking at the crystallization 
of polystyrene with a diluent; an increase in crystallization rate and a 
shift of the maximum towards lower temperatures was observed. Simi
larly for the P B T component we observed a decrease in the crystallization 
rate and a shift of the maximum towards higher temperatures. 

Both effects can be accounted for in terms of the change in the Tg 

of the blends caused by the introduction of the second component. In 
the P E T case, the introduction of P B T in the blends lowers the T g , caus
ing the increase in crystallization rate and the shift of the maximum in 
crystallization rate towards lower temperatures. Similarly for the P B T 
component, the addition of P E T increases the Tg which causes a decrease 
of the rate and a shift in the maximum towards higher temperatures. One 
can plot the crystallization rate vs. a reduced temperature that would 
account for the shift of Tg. This reduced temperature is defined as: 

When doing so, we can observe how the maximum occurs at the same 
reduced temperature for the polymer and the blends, correcting, there
fore, the shift in the crystallization rate curves ( Figures 20 and 21). 
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W e can therefore conclude that the changes in the crystallization 
behavior of the blends is attributable to the change in Tg with blend 
composition. W e know that each component crystallizes separately and 
according to its own crystalline structure since D S C has shown the pres
ence of only one Tg in the blends which depends upon blend composition. 
W e also have shown that the crystallization behavior of each component 
strongly depends upon the value of that Tg. Therefore, we must conclude 
that there is compatibility between both polymers in their amorphous 
state. Although when they crystallize, there is a phase separation with 
two different crystalline structures. Their crystallization behavior sug
gests that they do not crystallize from two segregated phases, but that 
in fact there is an ultimate mixing with only one amorphous phase from 
which the molecules crystallize in a manner dictated by the particular 
characteristics of that amorphous phase. 

Comparison between the Crystall ization from the Melt or the Glass. 
The crystallization studies at low temperatures can either be performed 
on samples cooled from the melt to the crystallization temperature or on 
quenched samples which are annealed to the crystallization temperature. 
Each method would be indicated for the particular region where equili
bration to the crystallization temperature would be faster without having 
induced crystallinity in the amorphous polymer. In general, crystalliza
tion from the melt is better at temperatures above that which gives the 
maximum in growth rate, and crystallization from the glass is better foi 
temperatures lower than the maximum. 

In our case since we have a very fast crystallizing polymer ( P B T ) , 
we wanted to see if there was any difference in the crystallization of the 
blends depending on how the study was performed. T w o sets of studies 
were done, in which the samples were crystallized at 110°C in one of 
them from the glass and in the other from the melt. The crystallization 
half-times and ultimate crystallinities obtained for each component were 
plotted in Figures 24, 25, 26, and 27. 

W e can observe how for the P E T component the crystallization 
behavior is sensibly the same, some differences appearing only for the 
blends of intermediate composition where the crystallization rate is 
higher. The PBT-crystallization behavior is markedly different. W e 
observe a much faster crystallization behavior when coming from the 
melt than when annealing the glass; the crystallinities obtained are also 
much higher and the samples present a different physical appearance. 
Those crystallized from the melt are very turbid while those from the 
glass present no turbidity, and practically no biréfringent structures are 
present. 

W e must therefore conclude that for slowly crystallizing polymers 
both methods can be used, and the growth rates and morphologies ob-
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Figure 25. PBT-crystallization half times 
vs. PBT percent. Samples crystallized from 

glass (X ) or melt (%)at 110°C. 
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50 

40 

30 

KX) 90 80 70 60 50 40 

PET PERCENTAGE 

Figure 26. PET ultimate degree of crystallinity vs. PET 
percent in samples crystallized from glass (X) or melt (Φ) 

atllO°C 

tained w i l l be the same and w i l l only depend upon the crystallization 
temperature. Since the maximum in nucleation rate occurs at lower 
temperatures than the maximum in growth rate, in quenched samples 
which are annealed above the first one, very high nucleation densities 
are achieved which yield samples with a large number of spherulites. 
These do not achieve as large a radius as those in samples crystallized 
from the melt at the same temperature. Identical behavior was observed 
by V a n Antwerpen (JO) on samples of P E T of different molecular 
weights. 

In those polymers, like P B T , which have a very high maximum 
crystallization rate, different growth rates and morphologies are obtained 
for the two modes of crystallization. When these samples are crystallized 

40 

30 

20 

10 

100 80 60 50 40 
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Figure 27. PBT ultimate degree 
of crystallinity vs. PBT percent in 
samples crystallized from glass (Φ) 

or melt (X) at 110°C 
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from the melt at low temperatures and upon going through the maximum, 
a substantial nucleation and crystallization occurs. Therefore, super
structures like spherulites are formed and they continue their crystalli
zation at the desired temperature. However, if the same samples are 
quenched from the melt to the amorphous state, although a higher number 
of nuclei may be formed, they do not grow since the cooling step is too 
fast. Therefore, when annealed at the crystallization temperature, those 
nuclei grow at the rate dictated by that temperature. Because of this 
high number and characteristics of the crystallization at that temperature, 
no supersructures are seen. 

Trans-Esterification Studies. It has been suggested that the com
patibility in these blends arises from the fact that ester interchange may 
occur between both polymers in the blend during the melting process, 
forming a copolymer of both species, which would show only one Tg. 
Although the arguments in favor of compatibility based on the crystalli
zation behavior of each component cannot be dismissed in terms of the 
ester-interchange reaction occurring, we have looked to what extent it 
might affect our results. Flory (30,31, 32) has shown how this reaction 
is quite fast in the presence of a catalyst. In our case, the polymers have 

(sec) 

100 

log t 1/2 

10 
2 3 4 5 6 7 8 9 10 

t (min.) 

Figure 29. PBT-crystallization half times vs. time in the 
melt for the 50/50 blend crystallized at 90°C 
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been statistical and no catalyst is present, but since they are kept at high 
temperatures (280°C) for two minutes, it is important to determine how 
this affects the crystallization behavior. 

It is expected that if trans esterification occurs, the intrinsic viscosity 
of the samples w i l l decrease and the rates of crystallization and ultimate 
degrees of crystallinity w i l l also decrease. Therefore a series of studies on 
the 50/50 blend which was kept in the melt for 2, 3, 5, 7, and 10 minutes 
were performed. The crystallization was followed by D S C and IR. 
Simultaneous measurements of the intrinsic viscosity were made on a 
40:60 mixture of 1,1,2,2,-tetrachloroethane phenol. The results are plotted 
in Figures 28, 29, and 30. 

It is possible to observe how the intrinsic viscosity remains quite 
constant for up to five minutes in the melt, after which there is a sharp 
decrease. Similar results are observed with the crystallization half-times 
which remain constant for up to three minutes in the melt; after that 
there is a sharp increase. 

This slowing down of the crystallization also was observed by D S C . 
Although both effects, the drop in intrinsic viscosity and slowing of the 

(sec) 

IQI 1 I I I I I I I I 

2 3 4 5 6 7 8 9 10 
t (min.) 

Figure 30. Ρ ET-crystallization half times vs. time in the 
melt for the 50/50 blend crystallized at 90°C 
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crystallization, might be attributable to other degradation processes (33) 
besides trans esterification, the fact that they do not occur until after at 
least three minutes makes us feel comfortable knowing that no significant 
trans esterification has occurred during the preparation of the samples, 
which were kept in the melt for exactly two minutes. Therefore, we do 
not expect the crystallization behavior to be affected by these preparation 
conditions. Further information was obtained from samples which were 
solvent blended instead of extrusion blended. They showed no significant 
difference in behavior from those samples that had been extrusion blended 
when both sets of samples were kept for two minutes in the melt. To 
further inquire on the possible effect of the processing conditions on the 
crystallization behavior, a series of studies were performed on samples 
that had been under different conditions. The processed samples were 
extruded at different rates, with residence times varying from 50 to 20 sec 
and stabilizer concentration ranging from 0 to 0.5%. No significant 
changes in the crystallization behavior of these samples were found. 

Conclusions 

Blends of polybutylene terephthalate and polyethylene terephthalate 
are believed to* be compatible in the amorphous phase as judged from 
(a) the existence of a single glass-transition temperature intermediate 
between those of the pure components and (b) the observation that the 
crystallization kinetics of the blend may be understood on the basis of 
this intermediate T g . While trans esterification occurs in the melt, it is 
possible to make Tg and crystallization kinetics measurements under con
ditions where it is not significant. When the melted blend crystallizes, 
crystals of each of the components form, as judged from x-ray diffraction, 
IR absorption, and DSC. There is no evidence for coerystallization. 
There is a slight mutual melting point depression. 

The individual crystalline components exhibit characteristic IR 
bands. By calibrating the intensities of these against densities using the 
pure components, it is possible to use these for the measurement of 
degrees of crystallinity with respect to each of the components. The 
change of these with time for samples cooled from the melt to a particular 
crystallization temperature and for samples annealed from the quenched 
glass has been followed to characterize the crystallization kinetics. These 
are explainable in terms of classical nucleation and growth theory, pro
viding one takes into account the degree of supercooling with respect to 
each of the components as well as a diffusion process dependent upon 
the single Tg of the blend. Crystallization also was followed by observa
tion of density and depolarized light transmission, but their interpreta
tions for the blend was only qualitative. 
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Morphology changes were observed by optical microscopy and small-
angle light scattering. The pure components exhibit spherulitic struc
tures, each with different orientation of the optic axis with respect to 
the spherulite radius. Spherulites become disordered and larger with 
the introduction of small amounts of the second component. Larger 
amounts of the second component result in a loss of spherulitic order. 
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Characterization of Injection-Molded Impact 
Polypropylene Blends 

H . K. ASAR, M . B. RHODES1, and R. SALOVEY 

Department of Chemical Engineering, University of Southern California, 
Los Angeles, C A 90007 

The impact properties of an injection-molded blend of poly
propylene (PP) and ethylene-propylene-diene terpolymer 
(EPDM) are sensitive to blend composition, processing vari
ables, and testing conditions. Instrumented impact testing 
coupled with morphological characterization of the fractured 
surfaces elucidate the mechanism of fracture upon impact. 
Observations show that: (1) local variations in EPDM con
centration and domain sizes can result in a twofold dif
ference in the total energy absorbed during impact; (2) 
deformation and orientation characteristics of the EPDM 
phase can result in a reduced compressive modulus on 
impact as well as a yielding during the initiation phase; and 
(3) impact velocity variation over the range 3.43-1.30 m/sec 
results in a transition from brittle to ductile failure. 

HPh e toughening of brittle glassy polystyrene by the inclusion of poly-
butadiene elastomer has led to the development of high-impact 

polystyrene and has opened a new field of technology ( I ). Typically, a 
bulk polymerization is conducted with the elastomeric component dis
solved in the monomer of the glassy polymer (2). Resultant polymer 
composites are morphologically complex and an understanding of the 
mechanism of rubber toughening requires a detailed characterization of 
the structure. By relating the structure or morphology to the physical 

1 On leave from the University of Massachusetts. 

0-8412-0457-8/79/33-176-489$07.25/0 
© 1979 American Chemical Society 
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490 M U L T I P H A S E P O L Y M E R S 

properties it is then possible to ascertain the important factors. For 
high-impact strength, it is apparently necessary to have an elastomer 
dispersed in a continuous rigid matrix. The rubbery dispersed phase 
must be sufficiently incompatible with the matrix to maintain phase 
separation, yet adequately compatible to provide for strong adhesion 
between the phases and a fine dispersion of the rubber into micron-
sized particles (3). 

Toughened polypropylene may be prepared by block copolymeriza-
tion in which ethylene monomer is added during the final stages of the 
polymerization of propylene (4). Thus, some polypropylene chains would 
contain an end block of rubbery ethylene-propylene copolymer. Alter
natively, a blend of an elastomeric copolymer of ethylene and propylene 
( E P R or E P D M ) with isotactic polypropylene (PP) can produce an 
impact-resistant polymer (5). 

The rheological properties of blends of linear polyethylene and PP 
are sensitive to composition and temperature ( β ) . Tensile bars of injec
tion-molded P P evidence a skin-core morphology characterized by an 
outer quenched nonspherulitic skin, an oriented-row-nucleated spherulitic 
shear zone, and a randomly nucleated spherulitic core ( 7 , 8 , 9 ) . It was 
observed that structural variations depended on processing conditions. 
Similarly, the morphology of injection-molded ethylene-propylene co
polymers reflects the processing conditions (10). Moreover, samples 
differing in morphology exhibit variations in physical properties, spe
cifically impact strength (JO). It is expected that the morphology and 
properties of blends of E P D M and PP depend on the manner of prepara
tion and are sensitive to processing conditions. 

Preliminary to a study of the relations among the morphology, 
processing variables, and physical properties of polymer blends, it is 
essential to develop sensitive techniques for correlating blend behavior. 
In this chapter, we illustrate the value of combining instrumented impact 
measurements with a morphological examination of the resultant fracture 
surfaces in elucidating the toughening mechanism in injection-molded 
blends of P P / E P D M . 

Experimental Details 
Materials. The polymers used are commercial isotactic polypropyl

ene (PP, Hercules, Profax 6523) and ethylene-propylene-diene terpoly
mer ( E P D M , duPont, Nordel Hydrocarbon Rubber). Physical properties 
of the two polymers are listed below. 

Density Melt Flow Index Mooney Vise Wt Avg 
Material (g/cm3) (g/10min) (ML-4 at 250°F) Mol Wt 
P P .902 4 — 325,000 
E P D M .850 — 70 261,000 
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Sample Preparation. A master batch blend containing 30% E P D M 
was prepared using a 2.5-in. twin screw extruder and adding 0.2% by 
weight of Ethyl 330 antioxidant. This master batch was mixed with the 
polypropylene to prepare other compositions of interest. The test samples 
were molded using an Arburg 200/x injection molding machine with barrel 
heaters set at 200°C, the melt temperature of the polymer mixture. 
Variation in the melt temperature produced no significant effect on the 
impact properties of the blends. The back pressure and injection pressure 
were held at 1400 and 1200 psi, respectively, unless otherwise indicated. 
The cycle time was maintained at 35 seconds and the injection speed was 
set at 3. The mold temperature was varied between 20° and 87°C. 

Test and Characterization Methods. I M P A C T T E S T I N G . The injec
tion-molded bars were notched according to A S T M D-256, using a milling 
machine. The notch had an included angle of 45°, a tip radius of 0.01 
in., and a notch depth of 0.1 in. Impact test data were collected by two 
techniques using a Tinius Olsen Plastic Impact Tester and the Izod con
figuration. In one series of tests, an operator read the data directly off the 
instrument scale while in the second series, the entire test was instru
mented through the use of the D Y N A T U P system (Effects Technology). 

Noninstrumented Izod Testing. The impact strength, reported in 
joules per meter of notch, was measured at temperatures between 25° and 
— 30°C. The samples were cooled to the test temperature using a Lauda 
Kryostat and equilibrated in the Kryostat for at least one and one half 
hours prior to testing. Five to seven seconds were required to remove a 
sample from the Kryostat, mount, and perform the Izod impact test. Ten 
samples of each composition were tested at each temperature. 

Instrumented Izod Testing. Samples of injection-molded polymer 
blends were tested on the D Y N A T U P Model ETI-300 system. ( A l l 
instrumented Izod testing was performed at the Effects Technology 
Laboratories in Santa Barbara, California, with the cooperation of Donald 
R. Ireland and Lee Wogulis. ) A diagram of the instrumented Izod equip
ment is shown in Figure 1. Attached to the Izod pendulum is an 
instrumented tup in which a semiconductor strain gauge monitors the 
compression loading during the time of contact with the specimen. The 
tup velocity is recorded through the use of fiber optics with a controlled 
light beam and photo sensor. The microprocessor is the integrating unit 
of the assembly, processing the signals from the tup and the fiber optics 
velocometer unit, providing both a graphical and tabulated form of impact 
data. The unit has great flexibility because of both program and data 
storage as well as operator control through the keyboard. 

Figure 2 illustrates an idealized instrumented impact curve associated 
with these impact studies. Load is plotted against time and the area under 
the curve represents energy. The fracture process is divided into two 
stages in which the first is identified as initiation and the second as crack 
propagation. The initiation part of the process occasionally demonstrates 
yielding as evidenced by a change in the initial slope. The maximum load 
corresponds to the fracture load and marks the beginning of the propaga
tion step. This part of the response may be very short, in which case the 
load rapidly decays, or it may return more gradually to the initial load 
level. The propagation time indicates the manner in which energy propa
gates through the sample. 
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TOTAL ENERGY = INITIATION + PROPAGATION 
INITIATIC PROPAGATIC 

- > e -

j/MAXIMUM LOAD 
(FRACTURE) 

YIELD 
POINT > 

I j 

TIME 
YIELD INITIATION PROPAGATION 
ENERGY ENERGY ENERGY 

Figure 2. Idealized instrumented impact graphical output 

Examples of the on-line computer output are illustrated in Figures 
3 and 4. Figure 3a shows a typical load energy curve with its accompany
ing numerical data in Figure 4a. This initial output is then supplemented, 
after a curve fitting analysis, by the plot illustrated in Figure 3b and by 
the data tabulated in Figure 4b. Data shown in Figure 4a records the 
initial energy of the impact, the total time of sample-tup contact during 
the impact process, as well as the time associated with the initiation phase 
of the process. Also with this data output comes the assignment of the 
energy absorption for the initiation and propagation phases. The curve 
fitting from Figure 3b is used to give the data shown in Figure 4b. This 
includes a slope value (an initial modulus), a yield load value (if applic
able ), and a final analysis of the energy absorption into yielding, initiation, 
and propagation. The time parameter also is identified with these 
processes. The deflection data, useful in many engineering impact tests, 
has an ambiguous interpretation in these polymer blend investigations. 
The computed quantities of most significance in this research are the 
values associated with yielding during the initiation step of the fracture 
and the values that permit a comparison between initiation and propaga
tion energies. 

M I C R O S C O P Y . Three levels of magnification were required to char
acterize adequately the morphology of the molded polymer samples and 
of fracture surfaces after the impact test. A low power binocular micro
scope covering the magnification range from 2 to 12 times permitted 
initial evaluation of the fracture surface after which specific areas and 
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1.85 

FRACTURE 

1.50- I 
LOAD, 

10** -1 KN 

1.15 
LOAD CURVE 

0.80 
y 

" 
0.45^ ^ ENERGY CURVE ' 

0.10 

-0.25 
-.•"•"TV. 

ENERGY, 
10** -1 J 

-0.25 0.00 0.25 0.50 0.75 1.00 
TIME, 
MSEC 

-0.50 
1.25 1.50 1.75 

LOAD, 
10** -1 KN 

~ MAXIMUM LOAD 
(FRACTURE LOAD) 

YIELD LOAD 

ENERGY, 
10** -1 J 

-0.25 0.00 0.25 0.50 0.75 1.00 
TIME, 
MSEC 

1.25 1.50 1.75 

Figure 3. Typical instrumented impact graphical output, (a, top) Load/energy 
data; (b, bottom) computer analysis. 
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samples were selected for a detailed examination with the scanning 
electron microscope ( S E M ) . Fracture surfaces were metal coated and 
photographed in a Cambridge Stereoscan S4-10 at magnifications ranging 
from 200 to 20,000 times. In addition to the fracture surface study, the 
internal morphology was investigated using a Zeiss Photomicroscope with 
polarization optics. In this latter approach, samples were microtomed 
parallel and perpendicular to the mold flow direction using an American 
Optical rotary microtome. Section thickness varied between 5 to 15 
microns and the magnification from 60 to 300 times. 

D I F F E R E N T I A L S C A N N I N G C A L O R I M E T R Y . A Perkin-Elmer Model 
DSC-1B calorimeter was used to examine crystallinity by measuring areas 
under the fusion curve as a function of elastomer composition and proc
essing variables. Areas of endotherms were calibrated against an indium 
standard and the crystallinity calculated using a value of —138 J/g for 
a 100% crystalline polypropylene polymer ( I I ) . 

X - R A Y A N A L Y S I S . Wide angle x-ray patterns were photographically 
recorded with 30-minute exposures from selected areas of the injection-
molded samples. 

Results and Discussion 

Impact Testing (Noninstrumented). Because the Izod impact is a 
failure test, some scatter of data is expected. Reasons for this scatter 
include the presence of weak domains, mechanical anisotropy, and any 
variability in test conditions. Extreme care was taken to maintain constant 
test conditions. To increase the reliability of the results, 10 test pieces of 
each sample were tested and the average was calculated. 

Typical data are presented in Table I for samples of varying compo
sition from 0 to 30% E P D M . A l l data in the table refer to samples injec
tion molded at 1200 psi with one of three mold temperatures, 20°, 50°, or 
87°C and under test temperatures that ranged from —30° up to 2 5 ° C . 

Figure 5 is a plot of the 20°C mold temperature data showing impact 
strengths measured in joules per meter of notch as a function of test tem
perature for different blend compositions. The sensitivity of the impact 
strength to test temperature increases with E P D M content, and the tem
perature range in which a rapid change in impact strength takes place 
appears to shift to lower temperatures as the E P D M content increases 
from 20 to 30%. Figure 6 shows impact strength plotted against percent 
E P D M for two test temperatures. As expected, high E P D M content 
results in a tougher material, and lower test temperatures result in reduced 
impact strength; also, the difference in impact strength at room tempera
ture and at — 30°C decreases as the E P D M content decreases. 

Figure 7 shows the impact strength plotted against mold temperature 
for various testing temperatures. Impact strength goes through a mini
mum, one which appears to lessen as the testing temperature decreases. 
The effect of secondary crystallization can be observed by comparing 
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7001 •—ι 1 1 1 Γ 

-30 -20 -10 0 10 20 
TEMPERATURE (°C) 

Figure 5. Impact strength of PP blends of specified EPDM contents, injec
tion molded at a mold temperature of 20° C as ά function of impact test tem

perature 
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Figure 6, Dependence of the impact strength at 25° and 
blends, on EPDM content 

-30°C of PP 
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0 20 40 60 80 100 

MOLD TEMPERATURE (°C) 

Figure 7. Dependence of the impact strength of a PP blend containing 20% 
EPDM on mold temperature at test temperatures of —30°, 0°, and 25°C. 
Curve I refers to testing two days after molding, while Curve II corresponds 

to seven days. 

Curves I and II at 25°C. Samples corresponding to Curve I were tested 
two days after molding while those of Curve II were tested seven days 
after molding. 

Morphology. It is well documented that injection-molded poly
propylene is characterized by at least three principal zones identified as 
the skin, shear, and core regions (7,8,9,10,12). The relative dimensions 
of these regions are affected by processing conditions, and frequently the 
demarcation between these zones, especially between the shear region 
and the core, is not very obvious. It has been observed that the skin 
region is oriented but nonspherulitic; the shear region is spherulitic, fre
quently characterized by row nucleation; and the core region is spheru
litic, having spherulites of larger size than those found within the shear 
region. Figure 8a illustrates a typical skin and shear zone morphology 
while Figure 8b shows the spherulitic core region. 
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Figure 8. Skin/core morphology of injection-molded FP—pohriz-
ing optics, (a, top) Skin and shear zone; (b, bottom) spherulitic core. 
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Variations in the E P D M content as wel l as in the processing condi
tions result in characteristic textural changes both within and between 
these three regions. Many of the following observations also have been 
reported by the previously mentioned investigators: 

( 1) Spherulite size shows a general increase in going from the shear 
region towards the core. 

(2) Samples with smaller spherulites are typical of the lower mold 
temperatures and show high impact strengths. 

(3) Increasing E P D M content results in irregular spherulitic tex
ture, smaller spherulite size, and loss of sharpness in the spherulite 
boundaries. 

0 L _ _ 1 1 - J _ 1 . L_ 1 
0 20 40 60 80 100 

MOLD TEMPERATURE (°C) 

Figure 9. Skin layer thickness of injection-molded PP and PP blend with 
20% EPDM at various mold temperatures 
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(4) The skin region is oriented along the direction of flow, as are 
the E P D M domains contained within the skin region. 

(5) The thickness of the skin layer varied as a function of mold 
temperature, exhibiting a maximum at the 50 °C mold temperature. This 
is shown in the data plotted in Figure 9 for pure PP and for a PP blend 
containing 20% E P D M . 

Many investigators have studied the relationship between injection 
molding conditions and the mechanical properties of the polymer (13, 
14, 15). Factors such as polymer molecular weight, degree of supercool
ing, and melt shear conditions significantly contribute to the observed 
results (16). Current observations are consistent with these reports. 

Crystalline orientation and the degree of crystallinity were not only 
influenced by the molding conditions but by the E P D M composition as 
well . Figure 10 shows the calorimetric crystallinity for varying E P D M 

50 " 

0 10 20 30 

I EPDM 

Figure 10. Calorimetric crystallinity of PP blends with various 
EPDM contents at specified molding temperatures and normalized 
to constant weight of PP. Mold temperature: (Π) 87°C; (Δ) 

50°C;(O) 25°C. 
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Figure 22. X-ray diffraction from the core re
gion of injection-molded PP containing 30% 

EPDM showing ( a + c) axis orientation 

contents and mold temperatures. The initial increase may be kinetic in 
origin as a reult of increased nucleation sites (8) . The x-ray diffraction 
patterns almost always showed increased orientation within the skin and 
shear zones as compared with the core region. Samples routinely demon
strated the (a -f- c) axis orientation in both the core and shear regions (9) . 
Figure 11 illustrates that even when the E P D M composition reached 
30%, samples showed this orientation although the orientation distribu
tion was broad. 

Instrumented Izod Impact Tests. Interpreting the nature of the 
strengthening process operating in these blends was difficult because of 
the scatter in data obtained in the Izod tests. However, the use of instru
mented impact testing offered a more quantitative analysis of toughening 
by monitoring the sample-tup interaction as a function of time. Such an 
approach provided a quantitative description of the fracture process and 
related fracture to morphology and processing conditions. For these 
studies, samples were either pure polypropylene or 20% E P D M . 

Impact tests made with the D Y N A T U P system indicate that the 
impact process is not restricted to a simple mechanism. Although means 
are available to isolate specific characteristics of the fracture process, this 
information is of little value unless it is specifically correlated with sample 
morphology. When the detailed test data are related to morphology, an 
understanding of the complex mechanisms operating during fracture is 
possible. 
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Irrespective of the specific characteristics of the fracture process, 
whether related to the load or energy features of the fracture, samples 
showing the most consistent behavior had been prepared at the two 
extremes in the processing variables, either at low mold temperatures 
and high injection pressures or at high mold temperatures and low injec
tion pressures. It is suggested that these two processing variables inde
pendently influence the impact behavior. Any trends observed operated 
towards either of these extremes, although sufficient data does not exist 
at this time to establish a more detailed correlation between injection-
molding conditions and polymer-impact strength. Fracture surface mor
phology is correlated with impact test conditions and load-energy charac
teristics. The following examples w i l l illustrate the effect of impact 
velocity on the sample response and the relationship of yielding and 
energy absorption on the fracture morphology. 

IMPACT VELOCITY . A series of tests were run on a sample contain
ing 20% E P D M molded at 87°C with an injection pressure of 600 psi in 
which the tup velocity at impact was varied from 0.59 to 3.43 m/sec. A n 
impact velocity of 0.59 m/sec was insufficient to fracture the notched 
bars. A velocity of 1.10 m/sec resulted in a very ductile fracture. Figure 
12 shows a low magnification of the fracture surface where irregular 

Figure 12. Fracture surface of injection-molded PP containing 20% EPDM, 
impact velocity of 1.10 m/sec. The notch is to the left. 
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25. A S A R E T A L . Injection-Molded Impact Polypropylene 505 

Figure 13. Fracture surface of injection-molded PP containing 20% EPDM, 
impact velocity of 1.42 m/sec. The notch is to the left. 

disruption of the surface is apparent and a major portion of the surface 
is seen to be stress whitened. The stress-whitened area is dark because 
of crazing and the formation of microvoids. However, when the tup 
velocity is raised to 1.42 m/sec, the fracture surface is more characteristic 
of a brittle process ( Figure 13). The stress-whitened area seen at the 
notch tip is characteristic of the blends and is not observed in fractured 
surfaces of pure polypropylene bars. 

Three load energy curves are presented in Figures 14, 15, and 16 for 
impact velocities of 1.10, 1.42, and 3.43 m/sec. The total energy of ab
sorption during the fracture process for these three different impact 
velocities is 77.3 Χ 10"2, 58.1 χ 10"2, and 20.2 χ 10"2 J, respectively, a 
trend which is consistent with the appearance of the fracture surfaces. 
In the highest velocity impact, only 6% of the 20.2 Χ 10"2 J (the total 
absorbed energy ) is associated with the propagation step. At high ve
locity, the brittle fracture without yielding is an effect analogous to that 
resulting from a lowered test temperature. One observes no yielding 
during initiation, and the propagation energy and impact strength are 
both very low. A t 1.42 m/sec, the fracture is basically brittle, there is 
some yielding during crack initiation, and the propagation energy has 
increased to 24% of the total 58.1 Χ 10"2 J. A t 1.10 m/sec, almost 60% 
of the total energy was required for the propagation process. The ratio of 
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Figure 14. Instrumented impact load and energy as a function of time for an 
impact velocity of 1.10 m/sec. 
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2.55f 

M U L T I P H A S E P O L Y M E R S 

3.75 

DYNATUP A-7 

-0.10 C.IO 0.30 0.50 0.70 0.90 1.10 1.30 1.50 
TIME, 
MSEC 

Figure 16. Instrumented impact load and energy as a function of time for an 
impact velocity of 3.43 m/sec 

propagation to initiation energy is identified as a "ductility index" and is 
a function of the impact velocity for the polypropylene blends. For these 
three velocities, 1.10, 1.42, and 3.43 m/sec, the ductility index values are 
1.34, 0.32, and 0.06, respectively. A series such as this emphasizes the 
need to document carefully the impact test conditions if valid interpre
tations are to be extracted from the test data. 

