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SYNOPSIS 

The effects of the molecular architecture of elastomeric styrene-based block copolymers 
on efficiency of toughening a brittle (polystyrene) and a ductile [ a  miscible blend of 80% 
phenylene oxide copolymer and 20% polystyrene (8OPEC) ] polymer were explored exper- 
imentally. Toughening appears to be mainly controlled by the blend morphology, which is 
determined by the rheological characteristics of the block copolymer relative to that of the 
matrix. The formation of dispersed particles during melt blending in a Brabender Plasti- 
corder is strongly influenced by the ratio of the matrix and block copolymer viscosities 
(estimated here by Brabender torque). The size of the dispersed particles was found to be 
proportional to the 1.77 power of the torque ratio when this ratio is greater than unity. 
Thus, to a first approximation the effect of block copolymer architecture on toughening 
efficiency is related to how this structure affects the rheological behavior of the copolymer. 
Excellent toughness of polystyrene was achieved when the particle size was larger than 1- 
2 pm. The 80PEC resin is best toughened by block copolymers that form a cocontinuous 
phase morphology. The extent of toughening of this matrix appears to be a strong function 
of the styrene block molecular weight, whereas this structural feature seems to have no 
significant effect in toughening polystyrene. 

INTRODUCTION 

Melt blending is the simplest route to incorporation 
of rubber into plastics, but for simple gum rubbers 
this approach seldom leads to the toughening effect 

The reason is that effective toughening 
requires, a t  a minimum, some level of adhesive cou- 
pling between the rubber and plastic phases and a 
degree of control of phase m0rphology~3~ usually not 
possible with simple elastomers. In addition, it is 
often desirable for the rubber phase to be cross- 
linked, which further limits the use of melt blending 
gum elastomers to achieve useful toughening of 
plastics. Block copolymers on the other hand can 
circumvent these limitations and consequently have 
received some attention in the literature as tough- 
ening agents for a number of  plastic^,^-" especially 
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polystyrene (PS) . Their soft segments provide the 
low modulus needed for the dispersed particles to 
act as effective stress concentrators, while their hard 
segments can lead to microdomains that act as 
physical crosslinks and can provide a mechanism of 
physical adhesion to the rigid matrix phase. To il- 
lustrate the latter, we would expect that a styrene- 
based block copolymer should adhere well to PS or 
to poly(pheny1ene oxide) (PPO), with which PS 
is miscible, and this has been recently demonstra- 
ted.''-l4 Based on limited information in the liter- 
ature, primarily for styrene-based copolymers in a 
matrix of PS, the effectiveness of block copolymers 
as toughening agents seems to depend strongly on 
their molecular a rch i tec t~re .~?~ The purpose here is 
to examine this relationship for an extensive range 
of block copolymer structures using matrices of PS 
and a material closely related to PPO. The objective 
is to use these as model systems to develop insight 
about how to design block copolymers for toughening 
other matrices. 
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As mentioned earlier, phase morphology is a key 
issue for effective rubber toughening. It is generally 
believed that there is an optimum rubber particle 
size and that this optimum size is closely related to 
the nature of the postyield deformation mechanism 
of the matrix material that can be triggered by the 
rubber particles. Very brittle polymers, like PS, 
generally deform by multiple craze formation in the 
matrix 1,15-17 and require relatively large particles, of 
the order of several microns, to achieve optimum 
t o u g h n e s ~ . ~ . ~ ~ - ~ ~  The rubber particles must first ini- 
tiate the crazes and then terminate their growth be- 
fore they degenerate into  crack^.^^^'^^^^ A growing 
craze may engulf rubber particles smaller than the 
craze thickness rather than having its growth ar- 
rest e d . 

On the other hand, more ductile polymers like 
PPO, polyamides, and polycarbonate deform by 
shear yielding initiated at microscopically hetero- 
geneous  region^.'^'^""^^-^^ Usually, such materials 
require relatively smaller rubber particles for tough- 
ening than materials that craze.17 For example, ny- 
lon 6 and nylon 6,6 are not effectively toughened 
unless the rubber particles are considerably smaller 
than 1 pm.26-29 Wu17,26,30 argued that interparticle 
distance rather than particle size is the more fun- 
damental parameter. Recent work has shown that 
there is also a minimum rubber particle size for 
toughening nylon 6.28 Available information31 sug- 
gests that the optimum rubber particle size for 
toughening PPO is well below that for PS but prob- 
ably somewhat larger than the optimum range for 

certain p ~ l y a m i d e s ~ ~ - ~ ~  or for styrene /acrylonitrile 
cop~lyrners .~*~~ Recently, Wu l7 proposed interrela- 
tions between the molecular characteristics, the 
mechanisms of postyield deformation, and the op- 
timum particle sizes for toughening of various matrix 
materials. 

