
JOURNAL OF APPLIED POLYMER SCIENCE VOL. 17, PP. 1569-1587 (1973) 

Terpolymers. 111. Isochronal Viseoelastic 
Parameters for Terpolymers of Vinyl Stearate, 

Vinyl Acetate, and Vinyl Chloride 

EDMUMD F. JORDAN, JR., GEORGE R. RISER, 
BOHDAN ARTYMYSHYN, and A. N. WRIGLEY, 

Eastern Regional Research Laboratory, Eastern Marketing and Nutrition 
Research Division, Agricultural Research Service, U. S.  Department of 

Agriculture, Philadelphia, Pennsylvania 191 18 

synopsis 
Isochronal viscoelastic parameters were collected for many of the copolymers, ter- 

polymers, and dduent mixtures whose mechanical properties at ambient temperatures 
were reported in the preceding paper. In the polymeric systems, vinyl stearate, acting 
as the primary internal plasticizer, was introduced into terpolymers by displacing vinyl 
acetate from base copolymers of vinyl acetate and vinyl chloride, across the range of 
composition. In the dduent mixtures, poly(viny1 chloride) was plasticized by di-2 
ethylhexyl phthalate across the range of compositions. For direct comparison with the 
mixtures, vinyl chloride was plasticized by copolymerization with vinyl stearate across 
the same range of compositions. Moduli for the co- and terpolymers reached the low 
values characteristic of soft materials a t  room temperature only through a short range of 
vinyl stearate composition. At higher internal plasticizer compositions, sidechain 
crystallization stiffened the samples and raised their moduli. In contrast, moduli for 
the mixtures decreased steadily with increase in diuent a t  ambient temperature. The 
effective use temperature ranges were narrow for the co- and terpolymers but broad for 
the mixtures. Curve broadening was simiiar for both types of systems, but reached a 
maximum a t  about 40 weighbyo plasticizer for the diluent mixtures. The slopes of the 
glassy modulus with decreasing temperature at 50°C below T, for the vinyl stearate 
copolymers were relatively large. However, moduli close to that of poly(viny1 chloride) 
were reached only near the temperature range associated with the r-transition. Conse 
quently, this behavior was attributed to motions of the side chains in the glassy matrix. 
Room temperature moduli, which could be obtained before the onset of melting, were 
correlated with the fractional side-chain crystallinity for polymers having a high vinyl 
stearate content. From this relation, the modulus for the hexagonal crystal form of the 
side-chain crystallites of poly(viny1 stearate) was estimated to be 1.2X 1010 dynes/cm2. 
Moduli for the glassy amorphous phase of this same polymer appeared to have one sixth 
of this value a t  40°C below the glass transition. The glass transition temperature 
occurred about 10" below the inflection temperature a t  109 dynes/cm2, as an average for 
all of the systems studied. 

INTRODUCTION 
In the preceding paper,' glass transition and mechanical data were ob- 

tained for copolymers of vinyl stearate and vinyl chloride, and for ter- 
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polymers incorporating these two comonomers and vinyl acetate, over all 
compositions. Correlations were made against the weight fraction of vinyl 
stearate, which acted as the primary plasticizer. Comparisons were also 
made with data for poly(viny1 chloride) externally plasticized with di- 
Zethylhexyl phthalate (DOP). Thus, in the previous paper, modulus- 
composition data at ambient temperatures were emphasized. In this 
paper, isochronal modulus-temperature data are presented for these same 
systems. A prime purpose of this study is to present viscoelastic param- 
eters in a form permitting direct comparison with similar quantities in 
the literature for poly(viny1 chloride) externally plasticized by a variety 
of plastici~ers.~-~ Comparisons with amorphous homopolymers similarly 
plasticized6 will also be permitted. 