YIELDING AND ENERGY ABSORPTION. The sensitivity of the instru
mented impact measurements enables us to detect a variability in the 
impact response for samples of identical composition and processing 
history. This is illustrated with P P blends containing 20% E P D M and 
processed at a mold temperature of 87°C and an injection pressure of 
1200 psi. Using duplicate samples, the total impact energy absorbed is 
similar (17.3 and 18.9 Χ 10* J ) , yet one sample gave a reduced modu
lus, as calculated from the initial slope of the load/time curve and also 
demonstrated a yielding during crack initiation ( Figures 17 and 18). 
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lO A D , 
10** -ι KN| ENERGY, 

110** -1 J 

-0.15 0.05 0.25 0.45 0.65 0.85 1.05 1.25 1.45 
TIME, 

MSEC 

Figure 17. Instrumented impact for a PP blend containing 20% EPDM 

L O A D , 

10** -1 KN 

-0.15 0.05 0.25 0.45 0.65 0.85 
TIME, 

MSEC 

ENERGY, 
10** -1 J 

1.05 1.25 
-0.10 

1.45 

Figure 18. Instrumented impact for a PP blend containing 20% EPDM 
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Figure 19. Scanning electron micrographs from the fracture surface of a PP 
blend with 20Ψο EPDM. (a, top) Corresponding to Figure 17; (b9 bottom) cor

responding to Figure 18. 
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25. ASAR ET AL. Injection-Molded Impact Polypropylene 511 

Investigation using S E M of the fracture surface of the region just adjacent 
to the stress-whitened area shows the corresponding morphologies i n 
Figure 19. The sample that does not yield ( Figure 19a) shows a much 
smoother fracture surface, whereas the sample that yielded ( Figure 19b ) 
shows extensive drawing and a very high concentration of drawn mate
rial. The extreme drawing evidenced in Figure 19b is associated with 
the yielding process during the initiation phase of the process. 

Another pair of identical samples with diverse impact behavior pro
duce the instrumented impact curves shown in Figures 20 and 21. These 
refer to P P blends with 20% E P D M molded at 50°C and 600 psi injection 
pressure. For this case, the total energy absorbed by the two samples 
is different ( 15.9 vs. 27.7 Χ 102" J) , as is the response to yielding. For the 
sample corresponding to Figure 20 yielding is evident during initiation, 
but there is very little propagation energy. In Figure 21 there is no 
apparent yielding. However, both the initiation and propagation ener
gies are appreciably larger, and the total impact energy is almost doubled. 
The morphological relationship for this behavior is shown in scanning 

LOAD, 
10** -1 KN 

ENERGY, 
10** -1 J 

0.75 1.00 
TIME, 

Figure 20. Instrumented impact for a PP blend with 20% EPDM 
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LOAD, 
10** -1 KN ENERGY, 

10** -1 J 

-°·25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 " 
TIME, 

MSEC 

Figure 21. Instrumented impact for a FP blend with 20% EPDM 

electron micrographs of the fracture surfaces in the core region adjacent 
to the stress-whitened area (Figure 22). The size distribution and num
ber of E P D M domains is considerably different in the two samples. The 
sample that showed greater energy absorption ( Figure 22b) is charac
terized by a larger number of domains and a more extensive distribution 
of domain sizes. Such characteristics of the E P D M domains favors in
creased total energy absorption with a finite percent of this energy asso
ciated with the propagation phase. 

Conclusions 

The impact properties of an injection-molded blend of PP and E P D M 
are sensitive to blend composition, processing variables, and test condi
tions. A t al l temperatures tested, the impact strength of blends of P P 
with up to 30% E P D M increase with E P D M content and decrease with 
test temperature. The temperature dependence of the impact strength 
increased with the fraction of E P D M . The impact strength appears to 
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Figure 22. Scanning electron micrographs from the fracture surface of a PP 
blend with 20% EPDM. (a, top) Corresponding to Figure 20; (b, bottom) cor

responding to Figure 21. 
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exhibit a minimum with the mold temperature of injection molding. 
Typical Izod impact testing is usually not sensitive nor reproducible 
enough to permit more quantitative correlations. The impact energy 
values listed in Table I illustrate these limitations. However, morpho
logical evaluation of the bulk sample as well as the fracture surface can 
provide the unifying link in elucidating the fundamental basis of impact 
behavior. 

Initial consideration of the morphological characteristics with the 
impact properties refer to the skin, shear, and core regions of the injec
tion-molded samples. The extent and orientation of these regions vary 
with the E P D M content and processing conditions. E P D M domains in 
the skin region are oriented along the direction of flow. The skin layer 
thickness of P P / E P D M blends showed a pronounced maximum with 
mold temperature. Increasing fractions of E P D M produced an increas
ingly irregular spherulitic texture in shear and core zones. As the fraction 
of E P D M blended with P P increases, an increase in calorimetric crystal-
linity, followed by a marked decrease, is noted. 

Although the processing variables appear to have correlations with 
morphology, results of impact tests fail to produce a definitive descrip
tion of the morphological response to impact. However, this problem is 
shown to be substantially eliminated through the use of instrumented 
impact testing (17). Such tests measure the time dependence of the im
pact load borne by the sample and indicate that impact fracture is a 

Table I. Impact Strength for PP/EPDM Blends (J/m of Notch) 

Test Temperature 

% PP/% Temp Standard Standard Standard 
EPDM (°C) Mean Deviation Mean Deviation Mean Deviation 

100/0 20 11.2 3.9 6.2 1.7 3.5 1.4 
100/0 50 14.0 5.3 5.6 1.5 2.5 0.9 
100/0 87 11.3 4.5 4.3 0.6 1.9 0.1 

90/10 20 33.1 7.8 19.0 2.4 12.0 4.2 
90/10 50 37.1 14.6 21.9 6.6 13.5 3.6 
90/10 87 32.1 6.1 20.6 3.2 12.8 3.8 

80/20 20 97.2 19.2 45.7 7.1 26.6 7.8 
80/20 50 74.6 16.3 35.5 3.5 25.1 5.7 
80/20 87 80.0 19.6 44.4 11.3 28.4 8.8 

70/30 20 Deformation of 128.8 34.7 69.4 17.0 
70/30 50 sample ι, no 123.2 14.7 64.0 13.2 
70/30 87 fracture 104.6 8.7 58.7 7.4 
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complex process consisting of initiation and propagation stages. Since 
sample deflection is linear with time, the initial slope of the load/time 
curve gives the sample modulus. Yielding is often revealed during crack 
initiation, and the initiation stage usually terminates in a maximum or 
fracture load. Energies corresponding to the various stages give impor
tant details of the impact process. For instance, with a change in the 
impact velocity from 3.43 to 1.10 m/sec, the impact behavior changed 
markedly with the propagation energy increasing from 24 to 6 0 % of the 
total energy. Examination of the corresponding fracture surfaces by 
optical microscopy reveals a marked increase in stress whitening because 
of crazing and microvoid formation. A blend of P P with 2 0 % E P D M 
evidenced a transition from brittle to ductile impact failure with decreas
ing velocity of impact, the total absorbed energy increasing from 0.202 
to 0.773 J as the impact velocity decreased from 3.43 to 1.10 m/sec. Fluc
tuations in local blend composition and domain size distribution are 
inferred from variations in load/energy/time curves from instrumented 
impact studies on duplicate injection-molded samples. A n examination 
of scanning electron micrographs of corresponding fracture surfaces con
firms the morphological variability and when combined with impact 
studies provides a powerful tool for explaining the fundamental structural 
basis of impact behavior. 

Microscopy, both optical and scanning electron, together with instru
mented impact testing provides a method for the critical examination of 
any polyblend system. The use of these two somewhat diverse experi
mental approaches aids in assigning the appropriate significance to the 
characteristics important in the fabrication of polyblend systems. The 
approach provides a very sensitive technique for distinguishing subtle 
variations in the impact behavior and correlating them with morphology. 
Although the polymer samples reported here are unsuitable for quanti
tatively evaluating absolute fracture mechanisms, they are capable of 
contrasting arid comparing characteristics of the fracture process. The 
distinction between ductile and brittle fracture as presented by various 
investigators has a corresponding identification by these tests, first by the 
load energy curve and its accompanying data and secondly by the micros
copy giving a one-on-one correspondence (3 ,18) . The relative impor
tance of the two steps in the fracture process, initiation and propagation, 
is likewise easily correlated from the impact data. Then the various 
factors affecting impact strength also can be monitored through the 
assignment of the specific morphologies associated with the well-docu
mented impact test (19). Thus, through the use of these methods there 
exists a means to describe a fracture mechanism and to test its applica
bility and eventually permit enhanced control of the toughening process 
for polymers. 
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Segmental Orientation, Physical Properties, and 
Morphology of Poly-€-Caprolactone Blends 

D O U G L A S S. H U B B E L L and STUART L . COOPER 

Department of Chemical Engineering, University of Wisconsin, 
Madison, WI 53706 

The compatibility, mechanical properties, and segmental 
orientation characteristics of poly-e-caprofoctone (PCL) 
blended with poly (vinyl chloride) (PVC) and nitrocellulose 
(NC) are described in this study. In PVC blends, the 
amorphous components were compatible from 0-100% 
PCL concentration, while in the NC system compatibility 
was achieved in the range 50-100% PCL. Above 50% 
PCL concentration, PCL crystallinity was present in both 
blend systems. Differential IR dichroism was used to follow 
the dynamic strain-induced orientation of the constituent 
chains in the blends. It was found for amorphous compati
ble blends that the PCL oriented in essentially the same 
manner as NC and the isotactic segments of PVC. Syndio-
tactic PVC segments showed higher orientation functions, 
implying a microcrystalline PVC phase. 

' "Phe objectives of the present study were to analyze polymer blends of 
poly-c-caprolactone with poly (vinyl chloride ) and nitrocellulose. The 

research included determination of compatibility and characterization of 
the morphological, mechanical, and orientation properties of the poly-
caprolactone blends. 

Experimental 

Poly-e-caprolactone designated as PCL-700 was supplied by J. V . 
Koleske of the Union Carbide Corp. This polymer has been used i n 
several other blend studies (1-6). The polymers blended with P C L 
were poly (vinyl chloride ) ( P V C ) and nitrocellulose ( N C ) . The poly-

0 - 8 4 1 2 - 0 4 5 7 - 8 / 7 9 / 3 3 - 1 7 6 - 5 1 7 $ 0 5 . 0 0 / 0 
© 1 9 7 9 A m e r i c a n C h e m i c a l S o c i e t y 
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(vinyl chloride) used was Union Carbide's QYTQ-387. The nitrocellu
lose, supplied by Hercules Inc., was designated as RS % sec. The N C is 
reported to have 11.8-12.2% nitrogen (7) , which corresponds to 2.25 =fc 
0.06 nitro groups per anhydroglucose ring. The molecular weights, densi
ties, and solubility parameters for P C L , N C , and P V C appear in Table I. 
The solubility parameters, when possible, have been calculated by the 
group contribution methods of Small (8) and Hoy (9) . A small differ
ence between solubility parameters of components in a mixture is usually 
considered a necessary but not sufficient condition for compatibility. A 
ful l discussion of the limitations of the solubility parameter approach to 
compatibility is given in the review of polymer blend technology by Paul 
and Barlow in Chapter 17. 

A l l samples for this study were prepared by spin casting from poly
mer solutions (9,10). In this technique, a solution of polymer and solvent 
is forced against the walls of a spinning cylinder. The solvent is gradually 
evaporated under a slight vacuum and also by heat if desired, with the 
polymer precipitating onto a sheet of aluminum or paper lining the wall . 
W i t h this method, it has been demonstrated that unoriented films with 
thicknesses as small as 4 μ can be made. Tetrahydrofuran ( T H F ) was 
used as the spin-casting solvent. Films were cast at room temperature 
from approximately 15 m L of a 1% solution. 

A l l samples were dried in a constant stream of air for several hours 
and then dried for at least four days under vacuum at room temperature. 
After drying, the films were aged in desiccators at room temperature for 
at least two weeks. This allows the P C L crystallinity to approach its 
equilibrium value (6). Throughout this chapter the blends are desig
nated by the weight percent of the polymer blended with polycaprolac-
tone. Thus 25% P V C is a 25/75 blend of P V C / P C L . 

In favorable situations, segmental orientation in polymer blends can 
be followed using the technique of IR dichroism. The results can be 
expressed in terms of the Hermans orientation function shown in Equa
tion 1. 

The orientation function varies from unity for perfect axial align
ment of the chain backbone to —Vz for perfect transverse orientation, 
with / = 0 for random orientation. Commonly, dichroism data are in the 
form of absorptions for plane-polarized light perpendicular and parallel 

/ — (3 cos2<9 - l )/2 (1) 

Table I. Materials Studied 

Polymers 

PCL PVC NC 

M n 13,000 35,000 
M w 24,000 72,000 
Density (g/cm 3 at 20°C) 1.149e 1.39 
δ (cal/cm 3 ) 1 / 2 H o y 9.43 9.47 
δ (cal/cm 3 ) 1 / 2 Small 9.34 9.55 

1.58-1.65 
9.95 

45,000 

° 1.094 and 1.187 are the densities for amorphous and crystalline PCL. 
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26. H U B B E L L A N D C O O P E R Poly-e-Caprofoctone Blends 519 

to the direction of stretch ( A ± and A M , respectively). The orientation 
function is related to the ratio of these absorptions ( D = A, ,/Aj_) by 
Equation 2, where D 0 is the dichroic ratio for perfect orientation in the 

stretch direction, equal to (2 cot 2 a). « is the angle between the transition 
moment vector and the local chain axis. 

In this study, dynamic experiments were performed using a differen
tial method of dichroism. The sample was strained in the common beam 
of a Perkin-Elmer model 180 double-beam spectrophotometer, wi th the 
transmitted radiation split into two beams polarized parallel to and per
pendicular to the direction of stretch. The recorded output was the 
difference between the two absorptions. The orientation function was 
calculated using Equation 3, where A 0 is the unpolarized absorption of 

the undeformed sample and I and l0 are the stretched and unstretched 
sample lengths. The term A 0 ( Z/Z 0)" 1 / 2 equals the unpolarized absorption 
of any strain level, assuming constant volume deformation. 

The IR apparatus and dichroism methods used in this work have 
been previously described (11,12). In the differential dichroism experi
ment, the samples were stretched from both ends simultaneously at a 
true strain rate of approximately 30% per min. A motorized stretching 
jig was used which fits inside the instrument in the path of the common 
beam at a 45° angle. Wire grid polarizers were set at 45° in the reference 
and sample beams, and the instantaneous dichroic difference Δ A = A M — 
A± was recorded with the instrument operating in constant, wave-number 
mode. 

The dynamic elastic modulus ( Ε ' ) , the loss modulus ( E " ) , and the 
tan δ were measured simultaneously by the Rheovibron dynamic visco-
elastometer model D D V - I I (Toyο Measuring Instruments Co. , L t d . ) . 
Measurements were made at a frequency of 110 H z , starting from 
— 140°C and heating at 1 ° - 2 ° C per minute until the samples became 
too soft to be tested. The readings were taken every 4°—8°C except in the 
transition zone when the readings were taken every 2°C. The sample 
chamber was kept dry by a stream of moisture-free nitrogen. 

Differential scanning calorimetery ( D S C ) was used to measure heat 
capacity as a function of temperature. The D S C used in this study was 
a Perkin-Elmer model DSC-2. L i q u i d nitrogen was used as a heat sink 
and helium was used as the purge gas. Samples were usually about 30 mg, 
and a heating rate of 20°C/min was used for measuring Tgs and T m s . 

Results and Discussion 

(Do + 2) (D - 1) 
(D0 - l ) ( D + 2) (2) 

A, + 2 Au - Αχ 
Α , - l 3A0(l/k)v2 

(3) 

Dynamic Mechanical Properties. The dynamic mechanical proper
ties of the PVC/PCL and N C / P C L blend systems are shown in Figures 
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1 and 2. Although the Tgs found by this method are somewhat less pre
cise than those found by the D S C , it has been shown (13}14) that me
chanical testing can detect segmental motion on a smaller scale than 
thermal analysis. Thus, multiple phases can be more easily detected. 

Figure 1 shows that each homopolymer exhibits two relaxations in 
the E" curve. The higher temperature peak corresponds to a glass tran
sition, while the lower temperature peak can be attributed to a secondary 

-160 -120 -80 -40 0 40 80 120 160 

T E M P E R A T U R E (°C) 

Journal of Applied Polymer Science 

Figure 1. Temperature dependence of E ' and E " for PVC/PCL (I) 
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26. H U B B E L L A N D C O O P E R Poly-t-Caprolactone Blends 521 

TEMPERATURE (°C ) 

Journal of Applied Polymer Science 

Figure 2. Temperature dependence of E ' and E " for NC/PCL (I) 

relaxation (2' 6). In the blends, only one glass-transition peak is evident 
in the E " curves, though the secondary relaxations of the homopolymers 
are also evident to some extent. The sharp declines in the E ' and E " 
curves for 100% P C L , 25 and 50% P V C in the neighborhood of 50°~60°C 
can be attributed to the melting of the crystalline P C L . The dynamic 
mechanical testing results for N C / P C L blends are presented in Figure 2. 
The E ' curves for 25 and 50% N C seem quite similar with the samples 
becoming very soft in the region of the P C L melting point. The 75 and 
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100% N C samples maintain high elastic moduli to much higher tem
peratures. The E " curves for the blends show the P C L methylene relaxa
tion at lower temperatures and prominent peaks above 0°C. The N C 
sample seems to lack a relaxation peak which would correspond to a Tg 

but does show a broad peak centered at about —68°C. This peak also 
appears to be present in the 50 and 75% N C samples. 

The lack of an obvious N C Tg peak makes analysis of this blend sys
tem somewhat ambiguous. The major transition of the 25% N C blend 
as shown by the E " curve is the melting of the P C L at 18°C. The Tg of 
the amorphous 50% N C blend is in a similar temperature range at 23°C. 
The symmetry of the E " peak for the 50% N C blend suggests a com
patible blend since only one relaxation is present. 

In the 75%-NC-blend curve, the interpretation is quite different. 
The broad relaxation seems to have components at 63° and 95°C. Pos
sibly the upper component of the E " relaxation represents the Tg of a 
nearly pure N C phase. The peak at 63°C would then represent a second 
phase containing both N C and P C L . However, both peaks could repre
sent N C - r i c h microphases of differing compositions. 

In random copolymers, there is a high degree of interaction between 
the different repeat units because they are held together chemically. The 
glass transition of a random copolymer consequently reflects the compo
sition of the copolymer. Thus, the Tg of random copolymers can usually 
be represented as a monotonie function of composition by one of the 
various copolymer equations. Similarly, if blends of polymers are mixed 
at the segmental level, only one Tg should be evident, and a copolymer 
equation should be applicable. 

The Gordon—Taylor copolymer equation (Equation 4) has been 
applied to the Tg data in this study to determine if the blends are single-

Tn2 = Tn + kW2(Tg2 - Ttl2)/Wi (4) 

phase systems or not. These data include the results for samples annealed 
at room temperature and also for the same samples which have been 
heated above the melting point of P C L and then quenched rapidly in 
the D S C to 150 K. For a well-mixed system, the plot of Tei2 vs. [ ( T g 2 -
^12)W 2 /Wi ] , where W1 and W 2 are the weight fractions of polymers 
1 and 2, respectively in the amorphous phase, w i l l yield a straight line 
with a slope of k and an ordinate intercept of T g l . 

The Tgs for the P V C / P C L and N C / P C L systems have been plotted 
vs. [ ( T g 2 — Tgl2)W2/W1] in Figure 3. For the quenched samples, W i 
and W2 are the weight fractions of P C L and P V C or N C , respectively. 
Straight lines have been fitted by least-squares analysis to this data. For 
the unquenched samples, W i is the weight fraction of P C L in the amor-
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Figure 3. data for PVC/PCL and NC/PCL blends plotted 
according to the Gordon-Taylor equation. The lines are fit to the 

quenched data (I). 

phous phase. The percent crystallinity of P C L was calculated from D S C 
heat of fusion measurements. The variable W 2 is the weight fraction of 
P V C or N C in the amorphous phase, assuming that all of the P V C and 
N C was noncrystalline. 

Figure 3 shows that the Gordon-Taylor equation fits the quenched 
data for the P V C / P C L blends quite well . The thermograms for the 
blends of 25, 35, and 50% P V C display P C L heats of fusion, and conse-

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
6

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



524 M U L T I P H A S E P O L Y M E R S 

quently, the unquenched Tgs for these samples lie above the curve 
because the crystallinity reduces the concentration of P C L in the amor
phous phase. 

The N C / P C L data present a different situation. Blends of 25 and 
40% N C showed the opaqueness and a D S C endotherm, which indicate 
the presence of crystallinity. Consequently, melting and quenching pro
duced lower Tgs as expected. Pure N C and 50% N C did not show either 
of these features. Yet, the Tg dropped from 338 to 328 Κ for N C and from 
283 to 271 Κ for 50% N C after the heating-quenching cycle. Blends of 
65 and 75% N C showed high initial Tgs but failed to show any transition 
after quenching. 

The Gordon-Taylor equation fits the quenched points reasonably 
wel l for 25, 40, and 50% N C . Thus, N C / P C L blends appear to be com
patible in the range 0-50% N C . The unquenched 50% N C does not fit 
onto the curve even though it d id not contain crystalline P C L . Conse
quently, it would seem that microheterogeneity is present in coarse 
enough form to allow detection of one of the phases and that the segre
gation was eliminated by the heating. This trend is continued by the 
data for 65 and 75% N C . Obviously, large-scale phase separation has 
produced nearly pure nitrocellulose domains in the 65-75% N C region. 

IR Dichroism. Two types of IR-dichroism experiments were used 
in this study to follow segmental orientation. · First, dynamic differential 
dichroism was used to follow chain orientation while the sample was 
elongated at a constant strain rate. This experiment was performed with 
different IR peaks which allowed a comparison of the molecular orienta
tions for each blend constituent. Second, a cyclic experiment was used 
where the film was strained to a predetermined elongation, relaxed at 
the same strain rate until the stress was reduced to zero, and then elon
gated to a higher level of strain, and so forth. 

The orientation of the two components of a compatible ( J ) , amor
phous 50% N C blend is shown in Figure 4. The films have been strained 
to 25, 50, and 75% in successive cycles, with each strain increment fol
lowed by a relaxation to zero stress. The orientation of the P C L and 
N C have been followed by using the carbonyl ( 1,728 cm" 1) and N 0 2 

( 1,660 cm" 1) stretching peaks, respectively. 
Figure 4 shows that the orientation of the two chains follow similar 

paths. The similarity suggests that the local environment is very much 
the same for both blend constituents. In contrast, a phase-separated 
binary mixture of polymer segments w i l l exhibit a different orientation 
for each component. For example, high-density polyethylene and iso-
tactic polypropylene form multiphase systems when blended together 
(16). When the incompatible blends are deformed, the component which 
constitutes the continuous phase always orients to a higher degree than 
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0 25 50 

% ELONGATION 
Journal of Polymer Science, Polymer Physics Edition 

Figure 4. Carbonyl and N02 orientation function vs. elonga
tion curves for 50% NC in a cyclic IR dichroism experiment 

(19) 

the component in the dispersed phase, regardless of which polymer 
dominates the composition. 

The orientation functions for a 75/25 P V C / P C L blend are presented 
in Figure 5, which shows that the P C L chains in the 75% P V C blend 
orient in essentially the same way as the isotactic segments and the other 
folded-chain P V C segments represented by the 693 cm" 1 peak. This peak 
is shifted from 691 cm" 1 for pure P V C . The shape and magnitude of the 
orientation functions for the carbonyl and 693-cm"1 C - C l peak are similar 
to the orientation functions shown for the amorphous 50% N C blend. 
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P V C , 75, 
7 P C L 7 25 

Ο 50 100 150 

% ELONGATION 

Journal of Polymer Science, Polymer Physics Edition 

Figure 5. Carbonyl and C-Cl orientation functions vs. elonga
tion curves for 75% PVC (19) 

However, the syndiotactic segments of extended chains (613 cm" 1) 
are obviously situated in a different local environment. These more rigid 
segments form into microcrystalline phases which orient as units to much 
higher degrees than the amorphous isotactic sequences. The C - C l peak 
at 613 cm" 1 arises mainly from seqeunces of four or more trans conforma
tions in syndiotactic repeat units. W i t h syndiotactic sequences of four 
or more repeat units, crystallinity can form (17,18). This ease of crystal
lization has been ascribed to the strong dipole-dipole interaction be
tween the C - C l bonds. 

Based on the results of two amorphous compatible blend systems 
of 50/50 N C / P C L and 75/25 P V C / P C L , the following conclusion can 
be drawn. Compatible amorphous blend constituents show identical 
segmental orientation behavior, indicating good mixing at the molecular 
level. Thus, an amorphous compatible blend can exhibit the characteris
tics of a single homopolymer not only i n its glass-transition behavior and 
mechanical properties but also in the uniform way in which the polymer 
chains orient. 
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There are however, hypothetical polymer blend situations which 
may not conform to this model. First, one might have two incompatible 
polymers which form an interpenetrating network such that the phases 
effectively act mechanically in parallel. Thus their orientation functions 
would be related to their respective moduli and could possibly be quite 
similar. Second, if one considers an uncrosslinked network as effectively 
crosslinked by entanglements, one would expect that the orientation func
tion of such a chain w i l l vary inversely with the number of segments 
between crosslink points. Consequently, compatible chains of two dif
ferent types w i l l only have the same orientation function provided that 
the number of such segments is equal. Thus a compatible blend of a 
polymer with stiff chains and one of flexible chains w i l l yield higher 
orientation functions for the stiff-chain component. Intrachain stiffness is 
indeed a factor, as brought out by the high orientation of the syndiotactic 
P V C sequences reported in this work. 

Conclusions 

Blends of P C L with P V C were shown to exhibit only one glass-
transition temperature ( T g ) , which for blends quenched from the melt 
could be represented as a function of composition by the Gordon-Taylor 
Tg equation. By similar criterion, the P C L blends with N C were shown 
to be compatible for the composition range 0-50% N C by weight. W i t h 
higher concentrations of N C , both thermal and mechanical testing indi
cated that multiple amorphous phases were present, even though the 
films were clear. 

Differential IR dichroism was used to follow the dynamic strain-
induced orientation of the constituent chains in P V C / P C L and N C / P C L 
blends. It was found for amorphous compatible blends that P C L ori
ented in essentially the same manner as N C and the isotactic segments 
of P V C . Syndiotactic P V C segments showed much higher orientation 
functions, which implied the existence of a microcrystalline P V C phase. 
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Brillouin Scattering from Polymer Blends 

G . D . PATTERSON 

Bell Laboratories, Murray Hill, NJ 07974 

Brillouin scattering measures the velocity and attenuation of 
hypersonic thermal acoustic phonons. A theory of Brillouin 
scattering from polymer blends is presented and illustrated 
qualitatively by several examples. The study of blend com
patibility is illustrated for the system PMMA-PVF2. The 
detection of inhomogeneous additives is shown for commer
cial PVC film and cellulose acetate, and simultaneous mea
surements on separated phases are presented for Mylar film. 
The main purpose of the paper is to stimulate further work 
in a potentially promising field. 

I D r i l l o u i n scattering measures the spectrum attributable to the inter
action of light with thermal acoustic phonons ( J ) . The scattered 

light is shifted in frequency with a splitting given by 

Δ ω — g V ( ç ) (1) 

where q = (4πη/λ) sin 0/2 is the magnitude of the scattering vector for 
light of incident vacuum wavelength λ traveling in a medium of refractive 
index η and scattered through an angle θ in the scattering plane, and 
V(q) is the velocity of the phonons with wavevector magnitude q. The 
shifted peaks have a linewidth given by 

Γ _ aV/2w (2) 

where a is the phonon attenuation coefficient and Γ is the halfwidth at 
halfheight measured in Hertz. 

Bril louin scattering has now been studied in a large number of bulk 
amorphous polymers (2-13) and the behavior of Δ ω and Γ have been 
determined as a function of temperature. If the incident light is polarized 

0 - 8 4 1 2 - 0 4 5 7 - 8 / 7 9 / 3 3 - 1 7 6 - 5 2 9 $ 0 5 . 0 0 / 0 
© 1 9 7 9 A m e r i c a n C h e m i c a l S o c i e t y 
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530 M U L T I P H A S E P O L Y M E R S 

vertically with respect to the scattering plane and the scattered light is 
observed through an analyzer set vertical, then the Bril louin peaks 
attributable to the longitudinal phonons are observed. If the analyzer 
is set horizontal with respect to the scattering plane then the I H v spectrum 
displays the Bril louin peaks attributable to transverse phonons. A spec
trum of bisphenol A polycarbonate showing both longitudinal and trans
verse Brillouin peaks is presented in Figure 1. There is also a strong 
central peak which w i l l not be discussed in this chapter. 