This article focuses on how the molecular archi- 
tecture of styrenic block copolymers influences their 
efficiency for toughening PS and a miscible blend 
of 20 wt % PS and 80 wt % phenylene ether copoly- 
mer (PEC) that is similar in structure to PPO. This 
blend is designated 80PEC for convenience and is 
the same material used in several other recent in- 
vestigations from this lab~ratory."-'~ PEC is a ran- 
dom copolymer of 95 mol % 2,6-dimethyl phenol 
and 5 mol % 2,3,6-trimethyl phenol. The physical 
properties of PEC are similar to PP0.33 PEC is 
completely miscible with polystyrene at all compo- 
sitions. While polystyrene deforms by crazing, the 
80PEC material primarily deforms by shear yield- 

It is of interest to compare how the 
toughness of blends based on these two quite dif- 
ferent matrices respond to the molecular structure 
of the styrene-based block copolymers added. 

ing. 17,25,34-36 

EXPERIMENTAL 

Materials 
The PS used in this work was provided by American 
Petrofina Chemical Co. and is the same grade em- 
ployed in several recent studies from this labora- 

Table I Block Copolymers Used for Toughening of PS and 80PEC 

M,, (in Thousands) 
Molecular PS 

Designation Architecture" Total PS Block Rubber (%I Source of Copolymer 

X-96 
x-97 
X-98 

x-99 
x-100 

KG 1651 
KG 1652 
KD 1101 
TRW 1601 
721A 
730A 
840A 

S-EP 
S-EP 
30% (S-EB), 

+ 70% S-EB 
S-EB-S 
20% (S-B), 

+ 80% S-B 
S-EB-S 
S-EB-S 
S-B-S 
S-EB 
S-S/B-B-S/B-S 
S-S/B-B-S/B-S 
S-S/B-B-S/B-S 

96.9 
134.0 
47.5 
23.8 
49.7 

111.0 
55.5 

174.0 
52.5 
96.5 
24.7 
85.0 

140.0 
60.0 

35.8 
37.5 
7.4 
7.4 
7.5 

17.2 
17.2 
29.0 
7.5 

14.5 
8.7 
4.3b 

21.0b 
12.9b 

61.1 
96.5 
32.7 
16.4 
34.7 
76.6 
38.3 

116.0 
37.5 
67.5 
16.0 
76.5 
98.0 
34.2 

37 
28 
31 
31 
30 
31 
31 
33.3 
28.6 
30 
35.2 

30b 
lob 

43b 

Shell Chemical Co. 
Shell Chemical Co. 
Shell Chemical Co. 

Shell Chemical Co. 
Shell Chemical Co. 

Shell Chemical Co. 
Shell Chemical Co. 
Shell Chemical Co. 
Shell Chemical Co. 
Firestone Rubber Co. 
Firestone Rubber Co. 
Firestone Rubber Co. 

a S, styrene; EP, ethylene/propylene; EB, ethylenehutene-1; B, butadiene; S/B, styrene/butadiene taper. 
721A, block styrene 7%; 730A, block styrene 21%; 840A, block styrene 40%. 
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tory.”-14 According to the supplier, M,, = 100,000 
and M ,  = 350,000. The 80PEC blend was prepared 
for us by Borg-Warner Chemicals, Inc. by blending 
the polyether copolymer with the same PS men- 
tioned above. This homogeneous blend has a Tg of 
181 O C.14 

The various styrene block copolymers described 
in Table I were provided by the Shell Chemical 
Company and the Firestone Synthetic Rubber and 
Latex Company. Some are commercial products and 
their commercial designations are used. The molec- 
ular weight information shown for the commercial 
materials was obtained from a number of literature 
sources. Several experimental materials, provided 
by Shell, were also used. For all these materials, the 
soft blocks were formed from butadiene or isoprene, 
which in several cases were hydrogenated to obtain 
structures resembling copolymers of ethylene and 
propylene or ethylene and butene-1. Most of these 
materials are triblock copolymers; however, three 
pure diblocks are included. Two of the samples are 
mixtures of the coupled and uncoupled diblock ma- 
terials. Coupling does not change the size of the sty- 
rene block, but it doubles the overall molecular 
weight and that of the diene-based block. In sub- 
sequent correlations with total copolymer molecular 
weight and with rubber block molecular weight, we 
show values for both the uncoupled and coupled 
species with a line drawn connecting them to em- 
phasize the fact that these are mixtures. Alternately, 
one could compute average molecular weights using 
the percentage of each component shown in Table 
I. The three Firestone copolymers are commercial 
products designated as Stereon rubbers. These co- 
polymers are solution-polymerized stereospecific 
tapered block copolymers based on butadiene and 
styrene. That is, there is a styrene and butadiene 
random copolymer region between the butadiene 
midblock and the styrene end blocks. Stereon 721A 
contains 10% by weight styrene and 3% exists in 
the tapered area and 7% is in the end blocks. Stereon 
730A contains 30% styrene and 21% forms pure PS 
end blocks and 9% is in the tapered area. Stereon 
840A contains 43% styrene and 40% forms pure PS 
end blocks while 3% is in the tapered area.37 All 
polymers were dried in a vacuum oven at  60°C for 
2 days prior to melt processing. 