In  this way, it was felt that the major differences in properties conferred 
by external and internal plasticization of poly(viny1 chloride) and selected 
amorphous homopolymers would be sharply delineated. To this end, 
moduli are given here in dynes/cm2 instead of in lb/in.?, as in the previous 
paper. Additionally, the superior properties uniquely conferred on ex- 
ternally plasticized poly(viny1 chloride) by residual main-chain crystal- 
linity2J-*l could be contrasted with the properties of the copolymers and 
terpolymers, where this crystallinity was presumably eliminated. l2 Crys- 
tallinity in poly(viny1 chloride) acts to raise and support the moduli in 
the rubbery region of mechanical re~ponse~-~  and thereby to greatly ex- 
tend the temperature range of useful properties. This behavior is absent 
in plasticized amorphous homopolymers6 unless, as in certain block co- 
polymers, small glassy inclusions can act as tie points in a rubbery matrix13 
and thereby raise and support moduli in a controlled fashion. In  analogy 
with this principle, special attention will be given to the correlation of 
modulus with side-chain ~rystallinity,~~-~8 which developed in these co- 
polymers and terpolymers beyond a critical weight fraction of vinyl stea- 
rate. 

EXPERIMENTAL 

Experimental procedures were given in the preceding paper.' The 
Clash-Berg appara t~s '~  was used, without concomitant use of the Gehman 
apparatus,2o to  determine moduli in this study. Consequently moduli be- 
low about 3.5X lo7 dynes/cm2 were considered to be less accurate because 
of the insensitivity of the instrument in this region. Moduli reported be- 
low this value are considered to be only qualitatively indicative of soft 
materials. Moduli are reported as three times the shear moduli G, on the 
assumption that Young's modulus E - 3 G.av'' A deformation frequency 
of 5 sec was used in this work. This is close enough3' to frequencies of 
10 sec usually reported in the literature3-5010 to  permit direct comparison. 
The procedure used followed ASTM Standards D1043-61T. Notations 
of the previous work' were followed here with respect to weight wi  and 
mole fraction mi in the equations and figures. Lettered subscripts are 
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assigned as follows: VS, vinyl stearate; VA, vinyl acetate; VCL, vinyl 
chloride. 

Some of the heats of fusion used to calculate fraction crystallinity in 
this paper are listed in Table I1 of the previous paper.' The rest are: 
experiment number (underlined), AH, (cal/g) : dla,  0.505; 26a, 2.47; 
26b, 4.47; S6a, 0.948; S6b, 2.15; S ~ C ,  3.35; S6d, 6.84; S6e, 9.00; 43a, 0.688; 
4Sb, 4.20; 4Sc, 6.53; 43d, 5.24; 5da, 0.325; 6db, 0.524; 5dc, 0.960; 5dd,  4.35; 
5de, 7.18. 

RESULTS AND DISCUSSION 

General Features 

All of the viscoelastic parameters are listed in Table I. The experi- 
mental numbers correspond to those listed in Tables I and I1 of the pre- 
ceding paper. This arrangement permits ready comparison of the two 
sets of data. Those bearing subscripts lettered in lower case in this paper 
were mentioned in footnotes of corresponding tables in the preceding paper. 
These are the terpolymers displaying significant side-chain crystallinity. 
Some of their heats of fusion are given in the experimental sections. The 
terpolymers in Table I of this paper are separated into sets according to  
their vinyl chloride mole fraction content. Experiments 16, 19, 22, 27, 
37, and 44 arc the base copolymers of vinyl acetate and vinyl chloride; 
the balance are terpolymers wherein the initial mole fraction of vinyl acetate 
is successively replaced by vinyl stearate in each set. The first set in the 
table (experiments 1-13) are copolymers of vinyl stearate and vinyl chlo- 
ride. The last set are mixtures of di-2-ethylhexyl phthalate (DOP) and 
poly(viny1 chloride). Glass transition temperatures are those reported 
in the previous paper.' 