A t high temperatures, the longitudinal phonon velocity is given 
by Equation 3 (13): 

νι=~(Ύ/Ρβτ)υ2 (3) 

where y = C p / C v is the ratio of specific heats, /> is the density, and βτ 

is the isothermal compressibility. The linewidth is (13) : 

Zp Cp J ' v . + J V s + K i y
c
 X ; I (4) 

where ην is the volume viscosity, η8 is the shear viscosity, and κ is the 
thermal conductivity. 

As the fluid is cooled, the relaxation times of the system become 
comparable with ( Δ ω ι ) " 1 , and the viscoelastic nature of polymer liquids 
must be taken into account. The longitudinal velocity becomes (13): 

where M(q) = K(q) - f 4/SG(q) is the longitudinal modulus, K(q) is 
the modulus of compression, G(q) is the shear modulus, and M'(q) is 
the real part of the complex modulus. In the viscoelastic region, trans
verse phonons can propagate with a velocity given by (13): 

ν-(τ-ώ·Γ (6) 

where Gm is the limiting shear modulus and T s is the average shear relaxa
tion time. For small values of qr, the transverse phonons w i l l be over-
damped and only a central peak w i l l be observed. The longitudinal 
linewidth Γι can still be represented as in Equation 4, but all the quanti
ties in the brackets must be evaluated at finite q since qr w i l l be signifi
cant. The value of Yx w i l l go through a maximum when V\qr equals one. 
The transverse linewidth is given by (13): 

r t — l/2r. (7) 
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27. P A T T E R S O N Brillouin Scattering 531 

! i 

Figure I . Rayleigh-Brillouin spectrum of bisphenol A 
polycarbonate showing both longitudinal (L) and trans

verse (T) Brillouin peaks 

As the fluid is cooled further towards the glass transition the phonon 
velocities reach their limiting frequency values (13) : 

ΟΛι/2 

(8) 
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where Μ χ and G a are the infinite frequency values of the longitudinal 
and shear modulus. The longitudinal and transverse linewidths are pre
dicted to be negligible since the relaxation times that determine them 
become very long. However, the observed longitudinal linewidths are 
much larger than predicted and in fact are in the range 100-400 M H z 
near T g . The reason for the excess linewidths is inhomogeneous phonon 
attenuation attributable to regions of different average density. This 
effect is usually ignored in the simple linear theories of Bril louin 
scattering. 

In the present chapter we consider the effect of a mixture of species 
on the Bril louin spectrum. The theory w i l l be described and examples 
w i l l be presented which illustrate the theory. 

Theory 

The linear theory of Bril louin scattering from a viscoelastic medium 
has been presented by Rytov (14). A summary and discussion of this 
theory are given in Ref. 13. In a real experiment, light scattering is 
observed from a finite scattering volume and at a finite value of q. As a 
result, the predicted spectrum must be averaged over the scattering vol
ume with a characteristic length given by 2m/q. 

Ii(q,a>) a f Ρ(Ρ,Μ)Ι^}ω)Ρ,Μ) dP dM (9) 
J y 

where P(P,M) is the probability that a volume of radius 2w/q has a 
density ρ and modulus M , lx(q,wyp,M) is the spectrum predicted for such 
a material, and the integration is carried out over the scattering volume. 

For a homogeneous, low-viscosity fluid the probability P(p,M) is 
essentially a delta function centered at < p > and < M > and the linear 
result is recovered. However, when V\qr is much greater than one, there 
should be a thermodynamic distribution of density and modulus for a 
region of size 2w/q. 

• - (- i ^ P ) « - ( - <:i>-<M>) «·' 
Thus, for Vflr > > 1, the observed spectrum should be of the form: 

( „* - 9 .<^>Y 

v « ( ^ ) > - < t > ) , 
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since 

I,(q^PfMJ - δ (ω 2 - g 2 (12) 

near T g . 
The above result seems to adequately describe the observed Bril louin 

scattering of a homogeneous single-component-polymer fluid near its 
glass transition (13). If a binary mixture is truly homogeneous, then 
Equation 11 also should be valid for this case. However, if the two com
ponents phase separate, then the distribution function given by Equation 
10 is invalid and further analysis is required. 

If the microphase regions are small relative to 2π/q, then some addi
tional broadening w i l l be observed attributable to greater fluctuations in 
in Moc/p. If the moduli of the two phases differ significantly, then as the 
size of the regions grows, the Brillouin peaks w i l l broaden considerably 
and w i l l have non-Gaussian shapes. Eventually two sets of Bril louin 
peaks w i l l be observed, reflecting phase-separated regions with size large 
relative to 2w/q but still smaller than the scattering volume. For large 
phase-separated regions, the observed spectrum w i l l depend strongly on 
the part of the sample that is probed. 

If the two polymers are compatible at high temperatures, Bril louin 
studies of the quenched glassy materials can reveal how homogeneous 
the mixtures remain on cooling. Examples of this type of study w i l l be 
presented. If there are well-defined, phase-separated regions, then the 
behavior of both phases can be studied simultaneously. This case also 
w i l l be presented. 

Experimental 

Typical Bril louin splittings are in the range 10 8 -10 1 0 H z . Bril louin 
linewidths are in the range 16 6-10 9 H z . Thus, a very high resolution 
instrument is required. Brillouin scattering is a weak effect so that an 
intense source of light is needed and a sensitive means of detection. A l l 
of these criteria have been met, and Brillouin scattering is now a routine 
tool of experimental physics (13). 

The light source is an argon ion laser operated in a single-frequency 
mode. More than one watt of power can typically be obtained with a 
laser linewidth of approximately 10 M H z . The incident-beam polariza
tion can be continually adjusted with respect to the scattering plane. 

The frequency distribution of the scattered light is analyzed with a 
Fabry-Perot interferometer. A detailed discussion of this instrument is 
given in Ref. 12,13, and 15. For the present chapter, it is most important 
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to note the high contrast that can be obtained by operating the inter
ferometer in the multiple pass mode. The Brillouin peaks in a polymer-
blend sample or in a semicrystalline polymer sample can be more than 
six orders of magnitude smaller than the strong central peak. Contrasts 
of greater than 107 are routinely available now for a three-pass system. 
Thus Bril louin scattering from polymer blends is quite feasible. 

The scattered light is detected with a photomultiplier tube and 
photon-counting electronics. The digital spectrum is then recorded with 
a multichannel analyzer and analyzed with a computer. A typical experi
mental arrangement is shown in Figure 2. 

Translucent bulk samples are not suitable for study, but polymer 
films are quite acceptable (16). W i t h films care must be taken to prop
erly define the true scattering angle. The use of index-matching fluids is 
not recommended because they are likely to alter the polymer sample. 

LASER 

POLARIZATION • 
ROTATOR 

SAMPLE RAYLEIGH 

HORN 

POLARIZER 

SCAN 
GENERATOR 

COMPUTER -

FABRY-PEROT 
INTER

FEROMETER 

MULTICHANNEL VISUAL ; PINHOLE 

ANALYZER DISPLAY • 

FILTER 

PHOTON 
COUNTER 

PHOTO 
MULTIPLIER 
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Figure 2. Light-scattering spectrometer 
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27. P A T T E R S O N Brillouin Scattering 535 

PMMA 
100°C 

Figure 3. Brillouin spectrum of a film of pure 
PMMA at 100°C showing two Fabry-Perot orders 

Examples and Discussion 

Polymer blends of poly (methyl methacrylate) ( P M M A ) and poly-
( vinylidene fluoride ) ( P V F 2 ) have been shown to be compatible above 
the melting point of P V F 2 (17). Clear films can be prepared by rapid 
quenching from the melt. The Bril louin spectrum of a film of pure 
P M M A near its glass transition is shown in Figure 3. The longitudinal 
peaks are sharp and well resolved. The corresponding spectrum of a 
blend of 75% by weight P V F 2 with P M M A is shown in Figure 4. The 

Figure 4. Brillouin spectrum of a quenched film 
of 75% PVF2 25% PMMA by weight at 20°C 
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27. P A T T E R S O N Brillouin Scattering 537 

quenched film appears to be homogeneous based on the sharp peaks. 
Measurements of the Brillouin splitting as a function of temperature have 
been carried out for several P V F 2 - P M M A blends (18). The quenched 
films appear amorphous and a single glass transition is observed. Above 
T g , the P V F 2 crystallizes from the mixture and the Brillouin splitting is 
greater than would be predicted for the amorphous blend. Finally the 
P V F 2 melts and the spectrum is again characteristic of a homogeneous 
amorphous phase. The spectra of P M M A , a 40% P V F 2 blend, and pure 
P V F 2 at 180°C are shown in Figure 5. The linewidths at 180°C are 
determined mostly by the dynamic viscosity contributions given in 
Equation 4. 

Many commercial polymer films are blends of different polymers 
and other additives. The Brillouin spectrum (16) of Vynalloy P V C film 
is shown in Figure 6. The small peaks at higher Bril louin splitting are 
attributed to the presence of styrene-acrylonitrile copolymer that is 
blended into the film. These peaks are absent in the spectrum of pure 
P V C . The spectrum (16) of a commercial cellulose acetate film is pre
sented in Figure 7. The lower frequency shoulder is probably caused 
by the inhomogeneous addition of a plasticizer. Again, pure cellulose-
acetate films do not display the above feature. The existence of mechani
cal inhomogeneities is easily detected using Bril louin scattering. 

A Bril louin spectrum of commercial Mylar film is shown in Figure 8. 
The longitudinal ( L ) and transverse ( Τ ) Bril louin peaks are easily seen. 

ir 
PVC!| 

Figure 6. Brillouin spectrum of Vyn
alloy PVC film 
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CA 

Figure 7. Brillouin spectrum of a 
commercial cellulose-acetate film 

These are the only peaks seen in quenched amorphous poly (ethylene 
terephthalate) ( P E T ) films (19). The third set of peaks was a mystery 
until the Bril louin spectrum was examined using a larger free-spectral 
range. The result is shown in Figure 9. The transverse peaks are now 
hidden in the wings of the central peak. The third set of peaks has a 
Bril louin splitting almost twice that of the normal longitudinal peaks. 
This feature is attributable to the presence of crystals of the cyclic trimer 
of P E T on the surface of the Mylar film. The Bril louin splitting of the 
crystals is plotted as a function of temperature in Figure 10. 

MYLAR 

Figure 8. Brillouin spectrum of commer
cial Myhr film showing longitudinal (L), 
transverse (T), and unknown (?) Brillouin 

peaks 
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Figure 9. Brillouin spectrum of commercial Myhr 
film at hrger free-spectral range than in Figure 8 

Commercial Mylar film is partially crystalline and mechanically 
anisotropic. The longitudinal Brillouin splitting is observed to be greater 
than that for quenched amorphous P E T and to be different for films 
oriented parallel and perpendicular to the film-roll edge. Longitudinal 
Bril louin splittings for Mylar and for amorphous P E T are plotted vs. 
temperature in Figure 11. The apparent value of T g also is elevated for 
the Mylar film from 70° to 80°C. 

Measurement of the Bril louin spectrum of polymer films is now 
straightforward using multiple-pass Fabry—Perot interferometry. The 
use of Bril louin scattering to study polymer blends as films should be a 
very fruitful area for further study. 

20 40 60 80 Ï0Ô Ï2Ô 140 160 Ï8Ô 200 
T°C 

Figure 10. Brillouin splitting Αωι vs. temperature for 
cyclic trimer PET cry stab on the surface of Myhr film 
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PET 
- At received II 
-At received I 
» Amorphous 

200-

» « 1 « 1 1 I I t 
20 40 60 80 100 120 140 160 

T°C 

Figure 11. Brillouin splittings Δωι vs. temperature 
for amorphous PET, Mylar film oriented parallel to 
the film-roll edge and perpendicular to the film edge 
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Domain Flow in Two-Phase Polymer Systems 

A Study of the Flow Properties of a Styrene— 
Methylmethacrylate Diblock Copolymer 
and SBS Triblock Copolymers 

J. LYNGAAE-JØRGENSEN, N A R A S A I A H ALLE, and F. L. MARTEN 

Instituttet for Kemiindustri, The Technical University of Denmark, 
DK-2800 Lyngby, Denmark 

Based on thermodynamic considerations, criteria for the 
existence of domains in the melt in simple shear fields are 
developed. Above a critical shear stress, experimental data 
for the investigated block copolymers form a master curve 
when reduced viscosity is plotted against reduced shear 
rate. Furthermore the zero shear viscosity corresponding 
to data above a critical shear stress follow the WLF equa
tion for temperatures in a range: Tg + 100°C. This tem
perature dependence is characteristic of homopolymers. 
The experimental evidence indicates that domains exist in 
the melt below a critical value of shear stress. Above a 
critical shear stress the last traces of the domains are 
destroyed and a melt where the single polymer molecules 
constitute the flow units is formed in simple shear flow 
fields. 

A number of investigations concerning the morphology of A B and 
A B A block copolymers have shown that these systems normally 

exhibit phase separation if the blocks consist of sufficiently long chains. 
One block type often is found to constitute a dispersed phase in a con
tinuous matrix of the second block type. 

A thermodynamic treatment of phase separation in block copolymers 
has been given by Krause (1,2). As is the case with blends of homo-
polymers, phase separation in block copolymers is caused by a positive 
free energy of mixing. Meier (3) has presented a treatment of micro-

0-8412-0457-8/79/33-176-541$05.00/0 
© 1979 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
8

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



542 M U L T I P H A S E P O L Y M E R S 

phase separation and domain formation and obtains a relation between 
domain size and chain length of the block. Furthermore, Meier gives a 
basis for estimation of critical block chain length for phase separation 
and domain morphology. 

Previous investigations (4,5,6,7,8) have shown that block copoly
mers exhibit unusual melt rheological properties such as a very high 
viscosity, elasticity, and non-Newtonian behavior even at very low shear 
rates which are all attributed to the multiphase structure resulting from 
the incompatibility between the two copolymer units in the melt state. 

The purpose of this research project was to investigate whether 
single polymer molecules could constitute the flow units ( in the following 
referred to as a monomolecular melt) in melts of a diblock copolymer 
and a triblock copolymer, respectively. If a monomolecular melt does 
exist, under what conditions w i l l it be formed? 

Experimental 

Sample Materials. A styrene-butadiene—styrène ( SBS ) triblock co
polymer from Phillips Petroleum named Solprene 414C was studied i n 
the investigation. 

The material and information on molecular weight data were kindly 
suppliedJby Κ Η. Burr, Phillips Petroleum Co. : Mw = 129,000, Mn = 
107,000, Mw/M„ = 1.21, styrene content 40% by weight. (Our own G P C 
measurements showed styrene content 39% and M w / M u = 1.38 without 
correction for band spreading. ) SBS and SB materials caused problems 
because of thermal (and possibly mechanical) degradation. 

A diblock copolymer model material with blocks of methylmeth-
acrylate (approximately 25% ) and styrene was prepared since this sys
tem should be thermally stable. The diblock copolymer was prepared 
using a technique described by Rempp et al. (9,10) with slight modifi
cations. The following amounts were used: methylmethacrylate 50 g 
(0.5 mol) , styrene 150 g (1.44 mol) , solvent T H F 1,000 m L , and n-butyl-
lithium 2.5 · 10 3 mol (anionic catalyst). Reaction temperature, —55°C. 

The monomers were vacuum distilled three times and dried with 
C a H 2 . T H F was refluxed over C u C l 2 (5 hr ) , refluxed five times over 
C a H 2 (8 hr) , distilled, and finally refluxed over L i A l H 4 . A l l treatments 
were carried out under nitrogen. Before the monomers were added, a 
drop of styrene was added to the solvent which was titrated with n-butyl 
lithium until the weakly red, styrylic anion color was stable. 

The solution was diluted with cyclohexane, a solvent for polystyrene 
and a nonsolvent for polymethylmethacrylate, and the product thereafter 
precipitated by addition to methanol; THF/cyclohexane/methanol = 
1:2:10 (by volume). The product was finally dried to constant weight. 

Characterization of Molecular Structure. The molecular weight 
distribution ( M W D ) was determined before and after processing using 
a G P C with two detectors. The method is described by Runyon et al. 
( I I ) . 

The G P C apparatus was Waters Assoc. Model 200. The column 
combination was 10e, 2 · 104, 104, 10 3 A polystyrene gel. The G P C in-
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strument was run under the following conditions: flow rate: 1 mL/min ; 
injection volume: 2 m L ; sample concentration: 2.5 · 10"3 g/mL. T H F 
was used as the solvent. 

The columns were calibrated with polystyrene standards from Pres
sure Chemical Co. and from National Bureau of Standards under the 
above mentioned conditions except for the injection volume which was 
0.5 m L . 

The calibration found for PS standards was used directly in the cal
culations since intrinsic viscosity-molecular weight relations for PS and 
P M M A samples in T H F do not deviate significantly, [rj_ = 1.17 * 10"2 · 
M w

0 - 7 1 7 for PS in T H F (12) and [v] = 1.28 · H T 2 · M w
0 6 9 [cm 3/g] for 

P M M A in T H F (13) (the last relation is based on very few points with 
quite large scatter). 

The styrene content was determined to 74% by_ weight with_5% _of 
the total mass as pure polystyrene, M w = 91,000, M n = 50,000, M w / M n 

= 1.82. Except for a low-molecular-weight tailing of pure polystyrene 
(5% ), no deviation from the average composition was observed. No sig
nificant changes in M W D were o_bserved after processing except for the 
two highest temperatures, where M w dropped to ~ 80,000. 

Rheometry. Melt-flow properties at low shear rates in a steady state 
rotational mode were determined by using a Rheometrics Mechanical 
Spectrometer on a cone and plate set up (DDC -1 ) and ( D D C -2 ) be
tween 160° and 250°C. The details of the geometry were: disks, diameter 
= 25 and 50 mm, respectively; cone angle, 0.040 rad; gap, 0.050 mm. 
After loading the material, measurements were performed in succession 
starting with low and thereafter increasing shear rates. Additional meas
urements on the triblock copolymer were performed on a Brabender 
Plastograph and a Rheometric's rheometer in a bicone geometry as cov
ered by Ref. 14. 

Theoretical (Basic Hypothesis). The purpose of this part is to de
rive a criterion for the transition from a two-phase melt state to a mono-
molecular melt state. The basic idea behind the derivation is as follows. 
The total change in free energy ( A G r ) by removing one domain from a 
melt at constant shear stress (τ) would consist of two contributions, AGT 

= A G m i x -)- a G 2 . One contribution A G m i x corresponds to the change in 
the free energy of mixing. Since the systems considered are originally 
two-phase systems (for τ = 0), AGmix is always positive. 

The action of a domain in a polymer melt ( at constant shear stress ) 
can be shown to be equivalent to the action of a giant crosslink in a 
rubber. Removing of one "crosslink" is accompanied by a negative "free-
energy change" ( A G 2 ). 

The conditions where the last domain vanishes is found as follows. 
A condition for equilibrium between a two-phase structure and a homo
geneous-melt structure is that the chemical potential of a repeat unit in 
the domain Μ Α

Ό and in the monomolecular melt state ΜΑ are the same: 

ΜΧΌ = ft A Or fi A — M A D = 0 (1) 
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The chemical potential of a repeat unit in a domain at shear stress τ 
can be written as the identity: 

ΜΑ 

where ΜΑ° is the chemical potential of a repeat unit of pure amorphous 
polymer A . 

Μ Α _ ΜΑΌ ΜΑ ΜΑ° - (ΜΑ» - ΜΑ°) = 0 

where ΜΑ — ΜΑ° is equal to the positive change in chemical potential on 
mixing and — (ΜΑ

Ώ — ΜΑ°) is equal to the negative change in chemical 
potential realized when a domain acting as a giant crosslink is removed. 

That is, 

(ΜA -/*A°)mix = MA° - ΜΑ°. (2) 

( μ A ~~>A°)mix is found by partial differentiation with respect to the num
ber of polymer repeat units found in domains ( UA ), from the expression 
for the Gibbs free energy change on domain destruction found by 
Krause (2). 

S. Krause's thermodynamic treatment of the Gibbs free-energy 
change of mixing on domain destruction for the whole system of Nc 

copolymer molecules occupying volume V gives 

àGmix/kT= (V/Vr)vAvBXAB(l = 2/z) + Ncln(vA*AVB*B) 

- 2 Ne (m - 1) (ASdis/R) + Nc ln(m - 1) (3) 

where V is the total volume of the system, V r is the volume of a lattice 
site, VA and V B are the volume fractions of monomer A and Β in the 
copolymer molecule, respectively, ζ is the coordination number of the 
lattice, χ Α Β is the interaction parameter between A units and Β units, 
m is the number of blocks in the block copolymer molecule, A S d i 8 / R is the 
disorientation entropy gain on fusion per segment of polymer which is 
again related as A S d i 8 / R = In [(z — l)/e], where e is the base of the 
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natural logarithms, k is the Boltzman constant, and Τ is the absolute tem
perature. O n differentiating Equation 3 with respect to polymer repeat 
units in a domain (C7A), 

( μ A — μ Α ° ) m i x == / d ^ O m X = 

\ P ^ A / Τ,Ρ,ϋΒ 

+ 1 η(ν Δ ^ · ν Β · .)1 - 2 ( m _ 1 } + 1 l n ( m 1 } ) ( 4 ) 

J Xn K Xn ) 

for a copolymer with molar volumes V A , V B and mole fractions n A and nB» 
V = n A V B + N B V B , vA is the volume fraction of repeat units found in 
domains, υ Β = 1 — υ Α and X n is the degree of polymerization. 

As shown in a later publication, 

(MAD - ΜΑ°) = (5) 

where τ is the shear stress, Τ absolute temperature, and Q is a constant 
depending on the molecular structure of the material (calculated as 
0.166 (erg mol/cm 6 K ) for the P S - P M M A block copolymer). 

F M c * H 2 

where α is approximately equal to the ratio between the second and the 
first normal stress difference ( approximately 0.1), ρ is the melt density, 
R is the gas constant, V is the average molar volume of the repeat units, 
M c is the critical molecular weight where the exponent a in the equation 
η = Κ · M w

a changes from 1 to 3.5, and Η is the heterogeneity of the 
sample: H = M w / M n . 

Substituting Equations 4 and 5 into Equation 2 and simplifying, the 
following expression is found: 

ZÇ-A'T + B' (6) 

f o r X A B = a + | , (7) 

where a and β are constants, T C R * is the shear stress where the last domain 
disappear, and 
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A' = Q y { RvB
2 ( 1 - fj a+ R/Xn [ i n Ï / ^ B + Î , b In ^ ] 

- (2R/Xn) (m - 1) (ASm/R) + = - ln(m - 1 ) | 

*'-Q^w(l-?)-* 
Since A ' and B ' are constants for a given copolymer and the possible 

temperature interval is relatively limited, a transition is predicted at an 
approximately constant shear stress. Melt transitions have in faot been 
reported at approximately constant shear stresses for styrene-butadiene-
styrene triblock copolymers (4). However, this behavior was certainly 
not observed for the styrene methylmethacrylate diblock copolymer. 

A possible explanation for the observed behavior is given as follows. 
The exact movement of a domain in a shear flow field is difficult to 
describe if the domain is a viscoelastic l iquid because the domain w i l l 
deform. However, whether a domain is "r ig id" or deformable it has to 
rotate in order to constitute a flow unit. The force holding the domain 
together is the "chemical potential force" opposing mixing of A and Β 
segments. However, if flow processes occur inside a domain it may 
break up before the conditions derived above are reached. The following 
hypothesis could serve as a first approximate rationalization of the ob
served behavior. 

The probability Ρ that a part of a polymer molecule belonging to a 
domain w i l l be "torn" out by flow processes is assumed to be proportional 
to the ratio between the energy which is actually transmitted by the melt 
to that which is theoretically necessary for destruction of a domain. F is 
furthermore inversely proportional to the "domain viscosity." 

That is 

P«< D
U ° ' ~ u £ ^ k m - • 1 - constant = K 

This leads to a prediction of the form 

r c r

2 — Krc*2 - V D f o r K - V D < l (8a) 

* for Κ -VD>1 (8b) ' c r ' c r 

where r c r * is the theoretical value of critical shear stress and ηΌ is the 
domain viscosity. 
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Results 

S M Copolymer. Figure 1 shows double logarithmic delineations of 
shear stress against shear rate with temperatures between 160° and 250°C 
as discrete variables. A l l of the curves show a break at some critical 
shear stress T C R or shear rate y c r . Corresponding to the parts of the curves 
representing shear rates higher than yeTy Ferry's equation (15) (1/η) = 
(l/?7o) + br has been used to define a zero shear viscosity. Such plots 
gave straight lines. The zero shear viscosities (η0*) found by this pro
cedure are given in Table I together with T C R values. 

Since the data for the styrene-methylmethacrylate copolymer show 
that T c r and y c r occur (Figure 1) very close to the Newtonian range, this 
empirical procedure should give reliable values of zero shear viscosity. 

SBS Polymers. As mentioned earlier, processing of SBS samples 
caused degradation. This can be seen in Figures 2a and 2b, showing the 
molecular-weight distribution of Solprene 414C before and after process
ing on a Brabender plastograph. 

SHEAR R A T E , Y , ( S E C - 1 ) 

Figure 1. Shows a double logarithmic delineation of shear stress against 
shear rate with temperature as discrete variable; (O) 160°, (Φ) 170°, (A) 180°, 
(A) 190°, (•) 200% (M) 210% (O) 220% (φ) 230% (V) 240% (Τ) 250°C. 

Material: S-M dibhck polymer. 
American Cnemicai 

Society Library 
1155 16th St. N . W. 

Washington, D. C. 20036 
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20 21 22 23 24 25 26 27 28 29 30 31 32 33 
COUNTS 

Figure 2. Shows the influence of degradation under processing for SBS 
copolymer 414C. (a) The molecular weight distribution (MWD) before 
processing, (b) The MWD after 41 min treatment in a Brabender Plasto-
graph, Walzenkneter 30; temperature ~ 180°C and rate of rotation: 110 

rotations per minute (with 1 % lonox added). 
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Table I. Data for the Styrene—Methylmethacrylate 
Diblock Copolymers 

Zero Shear Critical Shear 
Viscosity Stress 

Temperature η * χ Î0'4 rcr X Î0~4 

(°C) (poise) (dyn/cm2) 

160 222.20 3.6 
170 38.46 2.5 
180 8.33 1.08 
190 4.17 0.6 

0.85 
200 2.18 0.6 
210 1.13 0.37 
220 0.61 0.28 
230 0.33 0.19 
240 0.19 0.112 
250 0.11 0.087 

bhear stress (dyn/cm2 ) 
r ! ! ! ! 1 ! 1 j —ι 1 — Γ - Γ Τ Τ Τ Τ ] 1 r r 

1 1 1 ||| " "î1 '! ï" ! ! ! I 1 j 1 I I 
1 1 1 I I ! 

: Q ΛΤ 
_ 

^ y / V 

_ / _ 
: / / / I _ -

Js / - a / / . " / _ 

/ s& / 
/ S/ / 

/ 

: / 
/ S** / / 

: 

; 1 , 1 . . . 1 . 1 
Shear rate (sec"1 ) 

, . . . . . . .1 . . ι 1 i i IL 
l u " 2 

Ι Ο " 1 1 0 ° 10' 1 0 2 

Figure 3. Shows a double logarithmic plot of shear stress against shear rate. 
The far left curve is taken from Ref. 4 for a SBS copolymer with 39% Styrene 
(see Table II) at 150°C. The two other curves represent SBS copolymer 414C 
at 160° and 200°C, respectively. (O) Cone and plate data, (Π) bicone data, 
(Δ) Brabender data. (—) Flow curve corresponding to the master curve for 

homogeneous melts shown on Figure 7. 
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Since this was the case, all data from Brabender measurements were 
measured as quickly as possible. When a constant reading could not be 
achieved, the slowly changing torque was extrapolated to zero time. The 
correction was normally less than 10%. The data for Solprene 414C are 
shown in a double logarithmic plot of shear stress against shear rate on 
Figure 3. 

The following relations were found by calibration : 

τ = 1200 Ai 

γ = 1 . 2 · Ν 

For Brabender measurements with a mixing chamber, Walzenkneter 
30, M is the measured torque, and Ν is the number of rotations per minute 
( τ in dyn/cm 2 and M in g* m ) . 

τ — 120 · M 

7 = 10 ιΨ 

For Rheometrics measurements with a bicone geometry, ( N ' radians 
per sec, τ is in dyn/cm 2 and M is in g · cm). 

Discussion 

Styrene—methylmethacrylate Diblock Copolymer. Referring to 
Meiers (3) work, we expect that our model system consists of rather 
small spherical domains of P M M A blocks in a PS matrix ( domain diame
ter around 500 À ) . The method of precipitation should point to the same 
conclusion. 

The experimentally observed data may be explained by a hypothesis 
mentioned under theoretical part (b) . A delineation of log rCT against log 
TjD should thus constitute a straight line with slope 0.5. 