Rheological Measurements 

Torque-time traces recorded from a Brabender 
Plasticorder with roller type blades (operated at 
24OoC/60 rpm for PS-based blends or a t  27O0C/4O 
rpm for 80PEC-based blends) were used for rheo- 

(a) etching time = 15 sec 2 - pm 

(b) etching time = 60 sec 2 pm - 

(c) etching time = 180 sec 2 Pm - 
Figure 1 Scanning electron photomicrographs of HIPS 
etched with a mixture of chromic acid and phosphoric 
acid a t  60°C for ( a )  15 s,  ( b )  60 s, and (c )  180 s, respec- 
tively. 

logical characterization of the blends and their com- 
ponents. A steady-state torque response was usually 
observed about 10 min after introduction of the ma- 
terials into the mixing head for most polymers ex- 
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Figure 2 Notched Izod impact strength of PS-based blends with various block copolymers 
as a function of block copolymer content in the blends: (El), X-96; (+) , X-97; ( O ) ,  X-98; 

(El), 730A; ( X ) ,840A. 
(O), X-99; ( W ) ,  X-100; ( O ) ,  KG 1651; (A), KG 1652; ( A ) ,  K 1101; ( O ) ,  1601; ( + ), 721A; 

cept some unsaturated butadiene-based block co- 
polymers. The torque recorded at 15 min after in- 
troduction of the materials to the mixer was used 
as the steady-state value for each individual polymer. 
To assess the sensitivity of the torque response to 
the amount of material in the mixing bowl, the 
steady-state torque responses for various polymers 
were examined as a function of volume of material 
in the mixing head. To standardize the torque mea- 
surement, the mixing bowl was filled to its nominal 
capacity of 60 mL. In some cases, it was necessary 
to force materials into the bowl to achieve this vol- 
ume while for very elastic materials it was not pos- 
sible to reach this limit except by extrapolation. 

Blend Preparation 

Test specimens were made from blends prepared in 
a Brabender Plasticorder. Blends of the block co- 
polymers with PS were prepared at  24OoC and 60 
rpm, while the 80PEC-based blends were prepared 
at 270°C and 40 rpm except for those containing 
KG 1651. Because of the high melt viscosity of 
8OPEC/KG 1651 blends, a lower mixing speed of 
20 rpm had to be used. To prevent oxidation during 
melt mixing, 0.3% Irganox B225 was added to each 
blend. All blends were melt mixed for a total of 15 
min, after which the blends were solidified, granu- 
lated, and then compression molded into 8 X 8 X Q - 
in sheets at the same temperatures used for mixing. 

These sheets were cut into standard impact test bars 
( ASTM D-256) using a Tensilkut milling machine. 

Impact Strength Measurement 

Impact specimens were notched and then fractured 
at room temperature using a Testing Machines, Inc. 
impact tester. Ten specimens were tested for each 
blend and two values, the lowest and the highest, 
were discarded in calculating the average and stan- 
dard deviation. The standard deviation was 5-10% 
of the reported values for both PS-based and 80PEC- 
based blends. 

Morphology Analysis 

Blends containing 10% block copolymer were used 
to obtain information about rubber phase morphol- 
ogy. This low level of rubber facilitated the analysis. 
While it is known that the size of a dispersed phase 
will depend on the amount of this component in the 
blend,26*30,38 use of this fixed level should give an 
indication of differences between the various block 
copolymers and was necessary to limit the scope of 
this phase of the experimental program. Samples 
were microtomed at room temperature using a 
Reichert-Jung Ultramicrotome equipped with a 
glass knife to create a flat surface. Samples were 
then subjected to an etching solution to remove a 
portion of the dispersed rubber phase. The etching 
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solution was a mixture of chromic and phosphoric 
. PS 730A acids prepared following the recipe reported by 

Bucknall et al.39 and Hobbs4': 400 mL HzS04, 130 
mL H3P04, 125 mL HzO, and 20 g Cr03. This ap- 
proach was developed for etching unsaturated rub- 

721A 1651 . ber; however, Yee and Diamant7 showed it to be 
effective for etching a saturated rubber phase, viz., 
SEBS, in PS. The extent of etching depends on the 
temperature and time of exposure. A sample of high- 
impact polystyrene (HIPS) was used to examine 