Since the critical conditions ( r c r , yCT) were reached in areas where 
the melt was close to the first Newtonian range, ηΌ should be proportional 
to the zero shear viscosity of the monomolecular melt. (As a first approxi
mation, 7? D = ( M P M M A / M ) 3 5 η0, where M P M M A is the molecular weight 
of a P M M A block and M is the molecular weight of a polymer molecule. ) 

Thus a delineation of log rCT against log η0 should be a straight line 
with slope 0.5 and intercept l l o g [ ( T C R * ) 2 * Κ * B] for log η0 = 0. r c r * is 
the theoretical shear stress calculated by use of Equation 6, Κ is the con
stant in Equation 8a, and Β = ( M P M M A / M ) 3 5 . Furthermore, ( log T C F * , 

log 1/KB) should be a point on the line where the slope changes from 
0.5 to 0. 
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Figure 4. Shows a double logarithmic delineation of critical shear stress 
against the zero shear viscosity η0* for the S-M diblock copolymer 

Figure 4 shows a delineation of log Tcr against log τ/0. The slope is 0.5 
within experimental uncertainty and the intercept i l o g [ r c r * ) 2 · Κ · B] 
— 1.556 from which [ ( r c r * ) 2 · Κ · Β ] is 1294 (cgs units) at log ^ — 0. 

Calculation of T*cr. The values recommended by S. Krause AS d i 8 /R 
= 1, ζ — 8, and vB = 0.756, ϋ Α = 0.244, X n = 500 was used in Equation 6. 

The interaction parameter was estimated as follows: 

where δ Α and δ Β are the solubility parameters of repeat units of poly
methylmethacrylate and polystyrene, respectively, and a ~ 0. 
_ In the^valuation of Q: (cgs units) a = 0,1, ρ — 1, R — 8.317 · 107, 
V = 102, M" c = 25,000, Η = 1.96. Since PS repeat units and P M M A 
repeat units have very different polar and hydrogen-bonding character, 
the work of Charles Hansen (16,17) was used in the calculation of β . 
That is, contributions from dispersion forces, polar forces, and hydrogen-
bonding forces were added according to the equation: 

X A B = « + ψ 
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( « A - S B ) 2 = ( 8 A - S B ) d
2 + ( 8 A ™ 8 B ) P

2 + ( 8 A - δ Β ) Λ 2 — 

(8 .6-9 .2) 2 + (3.0-4.0) 2 + (2.0-4.2) 2 — 9.2 

and β = 469.2. W i t h these values inserted in Equation 6, Tcr* = 5 · 10 4 

dyn/em 2 for Τ = 200°C (and Tcr* is predicted to change very slowly 
with temperature ). 

W i t h the value of rcr* known, Κ * Β can be estimated either from the 
intercept ^log((Tcr*)2 · Κ · Β ) in the double logarithmic delineation of 
shear stress against zero shear viscosity or as KB = 1/η0*> where η0* is 
the value of zero shear viscosity corresponding to rcr* (read from the 
straight line on Figure 4) . 

That is, Κ * Β = 5.2 · 10"7 poise" 1 from the intercept and Κ · Β = 
6.25 * 10"7 poise" 1 from the point where rcr* = 5 · 10 4 dyn/cm 2 crosses the 
straight line log r c r — log η0. Thus the hypothesis seems to be reasonable, 
giving approximately the same values for Κ * Β and the correct slope. 

Two criteria were used to examine the hypothesis that above a criti
cal shear stress the melt was in a homogeneous melt state. The first 

1 ! 1 1 j 1 1 1 1 j 1 1 1 1 J I Γ 

7 -

17-WT-TG)/51-6+(T-TG) 

Figure 5. Shows a plot of the logarithm of the zero shear viscosity 
against 17.44 (Ί ~ Ί„)/51.6 + (Τ - Ί„). (Ο) 160°, (Φ) 170% (Δ) 
180% (Α) 190% and (Π) 200°C. Material: S - M diblock copolymer. 
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ΙΟ1 ΙΟ2 ίο 3 ιΦ ΙΟ5 

; η0/τ 

Figure 6. Shows a double logarithmic delineation of η/η0* against 
Vo*y/T for the S-M diblock copolymer. (O) 160°, (·) 110% (A) 180% 
(A) 190% (Ώ) 200% (M) 210% (O) 220, and (φ) 230°C. Full-drawn curve 
is a master curve for polystyrene samples with Mw/Mn 2 and (+) repre
sents Utrackis (12) data for polystyrene samples with a heterogeneity 

of 2.3. 

criterion was to see whether the zero shear viscosities (η0*) showed a 
temperature dependence as expected for monomolecular melts. The 
second was to investigate if a master curve of the type η/η0 against λγ 
(where λ is a relaxation time) of the same form as the one shown for PS 
samples is applicable to the diblock melt data. 

(a) Since the data are close to the glass-transition temperature of 
PS and P M M A ( 100° and 104 °C, respectively), our data should follow the 
WilHam-Landel-Ferry (18) ( W L F ) equation with Tg ~ 100°C. Figure 
5 shows a delineation of log V o * against [17.44 ( Γ - T g)]/[51.6 + (T -
Tg)]. The experimentally determined slope of this curve is —0.95. This 
slope is not significantly different from the expected value of — 1. 

(b) A delineation of log η/η0 against log (η0/Τ)γ is a master curve 
for PS samples with M w / M n ^ 2. If the block copolymer is in a mono-
molecular melt state, it must comply with the same master curve. This is 
so as shown on Figure 6. 

The fact that the melt of the block copolymer above a critical shear 
stress shows the same structure-viscosity relations as found for linear 
melts in simple shear flow is taken as an indication of a monomolecular 
melt state. 

SBS-Triblock Copolymers (40% Styrene). The following values 
were used in calculation of r c r * for Solprene 414C: 
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- | - _ 1, ζ = 8, vB = 0.6, vA - 0.4, X n - 1760, β = ~ (δΑ - 8 B ) 2 

where δ Α and δ Β are the solubility parameters of repeat units of poly
styrene and polybutadiene, respectively, 

, A _ e . l ( ^ V , 8 . - 8 . 5 ^ V , andF = 3 9 ^ 
y cm3 y ' ycm 3y ' mol 

β — 7.0, « s 0,jz_= 0.1, H — 1.3, M ç _ = M C
P B * n P B + M c P S · n P S = 

9400 g/mol for M C
P B — 5600 g/mol, M C

P S = 31,200 g/mol, and mole 
fractions n P B = 0.852 and n P S = 0.148, respectively. This gives Q = 
2.685 [(erg mol )/(cm 6 · Κ ) ] and r c r * = 5.2 · 10 5 dyn/cm 2 for Τ — 
200°C. 

From Figure 3 it is seen that this prediction seems to be correct for 
both our own data and those reported by Holden, Bishop, and Legge ( D ) 
for a SBS copolymer with 40% styrene and measured with a bicone 
geometry. 

Figure 7. Shows a double logarithmic plot of η/η0* against f · η0*γ/Ύ for 
SBS copolymers. The full-drawn curve is the same master curve as shown on 
Figure 4. (O) SBS-414C at 200°C, (Π) SBS (14S-74B-14S) at 175°C, (Q) 
SBS (20S-110B-20S) at !75°C, and (Δ) SBS (10S-52B-10S) at 175°C. The 
η data for the last three samples has been taken from Ref. 4. The η0* values 

used are given in Table II. 
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Table II. SBS Copolymers 

Sample 
Temperature Zero Shear Viscosity 

(°C) η0* X 10~5 (poise) 

16S-52B-16S (39%) (4) 
Solprene 414C (40%S) 

150 3.3 
200 0.264 
175 1.0 
175 39 
175 1000 

10S-52B-10S (27.8%S) (4) 
14S-74B-14S (27.5%S) (4) 
20S-110B-20S (26.7%S) (4) 

A delineation of log η/η0 against log [(η0/Τ)γ · /] should be the 
polystyrene master curve with M w / M n = 2 for SBS melts above the 
critical shear stress (/ is a theoretical factor correcting for differences in 
structure such as different heterogeneity (to be given in a later publi
cation ) ). 

Figure 7 shows that for four different SBS polymers with styrene 
content 27% and 40%, a delineation of \ο%η/η0 against log [(η0/Τ) γ · /] 
is in fact a master curve: / (40% styrene) = 0.196, / (27% styrene) = 
0.164. The zero shear viscosities for the SBS samples in Figure 7 are 
given in Table II. The fact that the SBS master curve deviates from the 
PS master curve at high values of (η0/Τ)γ · / may be caused by non-
isothermal conditions in the capillary. 

Conclusion 

The experimental evidence indicates that below a critical value of 
shear stress, domains exist in the melt. Above a critical value of shear 
stress, the domains are destroyed and a monomolecular melt phase is 
formed under shear flow conditions. 

The critical shear stress seems to be predictable using the theoretical 
expression given in Equation 6 in this chapter, at least when the viscosity 
of the domains exceeds a critical value. 

The predicted critical shear stress is approximately constant (varies 
slowly with temperature ). 

List of Symbols 

a = ratio between the second and first normal stress difference 
A = polymer originally in domains 

A ' = constant in Equation 6 
b = empirical constant in Ferry's equation 
Β = the ratio between the domain viscosity ηΏ and the zero shear 

viscosity η0* 
B' = constant in Equation 6 
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e = base of natural logarithm 
f = correction factor for differences in structure 

A G m i x = free-energy change on mixing 
AG2 = free-energy change attributable to removal of one domain i n a 

melt experiencing shear flow 
AGT = total free energy change 

H = heterogeneity index 
k = Boltzman constant 

Κ = empirical constant in Equation 8a 
m = number of blocks 

M M A = methylmethacrylate 
M P M M A == molecular weight of polymethylmethacrylate 

M p S = molecular weight of polystyrene 
M P B = molecular weight of polybutadiene 

M = molecular weight of a copolymer molecule 
M = torque 

M W D = molecular weight distribution 
M w = weight average molecular weight 
M n = number average molecular weight 
M c = critical molecular weight 

η = mole fraction 
n A = mole fraction of polymer A 
nB = mole fraction of polymer Β 
Ν = number of rotations per minute 

N ' = number of radians per second 
Nc = number of copolymer molecules 

Ρ = probability 
PS = polystyrene 
P B = polybutadiene 

Q = empirical constant in Equation 5 
R = gas constant 
S == styrene 

SBS = styrene-butadiene—triblock copolymer 
S M styrene-methylmethacrylate diblock copolymer 

AS d i S /R = disorientation entropy 
Τ = absolute temperature 

TR = glass-transition temperature 
T H F -= tetrahydrofuran 

UA = number of repeat units of polymer A 
UB = number of repeat units of polymer Β 
vA = volume fraction of polymer A 
vB = volume fraction of polymer Β 
V A = molar volume of monomer A 
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28. L Y N G A A E - J O R G E N S E N E T A L . Domain Flow 557 

= molar volume of monomer Β 
V total volume 
V = average molar volume of the repeat units 

vr 
= average volume of a lattice site ( V r = V) 

X = degree of polymerization 
ζ = coordination number 
a empirical constant in Equation 7 
β empirical constant in Equation 7 

»B>$A solubility parameters of repeat units in domains and in 
continuous phase, respectively 

y shear rate 
y c r critical shear rate 

V 
= melt viscosity 

Vo zero shear viscosity 
η * = estimated zero shear viscosity ( η 0 * = η 0 ) 

ηΌ domain viscosity 
/ΧΑ 0 = chemical potential of a repeat unit of pure polymer A 

f * A = chemical potential of a repeat unit of polymer A in the 
homogeneous melt 

= chemical potential of a repeat unit in domains 
Ρ = melt density 
τ shear stress 

— critical shear stress 
T c r theoretical critical shear stress 
ΧΑΒ = interaction parameter 
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Polymer Compatibilization: Blends of 
Polyarylethers with Styrenic Interpolymers 

O L A G O K E OLABISI and A. G . F A R N H A M 

Research and Development Department, Chemicals and Plastics, 
Union Carbide Corp. , Bound Brook, N J 08805 

The polymer compatibilization concept is to modify advan
tageously the mechanical properties of a normally incom
patible mixture by the addition of a suitable compatibilizing 
agent consisting usually of a block or graft copolymer. 
These interpolymers act as interfacial bridges between the 
components in the mixture. In this work, the 'compatibili
zation concept' is invoked, but pendant chemical groups are 
the compatibilizing agents rather than the more usual co
polymers. Nitrile and/or ester groups have been attached 
conveniently to the backbone of a series of polyarylethers to 
compatibilize the ethers with αmethyl styrene/methyl meth-
acrylate/acrylonitrile interpolymers. The choice of the ap
propriate pendant chemical groups was made on the basis of 
the observation that the styrene interpolymers are miscible 
with polymers that contain these specific groups. 

Λ miscible polymer-polymer blend almost always yields a physical-
property spectrum superior to the individual components, and this 

allows the development of a new set of products with significant savings 
in capital investment. Partly for this reason and partly because new and 
commercially viable polymers are becoming harder to 'come by, ' the 
plastic industry has expended a sizeable sum towards identifying miscible 
high-performance polymer mixtures. Indeed, the more recent renewed ex
perimental and theoretical programs have resulted in an increased number 
of known miscible blends. O n the commercial scene, however, successful 
miscible polymer-polymer blends are still rather few and are limited to 

0-8412-0457-8/79/33-176-559$06.75/0 
© 1979 American Chemical Society 
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560 M U L T I P H A S E P O L Y M E R S 

polystyrene-poly(2,6-dimethyl 1,4-phenylene oxide), elastomer blends, 
miscible polymeric coatings, and blends of P V C with its permanent 
plasticizers. 

O n the other hand, some mechanically compatible blends as well 
as some dispersed two-phase systems have made respectable inroads into 
the commercial scene. Many of these are blends of low-impact resins 
with high-impact elastomeric polymers; examples are polystyrene/rubber, 
poly ( styrene-co-acrylonitrile ) /rubber, poly ( methyl methacrylate ) /rub
ber, poly (ethylene propylene ) /propylene rubber, and bis-A polycarbon
ate/ABS as wel l as blends of polyvinyl chloride with A B S or P M M A or 
chlorinated polyethylene. 

Another concept which has been exploited is the 'compatibilization' 
technique (1-7). The idea is to advantageously modify the mechanical 
properties of a normally incompatible mixture by the addition of suitable 
compatibilizing agents. Use of such agents is exemplified by the blend 
of poly (ethyl aery late) with polystyrene-grafted poly (ethyl acrylate ) 
(1,2); the mixture of polyvinyl chloride with polybutadiene that has 
been separately grafted onto polystyrene, poly (methyl methacrylate ), 
and the copolymer of the two (3) ; the mixture of polystyrene, poly
butadiene, and polystyrene-grafted onto polybutadiene; and the mixture 
of polyvinyl chloride, cellulose, and poly (ethyl acrylate) grafted onto 
cellulose (4). A similar concept has been used in developing reinforced 
and filled polymer composites where glass fibers are mixed with polyester 
epoxy resin in the presence of the compatibilizing graft copolymer of 
glass with polyester or glass with epoxy resin. In the field of adhesives, 
improved adhesive bond is achieved between, for example, P V C floor 
tiles and concrete, wood, or gypsum by using a compatibilizing agent 
composed of graft copolymer of P M M A with natural rubber or epoxy 
resin (5, 6). 

The common factor in all of these examples is that each system 
takes advantage of the compatibility of the compatibilizing agent with 
one or more of the components of the mixture. The agents are composed 
of a block or graft copolymer of one polymer molecule to another, and 
the generally accepted explanation is that the agents act as interfacial 
bridges which couple the components in the mixture. The resulting 
blend is usually immiscible but marginally compatible, and the degree of 
phase separation is reduced considerably. 

In the recent miscibility studies with α-methyl styrene/acrylonitrile 
copolymer and a α-methyl styrene/methyl methacrylate/acrylonitrile 
terpolymer (8), it was found that almost all miscible second components 
contain amides, imides, nitriles, or esters, each of which contains lone-
pair electrons capable of donor-acceptor complexation—a state which 
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29. O L A B i s i A N D F A R N H A M Polyarylethers 561 

was earlier speculated to contribute somewhat to the formation of 
compatible polymer mixtures (9). It was decided, therefore, that intro
duction of these type of groups onto the backbone of a series of otherwise 
insoluble, high impact, high Tg polyarylethers might yield compatible 
blends of superior properties. That is, the 'compatibilization concept' is 
invoked, but now pendant chemical groups are the compatibilizing agents 
as opposed to the block and graft copolymers previously used. It may 
be more appropriate to refer to these pendant chemical groups as 
'internal' compatibilizing agents and to the others as 'external' com
patibilizing agents. 

Experimental 

Synthesis. Five different polyaryl ethers were made from the con
densation product, resulting from the reaction of phenol and levulinic 
acid, commonly referred to as diphenolic acid, and one or more of the 
following monomers: bisphenol A , dichlorodiphenyl sulfone, 2,6-dichloro-
benzonitrile, and 4,4'-difluorobenzophenone. The resulting polymers were 
subsequently methylated such that the common monomer becomes ( 1 ) : 

C H 3 feN 

€M 0̂> c , ^r c i 

C H 2 \ X 
I 

C H 2 

I 
e = o 
I 

1 O C H 3 2 

Six more polyaryl ethers were made from 2,6-dichlorobenzonitrile ( 2 ) 
and one of the following monomers: Ι,Γ-bis(4-hydroxy-3,5-dimethyl 
phenyl ) cyclohexane; 2,2'-bis ( 4-hydroxyphenyl ) -2-phenyl ethane; 1,3-
bis ( 4-hydroxyphenyl ) -1-ethyl cyclohexane; 2- ( 4^hydroxyphenyl ) -2- [3- ( 4-
hydroxyphenyl ) -4-methyl cyclohexyl] propane; 2,2'-bis ( 4-hydroxy-3,5-
dimethyl phenyl) propane; and bisphenol A . 

Because the procedure used in making these polymers is similar 
(10), it is sufficient to describe one, namely, the syntnesis of the ter-
polyether from bisphenol A , diphenolic acid, and dichlorodiphenyl 
sulfone, whose polymerization scheme is: 
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I 
C O O N a 

C H 2 

I 
C O O C H , 

The following were placed in a 500-cm 3 four-neck reaction flask 
fitted with stirrer, thermometer, nitrogen sparge tube, helices packed col
umn, and Dean-Stark moisture trap with condenser: 25.68 g bisphenol A 
(.1125 mol) , 32.21 g diphenolic acid (.1125 mol) , 112.5 c m 3 M e 2 S O , 
and 200 c m 3 toluene. The solution was warmed to about 50°C, air was 
displaced by nitrogen sparge, and 22.51 g N a O H ( .5625 mol as 50.62% 
solution ) was added. The mixture was stirred and heated to reflux with 
water separation and removal until no more water was evident in the 
reflux distillate. Toluene was distilled off to a pot temperature of about 
160°C, and a solution of 64.65 g 4,4'-dichlorodiphenyl sulfone (.255 mol) 
in 110 cm 3 toluene was added. Toluene was removed to give a reaction 
temperature of 160°-165°C and maintained for about 2 hr. The mixture 
was cooled to 120°-125°C and methyl chloride bubbled in at this tem
perature to saturation until the mixture became uniform and the p H had 
dropped to give an acidic test with bromo cresol purple indicator ( p H ~ 
5) . The polymer solution was diluted with 75 c m 3 chlorobenzene and 
filtered to remove salt. The clear, filtered solution was precipitated into 
methanol using a Waring blender, and the polymer fluff was filtered and 
washed with fresh methanol and dried under vacuum. Yie ld : 100.8 g 
(cale 107.6), R V C H C I 3 = 0.33. I R analysis of a film showed a deep 
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29. O L A B i s i A N D F A R N H A M Polyarylethers 563 

absorption band for carbonyl ( ~ 5.75 μ) but no band for free O H or 
carbonyl (at ~ 3 μ), indicating adequate conversion of sodium carboxyl-
ate to methyl ester. 

N M R Characterization. The structures of the polyarylethers A - K 
(Table I) were confirmed through their N M R spectra. As an example 
of the N M R data, observe the spectrum in Figure 1 for sample K , the 
condensation product of disodium salt of diphenolic acid and 2,6-di-
chlorobezonitrile which was subsequently methylated as discussed above. 

The spectrum is separated into two regions, namely, a low-field 
quartet plus doublet of lines and a high-field singlet with one doublet. 
The low-field doublet of lines, denoted by p, constitutes those hydrogens 
meta in the nitrile group, H p . This doublet would appear as a singlet 
were it not for the proton para to the nitrile group, H 8 . The interaction 
between the two magnetic nuclei is responsible for the splitting of the 
nuclear-spin energy levels. The quartet can be considered to be made 
up of a pair of doublets q and r, and such a quartet is very characteristic 
or para-disubstituted benzenes where the substituents are different. 
Proton H e is not readily observable but its presence can be ascertained 
from the spectrum integral shown in triplicate in Figure 1. 
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Polymer 
Designation 

Polysulfone 

Table I. Polyarylether Structures 

Polymer Repeat Unit 

C H 3 

C 

(RV) Tg(°C) 

CH., 

4 - 0.48 184 

C H ; , 
C H . 
I 

C H , 
I 

C O O C H , 0.33 154 

Β 

C H , 

CH-, 

C H , 

COOCH:, 0.48 152 

C H 3 

- ^ - @ - ^ ® - * - φ - β - ® 4 
CH-, 
ι 

CH, , 

C O O C H , 0.76 123 
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Table I. Continued 

Polymer 
Designation 

Ε 

Polymer Repeat Unit 

C H 8 C H , C N 

565 

jjsp_ 
C 

(RV) Tg(°C) 

0.61 245 

F 

C H , C N 

— 0 — ^ — 0 — ( ^ r 

0.74 185 

G 

0.77 198 

H 

CH., C N 

C H , CH; , -I 0.76 212 

C H , C H , _ ~ 

C H 3 C H , C H 3 

, C H , C N 

J 0.94 280 

C H , C N 

( H ^ f H ^ o - ^ p -
CH;, 0.69 170 
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Table I. Continued 

Polymer 
Designation Polymer Repeat Unit 

C 

(RV) Tg (°C) 

Κ C H 3 C N 

-0 
C H , 0.42 135 

C H 2 

C O O C H , 

The high field singlet V is attributable to the carbomethoxy methyl 
hydrogens, and singlet V is attributable to the three equivalent methyl 
hydrogens designated as such on the structure in Figure 1. Peak b, 
attributable to the — C H 2 — C H 2 — group, appears as a doublet because 
the methylene groups are not equivalent and they couple with each 
other, yielding the rather broadened doublet resonance. 

The relative chemical shifts of the peaks a, b, and c are as expected 
for aliphatic hydrogens, and the integrals are in the approximate ratio 
1:1.3:1, in excellent agreement with theory. Lastly, from the integrals, 
the ratio of the aromatic to the aliphatic protons is estimated to be 1:1.18; 
this should be compared with the theoretical value of 1:1.1 calculated 
from the fact that the monomer contains 11 aromatic and 10 aliphatic 
protons. 

Mechanical Characterization. The polymer-polymer blends were 
made by using a Two-Rol l M i l l or a Brabender Plasticorder maintained 
at a temperature of ~ 250°C. Samples for the Instron tester and dynamic 
mechanical testing were prepared by compression molding. The heat 
distortion temperature ( H D T ) , izod, and flexural properties were obtained 
from 125-mil-thick samples, the dynamic mechanical testing was done on 
20-mil-thick samples, and all other data were obtained from 15-mil-thick 
samples. The mechanical property data were obtained at 25°C and the 
dynamic mechanical testing was conducted with a torsion pendulum 
equipment similar in design to that reported by Nielsen (11). Sample 
dimensions for the torsion pendulum were chosen to give a nominal 
frequency of 1 H z in the solid state. The glass-transition temperatures 
were obtained from resilience-temperature measurements. 

In using the resilience data for locating the T g , one subjects a poly
meric sample to a stress which is just enough to give one-percent strain 
at a given temperature T. O n releasing the stress, the sample completely 
recovers ( 100 percent resilience ) if Τ < T g . As the temperature increases, 
the percent of recovered strain decreases, reaching a minimum at Τ « T r 

A t temperatures just above the Tg the resilience increases again, reaching 
a maximum at a value usually less than 100 percent. A t still higher 
temperatures, the resilience monotonically decreases to zero unless the 
material crosslinks. 
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A l l of the Tg data reported in Table II were obtained with the 
resilience method; a few selected results were doubly checked with the 
values obtained from the torsion-pendulum data. Note the identical value 
of the Tg for «MS/AN/MMA measured by the resilience method and that 
obtained with the torsion-pendulum data on Figure 12. 

Results and Discussion 

The terpolymer of α-methyl styrene/methyl methacrylate/acryloni-
trile (60/20/20) is miscible in al l proportion with poly (methyl meth
acrylate) (8) . Figure 2 illustrates the dependence of T g and H D T on 

3 

O. 

• HEAT DISTORTION 
• GLASS TRANSITION 

J 1 I I I I I I L 
0 10 20 30 40 50 60 70 80 90 100 

% TERPOLYMER 

Figure 2. Composition dependence of Tff and HDT for the 
terpolymer/PMMA blends 
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the weight-percent terpolymer in the PMMA/terpolymer blends. Each 
data point corresponds to the single, distinct Tg or H D T for the blend. 
Such single, distinct Tgs intermediate between the pure component T gs 
(as shown in Figure 2) are usually considered a necessary but not a 
sufficient condition for the establishment of polymer-polymer miscibility. 
It indicates that the two component polymers are miscible up to a scale 
corresponding to that responsible for the cooperative main-chain move
ment associated with the glass-transition temperature. Figure 3 illustrates 
a significant attribute of a miscible blend, namely, that the mechanical 
properties of the blends at intermediate compositions are superior to 
those of the two constituent polymers. This point is particularly more 
evident in the flexural properties. 

More or less similar behavior has been observed (8) in the blends 
of the copolymer or the terpolymer with the following: bis-A polycar
bonate, polyvinyl chloride, poly (ethyl methacrylate ), and a terpolymer 
made from methyl methacrylate, Ν,Ν'-dimethyl acrylamide, and N -
phenyl-maleimide. Because of this unique miscibility characteristic of 
the α-methyl styrene interpolymers, an attempt was made at compati-
bil izing polyarylethers with the interpolymers by attaching pendant 
chemical groups known to exist in systems with which the interpolymers 
are miscible. 

Table I illustrates the structures of the modified polyarylethers, their 
glass-transition temperatures, and their reduced specific viscosities ( R V ) 
measured in chloroform at 25°C at a concentration of 0.2 g/100 m L . 

Table II. Meckanical Properties 

Structure Blends 

C H 3 

> ~ # 4 H ^ O - ^ 0 2 ^ -

C H 3 

Polysulfone 

50% « M S / A N / M A A 
50% « M S / Α Ν 

Pure PSF 

C H , 

CH : i 

C H , 

CH. 
I 
C O O C H , 

50% « M S / A N / M A A 
50% « M S / A N 

Pure A 
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29. O L A B i s i AND F A R N H A M Polyarylethers 569 

Table II contains the mechanical properties and the glass-transition tem
peratures of the styrenic interpolymers, the various polyarylethers, and 
their 50/50 blends. 

The blends of polysulfone with the α-methyl styrene polymers are 
immiscible, as evidenced by the double glass-transition temperatures in 
Table II. To improve the miscibility characteristics, polysulfone was 
modified in two ways. First, 25% of the bisphenol A was replaced by 
monomer I which contains a pendant ester group and, when no improve
ment resulted, the whole 50% of the bisphenol A was replaced. Again, 
the blends remain immiscible as evidenced from Figures 4 and 5 and 
from Table II. Further, the presence of the pendant ester group in 
polymer C does not improve the miscibility picture even though one 
would expect a favorable contribution from the carbonyl group on 
account of the miscibility of polycarbonate with the α-methyl styrene 
polymers. 

A pendant nitrile group was also tried as a compatibilizing agent in 
polymers E - J with no significant success. Combination of the pendant 
nitrile with the pendant ester groups in polymer D also fails to improve 
the miscibility picture. In al l of these cases, two minima are exhibited 
in the resilience-temperature curves, examples of which appear in Figures 
4, 5, 6, 7, and 8 for the 50/50 blends of polymers A , B, D , F , and H with 
the styrenic interpolymers. The slight shifts in Tg which appear i n some 
cases indicate the 'slight' affinity of the constituent polymers, but the 
consistent cloudiness is a further proof of the two-phase state of the 

of Polyarylether Blends 

IfoSec 
Modulus Strength Elong. 

(psi) (psi) 

Strength Elong. Pendulum 
@ @ Impact Tff Plaque 

Break Break (ft lb/in3) (°C) Appearance 

314 ,000 
350 ,000 
360 ,000 

N o n e — 
>> ^ 

10,200 6.0 

8,900 
8,500 
7,400 

3.5 
2.5 

50 .0 

3.6 
2.3 

110.0 

126,171 
114,164 

185 

C l o u d y 

Transparent 

4 0 0 , 0 0 0 N o n e — 8 ,200 2.0 3 .0 126,154 C l o u d y 
4 1 0 , 0 0 0 " — 5 ,300 1.5 1.5 110,142 
357 ,000 " — 8 ,100 2.5 7.5 154 T r a n s p a r e n t 
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570 M U L T I P H A S E P O L Y M E R S 

Table II. 

Structure Blends 

C H . 

C H 2 

ι 
C O O C H , 

5 0 % « M S / A N / M A A 
5 0 % « M S / A N 

P u r e Β 

CH., 
I 

C H , 

C H 2 

C O O C H 3 

5 0 % « M S / A N / M A A 
5 0 % « M S / A N 

PureC 

CH;, 

CN 

C H . 
I 

C H . 
I 

C O O C H , 

5 0 % « M S / A N / M A A 
5 0 % « M S / A N 

P u r e D 

5 0 % « M S / A N / M A A 
5 0 % « M S / A N 

P u r e Ε 

5 0 % « M S / A N / M A A 
5 0 % « M S / A N 

P u r e F 

5 0 % « M S / A N / M A A 
5 0 % « M S / A N 

P u r e G 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

02
9

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



29. o L A B i s i A N D F A R N H A M Polyarylethers 571 

Continued 

l%Sec 
Modulus 

(psi) 

Yield Strength Elong. Pendulum 
Strength Elong. @ @ Impact Ύσ Plaque 

(psi) Break Break (ft lb/in3) ( ° C ) Appearance 

384 ,000 
335 ,000 
336 ,000 

11,300 4 .5 3.7 127,141 
8 ,300 2.5 2.1 110,136 
9 ,300 3.0 45 .0 152 

C l o u d y 

T r a n s p a r e n t 

3 8 9 , 0 0 0 — 7,000 1.5 8 .0 126 
360 ,000 — 3 ,700 3.0 3.5 115 
373 ,000 8 ,600 2.5 7 ,000 5.0 67 .0 123 

C l o u d y 

T r a n s p a r e n t 

338 ,000 N o n e — 10,900 4.5 4.5 126 ,140 
353 ,000 ?> — 9,000 3.0 3.8 114,134 
320 ,000 11 — 10,800 6.0 87 .0 149 

C l o u d y 
11 

T r a n s p a r e n t 

4 0 4 , 0 0 0 — 10,200 3.0 1.0 126,223 
411 ,000 — 7,700 2.0 3.0 112,185 
320 ,000 — 10,600 5.0 9.4 245 

C l o u d y 
11 

T r a n s p a r e n t 

320 ,000 
288 ,000 
347 ,000 15,000 6.5 

10,300 4 .5 3.9 120 ,160 C l o u d y 
6 ,400 2.5 3 .0 115,179 

12 ,600 10.0 51 .0 185 T r a n s p a r e n t 

2 9 2 , 0 0 0 N o n e — 9 ,600 4 .0 3.9 118,193 C l o u d y 
332 ,000 " — 4 ,3 0 0 1.5 2.1 116,188 
2 5 2 , 0 0 0 12 ,390 11.0 12,380 49 .0 137.0 198 T r a n s p a r e n t 
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Table II. 

Structure Blends 

H 

C H , C N 

C H 3 C H 3 

50% «MS/AN/MAA 
50% «MS/AN 

Pure H 

C H , C H , C H , C N 

C H , C H , C H , 

50% «MS/AN/MAA 
50% «MS/AN 

Pure I 

50% «MS/AN/MAA 
50% «MS/AN 

Pure J 

Κ 

CH.s CN 

o - © ^ - ^ - o - A -
C H 
I 

CH.. 
1 

C O O C H , 

50% «MS/AN/MAA 
50% «MS/AN 

Pure Κ 

C H 3 

I 
- - C H j - C — • - C H i - C H - • C H r < 

I 
C N 

C H 3 

I 

Terpolymer 

0 

cu 3 

600 «MS 

200 A N 

200 MMA 

C H , 

- - C H s - C - C H 2 € H — 

I à l 
Τ 
C N _ 

690 «MS 

310 A N 

Copolymer 

Pure 
«MS/AN/MMA 

Pure 
«MS/AN 
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29. O L A B i s i A N D F A R N H A M Polyarylethers 573 

Continued 

1% Sec Yield Strength Elong. Pendulum 

Modulus Strength Elong. @ @ Impact Ύσ Plaque 

(psi) (psi) Break Break (ft lb/in3) ( ° C ) Appearance 

400 ,000 — 11,200 4.0 1.0 121,186 C l o u d y 
347 ,000 ?» — 3 ,900 1.5 1.0 113,195 V e r y H a z y 
332 ,000 j> 11,800 6.0 8.0 212 T r a n s p a r e n t 

303 ,000 >> 8,900 3.5 4.3 126,203 C l o u d y 
320 ,000 — 4,600 1.5 1.7 114,162 V e r y H a z y 
293 ,000 12,100 8.5 10,760 15.0 15.5 234 T r a n s p a r e n t 

304 ,000 )1 12,000 7.0 7.5 126,146 C l o u d y 
320 ,000 — 9,600 3.5 4 .0 111,148 >> 

330 ,000 13 ,000 5.8 12,790 26.0 185.0 161 T r a n s p a r e n t 

355 ,000 >> 8,100 2.5 3.0 130 C l o u d y 
410 ,000 ?» — 8,700 3.0 3.0 120 H a z y 
360 ,000 »> 11,000 4.5 60.0 128 T r a n s p a r e n t 

4 5 0 , 0 0 0 N o n e — 7,600 2.0 6.0 126 T r a n s p a r e n t 

437 ,000 N o n e 8 ,300 2.0 3.0 108 T r a n s p a r e n t 
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574 M U L T I P H A S E P O L Y M E R S 

• FLEXURAL STRENGTH 
• TENSILE STRENGTH 

Figure 3. Composition dependence of the flexural and tensile strengths 
for the terpolymer/blends 
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29. O L A B i s i A N D F A R N H A M Polyarylethers 581 

% α MS/AN COPOLYMER 

Figure 10. Composition dependence of Tg and HDT for the blends of poly-
mer Κ with aMS/AN copolymer 
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582 M U L T I P H A S E P O L Y M E R S 

blends. Nonetheless, the pretty good mechanical properties indicate that 
the blends are mechanically compatible even though they are thermo-
dynamically immiscible. 

The best results are obtained with polyarylether designated as K, 
and Figure 9 represents the resilience-temperature curve showing the 
single Tg for the 50/50 mixture of the polymer Κ with α-methyl styrene 
and co- and terpolymers. The dependence of the Tg and H D T on the 
percent polyarylether in the a M S / A N blends appears in Figure 10. Even 
though the T gs and H D T s of the blends are intermediate between the 
pure component values, the blends are believed to be two-phase owing 
to their consistent opacity. Additional revealing evidence of the possible 
immiscibility of these mixtures is embodied in the temperature depend
ence of dynamic mechanical data illustrated in Figures 11 and 12. Note 
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29. O L A B i s i A N D F A R N H A M Polyarylether s 583 

the very broad transition curves which appear to average the values of 
the separate component glass transitions. Although the broadening of 
the tan δ can be interpreted as an artifact of the instrumentation, a 
miscible blend would ordinarily give a sharp transition curve similar in 
behavior to that of a pure polymer. That is, the behavior of the best 
system of this study may be that of a marginally miscible blend. 

The composition dependence of the flexural strength of the «MS/AN-
copolymer blend with polyarylether Κ appears in Figure 13. As the 
composition of the copolymer increases, the strength first increases, 
reaches a maximum, and then decreases. It actually exhibits a minimum 
at about ~ 80% «MS/ΑΝ. This behavior can only substantiate earlier 
suggestions regarding the possible immiscibility of these systems. A l l of 
the other mechanical properties indicate that mixtures with polyarylether 
Κ may not be miscible but are mechanically compatible. Finally, it is 
interesting to note that at least one of the pendant chemical groups 
present on Κ exists on either of the α-methyl styrene interpolymers. It 
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PSI 

20,000 r— 

19,000 — 

18,000 

11,000 

10,000 J I J I I L 
0 10 20 30 40 50 60 70 80 90 100 

% COPOLYMER 

Figure 13. Composition dependence of the flexural and tensile strengths for 
the blend of polymer Κ with aMS/AN copolymer 

may well be that the old concept of l i k e dissolves like' suffices to explain 
the compatibility characteristics of polyarylether K ; but then, the same 
concept fails when applied to polymers A - J . 

Conclusion 

α-Methyl styrene/methyl methacrylate/acrylonitrile terpolymer and 
α-methyl styrene/acrylonitrile copolymer are miscible with poly (methyl 
methacrylate ) and some other polymers containing amides, imides, 
nitriles, or esters, each of which contains lone-pair electrons capable of 
donor-acceptor complex formation. By attaching this type of chemical 
groups onto the backbone of an otherwise immiscible polyarylether, it 
was possible to produce compatible mixtures of the styrenic interpolymers 
with the polyarylether. 
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29. o L A B i s i A N D F A R N H A M Polyarylethers 585 

The resulting mixtures exhibit single Tgs intermediate between the 
component T gs, but the transition curves are broad and the plaques are 
opaque to light transmission. Nonetheless, the rather good mechanical 
properties indicate that the blends are mechanically compatible even 
though they are thermodynamically immiscible. That is, compatibilization 
has been achieved via the use of pendant chemical groups as internal 
compatibilizing agents. 
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30 

Effect of Branch Length of Neoprene-g-
Poly(tetrahydrofuran) Copolymers on 
Properties 

J. LEHMANN1 and P. DREYFUSS 

Institute of Polymer Science, University of Akron, Akron, O H 44325 

Neoprene-g-poly(tetrahydrofuran) copolymers with branches 
of different length were synthesized. Solubility, NMR, and 
GPC indicated that pure graft copolymer was produced in 
all cases. The copolymers exhibited one Tg which was 
between the Tgs of the homopolymers and a crystalline 
melting temperature slightly lower than the Tm of polytetra-
hydrofuran. Polarizing optical microscopy on thin films 
revealed spherulitic domains in a nonspherulitic matrix. 
Tensile strength tests of uncured specimens indicated that 
breaking-elongation decreases and ultimate tensile strength 
increases as the length of the polytetrahydrofuran branches 
increases. Permanent set increased with branch length and 
was thermally reversible. Adhesive characteristics in stand
ard neoprene recipes were very similar to those of neoprene 
or polytetrahydrofuran with plastic or metal adheronds. 

" \ T 7 h e n certain allyl halides react with a suitable inorganic salt i n the 
* * presence of a heterocyclic monomer, polymerization ensues ( I ) . 

If the halide is a polymeric halide, graft copolymer results. The objec
tives of the present work are: ( 1 ) to synthesize and characterize such 
graft copolymers and (2) to test some of their mechanical properties and 
relate them to the content of branch which has been grafted from the 
polymer. 

1 Current address: Electrochemical Industries ( Frutarom ), P.O. Box 1929, Haifa 
31000, Israel. 

0-8412-0457-8/79/33-176-587$05.00/0 
© 1979 American Chemical Society 
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588 M U L T I P H A S E P O L Y M E R S 

As the polymeric halide for our initial investigation we have chosen 
polychloroprene (Neoprene), which has the following structure: 

- f C H 2 — C = C H — C H 2 H C H 2 — C C l + f C H 2 — C H j-
I I ! 

C l C H = C H 2 C C 1 = C H 2 

~ 98% ~ 1.5% - 0.5% 
The tertiary allylic chlorides labeled above with an asterisk are the graft
ing sites ( J ) . Tetrahydrofuran ( T H F ) was chosen as the heterocyclic 
monomer because its chemistry is so well known that it is the model 
heterocycle of choice in oxonium-ion polymerizations (2) . 

This chapter describes the synthesis of the selected graft copolymers 
and some of their characterization by solubility, N M R , IR, G P C , D T A , 
optical microscopy, stress-strain properties, and work of adhesion. Corre
lations with polytetrahydrofuran ( P T H F ) content and branch length are 
reported. These correlations are based on calculated numbers derived 
from gravimetrically determined conversions and the number of active 
halogens on the backbone assuming 100% reactivity of the halogens. 
Studies with model, small organic halides suggest that this is a reasonable 
first approximation (3,4). Attempts to characterize the branches experi
mentally have been unsuccessful so far. 

Experimental 

Materials. T H F monomer was refluxed under nitrogen first over 
lithium aluminum hydride for 48 hr, then over sodium-potassium alloy. 
The distilled monomer was used within 24-48 hr. Methylene chloride 
( C H 2 C 1 2 ) was refluxed over calcium hydride overnight under nitrogen 
and then distilled under nitrogen. Silver hexafluorophosphate ( A g P F 6 ) 
(Al fa Inorganics or Ozark Mahoning) was used as received. Triphenyl-
phosphine was recrystallized from ether and dried in a vacuum oven at 
room temperature. 

Polychloroprene ( Neoprene W or A C Soft, Ε . I. duPont de Nemours 
and Co. ) was dissolved in toluene, precipitated in methanol, and dried in 
a vacuum oven at room temperature. This procedure was repeated three 
times. The polymer was used immediately after the last precipitation. 
Neoprene W and Neoprene A C Soft have M n s of 180,000 and 230,000, 
respectively, and allylic chloride contents of 1.45 and 0.77 m o l % , respec
tively. The M„s were determined by osmometry, and m o l % allylic chlo
ride are based on an IR measurement of the 1,2-addition-product band 
of polychloroprene at 921 cm" 1 (5) . P T H F used for D T A and stress-
strain measurements had ΤνΓη = 95,000. 

The compounding ingredients for preparation of adhesion test speci
mens, magnesia ( M g O ) , zinc oxide, Zalba Special ( hindered phenol 
antioxidant from Ε. I. duPont de Nemours and C o . ) , and Bakelite-brand 
t-butylphenolic resin CK-1634 (Union Carbide Corp.) were used as 
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30. L E H M A N N A N D DREYFUSS Effect of Branch Length 589 

received. Aluminum, chrome, and brass substrates were prepared as 
previously described (6). Poly-2,6-dimethyl-l,4-phenylene oxide ( P P O , 
General Electric Co. ) sheets were molded between preheated Ferrotype 
plates backed by stainless steel plates at 290°C in a Pasadena Press 
using 30,000 lb on a 5 in. ram. A cycle with 1.5 min preheat and 2.2 min 
at ful l pressure followed by 5 min in a cold press at the same pressure 
was most suitable. Polyethylene terephthalate ( Mylar, Ε . I. duPont de 
Nemours and Co. ) was secured to an aluminum plate using a polyester 
resin (Adhesive 46971, Ε. I. duPont de Nemours and Co.) and pressing 
for 1 hr at about 125 °C and 20,000 lb per 5-in. ram force. 

Polymerizations. Graft copolymerizations were carried out in bot
tles or round-bottom flasks under a dry nitrogen atmosphere in a dry box 
or under a dry nitrogen blanket. The backbone was first dissolved in the 
monomer by letting a mixture of purified monomer, polymer, and i n some 
cases C H 2 C 1 2 stand under nitrogen for 24-48 hr with occasional shaking. 
A g P F e solution i n C H 2 C 1 2 was added with shaking. The reactions were 
terminated by addition of either concentrated ammonium hydroxide or 
triphenylphosphine under nitrogen. When termination was completed, 
an antioxidant (a 1 % solution of l,2-dihydro-2,2,4-trimethylquinoIine i n 
T H F or C H 2 C 1 2 ) was added. The copolymers were then isolated by 
evaporating volatiles and drying in vacuum. The copolymerization details 
are given i n Table I and the resulting graft copolymer compositions are 
shown in Table II. P T H F for D T A and stress-strain measurements was 
similarly prepared except that allyl chloride was used instead of neoprene. 

Characterization. Extractions were carried out by stirring the poly
mers with several changes of the desired solvent until no more material 
would dissolve. IR spectra were obtained on a Perkin-Elmer 521 Grating 
Infrared Spectrometer. Polymer films were cast on a N a C l crystal from a 
suitable solvent ( usually C C U ). Compositions were determined from Ή 
N M R spectra using C C 1 4 solutions and a Varian T-60 N M R spectrometer. 
Gel-permeation chromatograms of dilute polymer solutions in T H F at 
37 °C were obtained on a Waters Associates Ana-Prep Chromatogram. 
Details of the G P C analysis have been described (7,8). 

Number-average molecular weights were measured using a Mechro-
lab 500 Series Membrane Osmometer and toluene at 38°C. D T A meas
urements were made using a duPont 900 Instrument with a D S C cell and 
a heating rate of 20°C/min. Stress-strain measurements and adhesion 
tests were made with a table-model Instron Model T N N . Microdumb-
bells for tensile tests were cut from films cast from C H 2 C 1 2 . Optical 
microscopy studies were made using a Leitz Orthoplan microscope with 
and without crossed polaroids. 

Samples for 180° peel tests were prepared according to standard 
neoprene recipes (9). Neoprene A C or a graft copolymer prepared from 
it was mixed on an open mil l at room temperature for 20-25 min with 
the following compounding ingredients in succession: 

Material Parts 

Neoprene A C (or neoprene-g-PTHF) 
Magnesia 
Zalba special 
Zinc oxide 

100 
4 
2 
5 
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Table I. Graft 

Neoprene 

Active CI Monomer 
No. (g) (mmol)b (mL) 

PTHF from Neoprene W 

1 0.80 0.18 22 
2 1.53 0.25 20 
3 0.79 0.13 20 
4 1.56 0.26 20 
5 0.79 0.13 20 
6 1.56 0.26 20 

PTHF from Neoprene AC Soft 

7 19.38 1.7 150 
8 20.10 1.7 150 

° All polymerizations were run at room temperature. 
b By IR analysis. 
0 Terminated with N H 4 O H . Other polymerizations were terminated with 1-2 

parts Ph3p based on the AgPFe. This is equivalent to 2-3 parts PI13P based on 
active CI. 

The milled stock (111 parts) was dispersed in C H 2 C 1 2 and a solution of 
ί-butylphenolic resin (40 parts) in C H 2 C 1 2 was stirred in . Additional 
C H 2 C 1 2 was added so that the final slurry had 20% solids. The solvent 
was then evaporated and a thin film was produced. This film was pressed 
against the prepared substrate and covered with a sheet of finely-woven 
cotton cloth. The final sandwich was first pressed in a mold for 30 min 
at room temperature and 25,000 lb on a 5 in. ram and then cured for 40 
min at 150°C and 30,000 lb on a 5 in. ram. The thickness of the elastomer 
layer in the resulting cloth-elastomer-substrate sandwich was ~ 0.4 mm. 
Peeling experiments were carried out on strips of cloth-backed elastomer 
layer after trimming them to a uniform width on the substrate of 2 cm. 

Table II. Graft Copolymer Compositions 

Composition' Branch * 
No. Backbone (%) Branch (%) M„ Χ ΙΟ-3 

1 78 22 1.75 
2 68 32 2.68 
3 40 60 8.75 
4 14 86 36.4 
5 13 87 42.9 
6 10 90 52.2 
7 86 14 1.10 
8 31 69 25.7 

e By m NMR. 
b Calculated from conversion assuming all the allylic chlorines of the backbone 

have reacted with AçPFe to give active sites for the graft copolymerization. 
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Copolymerization Details0 

CHgClg 
(mL) (mmol) (hr) 

AgPF6 Pzn. Time 

PTHF from Neoprene W 

11 

10 

11 

0.2 17° 
0.4 2.5 
0.2 5.5 
0.4 3.2° 
0.2 30° 
0.3 69.5 

1.2* 
4.0 
6.7 

46.5 
28 
78 

PTHF from Neoprene AC Soft 

80 
80 

4.8 3.25 
3.0 48 

2.5 
30 

* The conversion was low for the time polymerized because of an impurity in the 
neoprene. The polymer is included in the table because it was used for some of the 
characterizations described below. 

The cloth-backed elastomer layer was peeled off a short distance, bent 
back through 180°, and then stripped off at 1 cm/min. The peel force 
Ρ per unit width of the detaching layer was calculated from the time-
average force observed (10). 

Results and Discussion 

Solubility and Composition. The copolymers are quite soluble and 
continue to be soluble if antioxidant is added; otherwise some gelatin 
occurs. The usual solvents for neoprene and P T H F ( C H 2 C 1 2 , C H C 1 3 , 
CC1 4 , toluene, T H F , etc. ) are also solvents for the graft copolymers. But 
there are some unexpected features about the solubility. Benzene dis
solves both the backbone and the branch quite readily. Yet at least one 
graft copolymer, which dissolved readily and completely in C H 2 C 1 2 and 
ethyl acetate, swelled but did not dissolve i n benzene. Also some of the 
copolymers were not completely soluble in toluene and T H F . Still all the 
neoprene-g-PTHF copolymers were 100% soluble in ethyl acetate, a 
nonsolvent for neoprene. As shown in Table III, the ethyl-acetate extracts 
had in each case the same composition by Ή N M R as the crude products. 
Thus it appears that the backbone was pulled into its nonsolvent by the 
P T H F branches. This means that no unreacted backbone remained. 

Molecular-Weight Distribution. The solid line in Figure 1 shows a 
typical gel-permeation-chromatogram trace for an unfractionated neo
prene-g-PTHF (Polymer 1, Table I) that was soluble i n T H F . The 
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Table III. Comparison of Composition of Different 
Samples of Neoprene-g-PTHF 

Composition Determined by 

m NMR *H NMR on 
on Crude Ethyl Acetate 

Sample No. Product Extract Weight 

2 neoprene (%) 68 67 68 
P T H F (%) 32 33 32 

3 neoprene {%) 38 38 40 
P T H F (%) 62 62 60 

6 neoprene {%) 10 10 10 
P T H F (%) 90 90 90 

7 neoprene (%) 87 87 86 
P T H F (%) 13 13 14 

polymer is characterized by a unimolecular weight distribution and has a 
high-molecular-weight t a i l There is no evidence of homopolytetrahydro-
furan, which should appear at high count, 50-60, at this low molecular 
weight. Compared with the original untreated backbone ( dashed curve 
in Figure 1), the maximum is shifted to higher count (lower molecular 
weight); but compared with backbone exposed to typical reaction condi
tions using nonpolymerizable-heterocycle 2-methyltetrahydrofuran in-

N E O P R E N E W 

G P C C O U N T S 

Figure 1. Gel-permeation chromatograms of unfractionated Neoprene W-g-
PTHF. Polymer J , Table I ( ); Neoprene W after reaction with AgPF6 

in 2-methyltetrahydrofuran ( · — · —); Neoprene W before exposure to 
grafting reaction conditions ( ). 
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30. L E H M A N N A N D D R E Y F U S S Effect of Branch Length 593 

Figure 2. DTA thermograms of Neoprene W-g-
PTHFs. Scan rate = 20°C/min. The numbers on 
the curves indicate the percent PTHF in the poly

mer. 

stead of T H F , the maximum is shifted to lower count (higher molecular 
weight). The data indicate that neoprene is significantly degraded under 
reaction conditions and that, as would be expected, the molecular size 
of the graft copolymer is increased compared with the treated backbone. 

Differential Thermal Analysis. The unfractionated graft copolymers 
showed transitions between those of the homopolymers when examined 
by D T A . Two transitions were found for each copolymer examined. As 
shown in Figures 2 and 3, the TgS decreased and the T m s increased as the 
percent by weight of P T H F increased. 

Morphology. The D T A results suggest that only one phase might be 
present in the graft copolymers. However, optical micrographs of a thin 
film of graft copolymer taken between crossed polaroids show two phases, 
one spherulitic and the other nonspherulitic. The size of the spherulitic 
regions varied with the P T H F content. Typical photomicrographs are 
shown in Figure 4. 

Stress-Strain Properties. Figure 5 shows the engineering stress δ in 
M P a plotted vs. elongation Ε for solution-cast uncured neoprene-g-PTHF 
copolymers of different compositions. Curves for Neoprene W and P T H F 
are also plotted for comparison. The curves show that the elongation at 
break decreases with increasing P T H F content in the graft copolymer, 
the ultimate tensile strength increases with increasing P T H F in the graft 
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copolymer, and elongation and ultimate tensile strength of the graft 
copolymers lie between those of the homopolymers. Permanent set was 
calculated after 100% elongation and is given in Table IV. Permanent 
set increased with increasing P T H F content in the graft copolymer. 
However, if the samples were heated gently, the samples returned to 
their original shape and the permanent set was lost presumably because 
of melting of the crystallites formed on stretching. 

Figure 4. Optical micrographs of neoprene-g-PTHF with 90, 60, and 14% 
PTHF, samples 6, 3, and 7 in Table I, respectively. Crossed polaroids at 250 X. 
The numbers below the micrographs give the % PTHF in the graft copolymers. 
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Table IV. Permanent Set vs. Graft Copolymer Composition 

PTHF (%) 

100 
90 
60 
14 
0 

Permanent Set after 
16 hr (%) 

15 
50 
20 

9.5 
5 

ι oo 5 0 0 I ο oo 

Figure 5. Stress-strain measurements of Neoprene W 
(A), PTHF (O), and neoprene-g-PTHF with varying 
PTHF content: 90% (·), 60% (X), 14% (+), samples 6, 

3, and 7 in Table I, respectively. 
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Table V . Adhesion of Neoprene A C S o f t - g - P T H F Copolymers, 
Neoprene A C Soft, and p X f f F to Various Substrates 

Peeling Force on Substrate Listed (Ή/πι)a 

PTHF Alumi
Sample (%) PPO Mylar num Chrome Brass 

Neoprene b 0 m 560 1220 170 480 
14 370 760 840 220 290 

go 69 310 780 850 300 280 
P T H F 100 630d 400d 530d 120* 520d 

° 180° peel tests at 1 cm/min crosshead speed. 
6 AC Soft. 
c See Tables I and II. 
* Al l samples except chrome failed in a mixed cohesive-adhesive mode. Tests 

were run 1-2 days after preparation of the test specimens. Since P T H F may crystal
lize slowly even in the presence of the compounding diluents, there could be an im
portant effect of aging. 

Adhesion Properties. The adhesion properties of two graft copoly
mers (numbers 7 and 8 in Table I) were studied using several rigid 
substrates and were compared with the adhesive properties of the homo-
polymers from which they were derived. The data are given in Table V . 
Although the peeling force measured at 180°C and 1 cm/min varied 
considerably with the substrate, it was not very sensitive to the composi
tion of the adhesive. As the P T H F content increased, a small decrease 
in peeling force was observed with P P O , aluminum, and brass substrates. 
A small increase was observed with Mylar and chrome substrates. 

Summary. Solubility, Ή N M R , D T A , and G P C all support the con
clusion that pure graft copolymer is obtained by the present method of 
synthesis. The only purification necessary is removal of the silver salts. 
Properties of the neoprene-g-PTHF copolymers depend on composition 
and branch length and generally lie between those of the backbone and 
branch. 

Acknowledgment 

This work was supported by the U.S. Army Research Office. W e 
thank the Ε. I. duPont de Nemours and Co. for supplying the samples of 
Neoprene W , Neoprene A C Soft, and some of the reagents used i n the 
adhesion testing. 

Literature Cited 

1. Dreyfuss, P., Kennedy, J. P., J. Polym. Sci., Polym. Symp. (1976) 56, 129. 
2. Dreyfuss, P., Dreyfuss, M. P., Adv. Polym. Sci. (1967) 4, 528. 
3. Lee, K., Dreyfuss, P., ACS Symp. Ser. (1977) 59, 24. 
4. Quirk, R., Lee, D. P., Dreyfuss, P., unpublished data. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

03
0

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



30. LEHMANN AND DREYFUSS Effect of Branch Length 597 

5. Maynard, J. T., Mochel, W. E., J. Polym. Sci. (1954) 13, 251. 
6. Cagle, C. V., "Adhesive Bonding: Techniques and Applications," Chap. 5, 

McGraw Hill, New York, 1968. 
7. Fetters, L. J., Morton, M., Macromolecules (1974) 7, 552. 
8. Kennedy, J. P., Smith, R. R., "Recent Advances in Polymer Blends, Grafts, 

and Blocks," L. H. Sperling, Ed., p. 303, Plenum, New York, 1974. 
9. Elastomers Chemicals Dept., Elastomers Laboratory, "Neoprene Solvent 

Adhesives," Ε. I. duPont de Nemours and Co., Inc. 
10. Ahagon, Α., Gent, A. N., J. Polym. Sci., Polym. Phys. Ed. (1975) 13, 1285. 

RECEIVED April 14, 1978. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

03
0

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



31 

Evaluation of the Polymer-Polymer Interaction 
Parameter from the Equation of State 
Thermodynamic Theory 

RYONG-JOON ROE 

Department of Materials Science and Metallurgical Engineering, 
University of Cincinnati, Cincinnati, OH 45221 

The strength of interaction between dissimilar components 
greatly influence the morphology of microdomains in poly
mer blends and block copolymers. In the theories of poly
mer-polymer interfaces in multicomponent systems, the 
interaction between components usually is expressed in 
terms of a single parameter independent of concentration. 
The validity of such an approximation is examined here in 
the light of the equation-of-state thermodynamic theory of 
polymer solutions and mixtures developed by Flory and 
co-workers. Using the parameters evaluated by these work
ers, we have computed the free energy of mixing for the 
pairs, polyethylene/polyisobutylene, polyisobutylene/poly
styrene, and natural rubber/polystyrene. The results show 
that the polymer-polymer interaction parameter Λ only 
moderately depends on concentration and temperature. 

H p h e morphology and properties of polymer-polymer blends and block 
copolymers depend to a large measure on the strength of interaction 

between the two, chemically different components i n the system. The 
degree of separation into distinct phases, the thickness of the interface 
between them, and the size and shape of the block copolymer domains 
are some of the important features which are governed largely by the 
polymer-polymer interaction. 

There are now available a number of theoretical treatments (1-11 ) 
dealing with the problem of polymer compatibility and the polymer-
polymer interfaces either in polymer blends or i n block copolymers. 