990 91 the dependence of the observed morphology on 
98 A 1652 etching conditions [see the scanning electron mi- 

crographs ( SEMs) of HIPS etched for various time 
periods at 6OoC shown in Fig. 11. In the early stages 
of etching, the unsaturated rubber is selectively re- 

' . - . I . * . ~ I .  - .  . I -  - 
111 (a) 

0 + 
"F 1101 A 

100 - 
4 - % 

a .1m1 

" ' " " " 1 " " 1 ' " '  

6 

5 -  

4 -  

3 -  

2 -  

1 -  

0 

Toughening of PS 

The notched Izod impact strengths of blends with 
PS are shown in Figure 2 as a function of the block 
copolymer content in the blend. The impact strength 

Figure 3 Notched Izod impact strength of PS-based 
blends at  30% block copolymer vs. ( a )  total MW of co- 
polymer, ( b )  MW of rubber block, and ( c )  MW of PS 
block. Two of the materials are mixtures of a diblock co- 
polymer and a triblock formed by coupling the diblock 
(see Table I ) . The solid lines connect the applicable mo- 

. . . . I . - . . I . . . . -  occluded PS could not be observed. The PS matrix 
appeared to be quite stable against etching. 

Etching conditions for the blends prepared here 
were carefully adjusted to obtain a shallow two-di- 
mensional surface morphology. Sufficient etching 
was usually achieved in 60 s at 60°C. Etched samples 
were washed with water and dried in a vacuum oven 

M A  1101 for several hours at room temperature. The surface 
was coated with gold-palladium using a Pelco sputter 
coater prior to viewing in the scanning electron mi- 
croscope. 

4 A JEOL 35C scanning electron microscope 
equipped with a Kevex feature analyzer was operated 
at 25 kV to observe the morphology of the blends. 
The dispersed rubber particles were large enough to 
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(a) 90%PS/ 10% X-96 

2 Pm - (b) 90%PS/ 10% KG 1652 

2 Pm - (c) 90%PS/ 10% 721A 

Figure 4 Representative scanning electron photomi- 
crographs of PS-based blends containing 10% of various 
block copolymers. 

increases monotonically as the block copolymer 
content increases for each type of block copolymer. 
However, the toughening efficiency depends tre- 
mendously on the block copolymer structure. To ex- 
amine the origin of this effect, Izod impact strengths 
for blends containing 30 wt % block copolymer were 
interpolated from the data in Figure 2 and are plot- 
ted in Figure 3 as a function of the molecular weights 
of the entire copolymer, the rubber block, and the 
styrene block. Within this limited set of block co- 
polymers, it is not possible to examine independently 
and definitively the effect of each structural variable; 
however, some general observations do become ap- 
parent. In Figure 3 ( a )  and ( b )  , it is seen that there 
is a general trend of increased impact strength as 
the total molecular weight and that of the rubber 
block increase. Any trend with PS block molecular 
weight [Fig. 3 (c  ) ] is less clear. The diblock copol- 
ymers are very inefficient impact modifiers for PS 
compared to the triblock copolymers. This seems to 
be associated with the morphology of the blends. 
However, the mixtures of diblock and triblock co- 
polymers, x-98 and x-100, performed as well as the 
triblock copolymers. The tapered block copolymers, 
Stereon 730A and 840A, showed superior perfor- 
mance in toughening relative to all other triblock 
copolymers. A number of  report^^,^'-^^ suggest that 
tapered block copolymers are more effective for 
compatibilization of blends. This unique feature may 
arise from the microdomain structure it creates at 
the blend i n t e r f a ~ e . ~ l - ~ ~  

Figure 4 shows representative scanning electron 
photomicrographs of etched surfaces of blends of 
polystyrene containing 10% of the various block co- 
polymers listed in Table I. In principle, transmission 
electron microscopy (TEM) would give more defin- 
itive morphological information provided optimized 
staining conditions were used. However, this SEM- 
etching technique can give an adequate idea of dis- 
persed particle size and shape with considerably less 
effort and skill requirement. Yee and Diamant7 
showed similar photomicrographs of Kraton 
KG1651 with PS that indicated PS occlusion within 
the rubber phase. Such features are not seen in Fig- 
ure 4, and this may reflect the extent of etching at 
conditions selected to obtain a good definition of 
particle size rather than any evidence for the lack 
of occlusion. The rubber particles shown in Figure 
4 are irregular in shape; however, an effective di- 
ameter can be assigned to each. No attempt was 
made to allow for the fact the microtome does not 
cut each particle through its equator since the usual 
corrections strictly apply only to spherical particles. 
Furthermore, etching may cause some widening of 
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the hole when the tops of particles are cut off. From 
a population of 10-20 particles in each photomicro- 
graph, the number average effective particle diam- 
eter 

was calculated. It should be pointed out, however, 
that particle sizes obtained from 10 wt % block co- 
polymer blends may not quantitatively reflect the 
absolute size of particles in blends containing 30% 
block copolymer for which mechanical properties 
were determined. For example, Favis and W i l l i ~ ~ ~  
showed that particle size increases as the volume 
fraction of the dispersed polymer increases. How- 
ever, factors like viscosity that affect particle size 
may be expected to have a similar effect for all com- 
positions. 