0-8412-0457-8/79/33-176-599$05.0070 
© 1979 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ch

03
1

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



600 M U L T I P H A S E P O L Y M E R S 

These theories differ from each other greatly in the way they evaluate 
the entropie effect of domain formation, i.e., the restrictions to the 
polymer chain conformations imposed by the presence of the interface. 
However, most of them share a common approximation in which the 
energetic interaction between two dissimilar polymer segments is repre
sented by a single parameter, usually denoted by χ, which is assumed to 
be a function of temperature only for a given polymer-polymer pair. 
The χ parameter was originally introduced in the polymer solution 
thermodynamics to represent the van Laar heat of interaction. It was 
soon realized, both experimentally and theoretically, that the value of χ 
is not a constant for a given polymer-solvent pair but depends on the 
concentration (and to some extent on the molecular weight) of the 
polymer, and also that a sizeable contribution of an entropie nature to χ 
has to be admitted in order to account for its temperature dependence. 

When attempting to use these polymer interface theories (1-11) in 
planning and interpreting experiments, we encounter two problems asso
ciated with the interaction parameter in polymer-polymer systems. First 
we have to find a way of determining the values of the interaction 
pararneters for the polymer pairs of interest. There is as yet no general 
experimental procedure which allows us evaluation of the χ parameter. 
Without reliable values of the χ parameter, comparative tests of the 
competing theories can only be made qualitatively. Secondly, to be able 
to use these theories with more confidence we have to have some idea 
about the dependence of the χ parameter on concentration, tempera
ture, etc. 

The equation-of-state thermodynamics, recently developed by Flory 
and his co-workers (12,13,14), has achieved a considerable improve
ment in treating the thermodynamics of polymer solutions over the 
classical F lory-Huggins type solution theory. Whereas in the latter the 
volume change on mixing is ignored, the newer theory takes into account 
the equation-of-state contribution, or the contribution by the change in 
free volume on mixing, to the free energy of mixing. In this work we 
evaluate the polymer-polymer interaction parameters for a few polymer 
pairs of interest by closely following the method of calculation suggested 
by the Flory equation-of-state thermodynamics and using the values of 
molecular parameters of component polymers evaluated by them. The 
results are examined to gain insight into the dependence of the interaction 
parameter on various physical parameters of the system such as the 
concentration and temperature. 

Evaluation of the Polymer—Polymer Interaction Parameter 

The strength of polymer-polymer interaction is represented here by 
a new parameter Λ instead of the usual χ. The "polymer-polymer inter-
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action parameter" Λ is defined by the following equation: 

A G M — RT (^y- φ! In φχ + γ- φ2 lïi φ2^ + Λ φι φ2 (1) 

where AGM is the free energy of mixing per unit volume of the mixture, 
Vi and V2 are the molar volumes of the polymers 1 and 2, and φι and φ2 

are the volume fractions of the two polymers in the mixture. The first 
term represents the usual combinatorial entropy of mixing and therefore 
the term containing Λ includes all other contributions to the free energy 
of mixing. Λ thus includes the enthalpic interaction between the two 
components but also the effect of entropy changes unaccounted for by 
the simple combinatorial term. 

It has the dimension of energy per unit volume. When both Λ and χ 
are independent of concentration, Λ is equal to x R T / V 2 . When χ varies 
with concentration the relation between Λ and χ is a little more complex 
because χ in polymer solution theories is usually defined in terms of the 
excess chemical potential rather than the excess free energy of mixing 
given in Equation 1. The polymer-polymer interaction parameters 
appearing in various theories of interfaces (1-11 ) are usually defined 
with regard to the local free energy of mixing, and therefore the definition 
of Λ given in Equation 1 is more appropriate than the one given i n terms 
of the excess chemical potential. 

There are other advantages of the above definition of Λ , one of them 
being the fact that the values of χ depend on the assumed volume of a 
polymer segment ( usually taken equal to the volume of the solvent 
molecule V 2 ) , while Λ is defined per unit volume of the mixture. Another 
advantage is that the values of Λ can be related approximately to the 
solubility parameters of the components δι and δ 2 by: 

Λ — (8i - δ 2 ) 2 (2) 

In the Flory equation-of-state theory, the thermodynamic properties 
of a pure component l iquid ( either monomelic or polymeric ) are repre
sented completely by means of three characteristic constants, V i * , ΤΊ*, 
and p i * , which can be evaluated from the P - V - Γ and other thermo
dynamic properties of the l iquid. The equation-of-state thermodynamics 
then recognizes three types of contributions to the free energy of mixing 
two l iquid components. The first is the one attributable to the combina
torial entropy of mixing as expressed by the first term in Equation 1. 
The second is the change in enthalpy, ΔΗΜ, c o n t a c t , arising from creation 
of 1, 2 nearest neighbor contacts on mixing. The third is the free volume 
(or the equation-of-state) contribution resulting from the change i n 
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volume on mixing. This latter contribution contains both enthalpic and 
entropie components, Δ Η M , u and — T A S M , f v The quantities, expressed 
per unit volume of the mixture, are given by: 

Δ # Μ , contact = X\2 #2 <t>l/v2 (3) 

*Hu.u = Σ -v-1)/^ (4) 
t=l,2 

-TASm. tr — Σ, S»'1 +* Κ* ^ X In [ W'3 - 1 ) / - 1 ) ] (5) 

i=l,2 
where U i = ϋι/ϋι*, Γχ = Τ1/Τι*, and the unsubscripted quantities refer 
to the mixture. 

To evaluate the expressions 3, 4, and 5 one needs, in addition to the 
characteristic parameters v*, p{*y T* for each component, the value of 
X i 2 denoting the energy change on contact of 1, 2 polymer segments and 
the surface fraction $ 2 defined by: 

= ( 6 ) 

Φι (Si/s2) + <t>2 

where Si/s2 denotes the ratio of surface areas of the two types of segments 
( occupying equal volumes ). The derivation of the expressions 3, 4, and 
5 and more precise meaning of the various symbols can be found i n the 
original papers (12,13,14) by Flory and co-workers. 

In view of 3, 4, and 5, Λ defined in Equation 1 can be expressed as: 

Λ = A j l f c o n t a c t -f- A h , f v ~h A 8 t f v (7) 
where 

A h , contact = A / J M ( c o n t a c t / φ ΐ Φ2 (8) 

A h , f v = Α / / Μ > , ν / φ χ φ 2 (9) 

and 
Λ 8, fv = — TASM< f V /φι φ 2 ( 10) 

Results and Discussion 

Three polymer pairs, polyethylene ( P E ) /polyisobutylene( PIB ), P I B / 
polystyrene (PS) , and natural rubber (NR)/PS , are considered. The 
characteristic parameters, t?*, ρ*, T * , for each of these polymers have been 
evaluated by Flory and co-workers and are used here as given. 

The first pair, ΡΕ/PIB, already has been examined by Flory, Eichin-
ger, and Orwol l (15) to ascertain their possible mutual compatibility. 
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31. R O E Polymer-Polymer Interaction Parameter 603 

For this pair Xi2 and Si/s2 were given as 0.20 ± 0.10 cal/cm 3 and 1/0.72, 
respectively, the former determined as a result of their examination of a 
series of mixtures of PIB with n-alkanes. 

For the PIB/PS pair, we take X 1 2 equal to ca. 40 J/cm 3 (9.6 cal/cm 3), 
since four systems consisting of an aromatic and an aliphatic component 
were found to give similar values of Xi2: 42 J/cm 3 for PIB/benzene (16), 
42 J/cm 3 for cyclohexane/benzene (17), 40 J/cm 3 for n-heptane/benzene 
(17), and 42 J/cm 3 for cyclohexane/PS (18). The ratio Si/s2 can be 
determined by examination of the molecular models of respective polymer 
segments. To avoid introducing any additional parameters which could 
be construed as adjustable, we obtained the Si/s2 ratio of 1.24 for PIB/PS 
by multiplying the sx/s2 ratios 0.62 for PIB/cyclohexane (19) and 2.0 for 
cyclohexane/PS (18), which were determined in the previous studies of 
these polymer-solvent systems. 

The value of Xï2 for benzene/natural rubber was given (13) as 1.40 
cal/cm 3 . In the absence of any other data on similar systems, we have 
taken X12 for NR/PS to be also 1.40 cal/cm 3 , on the assumption that the 
interaction of N R segments with any aromatic component is likely to be 
similar. The value of st/s2 for NR/PS is taken as 1.9, equaling the 
product of the previously reported values of the ratio: 0.90 for NR/ben-
zene (13), 1/0.58 for benzene/PIB (16), and 1.24 for PIB/PS. 

The values of the polymer-polymer interaction parameter Λ, calcu
lated by use of the X12 and Si/s2 values discussed above for the three 
polymer pairs, are tabulated in Table I. To show the concentration 
dependence, these values are given for each pair at three different 
concentrations, corresponding to the weight fraction Wi of the first com
ponent equal to 0.1, 0.5, and 0.9. 

For ΡΕ/PIB, both aliphatic hydrocarbons, the exchange energy 
parameter X i 2 is very small, and the largest contribution to Λ arises from 
the free volume entropy effect. The reduced volume t T = ν/υ* changes 
from 1.182 for P E and 1.149 for PIB to the intermediate value of 1.166 
for the mixture at Wi = 0.5. The net excess volume of mixing predicted 
is very small (and positive). However, the changes in- enthalpy and 
entropy of each component arising from their respective changes in the 
free volume on mixing (i.e., the individual terms in expressions 4 and 5) 
fail to cancel each other completely, and the net difference, especially 
the entropy effect represented by Λ8, f v , remains positive and finite. Its 
magnitude, although fairly small in absolute terms, is still larger than the 
contact enthalpy term A h ) c o n t a c t . Even if X12 were zero, the ΡΕ/PIB pair 
would have been incompatible because of the free volume effect. 

For PIB/PS, the large Xi2 value gives rise to a repulsion and a 
consequent small expansion of free volume on mixing. The ν values for 
the two components are fairly similar (v = 1.149 and 1.153 for PIB and 
PS, respectively). Although the xivalue of 1.154 for the mixture at t^i = 
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0.5 indicates expansion of the free volume on mixing, the resulting 
changes i n enthalpy and entropy, as represented by A h , fV and A 8 t f v , 
happen to cancel each other almost completely. The Λ value for PIB/PS 
therefore arises solely from the contact term A h t contact. 

The NR/PS is of more interest here because of its similarity to poly-
butadiene/PS and polyisoprene/PS which are the pairs most widely 
studied in block copolymer systems. No excess volume of mixing is 
predicted for this pair, the υ values, 1.172 for N R and 1.152 for PS, 
changing to 1.162 for the mixture at wt = 0.5. Although A h f f v and A 8 , f v 

fail to cancel each other completely, the net sum of the two is still only 
about 10% of the total A , indicating that here too the contact term is the 
most important effect giving rise to the incompatibility of the pair. 

In describing the polymer-polymer interaction parameters for pairs 
which are normally incompatible as those discussed in this work, it 
therefore appears that the free volume (or the equation-of-state) con
tribution can usually be neglected except when the pair is on the verge 
of compatibility. This is in a marked contrast to polymer-solvent systems 
where the free volume effect is usually very large. From this follows 
that the dependence of A for polymer-polymer pairs on concentration or 
on temperature would also be fairly small. Table I shows only a modest 
variation of A with a change in 10% from 0.1 to 0.9. The relatively more 
pronounced variation of A for NR/PS as compared with other two pairs 
still arises mostly from the contact enthalpy term and reflects the larger 
Si/s2 ratio for this system. 

The temperature dependence of A is summarized in Table II. It 
shows that A can be taken for practical purposes as being independent 
of temperature. No similar calculation was made for NR/PS because 
the characteristic parameters for N R at temperatures other than 25°C 
are not available. It is however very likely that A for NR/PS would also 

Table I. Polymer-Polymer Interaction Parameter 
A and Its Components* 

Λ Α/ι, contact Λβ,/ ν 

Ρ Ε / P I B a t 2 5 ° C 0.1 0.33 0.14 -0 .03 0.22 
0.5 0.30 0.12 -0 .03 0.21 
0.9 0.27 0.11 -0 .03 0.20 

P I B / P S a t 2 5 ° C 0.1 7.02 7.02 1.20 -1 .20 
0.5 6.49 6.48 1.10 -1 .09 
0.9 5.96 5.95 1.00 -0 .99 

N R / P S a t 2 5 ° C 0.1 1.03 0.95 0.14 -0 .06 
0.5 0.78 0.70 0.11 -0 .03 
0.9 0.64 0.56 0.09 -0 .01 

• Λ in cal/cm3. 
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31. R O E Polymer-Polymer Interaction Parameter 605 

Table II. Temperature Dependence of Λ 
Τ (°C) Λ A/t# contact Λ Α , / „ 

Ρ Ε / P I B at wi = >0.5 25 0.30 0.12 -0 .03 0.21 
100 0.28 0.11 -0 .04 0.20 
150 0.26 0.11 -0 .04 0.19 

P I B / P S at wi = 0.5 0 6.53 6.52 1.02 -1.01 
25 6.39 6.38 1.10 -1 .08 

100 6.00 5.99 1.31 -1 .30 

be fairly independent of temperature, in view of the dominant contribu
tion to Λ by the contact enthalpy term as discussed above. 

The fact that Λ is positive and fairly independent of temperature for 
these three pairs of polymers means that as the temperature is raised, 
their degree of incompatibility w i l l diminish and the interfacial boundary 
between phases w i l l become more diffuse. In the case of block copolymer 
systems the constraint imposed by the requirement that the block joints 
be at the domain boundaries provides additional free energy term to make 
the mixing more favorable. Thus, when the block lengths are fairly 
moderate, the first term in Equation 1 w i l l become sufficiently large and 
negative to render the two blocks thermodynamically miscible. Evidence 
of such homogenization of a styrene-butadiene-styrene block copolymers 
at increased temperature has been reported from rheological studies 
(20,21). 

There are currently known (22) several polymer pairs, such as PS/ 
poly (vinyl methyl ether) (23, 24), which appear to be truly compatible 
thermodynamically. In most of these the compatibility probably arises 
from specific interactions other than dispersion forces which make Λ for 
the pair negative. The increase in temperature generally w i l l weaken 
the specific interaction, and the increasingly unfavorable free volume 
effect (25) w i l l eventually make Λ positive. Thus these compatible pairs 
w i l l in general exhibit a lower critical solution temperature phenomenon 
on heating. In contrast, the three polymer pairs discussed in this work 
are, at room temperature, all below their upper critical solution tem
perature. The thermodynamic properties of block copolymers formed 
from these polymer pairs can therefore be discussed in terms of a constant 
polymer-polymer interaction parameter Λ without referring to the possible 
complications arising from the free volume effect. In this vein it seems 
unlikely that a styrene/a-methylstyrene block copolymer (26) w i l l exhibit 
enhanced domain segregation on raising the temperature. 

It is gratifying to see that the value of Λ for NR/PS given in Table I 
is in excellent agreement with 0.8 cal/cm 3 which was estimated by Meier 
(4) for polybutadiene/PS from the solubility parameter difference. It is, 
however, doubtful that the present approach of using the equation-of-
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state data can ever be a practical means of evaluating Λ. A reliable 
value of X12 for a polymer-polymer pair can be estimated only when 
data on a number of similar polymer-solvent systems are available. There 
is also a theoretical difficulty arising from the unsymmetric definition of 
X12, so that X 2 i 7 ^ X12. In the treatment of polymer-solvent systems, an 
additional entropie term containing a parameter Q12 was often introduced 
to achieve good agreement between theory and experiment, but it is 
difficult to estimate the error arising from omission of this term for 
polymer-polymer systems. 

Because of these uncertainties, equations 1, 2, 3, 4, and 5 may not 
be relied upon as a means of quantitative evaluation of A until more data 
for other polymer-solvent systems become available. The equation-of-
state thermodynamics is, however, useful in its ability to give us insight 
into the physical factors and their relative magnitudes which contribute 
to the polymer-polymer interaction parameter. The results in this work 
clearly show that the dependence of A on concentration and temperature 
is moderate. This gives a justification as a good approximation to the 
use of a constant polymer-polymer interaction parameter in the polymer 
interface theories where the polymer concentration encompasses the 
whole range w% = 0 to 1 across the phase boundary. 
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A Proposed Generalized Nomenclature Scheme 
for Multipolymer and Multimonomer Systems 

L. H. SPERLING and E. M . CORWIN 

Materials Research Center, Coxe Laboratory # 32, Lehigh University, 
Bethlehem, PA 18015 

The number of two-polymer, multipolymer, and multi
monomer systems reported in the scientific and patent 
literature continues to rise without an adequate nomen
clature to describe the several materials. This chapter is 
divided into three parts. (1) A proposed nomenclature 
system which uses a short list of elements (polymers or 
polymer reaction products). These elements are reacted 
together in specific ways by binary operations which join 
the two polymers to form blends, grafts, blocks, crosslinked 
systems, or more complex combinations. (2) The relationship 
between the proposed nomenclature and the mathematics 
of ring theory (a form of the "new math") is discussed. (3) 
A few experimental examples now in the literature are 
mentioned to show how the new nomenclature scheme 
already has been used to discover new multipolymer systems. 

rately name all of the existing known compositions and (2) provide 
a method for systematic predictions concerning missing, unsynthesized, 
or unrecognized materials included within the nomenclature scheme ( I ) . 

Let us now turn to the stateof the art of nomenclature i n multi-
component polymers (2-7) . Many simple materials already have precise 
names. For example, poly ( butadiene-b-styrene ) is represented by the 
structure in Equation 1, where A stands for the butadiene mer and Β 
represents the styrène mer in block copolymer arrangement, as indicated 
by the small -b-. 

0-8412-0457-8/79/33-176-609$05.50/0 
© 1979 American Chemical Society 
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A - A - A - A - B - B - B - . . . - B (1) 

A - A - A - A - A - A - . . . - A (2) 

B - B - B - B - . . . - B 

Similarly, poly ( butadiene-g-styrene ) represents the graft copolymer 
i n Equation 2, where it is understood that the symbol -g- means graft 
copolymer, the first indicated species forms the backbone, and the second 
the side chain. Similarly, the symbol -co- stands for a random copolymer, 
-a- for an alternating copolymer, and occasionally the symbol -cl- is used 
for crosslinked systems. 

Materials such as blends (8) , interpenetrating polymer networks 
( IPNs) (9, JO), AB-crosslinked copolymers ( I I ) , and many other com
binations have no existing systematic nomenclature. The situation is 
further complicated by the fact that the time sequence of polymerization, 
grafting, and/or crosslinking each produce materials possessing different 
morphologies and often widely different mechanical or physical proper
ties (7) . A n examination of the patent literature (12) reveals complex 
combinations of up to five polymers. A n exact description of each re
quires a long paragraph, and the identification of the isomeric possibili
ties presents a serious challenge even to the expert. The need for a more 
comprehensive nomenclature has now become imperative. 

Because of the above considerations, Sperling and co-workers (12, 
13) have evolved a tentative nomenclature scheme for polymer blends, 
isomeric graft copolymers, and IPNs, and have gradually broadened and 
clarified the system. However, a certain level of achievement has been 
attained, and even though the proposed system still has faults, it w i l l be 
presented below. 

A few final points are in order. 

(1) From a notation point of view, the system to be presented reads 
from left to right, corresponding to ordinary chemical notation (2,3,4). 
Some of the earlier papers had notation which read from right to left, 
following standard mathematical notation. However, since the following 
is primarily intended for people working in the chemical arts, the system 
now reads in the sequence ordinarily used by chemists. 

(2) The nomenclature system has been submitted to the Nomencla
ture Committee of the Polymer Division of the American Chemical 
Society (14) for evaluation. The authors invite the readers to help, if 
they see possible improvements, errors, inconsistencies, etc. A nomen
clature system has value only if it accurately serves its purpose and is i n 
a form acceptable to "the workers in the field." 
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Table I. Basic Polymeric Elements 

Symbol Meaning 

Ρ linear polymer 
R random copolymer 
A alternating copolymer 
M mechanical or physical blend 
G graft copolymer 
C crosslinked copolymer 
Β block copolymer 
S starblock copolymer 
I interpenetrating polymer network 
υ unknown reaction mixtures 

Proposed Nomenclature for Multipolymer Systems 

The number of two-polymer and multipolymer combinations re
ported in the scientific and patent literature continues to rise without an 
adequate nomenclature to describe the several materials. More than 200 
distinct topological methods of organization are already known (7,12) 
and new methods are being reported frequently. In addition to the usual 
molecular specifications, the time sequence of synthesis is important in 
many cases and needs to be preserved in the nomenclature for a fu l l 
comprehension of the final product. 

The following nomenclature scheme uses a short list of elements i n 
Table I (polymers and polymer-reaction products) which are reacted 
together in specific ways by binary operations (a joining of two ele
ments), Table II. A series of numerical subscripts are used on the ele
ments to allow an arbitrarily large number of different polymers to be 
designated conveniently. 

Table II. Binary Operations and Associated Reactions 

Symbol Reaction Induced 

o K random copolymer formation 
0 A alternating copolymer formation 
O M mechanical or physical blending 0 

O G graft copolymer formation 
Oc crosslinked network formation 
0 B block copolymer formation 
Os starblock copolymer formation 
O l interpenetrating polymer network 
Ov unknown reaction mixtures 

"A b l e n d i n d i c a t e s a m i x t u r e o f t w o o r m o r e m o l e c u l a r s p e c i e s w i t h o u t c h e m i c a l 
b o n d i n g b e t w e e n t h e m a n d c a n b e i n d u c e d b y m e c h a n i c a l blending, p h y s i c a l m e a n s 
s u c h as c o p r e c i p i t a t i o n , o r c h e m i c a l m e a n s s u c h as d e g r a f t i n g . 
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This nomenclature primarily answers three questions about the 
chemical entity: (1) which polymers are combined, (2) principal modes 
of combination, and (3) the time sequence of reaction. Other items of 
information, such as weight proportions, molecular weights, morphology, 
tacticity, etc. can be included as ancillary items but w i l l not be discussed 
in detail below. 

Whi le the nomenclature scheme was originally derived to describe 
polymer blends, blocks, grafts, and interpenetrating polymer networks, 
it was felt important to generalize the scheme by including random and 
alternating copolymers and starblock materials although the first two are 
formed through direct combination of monomers herein. Through the 
addition of further operations, additional types of materials can easily 
be included. 

As with other nomenclature schemes, the objective w i l l be to name 
the most important product(s) of a reaction. In some cases, several 
isomers are possible, but listing each one al l the time becomes cumber
some and perhaps misleading. 

Subscripts. The subscripts, 1, 2, 3, . . . i, /, . . . w i l l indicate a 
numbering of the polymers such as in Equations 3 and 4. When more 

P i Polymer 1 (3) 

Pj Polymer j (4) 

than one subscript appears, the first appearing subscript indicates the 
first formed polymer, and the second subscript, the second formed poly
mer as shown in Table III. In R, A , and M materials, as defined in Table 

Table III. Illustration of the Use of Subscripts 

P i A homopolymer composed of monomer 1 mers. 

G12 A graft copolymer having polymer 1 as the backbone and polymer 
2 as the side chain. 

C n A crosslinked polymer composed of a network of polymer 1 chains. 

R 2 7 A random copolymer composed of monomers 2 and 7. (In R and A 
materials, the time element can be replaced by the composition 
importance order.) 

U i 2 Unknown reaction mixture of polymer 1 and polymer 2. Spécifie 
examples: mechano-chemical blends which contain unknown pro
portions of grafts, blocks, and homopolymers or solution graft 
copolymers which contain much homopolymer. Various isomers 
can be formed. 

M 2 i Mechanical or chemical blend, with no time sequence. First sub
script listed may have the higher weight percentage, etc. 
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I, the time sequence is unimportant. The first listed subscript should be 
the most important. 

Reaction Examples. The binary operation symbol used between 
any two elements reacts them together in the required manner. (The 
reader is reminded that al l combinations, mathematical or chemical, are 
binary operations. The advent of modern computers has focused much 
attention on this often neglected fact. ) The first formed element appears 
on the left and the reaction-time sequence (when required) proceeds 
from left to right. 

Some examples illustrate the use of this notation. A graft copolymer 
having polymer 1 as the backbone and polymer 2 as the side chain, 
synthesized in that order (Equation 5 ) ; a crosslinked copolymer made 
from polymers i and / (Equation 6) (an AB-crosslinked copolymer); 
an alternating copolymer of polymers 3 and 5 (Equation 7 ) . (For random 
and alternating copolymers, one really considers mixtures of mers rather 
than large chain portions as in block copolymers. ) Equation 8 represents 
a physical blend of graft copolymers G i 3 and G 2 3 , where polymers 1 and 
2 were blended first, followed by the polymerization of polymer 3 wi th 
grafting onto polymers 1 and 2. O n the other hand, in Equation 9, the 
symbol G i ( 2 , 3 ) indicates both polymers grafted onto polymer 1. (Alter
nately, the symbol U i ( 2 , 3 ) might be called for since the exact modes of 
grafting cannot be specified, or which product(s) w i l l dominate). Figure 
1 illustrates some simple structures. 

P i O G P 2 - G 1 2 (5) 

P f O C P , = dj (6) 

P 3 0 A P 5 - A 3 5 (7) 

( P j 0 M P 2 ) O G P 3 = G i s OM G 2 3 (8) 

P i 0 G ( P 2 O M Pa) - G , 2 0 M G i 3 0 M G 1 ( 2 f 8 ) (9) 

The above examples use the abstract element symbols P i , G i 2 , etc. 
Briefly let us show how this system w i l l operate with real monomers, 
polymers, and multipolymer combinations, using chemical notation in
stead of the elements but retaining the binary operation notation. 
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More than one possible notation appears possible. 
(1) Direction substitution of element notation (Equation 10) repre

senting the grafting of polystyrene side chains onto polybutadiene back
bone. A n AB-crosslinked copolymer of Bamford and Eastmond ( 14a) 

polybutadiene 0 G polystyrene (10) 

poly (vinyl trichloroacetate) O c polystyrene (11) 

is shown in Equation 11. Here, two polymers are caused to form one 
network through intermolecular covalent bonds. 

A n I P N of two different polymers is shown in Equation 12, where 
the poly (ethyl acrylate ) network is formed first, then swollen with 
styrene and crosslinker, and polymerized in situ (16). 

poly (ethyl acrylate) O c poly (ethyl acrylate) 
O i polystyrene Q C polystyrene (12) 

polyethylene 0 M polypropylene (13) 

Mechanical blends, usually not considered as single chemical enti
ties, can easily be represented by Equation 13. This particular combina
tion was presented by Deanin and Sansone as part of the present sym
posium (17). 

(2) Retention of abstract elemental symbolism, but equating ele
ments and polymers separately. This notation method is more suitable 
for more complex reaction mixtures. The equivalent of Equation 10 can 
be written as in Equation 14. 

G12 ; Pi = polybutadiene 
(14) 

P 2 = polystyrene 

More complex examples of this second scheme w i l l await the intro
duction of vertical notation, below. 

Vertical Notation 

For very complex notation, part of the structure may be shown 
vertically. Two-dimensional nomenclature, and particularly structures, 
are common throughout chemistry. Examples: 
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32. SPERLING AND COR WIN Nomenclature Scheme 615 

Nomenclature 

P i 

oG 

P 2 Oc ( P 4 0 A P e ) 

Oa 

P 3 0 B P 5 

(15) 

Let us return to the second method of naming materials, started 
above, with the aid of vertical as well as horizontal representation. The 
compositions in Equation 15 might have been composed of those in 
Equation 16. Again, it should be understood in the present context that 
P 4 and P 6 appear in the monomeric or single mer form. 

P i = polybutadiene 

P 2 = poly (vinyl alcohol) 

P 3 = poly (ethylene terephthalate) 
^ Λ (16) 
P 4 = polystyrene 

P 5 = nylon 66 

P 6 = poly (maleic acid anhydride) 

Structure 

P i 

\ 
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One further example might be the thermoplastic elastomer, triblock 
copolymer of polystyrene, polybutadiene, and polystyrene, in that order. 
The polybutadiene in this case has been grafted with poly (methyl meth-
acrylate ). The proposed nomenclature is shown in Equation 17. For 
emphasis, the notation is read from top to bottom, and from left to right. 

Pi Pi = polystyrene 

0 B P 2 = polybutadiene 

P 2 0 G P 3 P 3 = poly (methyl methacrylate) (17) 

0 B 

P I 

Tables. The value of the proposed system lies principally in its 
capability of depicting very complex multipolymer combinations. These 
tables, unlimited in size, join combinations of elements systematically. 
Tables I V and V provide examples. Each binary operation has a table 
and al l of the elements can appear in any table. The rows are reacted 
with the columns in that order. For example, in Table V , Pi at the left 
of the row is reacted with P 2 at the top of the column to synthesize G i 2 . 

A comment is in order about the complex subscripting in the lower 
portions of Table V . If it is presumed that the reaction site occurs at the 
end of that molecular portion most recently reacted, then taking P 2 at 
the left of the row and reacting it with G i 2 at the top of the column pro
duces G 2 2 i . The first subscript 2 comes from the P 2 of the row. The 
second subscript 2 comes from the growing end of the side chain of the 
G i 2 , yielding the final structure as in Equation 17a. However, looking 

Table I V . Mechanical and Physical Polymer Blends 0 

0M Pi P* Gist • · · 

PI 2Pi M 1 2 2Pi 0 M P 2 

= M 1 2 

Pi 0 M G I 2 

P* M 2 1 2P 2 Pi 0 M 2P 2 

ss M 1 2 

Pa OM G I 2 

Mn 2Pi 0 M P 2 

ss M 1 2 

Pi 0 M 2P 2 

= M 1 2 

2Mi2 M j 2 0 M Gi2 

G12 OM P I G I 2 0 M M 2 G 1 2 0 M M is 2GI 2 

• Note 2Pi O M P 2 and Pi O M 2P2 were taken to approximate M I 2 , as indicated. 
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32. S P E R L I N G A N D C O R W I N Nomenclature Scheme 617 

Table V . G r a f t and Branch Copolymers 

0Q P f 
M12 G12 . . . 

Pt 
P* 

G i l 

G21 

G12 

G22 

G11 O M G21 

G21 O M G22 

G112 

G212 

M n 

G» 

G11 O M G21 

G121 

P12 O M G22 

G122 

G 2 i O M G22 
G11 O M G i2 

G121 O M G212 

G112 O M G212 

G2121 

ahead to the discussion leading up to Equation 29, the result G 2 i 2 is 
attained. This has the geometric structure as in Equation 17b. This 
latter is preferred and used in Table V . 

Obviously, in more complex cases, one may not know which product 
w i l l predominate, or a mixture of isomers may be generated. However, 
by specifying the reaction rules a series of tables can be generated, each 
yielding the chemical isomers in the equivalent table positions. 

(17b) 
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Simultaneous M i x i n g or Reacting. One of the advantages of the 
proposed nomenclature is the preservation of the time sequence of poly
mer reactions. Examples include grafting reactions and interpenetrating 
polymer networks. In some cases, like the blends or random copolymeri-
zation, the time sequence has no meaning. 

In other cases, it may be important to indicate that the mixing or 
reactions were carried out simultaneously. This w i l l be indicated, where 
necessary, by brackets. See example in Equation 18. This indicates a 
simultaneous interpenetrating network, where C n was formed by one 

[ C „ Οχ C 2 2 ] (18) 

C n Ol C 2 2 (19) 

reaction (say addition), C 2 2 was found independently by another reaction 
(say condensation), and the two networks are simultaneously polymer
ized. Lacking brackets (Equation 19), a sequential synthesis of an inter
penetrating polymer network is indicated. In both cases, this special 
mode of interpénétration is indicated by the binary operation O i . 

Coefficients and Molecular Weights. Where proportions are known, 
coefficients can be used ( Equation 20). This indicates five moles of P 2 

P i OR 5 P 2 (20) 

per mole of Τ?τ. Molecular weights, where known, may be indicated by 
parentheses following the element: P i ( 5 Χ 104 g/mol) O g P 2 ( 3 Χ 10 5 

g/mol). 

Multiple Mathematical Ring Structure of the Nomenclature Scheme 

In the previous papers of this series, the concepts of mathematical 
group theory and then ring theory were brought to bear on the nomen
clature and structure of multicomponent polymer materials (12,18,19). 
In each case, no proof of the existence of either a mathematical group 
or ring was offered, but rather only the notions or concepts were applied. 

The objective of this portion of the chapter w i l l be to present such 
a proof, with certain physical restrictions. W i t h the additions of a zero, 
additive inverses, and coefficients, and simple restrictions regarding reac
tivity sites, a series of formal rings w i l l be shown to exist. Table I V w i l l 
be shown to form an "additive" group held in common with the different 
"multiplication" modes of joining to form a series of rings. Several theo
rems of a general nature are applied to the formal ring, yielding insight 
into synthetic methods. The chemical literature relating to the several 
multipolymer combinations ( 20,28 ) is broad and recently has been 
reviewed (18,29). 
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32. S P E R L I N G A N D c o R w i N Nomenclature Scheme 619 

R - ( P i , P 2 , P 8 , . . . , P») (21) 

A generating set R of η linear polymer elements is defined ( Equation 
21), where η represents the number of different kinds of polymer chains 
required. Each polymer has an additive inverse which w i l l be written 
P i " 1 , P 2

_ 1 , etc. By definition the inverses subtract, or take away. Rings 
also require a zero which adds nothing to a system and which, in the 
multiplicative sense, removes everything. 

These elements are combined by any of the binary operations shown 
in Table II. While O m forms the addition mode, all others constitute 
modes of "multiplication." Simple examples of modes of combination are 
shown in Figure 1. 

Thus the series of rings w i l l be shown to each contain the O m binary 
operation, combined with a different one of the multiplicative binary 
operations. For brevity, the combinations generated by O g w i l l be exam
ined in detail. The extension to the other tables is obvious in many cases. 

Several mathematical texts were used. The principal text referred 
to is M c C o y (30), but books by Baumslag and Chander (31), Gold-
haber and Ehrich (32), and Cotton (33) w i l l be referenced also. For 
convenience of the reader, the page numbers of the various theorems and 
statements w i l l be given in the text. As stated previously, the notation 
w i l l read from left to right, in the normal chemical sense, rather than 
right to left as frequently used by mathematicians. 

Six Requirements of a Ring. The following discussion is based on 
establishing that Laws One through Six of M c C o y (30, p. 23) hold for 
the binary operations O m and O g . A small finite segment of the "addition" 
and "multiplication" tables generated by O m and O g are shown in Table 
I V and V , respectively. 

Law One: a -\- b = b a (commutative law of addition). In the 
synthesis of polymer blends, the polymers ( elements ) may be added i n 
any order to get the same chemical mixture. Thus, the elements are 
interchangeable with respect to position, and may be written in any order. 

P i O M P 2 = M i a — M 2 1 = P 2 0 M P I (22) 

Law Two: (a + b) -f- c = α -f- (b + c) (associative law of addi
tion ). Blending a mixture of two polymers with a third yields the same 
ternary chemical mixture as blending the mixture of the second and third 
with the first. 

( P i 0 M P 2 ) O M P 3 - P i 0 M ( P 2 0 M P 8 ) - M 1 2 8 (23) 

Law Three: There exists an element 0 of R (set of al l elements) 
such that a + 0 = a for every element of R (existence of a zero). Under 
the binary operation O m , it means that nothing was added. P x O M 0 = P i , 
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POLYMER 1 

- - - χ . - ' POLYMER 2 

Figure 1. Simple two-polymer combinations 

etc. Under the binary operation O g , generating Table V , it follows imme
diately that multiplication by zero removes the element (Equation 24). 
The mathematics illustrated in Equation 24 is convenient for pouring out 
the pot, unzipping a chain polymerization, etc. 

0 0 G P I — 0 (24) 
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32. S P E R L I N G A N D c o R w i N Nomenclature Scheme 621 

Law Four: If a c R, there exists χ c R such that α - f χ = 0 (existence 
of additive inverses ). The inverse elements combine with the positive 
elements as follows in Equation 25. This leads to the removal mechanism 
in the additive table. 

P I O M P I ^ - O (25) 

The appearance of an inverse element in the final combination of 
positive and inverse elements means that the product cannot be made i n 
the laboratory. Examples include those in Equations 26 and 27. The 

P I O M P ^ - M L Î (26) 

P 2 0 G P 1 - 1 = G 2 . 1 (27) 

following two laws are more difficult to apply exactly without the intro
duction of some arbitrary rules regarding reactive sites i n chemically 
combining polymers. 

Law Five: (ab)c = a (be) ( associative law of multiplication ). The 
two rules are adopted to eliminate ambiguous cases. Rule 1: complex 
elements must be broken down into their fundamental counterparts and 
then reacted; and rule 2: a reaction in a series of reactions joins the new 
polymer to the next element on the right. Thus we have Equations 28, 
29, 30, 31, and 32. Finally, in conformity with L a w Five, we have Equa
tions 33 and 34. The chemical structures associated with Equations 28, 
29, and 30 are shown in Figure 2. 

P i 0 G P 2 = G 1 2 (28) 

P i 0 G P 2 O G P 8 = G m (29) 

P i 0 G P 2 O G P 3 O G P 4 = G i 2 3 4 (30) 

G12 0 G G 3 4 - P i 0 G P 2 O G P 3 O G P 4 (31) 

G i 2 O G G 3 4 = Gi 2 34 (32) 

( P i 0 G P 2 ) O G P 3 - P i 0 G ( P 2 0 G P 8 ) (33) 

G 1 2 3 = G i 2 3 (34) 

From a chemical point of view, it may not be known if P 3 in Equa
tion 19 w i l l react with P i or P 2 or both. Further tables can be set up, 
giving the isomeric structures of the multipolymer grafts. From a mathe
matical or chemical point of view, each element in the new tables w i l l be 
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622 M U L T I P H A S E P O L Y M E R S 

Figure 2, Products of sequential grafting reactions 

mathematically or chemically isomorphic with the formal ring element. 
A series of functions could be generated to reach each of the isomers, 
showing the relationship among them. By isomorphic, it is not meant 
that the isomorphism is between the rings or tables, but rather that there 
is a natural one-to-one and onto mapping, or a natural bijection of the 
elements. 

Law Six: a(b -\- c) = ab ac, (b -\- c)a = ba -\- ca (distributive 
laws ). The simple graft copolymer interpretation would be as in Equa
tions 35 and 36. The structures corresponding to Equations 35 and 36 
are shown in Figure 3. 

P i 0 G ( P 2 OM P 8 ) — G 1 2 OM G I S (35) 

(P i OM P 2 ) O G P 3 - G 1 3 OM G 2 8 (36) 

Without further rules, one does not know whether P 2 and P 3 both 
react with P i to form Equation 37. ( See Figure 3. ) The use of the Rule 2 
(above) denies Equation 37. However, the structure can be reached 
through the construction of alternate isomeric reaction tables, similar to 
that suggested above. It should be noted that the elements of Equations 
35 and 36 are homomorphic with the element in Equation 37. The term 
homomorphic is used because there is not a one-to-one correspondence 
between the elements of Equations 35 and 36 and Equation 37. 
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32. S P E R L I N G A N D C O R W I N Nomenclature Scheme 623 

P i O G ( P 2 O M P 3 ) - G K 2 8 ) (37) 

The reader w i l l note that coefficients have been introduced into 
Table I V and elsewhere as needed. According to the rearrangement 
theorem, Cotton (33, p. 6), "Each row and each column in the group 
addition table lists each of the group elements once and only once. From 
this, it follows that no two rows can be identical nor can any two columns 
be identical. Thus, each row and each column is a rearranged list of the 

Figure 3. Graft copolymer structures. Numbers refer to the equation 
numbers in the text. 
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group elements." (Table I V forms a mathematical group, as shown below.) 

P i OM P I - 2PX (38) 

In other words, 2Pj atnd not P i , should be used. The reader should note 
that while the ring is finitely generated by R = ( P i , P 2 , P 3 , . . . , P n ) , t h e 
number of elements is infinite. In particular, this means that an infinite 
column or row length would be required to duplicate all the elements. 

The above discussion shows that with ( i ) a zero, ( i i ) inverse addi
tive elements, and ( i i i ) coefficients, the set defined by R and the binary 
operations O m and O g form a ring. According to Laws Five and Six, 
only one chemical isomer is permitted. However the "legal" isomer ele
ment is either isomorphic or homomorphic with the other chemical possi
bilities, which may be formed into alternate tables according to simple 
chemical rules. 

Rings Involving O c and O b Operations. Let us now examine the 
tables generated by the O c and O b binary operations. Each element in 
these two tables is isomorphic, i.e., has a bijection, with its corresponding 
element in the 0 G-generated table. Laws One, Two, Three, and Four 
apply only to the 0 M -generated table. The applicability of Laws Five 
and Six needs to be established. 

Law Five: 
(a) Crosslinked Copolymers. The structure (Equation 39) indi

cates an AB-crosslinked copolymer ( 15, 34 ) generated by three polymers. 
From a topological point of view, both sides of the Equation 39 yield the 
same structure. 

(Pi O c P 2 ) O C P 3 - P A O c ( P 2 O c P 8 ) (39) 

(b) Block Copolymers. The structure (Equation 40) also forms the 
same structure on both sides. Rules 1 and 2 may be used as necessary. 

(Pi O B P 2 ) O B P 3 = P i O B ( P 2 O B P 8 ) (40) 

Law Six: 
(a) Crosslinked Copolymers. The structure (Equation 41) forms 

an interesting kind of interpenetrating polymer network ( I P N ) (35,36) 
where each network is an AB-crosslinked copolymer (15,34). The 
structure ( Equation 42) is also an I P N composed of A B crosslinked 
copolymers. 

P i O c (P 2 0 M P S ) — P i O c P 2 0 M P I O C P 3 (41) 

(Pi OM P 2) OC P 3 — P i O C P 3 0 M P 2 O C P 3 
(42) 
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32. S P E R L I N G A N D C O R W I N Nomenclature Scheme 625 

(b) Block Copolymers. The structures (Equations 43 and 44) are 
also well defined. 

P i 0 B ( P 2 O M P 8 ) = P i 0 B P 2 0 M P i 0 B P 3 (43) 

(Pi 0 M P 2 ) O B P 3 - P i 0 B P 3 0 m P I O B P 3 (44) 

Mixed Elements. Clearly, it would be advantageous from a nomen
clature point of view to have elements composed by combinations of 
operations via O g , O c , and O b . These can be easily introduced but are 
also subject to reactivity restrictions, leading to a third rule. Rule 3: 
binary element combinations formed by operations not part of the ring 
under consideration behave as single elements and cannot be separated 
into rnore simple elements. Togther with Rules 1 and 2, this Rule 3 elimi
nates ambiguous reactions in most of the cases of interest. There may be 
more complex combinations that Rules 1, 2, and 3 do not completely 
define. In each case, isomorphic or homomorphic elements may exist but 
can be reached as per discussion above. 

Use of Theorems. The establishment of the present nomenclature 
and associated structures as a series of related rings suggests the search 
for theorems that can be adoptable to the present case or that can gen
erate new ones. The following two theorems are self evident for the 
chemist. 

M c C o y (30, p. 33) theorem: the zero of a ring R, whose existence 
is asserted by L a w Three, is unique. 

M c C o y (30, p. 34) theorem: if a, b, and c are elements of a ring, R, 
the following are true: 

(i) if a + c = 6 + c, then a = b; 

(ii) if c -f CL = c + by then α = 6. 

A n example of ( i i ) is shown in Equations 45 and 46. 

Pa 0 M G 1 2 = P 3 0 M (Ρχ 0 G P 2 ) (45) 

then 

G 1 2 = P 1 0 G . P 2 (46) 

A n d a corollary: the additive inverse of an element of a ring, R, whose 
existence is asserted by L a w Four, is unique. 

M c C o y (30, p. 36) theorem: if a and b are elements of a ring, R, 
the equation a + x = b has in R the unique solution χ = b — a. 
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Two examples w i l l be given. 
(1) Let a = P i and h — M 1 2 , then χ = P 2 

(2) Let α = P 2
_ 1 and h = P i , then we have: 

P i " 1 O M χ — P i (47) 

* — P i 0 M P I — 2 P x . (48) 

This last shows the importance of coefficients in the system. 
M c C o y (30, p. 38) theorem: for each element α of a ring, R, we have 

a · 0 — 0 * a = 0. In chemical terms, the element a was removed. 
M c C o y (30, p. 39) let R be a ring and S a nonempty subset of the 

set R. Then S is a subring if and only if the following conditions hold: 
( i ) S is closed under the operations of addition and multiplication 

defined on R; and 
( i i ) if a cS, then —a c S. 
The simplest example in the present case is shown in Equations 49 

and 50. The subring generated by P i , i.e., al l positive and negative integer 
multiples of P i and zero, fulfills the necessary requirements. 

R - ( P i , P 2 , P 8 , . . . P») (49) 

S - ( P i ) (50) 

A Mathematical Group 

Laws Two, Three, and Four form the basis for a group, M c C o y 
(30, p. 135). Since al l three apply to the elements under the binary 
operation O m , it follows that the polymer blends constitute an additive 
group. In fact, O m generates a free abelian group on ( P i , P 2 , P 3 , . . . , 
P w ) since its elements (plus inverses and zero) are commutative under 
O M . 

Examination of Table I V reveals an interesting set of subgroups. 
A n example is shown in Table V I . Composed of the zero, any element, 
and its inverse, Table V I is a finitely generated (but infinite) subgroup 

Table V I . A Finitely Generated Group of P i Combinations 

0M 0 Pi P i 1 . . . 

0 0 P i P f 1 

Pi P i 2 P i 0 

Pi1 P f 1 0 2 Ρ Γ 1 
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32. S P E R L I N G A N D C O R W I N Nomenclature Scheme 627 

of the elements in Table IV . This statement can be generalized. F r o m 
Goldhaber and Ehr l ich (32, p. 110), "Every subgroup of a finitely gen
erated abelian group is finitely generated." 

Because L a w One is followed ( P 2 O m P i = Pi O m P 2 ) , a corollary can 
be written: the elements of the table generated by 0 M -b inary operations 
are symmetric about the diagonal. 

Summary of Ring Notation. In summary, the addition of a zero, 
additive inverses, and coefficients allows for Laws One through Six to be 
followed. The polymer blend, graft, and I P N nomenclature scheme 
forms three rings, and the fact that the binary operation O m on R = (Pi , 
P 2 , P 3 , . . . , P n ) constitutes a group puts the system on an improved 
mathematical ground. Similar relationships can be developed for the 
other operations. 

Several theorems were examined and adopted or shown to hold for 
the present ring system. Such theorems show new insight into laboratory 
related problems and deserve further study. 

The value of the present nomenclature is twofold. 

( 1 ) It does provide a nomenclature, where none existed before. The 
nomenclature, however, remains incompleted and requires further con
sideration. 

(2) For the research polymer chemist, the scheme has the function 
of being able to systematically suggest new or unrecognized polymer 
combinations or new reactions. 

The chemical nomenclature scheme makes no mention of morphology 
although this subject is of paramount importance in governing properties 
( 7, 8, 33, 34,35 ). As a nomenclature, it only speaks to how the various 
polymer chains are combined in space. 

Mathematical Functions and Applications 

In the proceeding, the notions of elements and binary operations 
were developed. A n important part of the mathematics of ring theory 
involves the concept of functions. 

Upon examination of Tables I V and V , a striking symmetry becomes 
apparent. Elements on either side of the diagonal running from the upper 
left to the lower right are clearly related. For example, the qualitative 
relationship between G i 2 and G 2 i is obvious, but we now observe that 
they are quantitatively related in Table V , lying in symmetric positions 
across the diagonal. In fact, a function, y, can be defined which w i l l 
cause the element to be moved to its corresponding position across the 
diagonal and to physically adopt its new structure (12,13). See Figure 4. 
In general, two functions can be defined. In addition to y, a function of 
β can be defined as one which moves an element from a position i n one 
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628 M U L T I P H A S E P O L Y M E R S 

Figure 4. The function y moves 
an element to its symmetric posi
tion across the diagonal. In this 
case, elements X and Y are inter

changed. 

table to its corresponding position in another table and simultaneously 
requires the element to undergo the necessary chemical transformation. 

The function β may be subscripted for clarity, indicating, as neces
sary, the tables from which and to which the element is being moved. 
Some examples are in order. 

y G 1 2 - G 2 i (51) 

£ G C G12 — C 1 2 (52) 

βΐΜ C n 0 ! C 2 2 - P i O M P 2 (53) 

This last creates a kind of chemical blend and was recently accomplished 
(9) to produce a novel morphology. 

One can also consider the transformation of one polymer species into 
another by post-polymerization reactions. For example, if polymer I is 
polystyrene and polymer II is sulfonated polystyrene, one can use the 
function δ for the transformation : 

δ P i = P 2 P i = polystyrene ^ 

P 2 = sulfonated polystyrene 

For a crosslinked random copolymer of styrene and ethyl vinyl benzene 
(assuming only the styrene reacts), we could write: 

S 2 3 (^RJ O C (^j - O C (^j (55) 

where P i = ethyl vinyl benzene, P 2 = styrene, P 3 = sulfonated styrene, 
and where the function δ 2 3 represents the selective element reacted. 
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32. S P E R L I N G A N D c o R w i N Nomenclature Scheme 629 

In general, reactions can be found to move the elements from one 
table to another under the function of β , or within the table under the 
function y. Again, while the nomenclature and the mathematical ring 
notation do not speak about morphology or physical properties, the meth
ods outlined above can be used to reach novel materials. 
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A 
A B S / P V C blends 331 
Absorption ratios of Avcothane 

surfaces 78t 
Acceptor-donor complexation . .560-561 
Additive inverses, existence of . . . 621 
Additivity, concept of . 322 
Adhesion 69, 317, 329 

interfacial : 317 
interphase 317 
of neoprene 596f 
properties 596 
work of . 588 

Aggregation 341 
Aging, physical 293 
Alkylene 

4,4'-biphenyldicarboxylate / 
P T M E biphenyldicar-
boxylate 142 

ester/PTME ester 140-149 
isophthalate/PTME 

isophthalate 140-142 
2,6-naphthalanedicarboxylate / 

P T M E 2,6-naphthalene-
dicarboxylate 143-146 

terephthalate/PTME 
terephthalate 134-140 

melting points 138/ 
m-terphenyl-4,4'-dicarbox-

ylate/PTME m-terphenyl-
4,4'-dicarboxylate 146-149 

Alloys, properties of ABS 330-331* 
Allyl halides 587 
Amorphous phases, miscible 316 
Anistrophy 198 

mechanical 288 
Annealing 425 

effect of 16/ 
Argon-ion bombardment 375-376 
A S / A C copolymers 300-305 
Associative law of addition . . . . . . 619 
Associative law of multiplication 621-622 
Atactic polystyrene 455 
Avcothane, depth profile of . . . . . . 79/ 
Avrami analysis 478 

Β 

Beer's law 73-74 
1,4-Benzenedimethylene tereph

thalate/PTME tereph
thalate 136f, 138 

Binary operations and associated 
reactions 611* 

Biomer films 77-80 
depth profile of 80/ 

Birefringence 34 
Bisphenol-A carbonate 208 
Bisphenol-A polycarbonate . . . . 530, 568 
Bis-A polycarbonate/ABS 560 
Bis-A polysulfone / bis-A 

polycarbonate 299/ 
Blends 610 

compositions 278i 
Block(s) 

center 208 
copolymers 179-630 

styrene—diene—styrene . 9 
end 208 
molecular weights 158 
size of the polystyrene phase .205-216 

Blood compatibility 69 
Bonding capability, hydrogen . . . . 5 
Brabender measurements 550 
Bragg spacing 169 
Branch copolymers 617i 
Branch length of neoprene-g-

poly ( tetrahydrofuran ) . . . . 587-597 
Brillouin 

scattering, linear theory of . . . 532-533 
scattering from polymer 

blends 529-540 
spectrum 535-540/ 

Butadiene, microstructure and 
molecular weight 253t 

Butadiene-styrene—isoprene 238 
Butanediol 10, 32,71 
1,4-Butanediol 86 
1,4-Butanediol-MDI 91 

Calorimetric studies 414 
Calorimetry 414, 419-428 

differential scanning 9, 32, 35-37, 
49, 55, 57, 84, 90-93,99 

Carbon monoxide 413 
Catastrophic failure 24 
Casting 

process 80 
rate of 188 
solvent 162/ 

Cavitation 24 
Cellulose acetate film 537 
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Chain 
extender 97 

components 93 
organization in solid T P U 

elastomer 89/ 
unattached 233,236 

Characterization of experimental 
block copolymers 218i 

Chlorides, tertiary allylic 588 
2-Chloroethyl acrylate, uptake of . 444/ 
Chlorotrifluoroethylene .71,75 
Chromatographic techniques, 

gas-liquid 385 
Cilia 233, 236 
Clash-Berg test 133 
Coating industries 315 
Coefficients and molecular weights 618 
Combustion methods 445-446 
Commercial blends, examples of 324—332 
Commutative law of addition . . . . 619 
Compatibilization, polymer . . . . 559-585 
Compatibilization technique . . . . . 560 
Composition, effects of 93-96 
Composition and solubility 591 
Computer program 56 
Condensation polymerization 

reactions 4 
Conductivity, bulk 13 
Configurations, block 184f 
Copolyesters, segmented 5 
Copolymers 

morphology and properties of 
segmented 3-28 

random 4 
segmented 3-178 
synthesis of segmented . . . . . . . . 4-5 

Correction term, filler effect . . . .232-233 
Cost dilution 324 
Coupled oligomer technique 294 
Coupling 289 
Crack 452 

initiation . . . . . . . . . . . . . .69,508, 515 
Crazes 382, 452 
Crazing 69, 359, 363-365, 505, 515 
Crimp tags 159-160 
Critical thickness problem 332 
Crosslinked copolymers 610 
Crosslinking 17, 64 
Crystal-crystal transitions 98 
Crystal size 48 
Crystalline . 89 

superstructure 23 
Crystallinity . . .32, 98, 112, 369-371, 502 

degree of . . . 232 
hard segment 49 
soft segment .38-39, 49 
ultimate degree of . . .476/, 477/, 481/ 

Crystallites, introduction of 477 
Crystallizability of the blocks . . . . 5 
Crystallization 13, 429/ 

effect of secondary . . . . . . . . . . . 496 
half times . .470-475/, 480/, 483/, 484/ 
hard segment 22 

Crystallization ( continued ) 
heat of . . . . 92-93 
lag 93 
from the melt of the glass . . .479-483 
process 414 
studies of blends . . . . . . . . . . . 455-487 
of the terpolymer . . . . . . . 4 2 4 , 428-431 

1,4-Cyclohexanedimethylene 
terephthalate/PTME 
terephthalate . . . 136-137/, 138-140 

D 

Deformation 338 
processes 269/ 

Degradation . . . . . . . . . . . . 547, 548/ 
Density, crosslinking . . . . . . . . . . . 57 
Density studies 465-468 
Depolarized light 

intensity 456,462-463,478 
-crystallization half times 457/ 

Diacetoxy-terminated polymer . . . 71 
Diacid 130 
Diamines 5,70,77,97 
1,3-Diaminopropane 98 
2,5-Dichlorobenzotrifluoride 71 
Dichroism, differential method of . 519 
Dielectric 

loss properties . 13 
measurements 12, 418-419 
properties 415 
relaxation study . . . . . . . . . . . . . 12 
studies 414 

Diene microstructure, effect of . . . 252 
Differential scanning calorimetry . . . . 13, 

206, 369, 456. 471, 484, 496, 519-524 
curves 14/, 16/, 103/,10β/ 

148/, 437-438/ 
scans 372-375/ 
thermograms 91/, 303-305/, 307/, 309/ 

Differential solubility parameter . . 294 
Differential thermal 

analysis 13, 588, 593 
Diffraction 38-39 

electron 32 
x-ray 32 

Diisocyanate 84, 88, 93, 97 
aromatic 4, 5 
chain, aromatic 70 
component 86 
-coupled polyester chains . . . . . 95 
molecules 118 

Dilatometric measurements . . . . . 219 
Dilatometry in triblock polymer 

systems .217-229 
Dilution effect 475 
Ν,Ν-Dimethyl acrylamide 320, 568 
Dimethylsiloxane 208 

-polycarbanate .· . 18 
Dimethyl terphthalate 158 
Diol 70, 97,130 

monomeric 4, 5 
structure of 134 
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Dioxane solutions 338 
Diphenyl methane diisocyanate . . . 32, 98 
4,4'-Diphenyl methane diiso

cyanate 10 
Dipole—dipole interaction 526 
Disruption 263, 266 
Distributive laws 622-623 
Divinyl acrylic monomer 444 
Domain(s) 

boundary thickness 274 
connectivity of 200 
flow in two-phase polymer 

systems 541-558 
formation .61,231 

entropie effect of . . . . 233, 600 
and mechanical properties . . . 53-67 

hard segment 21, 32, 59 
models, cylindrical 235 
models, spherical 235 
morphology .53-54, 89-90 

lamellar 235 
microphase 47 

reinforcement 13 
size . 189 
soft . . 32 
stability . . . 7 
structures .33, 98 

in a segmented copolymer . . . 10/ 
urethane 16 
viscosity . 546 

Donor-acceptor complexation . .560-561 
Donor-acceptor complexes 320 
Ductile behavior . 359 
Ductility 293 

index 508 
Dynamic mechanical studies . . . . . 414 
Dynamic modulus 414 

Electronics, photon-counting 534 
Elongation 593-594 

predetermined 524 
Emulsions, multiple .409-410 
Emulsions ( polymeric oil-in-oil ) . . 383 
Energy 

curves, load 505, 506-508/ 
free 5 

change in 7 
of swelling, partial molar 

elastic 234-236 
shortage 84 

Enthalpy 601 
Entropy 601 

of domain formation 234-235 
loss of 6 

Epoxide, polyfunctional . . . . . . . . . 279 
Equation of state thermodynamic 

theory 599-607 
Equilibrium, attainment of . . . . . . 400 
Erosion of the surface features . . . 389 
Ester block copolymers, elasto-

meric polyether- 129-151 
Ethyl-acetate extracts 591 
Ethylene glycol segments 463 
Ethylene-propylene . . 207, 318, 328, 369 
Ethylene terephthalate/PTME 

terephthalate 134-136 
Evaporation technique, slow-solvent 239 
Exotherms, crystallization 461 
Experimental window . 199 
Extension ratio 234 
Extrusion 331 
Eyring parameters 359 
Eyring's stress-biased activated 

rate theory of yielding 452 

Ebonite method 243 
Elastic moduli 195, 446, 519 
Elasticity 542 

of composites 195 
of heterophase block 

copolymers 194-198 
Elastomer 

blends 560 
thermogram, polyurethane 93/ 
thermoplastic 4, 97-98, 181 

molecular structures 4/, 5/ 
polyether-ester 13 
polyurethane 31, 83-96 

Elastomeric behavior 53-54 
Electron 

density fluctuations . . . . . . . . . . . 8 
diffraction patterns ·. 39/ 
irradiation 387 
micrographs . . . 188/, 191/, 192/, 254/, 