Figure 5 shows a correlation between the particle 
size and the molecular weight of the copolymer. The 
particle sizes obtained vary from about 0.3-2 pm 
according to the molecular weight of the triblock 
copolymers used. The diblock copolymers formed 
rather small particles (about 0.2-0.3 pm in effective 
diameter) regardless of the molecular weight of the 
segments. The rubber particles’ effective diameters 
formed by the tapered triblock copolymers were 
about 1.3 pm. 

The observed impact strengths of the blends con- 
taining 30% block copolymer are plotted vs. particle 
size of the PS-based blends containing 10% block 
copolymer in Figure 6. In general, toughness in- 
creases more or less directly with observed rubber 
particle size. These results agree well with previous 
observations for HIPS and toughened PS using 
commercial styrenic triblock copolymers.6~”-’2 The 
materials that deviate most significantly from the 
correlation line shown are X-98, 730A, 840A, and 
KG 1651. 

Toughening of 8OPEC 

Figure 7 shows the notched Izod impact strength of 
blends of 80PEC with the various block copolymers 
listed in Table I as a function of block copolymer 
content. These results differ from those for PS in 
several important ways. First, the absolute Izod val- 

Figure 5 Number average diameter of the rubber par- 
ticles in PS-based blends containing 10% of the various 
block copolymers as a function of ( a )  total MW of co- 
polymer, ( b )  MW of rubber block, and ( c )  MW of PS 
block. See Fig. 3 for meaning of solid lines. 
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Figure 6 Notched Izod impact strength of PS-based 
blends containing 30% block copolymer as a function of 
the block copolymer domain size as given in Fig. 5. 

ues rise to a higher level, 10-12 ft-lb/in, for 80PEC 
than PS as might be expected for a material that is 
inherently more d ~ c t i l e . ~ ~ * ~ ’  Second, the initial rate 
of increase of impact strength with block copolymer 
content is much higher for 80PEC than for PS with 
the result being that less elastomer is needed for 
toughening 80PEC than for PS. Third, in most cases 
the impact strength reaches a maximum and then 

decreases as more block copolymer is added to the 
80PEC matrix. Finally, there are some major rever- 
sals in toughening efficiency for some of the block 
copolymers compared to PS. For example, the di- 
block copolymers, X-96 and X-97, that were very 
ineffective for toughening PS are among the most 
effective toughening agents for 8OPEC. The tapered 
block copolymers, Stereon 730A and 830A, that were 
particularly effective for PS are not exceptional for 
80PEC. 

Figure 8 shows the notched Izod impact strength 
for 80PEC blends containing 20% block copolymer 
plotted vs. the molecular weight of the entire co- 
polymer, the rubber block, and the styrene block. 
As with PS, there is a general trend of increasing 
toughness with total molecular weight and rubber 
block molecular weight. In contrast to PS, there also 
is a significant correlation between toughness and 
the molecular weight of the styrene block as shown 
in Figure 8 ( c )  . Thus, it appears that in this matrix 
there is a molecular role for the styrene block beyond 
the simple rheological one since viscosities of these 
block copolymers correlate only weakly at best with 
the size of the styrene blocks [see Fig. 13 (c )  1. It is 
worth pointing out that other recent studies have 
demonstrated that the styrenic microdomains of 
such block copolymers solubilize much greater 
quantities of PPO than homopolymer PS 45,46 and 
that these block copolymers adhere much better to 
PPO than to PS.14 The fundamental reason for both 
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observations relates to the strong favorable energetic 
interaction between PS and PPO that can drive 
mixing of styrene blocks with PPO whereas the only 
driving force for styrene blocks to mix with homo- 
polymer PS is the very small entropy of mixing. The 
s o l u b i l i ~ a t i o n ~ ~ , ~ ~  and adhesion l4 mentioned above 
increase dramatically as the styrene block becomes 
longer. Consequently, we speculate that this ther- 
modynamic issue is a factor in the correlation with 
styrene block length shown in Figure 8 ( c )  . One way 
this might manifest itself is in the morphology of 
the blends. The SEM procedure used here gives only 
a crude vision of the morphology, but it appears that 
the copolymers with long styrene blocks (e.g., X-96, 
X-97, and KG 1651), which most effectively toughen 
80PEC, result in a finely dispersed, but elongated, 
rubber phase relative to copolymers with shorter 
styrene blocks (e.g., X-98 and X-99), which are less 
effective for toughening. 

Figure 9 shows representative scanning electron 
photomicrographs of etched surfaces of 80PEC 
blends containing 10% of the various block copoly- 
mers. Even at these low contents of block copolymer, 
some blends tend to have a rubber-continuous mor- 
phology. Similar rubber network morphologies are 
apparent in the PPO domains of multicomponent 
blends described by Dekkers et al.47 and Yoshimura 
and Richards.*' This type of morphology may be 
responsible for the maximum in toughness noted 
for some cases in Figure 7. A true continuous phase 
of rubber will greatly reduce the load that can be 
supported and, therefore, the energy that can be dis- 
sipated during impact. It would be of interest to ex- 
plore more thoroughly the mechanical properties of 
these blends. The blends that show the greatest level 
of toughness seem to be those where there is a co- 
continuous morphology of the 80PEC and block CO- 

polymer materials as opposed to a rubber-continuous 
morphology. Unlike the case with PS, it is not pos- 
sible to characterize the morphology of blends based 
on 80PEC by an average rubber particle size since 
in no cases does the rubber form a simple dispersed 
phase. A more complete morphological analysis by 
TEM would be especially informative. 

Rheology 

It was shown above that the extent of toughening 
achieved by addition of elastomeric block copoly- 

Figure 8 Notched Izod impact strength of 80PEC-based 
blends containing 20% block copolymer as a function of 
( a )  total MW of copolymer, ( b )  MW of rubber block, and 
( c )  MW of PS block. See Fig. 3 for meaning of solid lines. 
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(a) 90%80PEC/ 10% X-96 (b) 90%80PEC/ 10% X-98 

(c) 90%80PEC/ 10% KG 1651 2Lm (d) 90%80PEC/ 10% 730A 

Figure 9 
containing 10% of the various block copolymers. 

Representative scanning electron photomicrographs of BOPEC-based blends 

mers is highly correlated to the morphology of the 
blend. In the case of the PS matrix, toughness seems 
to be nearly a unique function of rubber particle size 
for a fixed rubber content. The situation for 80PEC 
is more complex since the morphology cannot be 
characterized by a simple average phase dimension. 
Thus, to understand how the structural features of 
the block copolymer influence toughness it is nec- 
essary to understand how copolymer structure in- 
fluences the morphology of the blend. 

The most useful model of morphology generation 
during processing of immiscible blend components 
is to think of a balance of fluid drop break-up and 
phase coalescence. The final product has the mor- 
phology that is captured when the blend is solidified. 
The process of drop break-up can be envisioned 
through a model for Newtonian fluids that dates to 

the seminal work of Taylor.49 Basically, a shear field 
will cause a drop of radius R to break up when the 
ratio of the surface force ( - y / R  where y = inter- 
facial tension) to the shearing force ( -qmG where 
qm = matrix viscosity and G = shear rate) is less 
than some critical ratio. The latter is a function of 
the ratio of the viscosity of the dispersed phase, q d ,  
to that of the matrix, qm. Thus, without explicit 
consideration of the coalescence phenomenon, suc- 
cessful correlations in the form of plots of v,GR/y 
vs. q d / q ,  have been c o n s t r ~ c t e d ~ ~ - ~ ~  for specific pro- 
cessing conditions. For a fixed process like that used 
here, i.e., a Brabender mixer operated at a constant 
rpm, the size of the dispersed phase becomes a func- 
tion of the ratio of the viscosities of the two phases 
and the interfacial tension between the two com- 
ponents. For a fixed matrix, even qm is no longer a 



TOUGHENING OF PS AND PPO MATRICES 1323 

variable. In what follows, we will implicitly assume 
that the effective y does not vary appreciately from 
one block copolymer to the other. Intuitively this 
seems reasonable, but in fact there is no simple al- 
ternative since such data are not available. The ul- 
timate judge of the usefulness of this assumption 
will be how well the current results can be ratio- 
nalized by this simple approach. 

The viscosity ratio in the model can be replaced 
by the ratio of torque responses of the matrix and 
dispersed polymers 50 determined by Brabender 
torque rheometry. Therefore, the particle size is ex- 
pected to be a function of the torque ratio of the 
component polymers a t  the processing condition, 
i.e., 

Thus, the torque responses of the individual poly- 
mers form an essential base of information for un- 
derstanding the particle size or morphology of these 
blends. 