262-264/, 271/, 272/, 280/, 282/ 
microscopy . 8-9, 258, 262-265 
spectroscopy for chemical 

application 70 

Fabry-Perot interferometry, 
multiple-pass 539 

Fibers 327 
Flame retardance . 331 
Flexibility 83 
Flexural properties 566 
Flexural strength, composition 

dependence of 583 
Flory equation of state theory . . . . 601 
Flory-Huggins 

equation 319 
interaction parameter 182 
-Scott expression . . . . . . 434, 439-440 
type solution theory 600 

Flory-Rehner equation . 235 
Fourier transform IR 463 

internal reflection studies 69-82 
Fox equation 172 
Fox-Flory equation 207-208 
Fracture 338 

brittle 505, 515 
ductile 515 
morphologies 391 
process 24, 504 
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Fracture (continued) 
strains 447,452 
surface 504/, 505/, 511 

morphology of polystyrene/ 
poly (methyl meth-
acrylate) 381-411 

Free energy change 543 
Friction 69 
Fuel economy 84 
Fusion 

heat of 48, 92 
of polymer crystals 421 
process 425 
temperature range of . . . . . . . . . 422 

G 
Gall-effect device 159 
Gaussian elasticity theory 233-235 
Gaussian statistics 231-232 
Gel permeation chromato-

grams 155,156/, 542, 588,591, 592/ 
Gel permeation chromatographic 

molecular weights 278 
Gelatin 591 
Gibbs-DiMarzio second-order 

transition theory 476 
Gibbs free energy change . . . . . . . 544 
Glass transition(s) . .427, 429/, 522, 537 

behavior 526 
peak 521 
region 217 

Glassy 
-crystalline copolymers 293 
phase 206 
-glassy block copolymer 

properties . 298* 
-glassy copolymers 293, 307 
polymers 359 

Glycol-chain-extender component . 86, 88 
Gordon-Taylor copolymer 

equation 20, 243, 247, 522, 523/, 524 
Gradient polymers 443-453 
Graft copolymer( s ) . .293, 587,610, 617* 

compositions 590*, 595* 
structures 623/ 
unfractionated 593 

Graft copolymerization details .590—591* 
Grafting 386 

reactions 622/ 
sites 588 

Grain boundaries 188 

H 

Halide, polymeric 587 
Hard segment concentration, effects 

on copolymer properties . . . 132-134 
Hard segment-soft segment 

interaction parameter 11 
Healing effect of the SBS specimen 273/ 
Heart components, artificial 70 
Heat capacity of T P and P V C . . . 424* 

Heat distortion temperature 566 
Hermans orientation function . . . . 518 
Heterocyclic monomer 587 
Heterogeneity, block length 289 
Heterogeneity, structural 7 
Heterogeneous blends 239 
Heterophase block copolymers, 

morphology of 185-188 
Heterophase polymers systems . . . . 247 
Hexamers of polydimethylsiloxane . 209 
Hexamers of polystyrene 209 
Hildebrand-van Laar-Scatchard 

expression 182 
Homogeneous block copolymers 182-185 
Homogenization . . . . . . . . . . . . . . . 605 
Homogenizing agents 238 
Homopolymers 

carbonate 297-298 
PPO 175 
properties 298* 
sulfone 297-298 

Homopolystyrene 258 
Homopolysulfone 305 
Homopolytetrahydrofuran 592 
Hydrocarbon block copolymers . 181-204 
Hydrocarbons, aliphatic 603 
Hydrogen 

bonding capability 5 
bonding, urethane-urethane . . . 89 
bonds 320 

Hydrolysis of PC, partial 341 

I 

Immiscible blends 326-332 
Impact 

curves 511 
instrumented 509/, 511/, 512/ 
-resistant plastics 181 
strengths 293, 496, 497-499/, 512, 514* 
testing 491, 496-499 
velocity 504-508 

In situ technique 294 
Incompatibility, degree of 605 
Initiation 493,511,515 
Injection 

-molded impact polypropylene 
blends 489-516 

-molded polypropylene 499 
molding 331, 496, 514 
pressure 508 

Interaction parameter 209, 551 
Interactions, polar 320-321 
Interdomain contribution to the 

deformation of multiple 
domain polymeric systems .231-236 

Interfacial boundary 605 
Interfacial technique 295 
Interpenetrating networks 

153, 318,446,448,452,527,610 
IR 469-470,478, 588 

beam penetration 75/, 77 
dichroism 21,23, 518,524-527 
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IR ( continued ) 
intensity 464/ 
spectroscopy 456 
spectrum 76/, 77/, 79/ 
studies 17,99,463-^65 

Isochronal complex, temperature 
dispersion of 273/ 

Isochronal plots 249 
Isochrones, storage-modulus 252/ 
Isoprene, microstructure 253ί 
Isoprene, molecular weight 253i 
Isotactic polystyrene 455 
Izod 

impact testing 514 
impact tests, instrumented . . .503-512 
properties 566 
testing, instrumented 491-493 
testing, noninstrumented 491 

Kinetic theory of rubber elasticity . 61 
Kinetics of crystallization 462-463 
Kinetics of microphase separation .26-27 
Kinking 263, 266 

Lamellae 422 
chain-folded 374 
structure, stacked 233 

Lamellar 
domains 262, 269 

morphology 235 
microdomains 263 

structure 193/ 
morphology 208 

Langevin chain statistics, inverse . 232 
L C S T 321 

behavior 321 
Length, average hard segment . . . 123/ 
Length, inhomogeneity 9 
Light 529 

polarized . 338 
scattering .434, 461 

patterns 458/ 
spectrometer 534/ 

Linewidths, longitudinal . 532 
Linewidths, transverse 532 
Logarithmic delineation 

547-549/, 551-554/ 
Loops 233, 236 
Loss 

behavior, dielectric 419-423/ 
compliance, dynamic 199/ 
maximum, low temperature 289/, 290/ 
mechanical 582-583/ 
modulus 519 
tangent 279/, 281/ 

curves, mechanical 418/ 

M 
Macroglycol 4, 5, 84, 86, 87/, 93 
Macrolattice 188,198 
Mastication procedure 239 
Materials and characterization . . . 435i 
Materials studied 518i 
Mathematical 

functions and applications . . . 627-629 
group 626-627 
ring structure of the nomen

clature scheme 618-626 
Maxwell-Wagner interfacial 

polarization 13 
M D I 71, 85, 86, 98 
Mean-field-theory approach . . . . .7, 189 
Mechanical 

behavior, high-temperature .300/, 301/ 
characterization 566-567 
measurements, dynamic 296 
models, calculation of master 

curves 352—355 
and physical polymer blends . . . 616f 
properties .259-262 

analysis of 172-173 
and domain formation 53-67 
dynamic . . .272-274, 439/, 519-524 
low-temperature 302 
measurements, dynamic 17-21 

response, low-temperature 
dynamic 203/ 

study of phase segregation in 
toluene diisocyanate . . . .97-127 

testing 159 
Melt 

extrusion 188 
polycondensation 158 
polymerization 159 
rheological properties 542 
state, homogeneous 552 
state, monomolecular 553 
transitions 546 

Melting 524 
peaks 426 
points 456/ 
process 217 

Methanol 5 
Methyl acrylate 444 
Methyl methacrylate 568 
α-Methyl styrene interpolymers . 568-569 

/acrylonitrile 560 
/methyl methacrylate/ 

acrylonitrile 560 
Methylene chloride / pyridine 

solution 294 
2-Methyltetrahydrofuran 592 
Micelle formation 189 
Micelle-lamellae platelets . . . . . . . 33 
Microcracks, initiation of 24 
Microcrystalline phases 526 
Microdomain(s) 31 

formation 5 
theories of 189-194 

repeat distances 194i 
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Micrographs 
defocus 46/ 
optical 41/, 594/ 
transmission electron 43/, 45/, 47 

Microphase(s) 
glassy 207, 209, 213/, 214 
-separated morphology . . . . . . . . 17 
separation 11,21,32,182, 

262, 541-542 
kinetics of 26-27 

Microscopy 39-47, 493-496 
bright-field defocus electron . . . 49 
dark-field 49 
optical 32, 588 
phase contrast 382 
polarized . 9 
transmission electron . . .9, 32, 33, 382 

Microstructure of butadiene and 
isoprene 253* 

Microvoids, formation of 505, 515 
Miscibility 433-434 

characteristics 569 
concept of 323 
diagrams 437/ 
polymer-polymer 318 

Miscible blends . . . . . . 324-326, 559 
Mixed elements 625 
Mixing 207, 238, 526 

entropy of 319, 601 
free energy of .319,541,543, 600-601 
free volume on . . . .600, 603-604 
heats of . . . 5, 321 
polymer 441 
or reacting, simultaneous . . . . . . 618 
region, interphase 218 

Mobility, increase of 475 
Modulus 323 

curves, storage and loss . . . . . . . 416/ 
longitudinal 532 
loss 102/ 
shear 532 
storage 102/, 279/, 281/ 
-temperature behavior 344-347 
-temperature curves 347f, 355 
-time behavior 347-358 

Mold flow 283 
Molecular 

structure, characterization of . 542-543 
theories of the interdomain 

contribution 231-236 
weight ( s ) 

of butadiene and isoprene . . . 253f 
distribution 591-593 
effects of 93-96 

Monomer addition technique 278 
Monomer conversion . . . . . . . . . . . 407 
Morphological studies 414 

of PSP/MDI/BDO-based 
segmented polyurethanes . .31-51 

Morphology (ies) 499-503 
of amorphous hydrocarbon block 

copolymers 181-204 
of atactic polystyrene 337-366 

Morphology (ies) 
of blends of styrene-buta-

diene .277-292 
characterization of sample 7-13 
cylindrical 185 
glass-crystalline 294 
glassy-glassy 294 
of heterophase block 

copolymers . 185-188 
lamellar 284 
model depicting the 26/ 
of poly-e-caprolactone 

blends 517-528 
of polycarbonate of 

bisphenol-A 337-366 
regulators . . . . . . . . . . . . . . . . . . . 238 
rod-like 284 
skin/core 500/ 

Motion, equation of 184 
Multiblock polymers, preparation 

of 155/ 
Multiblock polymers, properties of 161 
Multipolymer systems, proposed 

nomenclature for . . . . . . . .611-614 

Ν 
Naming system 157 
Necking 261, 264, 269, 363 
Neoprene 591 
Newtonian viscosity 201-202 
Nitrile group 569 
Nitrocellulose 517 
N M R 12, 55, 588 

characterization . 563-566 
spectra 241/, 563/ 

1 3 C N M R 369 
Nomenclature scheme for multi-

polymer and multimonomer 
systems .609-630 

Non-Newtonian behavior . . . . . . . . 542 
Notation, vertical 614-618 
Nucleation 

rate 481, 483 
row 499 
sites 503 

Ο 

Opacity 582 
Optical 

light scattering 188 
micrograph . . . . . . . . . 342/, 344/, 363/ 
microscopy 515 

Oxonoim-ion polymerizations . . . . 588 
Oxyterephthaloyl 171/ 

Paracrystalline 86 
state 90 

Parallel model .195-196, 352/, 355 
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INDEX 639 

Particle 
coalescence 408 
size 408 

dispersed 397f, 405-409 
Patients, post-operative 70 
PEP /MDI/BDO-based segmented 

polyurethanes . . .31-51 
Pendulum, torsional 159 
Phase 

behavior 398 
miscible 318 

continuous 391, 398 
diagram, P M M A / P S . .402/, 404/ 
diagram, ternary .401/, 402/ 
dispersed 382,391,398 
formation, co-continuous 318 
interpenetrating 318 
inversion . 370 
mixing 26 
relationships . 391, 396/, 397/, 400-405 

of polystyrene/poly( methyl 
methacrylate ) 381-411 

segregation 90 
degree of 123 
effects of on modulus 123 
in toluene diisocyanate . . . .97—127 

separation 17, 26, 59, 139, 176, 
407, 541, 560 

of an amorphous poly(ether-
b-ester) 153-178 

of a multiblock polymer 169/ 
thermodynamics of 5-7 

N-Phenyl-maleimide 568 
Pronons, longitudinal 530 
Phonons, transverse 530 
Phosgenation 294 
Phosgene 295 
Photomicrographs . . . . . .364/, 459/, 460/ 
Photomultiplier tube 534 
Physical properties 

of blends of poly (vinyl 
chloride) 413-432 

of poly-e-caprolactone blends .517-528 
of polystyrene 433-442 
of a terpolymer of ethylene . .413-432 

Piperazine 5 
-butane diol 27 
polyurethane 13 

Plastic(s) 329-332 
deformation, mechanisms of . 359-365 
-elastomer blends 329-330 
flexible 83 
high-impact 382-383 
impact-resistant . . . . . . . . . . . . . 181 
industry 559 
like .196, 261 
-plastic blends 330-332 
-to-rubber transition of a SBS 

block copolymer 257-275 
-rubber transition, strain-

induced 197 
Plasticizers 59 

polymeric 413 
P M M A / P S specimens, summary of 3921 

Polarity 5 
Polarization 533 

Maxwell-Wagner interfacial . . . 13 
Polarizing microscopy 459 
Polyaggregate 196 
Poly ( aryl carbonate )-poly ( arylene 

ether sulfone) 293-311 
Poly (arylene ether sulfone)— 

poly (aryl carbonate ) 293-311 
Polyarylether( s) 561 

blends, mechanical properties 
of 568-573* 

structures 564-566i 
with styrenic interpolymers . . 559-585 

Polybutadiene 554 
chains 268 
elastomer 489 
matrix 262 

cis-1,4-Polybutadiene 239 
Poly(butylène terephthalate) . . . . 425 
Poly( 1,4-butylene terephthalate ) / 

poly ( ethylene terephthalate ) . 455 
Polycaprolactone 10, 98 

diol 32 
polyol 32 
polyurethanes 11/, 12/ 
-urethanes 13 

Poly-e-caprolactone 320, 455 
Polycarbonate 297 

blocks 208 
oligomers 295 
-polysulfone block copolymers . 238 

Poly ( 2-chloroethyl carylate ), 
concentration profiles 445/ 

Polychloroprene 587-597 
Polycondensation reactions . . . . . . 155 
Poly(2,6-dimethyl phenylene 

oxide) 441, 455 
Poly ( dimethylsiloxane ) 70-71 
Poly [di ( oxyethylene ) oxyadipoyl] . 154 
Polyester 97 

-based polyurethanes 32 
polyols 31 
polyurethane 26, 27/ 

Polyether 97 
-ester 

block copolymers, elas-
tomeric 129-151 

synthesis and structure 131/ 
thermoplastic elastomers . . . . 13 

Poly(ether-b-ester), phase separa
tion and mechanical prop
erties 153-178 

Poly (ether polyurethane ) 71 
Poly ( ether urethane ) 15, 71 
Poly (ethyl acrylate) 320 
Poly ( ethyl methacrylate ) . . . . . 320, 568 
Polyethylene 

chlorinated 331 
/ E P D M blends having tensile 

strength synergism 367-379 
/polyisobutylene 602 

Poly ( ethylene propylene ) / 
propylene rubber 560 
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Poly (ethylene terephthalate ) . . . . 538 
Poly isobutylene / polystyrene 602 
cis-1,4-Polyisoprene 239 
Polymer(s) 

in automobiles, synthetic 84 
blends 

commercial 322-332 
miscible and immiscible . . .316-318 
technology 315-335 

chain organization 88-89 
characterization of 240 
coil 183 
crosslinked 18/ 
interface theories 600 
linear amorphous 18/ 
physical properties of 368* 
-polymer 

compatibility 298 
interaction parameter 600-602, 604* 
miscibility 568 

preparation 130-131, 154-157 
properties of 163-167/ 
semicrystalline . 18/, 120 

Polymeric coatings, miscible 560 
Polymeric elements, basic 611* 
Polymerization ( s ) 589 

bulk 489 
degree of 545 
diffusion 452 
method of . 5 
reactions, condensation 4 
solvent ( cyclohexane ) . 292 

Poly (methyl acrylate) 320 
Poly ( methyl methacrylate ) 

320,427,433-442,444, 535 
Polyolefms, crystalline 328 
Polyols 34 
Poly ( oxypropylene ) 154 
Poly ( oxypropylene oxytereph-

thaloyl) 154 
Poly ( oxyterephthaloyl ) 172 
Poly( 1,4-phenylene terephthaloyl ) 172 
Polypropylene 

glycol 71 
-high density polyethylene-low 

density polyethylene 329 
isotactic 490 

Polystyrene 554 
braid 160/, 161 
-continuous morphologies 290 
glassy 489 
halogenated analogs of 441 
homopolymer 213 
microphases 206 

Poly ( styrene-co-acrylonitrile ) / 
rubber 560 

Poly( styrene-b-butadiene-b-
styrene) 198-201/ 

Poly( styrene-b-diene ) polymers . . 172 
Poly( styrene-b-a-methyl-

styrene) 186/, 187/ 
Poly ( styrene-b-a-methylstyrene-

b-styrene) 183 

Polystyrene-
poly ( 2,6-dimethyl 1,4-phenyl

ene oxide ) 560 
poly (vinyl methyl ether) 320-321 
PPO system 328 
rubber 560 

Polysulfone 297 
Polytetramethylene adipate 13 

- M D I 91 
Poly(tetramethylene ether) glycol . 129 
Polytetramethylene oxide 13, 15 

-poly ( tetramethylene tereph
thalate) . 19, 23 

polyurethanes 16/, 21 
Polyurethane ( s ) 98 

elastomers, structure of . . . 83-96, 100/ 
films, compression-molded . . . . . 101/ 
hydrogen-bonded 20-21 
linear and crosslinked segmented 53-67 
nonhydrogen-bonded 20-21 
segmented 317 
surface chemical analysis of 

segmented .69-82 
-urea 13 

Poly ( vinyl chloride ) . . 320,455, 517, 568 
blends of . 560 

Poly (vinyl methyl ketone ) 320 
Poly ( vinylidene fluoride ) . . 320, 427, 535 
Porod constant 8-9 
Propagation .493, 515 

energy 511 
process 505 
slow crack 24 

Propane 1,2-diol 154 
Properties and morphology of 

amorphous hydrocarbon block 
copolymers 181-204 

Property-processing-cost 
performance 322 

P S / P M M A experimental results 436-439 
P T A d [poly( tetramethylene 

adipate)glycol] 85 
Pump, Avcothane intraaortic 

balloon 72-77 
Pyridine hydrochloride 295 

Q 

Quenching 524 

R 

Rayleigh-Brillouin spectrum 531/ 
Reaction examples .613-614 
Reduced specific viscosities . . . . . . 568 
Relaxation(s) .98, 102-104, 109, 

122,520-521 
enthalpy 424 
hard-segment 106*, 121-123 
isotherms 347-352, 355 
low-frequency 13 
measurements, stress-strain . . . . 347 
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INDEX 641 

Relaxation (s) ( continued ) 
mechanical 415 
mechanism 274 
modulus 344, 348/ 
process .118, 199 
soft-segment 106*, 119-121 
-stress isothersm 184, 185/ 
of 2,4-T-lP 118, 119 
of 2,4-TDI block polyure

thanes 108*, 115* 
temperatures 115 
of thermally-treated 2,6-TDI 

polyurethanes 116* 
times 530, 532 

viscoelastic 184, 186* 
in triblock polymer systems . .217-229 

Resilience—temperature 
curves 575-580/, 582 

Resins, low-impact 560 
Retardation times, maximum 184* 
Rheological properties . 490 
Rheology of heterogeneous block 

copolymers 200-202 
Rheometry 543 
Ring(s) 624-625 

notation, summary of 627 
six requirements of a 619-625 
theory, mathematics of 627 

Rouse—Bueche—Zimm model 198 
Rubber( s ) 83, 326-327 

elasticity, kinetic theory of 61 
giant crosslink in a 543 
industries 315 
-modified epoxy resins 365 
-modified impact grades of 

polystyrene 317 
-toughened gelatin 365 
-toughening, technology of 329 

Rubbery 
amorphous polymers 323 
behavior 317 
dispersed phase separation . . . . 490 
modulus 346 
phase 13, 206, 452 
plateau region 17 
polymer 97 

Scanning electron micrograph 341/, 
343-344/, 383, 387,496, 

510/, 511, 513/ 
photomicrographs 376-378/ 

Scattering 
intensity 8 
maximum 265-266 
patterns 267 
vector . 529 

Scott-Hildebrand solution theory . 154 
Secant moduli 22 
Segment 

hard 4, 5/, 53-57, 70, 76-80, 
86-90, 97,102-104,107 

Segment ( continued ) 
soft 4, 5/, 53-57, 70, 76, 79-80, 

85-86, 97,102-104 
Segmental orientation of poly-e-

caprolactone blends . . . . . . 517-528 
Segmented copolymers 3-178 

morphology and properties of . . 3-28 
synthesis of 4-5 

Semicrystalline nature of 2,6-TDI . 118 
Semicrystalline polymers . . . . . . 323, 465 
Series model . 195-196, 352/, 355 
Shear 

band formation 364 
crystal 233 
deformation 359, 363, 365 
gradient 183 
modulus 231 
rate, steady-state 200/ 
stress 546 

critical 552 
viscosity 200-201/, 547 

Shearing . 263, 266 
Shift factors 198, 356-358/ 

deduction of 355 
Skin region 499-592 
Small angle light scattering . . . . . . 459 
Small angle x-ray scattering . . . 8-10, 33, 

55-59, 64, 89,161, 169,170*, 188, 
197,198/, 209, 258, 263-272 

curves 11/, 12/, 26, 38/, 61/ 
pictures of the multiblock 

polymers 168/ 
Solubility 

and composition 591 
parameters 209 

calculations 296 
Solvent casting 50 
Sound absorption 153 
Specific heat 425/ 
Spectroscopy 

Auger electron 70 
for chemical application, electron 70 
ion scattering 70 
secondary ion mass 70 
UV-visible 295 

Spectrum, dynamic mechanical . . . 308/ 
Spherulites 13, 475,481, 501 
Spherulitic 

core 490 
morphology 459-460 
region 499 
shear zone 490 
structure 47, 49, 233 
superstructure 32-33 
texture 514 

Spin-cast specimens 260/ 
Spin casting 518 
S S / A C copolymers .305-307 
Stereo configuration of poly (methyl 

methacrylate ) 321 
Strain 

-induced plastic-rubber transi
tion 197 
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642 M U L T I P H A S E P O L Y M E R S 

Strain ( continued ) 
properties 338 
-softening effect 259-261, 263 

Stress 
cracking, environmental 293 
hysteresis 22 
-relaxation isotherms . . . . 184,185/, 

344, 346/, 349-351/ 
softening 22 
-strain 55 

of atactic polystyrene 337-366 
behavior 194, 196, 259-262 

of P M M A / C 1 E A gradient 
polymers . . . . . . . . . 443-453 

of polycarbonate of 
bisphenol-A 337-366 

curves . . . .267, 359, 360/, 361/, 430/ 
experiments 64, 362/ 
properties . . . .21-25, 359-365, 

588, 593-595 
relation for uniaxial 

extension 233-234 
results 23 

transfer 316 
whitening 363-364, 505, 511, 512 

Structure—viscosity relations . . . . . . 553 
Styrene 

block as the hard phase 205-216 
-butadiene 238-239 

-isoprene 238 
-styrene 188, 218, 317-318, 

542, 546, 605 
copolymers 555* 
polymers 547-550 
-triblock copolymers . . . . 553-555 

—diene-styrene block copolymers 9 
-dimethylsiloxane system . . . .209, 214 
—isoprene 238 
-(methyl methacrylate) . . . .433-442, 

547, 549*, 550-551 
—a-methylstyrene 239, 605 

Subinclusions 409 
Subscripts 612-613 

illustration of the use of 612* 
Supercooling 93 
Superposition 467 
Surface-tension dependent effect . . 208 
Swelling, isotopic 235 
Swelling, partial molar elastic free 

energy of 234-236 

Takayanagi-Kawai model . . . . . . . 198 
Takayanagi model parameters . . . . 355* 
T D I polyurethanes 99 
2,4-TDI-based hard segment 15 
2,4-TDI polyurethanes 104-109 
2,6-TDI polyurethanes 109-117 
Temperature 

crystallization 92-93, 372, 414, 
462,467, 369,477 

Temperature ( continued ) 
dependence 605* 
dispersion of isochronal 

complex 273/ 
glass transition 15, 27/, 91-92, 

99, 133,210-211*, 212-213/, 214, 
243, 244/, 270, 298, 370, 414, 427, 

456,457/, 553, 568-569 
heat distortion 331, 566 
lower critical solution 304 
melting 92 
-modulus behavior 344-347 
mold 514 
of the polystyrene phase, 

glass-transition 205-216 
separation 193, 196-197* 
-time shift factors - 355 
transition 108/, 116/ 

Tensile 
data 369/ 
dumbbell specimens 371 
properties 431 
strengths 414, 574/, 584/, 594 

synergism 367-379 
stress 259 
yield 370 

Tension, hydrostatic 283 
Terephthaloyl chloride, polycon-

densation of . . . 154 
Terpolymerization 239 
Tetraalkyl ammonium hydroxide . . 296 
Tetrachloroethane . . . . . . . 156-157* 
1,1,2,2-Tetrachloroethane phenol . 484 
Tetramethylene terephthalate . . . . 132 

/polyether terephthalate 
copolymers 129 

/poly( tetramethylene ether) 
terephthalate 129 

/ P T M E terephthalate 132,133* 
Texture characteristics, salt and 

pepper 243 
Theorems, use of 625-626 
Theory, comparison with . . . . . .439-441 
Thermal 

acoustic phonons 529 
analysis 210-211 

measurements 296 
of T P U 90-93 

annealing 188 
contraction 283 
expansion coefficients 220-227/ 
expansion measurement 13 
properties of Elvaloy 741 . . .426-427* 
resistance and processability . . . 324 
responses 90 

relations .83-96 
transitions 90 

behavior 47 
Thermodynamic 

considerations .318-322 
interactions, equilibrium 433 
theories for phase separation . . . 6 

Thermomechanical analysis 13, 99 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
a-

19
79

-0
17

6.
ix

00
1

In Multiphase Polymers; Cooper, S., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1979. 



INDEX 643 

Thermoplastic 
elastomer 181,293, 317, 327-329 
impact technology 293 
polyurethane elastomer composi

tion 84 
Thermorheologically complex . . . . 247 
THF/methyl ethyl ketone 188 
Thomson-scattering constant 8 
Tie chains 231-232, 383, 400-405 
Time 

-modulus behavior 347-358 
—temperature 

shift factors 355 
superposition 198, 337 

Titrations, potentiometric 295 
2,6-Toluene diisocyanate 15 
2,4-Toluene diisocyanate/ethylene-

diamine / polyether 75 
Torsion pendulum 34 
Torsional braid as a composite 

material 159-161 
T P U 

elastomer 
chemical components of 85/ 
formulation 88 
hard segment structure 88/ 
polymer primary chains 85/ 
soft segment structure 86/ 
structure 85-88 
thermograms 95/ 

modulus 88 
solubility 88 

Trans-esterification, melt 5,149 
Trans-esterification studies 483-485 
Transfer catalysis 295 
Transition 

glass .102, 118-119, 206, 
346, 359, 583 

composition relation 170-172 
melting 206 
region, glass-rubber 153 

Transmission electron micrograph 
242/, 243, 339/, 340/, 342/, 343/ 

Transmission electron microscopy 
209, 211,247 

Trimethylene terephthalate/ 
P T M E terephthalate 137 

T S / A C copolymers 307 

U 

Ultramicrotome sectioning 341 
Uncertainty, sources of 176 
Urea 

carbonyl peaks 72 
linkages 5 
-urethane hard segment 22 
-urethane specimen 25 

Urethane—urethane hydrogen 
bonding 89 

Urethanes, segmented 58* 
UV-visible spectroscopy 295 

V 
Van Laar heat of interaction 600 
Van Laar-Hildebrand expression . 440 
Variables 

macroscopic 6 
molecular 6 
thermodynamic 6 

Vibration damping 153 
Vinyl 

acetate 413 
-chloride grafts 207 
polymers 400 

Vinylidene fluoride 71, 75 
Viscoelastic 

behavior 289 
of blends of styrene-buta-

diene, dynamic . .277-292 
master curves 186/ 
nature of polymer liquids . . . . . . 530 
properties . 347 

of diblock copolymers 237-255 
of homopolymers 237-255 
morphology and dynamic . 286-287* 
of polycarbonate . 337-366 

relaxation times 186* 
response curves 245 
shift factor data 187/ 

Viscoelasticity 
dynmic 415-417 
of heterphase block copoly

mers 198-200 
polymer 238 

Viscometry 155 
Viscosity 408, 542 

intrinsic 482/ 
Volume(s) 

fraction, interfacial 8 
specific 220-223/ 
-temperature curves 217 

W 
WAXD .370, 371 
Wettability . 462 
Wide-angle x-ray reflections . .33, 35, 38, 

48-49, 89, 456, 460, 465,470,496 
William-Landel-Ferry equation 

248,249*, 553 

X 

X-ray 
diffraction measurements . . . . 368-369 
and light microscopy 414-415 
scattering 99 
studies 413-414 

Y 

Yield stresses . 447 
Yielding . . . .338, 493, 505, 508-512, 515 
Young's modulus 22, 55, 57, 59, 

63/, 64/, 232, 236 
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