Figure 10 shows Brabender torque-time behavior 
of several representative block copolymers, PS, and 
80PEC ( a )  a t  240°C and 60 rpm and (b) at 270°C 
and 40 rpm. As seen in Figure 10, heating of the 
cold polymer and fluxing dominate the response 
during the first 5 min or so. After this transient, the 
torque begins to reflect isothermal mixing in the 
bowl. The steady-state torque measured after 15 min 
is 7.3 Nm at 240°C and 60 rpm for pure PS and 24.2 
Nm at  270°C and 40 rpm for the 80PEC material. 
The copolymers with ethylene/propylene ( E P )  and 
ethylene/butene ( EB ) type saturated midblocks 
show a rather simple torque-time behavior. How- 
ever, the copolymers with the unsaturated butadiene 
midblock show complicated melt behavior. The ob- 
served hump in the torque response is evidence of 
thermal crosslinking The steady-state 
torques for the block copolymers are generally higher 
than that of pure PS (a t  240°C and 60 rpm) but 
appear to be lower than that of 80PEC (at  270°C 
and 40 rpm) . 

Since the Brabender torque is very sensitive to 
the amount of the material in the mixing bowl, 
torque measurements for individual polymers must 
be carried out cautiously. The steady-state torques 
for several polymers measured after 15 min at 240°C 
and 60 rpm are plotted in Figure 11 as a function of 
the volume of the material added to the mixing head. 
Well-behaved therfnoplastics such as PS (Fina, 
Cosden 5501, PMMA (Rohm & Haas, V 811 ) , and 
polycarbonate (GE, Lexan 131 ) plotted in Figure 
11 ( a )  were used to obtain an effective calibration 
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Figure 10 Brabender torque responses for PS, 80PEC, 
and various block copolymers at  ( a )  240°C and 60 rpm 
and ( b )  270°C and 40 rpm. (+), X-97; (m),  X-100; (A), 
KG 1652; ( A ) ,  K 1101; (???), 730A. 

of the volume of the mixing head. The nominal vol- 
ume is 60 cm3. The torque-volume relation for PC 
was determined at  270°C and 60 rprn because of the 
high viscosity of PC at 240°C. The effective volume 
of the mixing head appears to be about 63.4 mL. 
The steady-state torques for X-97, KG 1652, and 
730A are plotted in Figure I l ( b )  as a function of 
volume of the material added. The torque of the bu- 
tadiene-based triblock copolymer, 730A, leveled off 
before the mixing head was completely filled. This 
seems to be associated with the elasticity of the tri- 
block copolymer due to its high molecular weight. 
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block copolymer composition. For most of the PS- 
based blends, the torque was found to be lower than 
the tie line. The results for blends showing somewhat 
abnormal torque-composition behavior are plotted 
in Figure 12 (b)  . The decrease in torque at high block 
copolymer contents can stem from two reasons. 
First, the mixing head may not be completely filled 
with material at these high block copolymer contents 
due to the high elasticity of the block copolymers 
used. This is the case for KG 1651 and 730A. Second, 
the phase inversion from a PS matrix phase to a 
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Figure 12 Brabender torque for PS-based blends with 
various block copolymers after 15 min at 240°C and 60 
rpm: ( a )  blends showing normal and (b)  blends showing 
abnormal torque-composition behavior. 
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rubber-continuous phase can lead to a critical torque 
response behavior. That is, the overall viscosity of 
the mixture will increase until the composition 
reaches the critical point and then decrease to the 
value of pure polymer.51 The PS-based blends with 
X-97 and 840A showed this behavior. The effective 
torque for the four pure block copolymers mentioned 
above were estimated by extrapolation using the 
torque data measured at low block copolymer con- 
tents with a second-order polynomial regression 
method. The estimated and measured torque values 
for materials of interest here are summarized in Ta- 
ble 11. 

The torques for the pure block copolymers are 
plotted in Figure 13 as a function of the molecular 
weights of the entire copolymer, the rubber block, 
and the styrene block. The torques estimated by ex- 
trapolation in Figure 12(b) for the four block co- 
polymers showing abnormal torque-composition 
behavior are designated with circled symbols and 
connected to the measured torque values with dotted 
lines. In general, the trend is an increase in torque 
as the molecular weight of the block copolymers in- 
creases. The molecular weight of the unsaturated 
block copolymers may increase during melt pro- 
cessing due to the thermal crosslinking r e a ~ t i o n . ~ ~ , ~ ~  

In Figure 14, the number average diameter of dis- 
persed rubber particles is plotted as a function of 
torque ratio for the series of PS-based blends con- 
taining 10% block copolymer prepared at 240°C and 
60 rpm. The interfacial tension between the matrix 

PS and the rubber particles is assumed to be the 
same for all block copolymers. When the torque ratio 
is larger than unity, the following empirical corre- 
lation is obtained 

Wu52 has reported similar correlations between 
particle size and viscosity ratio when the latter is 
larger than unity. The particle size seems to have a 
minimum at a torque ratio of unity; however, because 
we have only one data point below unity it is not 
clear if the correlation is of the V shape observed 
by  other^.^',^^ When the torque ratio is less than 
unity, there may be a phase inversion point based 
on the concentration of component polymers. The 
concentration of the minor component changes the 
shape of the curve and the location of the mini- 
mum.5o The dispersed particles may not simply be- 
come larger as the viscosity ratio decreases below 
unity. 

CONCLUSIONS 

Several elastomeric styrene-based block copolymers 
were blended with a brittle and a ductile rigid poly- 
mer to determine the effect of copolymer composi- 
tion and molecular architecture on efficiency for 

Table I1 Steady State Torque for Various Block Copolymers 

Torque (Nm) at 24OoC, 60 rpm Torque (Nm) at  270"C, 40 rpm 

Designation Measured Estimated" Measured Estimated" 

PS 
80PEC 
X-96 
x -97  
x -98  
x -99  
x-100 
KG1651 
KG1652 
Kl lOl  
721A 
730A 
840A 

7.3 

9.7 
13.0 
2.8 

13.1 
25.0 

14.5 
20.0 
22.7 
26.3 
5.6 

- 

b 

9.8 
25.5 

3.0 
13.6 
24.2 
44.8 
14.7 
20.0 
22.9 
34.9 
24.0 

- 
23 
4.9 

10.8 
0.8 
4.2 

30.3 
b,c 

5.7 
15.0 
24.8 
21.2 
28.0 

4.6 
17.9 
1.2 
7.3 

29.1 

9.2 
32.9 
63.4 
47.7 
32.7 

- 

a Estimated by an extrapolation using data obtained at  low loadings of the block copolymers. 
Measurement was not able to be made since this polymer is too viscous and elastic. 
Blends were prepared at  270°C and 20 rpm due to the high viscosity. 
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Figure 14 Number average particle diameter vs. the 
Brabender torque ratio for blends of block copolymers and 
polystyrene. See Fig. 13 for meaning of dotted lines. 

toughening these matrices. As model polymers, PS 
and 80PEC are used for the matrix materials. The 
effect of molecular architecture was analyzed by 
correlating the Izod impact strength of PS-based 
blends, a t  a constant block copolymer content, with 
the molecular weights of the segments of the block 
copolymers. Within experimental limits, a signifi- 
cant correlation between the impact strength of the 
blend and the molecular weight of rubber block was 
observed for the PS-based blends. In general, the 
toughness of the PS-based blends increased as the 
rubber particles become larger ; excellent toughness 
was achieved when the particles were of the order 
of 1-2 pm in diameter. Thus, the principle effect of 
copolymer structure is to influence the size of the 
dispersed rubber particles. The size of the particles 
is determined by the rheological properties of the 
copolymer relative to those of the matrix. 

Toughness of the 80PEC (a  miscible blend of 20% 
polystyrene and 80% phenylene oxide copolymer ) 
matrix was significantly improved by addition of di- 
block copolymers (X-96, X-97) or a high-molecular- 
weight triblock copolymer (KG 1651 ). Beyond a 

Figure 13 Brabender torque for block copolymers as a 
function of (a )  total MW of copolymer, ( b )  MW of rubber 
block, and (c )  MW of PS block. The torques estimated 
by extrapolation in Fig. 12 (b)  for the four block copoly- 
mers showing abnormal torque-composition behavior are 
designated with circled symbols and are connected to the 
measured torque values with a dotted line. See Fig. 3 for 
meaning of solid lines. 
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certain level of block copolymer, the notched Izod 
impact strength decreased as the concentration of 
block copolymer increased for most of the BOPEC- 
based blends. SEMs showed that most BOPEC/block 
copolymer blends had a morphology in which the 
elastomer was essentially a continuous phase even 
at  10% block copolymer. The formation of this mor- 
phology seems to stem from the fact that the melt 
viscosity of BOPEC is higher than that for most of 
the block copolymers at the blending conditions. The 
morphologies of the blends with excellent toughness 
were of a cocontinuous network type unlike the other 
rubber-continuous morphologies observed for most 
blends using low-molecular-weight triblock copol- 
ymers. Toughness seems to correlate strongly with 
the molecular weight of the styrene block unlike 
what was found for the styrene matrix case. 

The toughening efficiency of the various block 
copolymers has been compared here on the basis of 
a fixed content of the entire block copolymer. Since 
the fraction of rubber (i-e., the midblock) varies 
somewhat among these copolymers, a logical alter- 
native might be a comparison on the basis of a fixed 
rubber content ( i.e., excluding polystyrene hard- 
block). This comparison is made in detail 
elsewhere55 but is not shown here since none of the 
basic conclusions or correlations are changed from 
those reported in this article. 
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