The designations for the viscoelastic parameters in Table I follow those 
used by T o b o l ~ k y ~ - ~  and Iobst'l and co-workers, but with some modifica- 
tions. These parameters may be better seen by reference to  the zones 
indicated by slash marks in the curves in Figures 1 and 2. The approxi- 
mate inflection temperature Ti was taken as the modulus at lo9 dynes/cm2, 
while s is the slope at T,. The moduli 3G1 and 3G2 were taken at  50°C be- 
low and 50°C above Tl, respe~tively.~ Because the moduli a t  3G2 were 
generally too low for the sensitivity of the instrument, the few listed in the 
table are only approximate; those obtained by a short extrapolation are 
even rougher approximations and serve only to  indicate trends. Of greater 
significanceis the temperature a t  which the modulus reached 3 . 4 5 ~ 1 0 ~  dynes/ 
cm2 (T3.4) (as marked by the lowest slashes in Figs. 1 and 2). This value 
was chosen as a modulus characteristic of a softly plasticized material. The 
difference between this temperature and Ti (AT) in the Table, then, indi- 
cates the upper use temperature range, especially when considered in con- 
junction with the slope at T3.,,. This is designated sz in the table. If s2 
is large and AT small, the modulus is changing rapidly through a narrow 
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Fig. 1. Modulus-temperature curves for copolymers of vinyl stearate and vinyl 
chloride. Numbers indicate weight fraction of vinyl stearate. The corresponding mole 
fractions, in increasing order, are 0, 0.05, 0.10, 0.15, 0.20, 0.25. Slashes correspond to 
the designations ~ G I ,  s, and s2 of Table I, respectively. Solid lines are for amorphous 
copolymers; dashed lines are for copolymers exhibiting sidechain crystallinity. Mea- 
surements were a t  a frequency of 5 sec, as indicated in the ordinate. 

temperature range close to the glass transition. On the other hand, if 52 

is close to  zero and AT is large, the modulus is reaching a useful rubbery 
plateau at  temperatures considerably above T,. Consequently, the upper 
use temperature range is large. In  similar fashion, a slope, 51, at 361 de- 
notes the rate of change of modulus in the glassy region, 50°C below T,. 
As can be seen from Table I, T, lay 10 to  15OC above TB in many cases. 
This relation will be discussed in greater detail in a later section. It can be 
seen that the moduli and slopes of Table I provide enough information to  
permit schematic isochronal curves to  be constructed for all of the data 
collected. 

The viscoelastic parameters of Table I showed relatively small differences 
between the various copolymers and terpolymers, but pronounced differ- 
ences between these systems and the externally plasticized mixtures. The 
slope s decreased steadily for the copolymers and terpolymers but went 
through a minimum for the mixtures. The glassy slope SI, while variable, 
stayed in the range of 0.002 to  0.007 even for the mixtures. Exceptions 
were copolymers of vinyl acetate and vinyl chloride (the base copolymers) 
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I I I I I 

lo' 
-60 -40 -20 0 20 40 60 

T, "C 
Fig. 2. Modulus-temperature curves for mixtures of di-2-ethylhexyl phthalate 

Measurements (DOP) and vinyl chloride. Numbers are weight fractions of DOP. 
were at a frequency of 5 sec, as indicated in the ordinate. 

and those terpolymers rich in vinyl acetate. However, the glassy modulus, 
361, decreased steadily for the copolymers and terpolymers, but not for 
the mixtures. A decrease in'both 3G1 and s indicated a broadening of the 
isochronal curves coupled with a downward displacement on the vertical 
axis for the curves as vinyl stearate increased. The 3G2 values in Table I 
that were considerably below 3.45~10' dynes/cm2, although insensitive, 
did indicate weak materials, of little utility a t  500 above T,.  In  contrast, 
the mixtures were entering their rubbery plateau, with moduli of 3.45~10~ 
dynes/cm2, in this temperature range. The more significant AT and s2 

values reflected this clearly. The difference AT was small and s2 relatively 
large, being close to  s, for the copolymers and terpolymers. On the other 
hand, AT was close to  50°C, or even greater, and s2 was closer to  zero for 
the diluent mixtures. Poly(viny1 chloride) plasticized with various ex- 
ternal plasticizers2+J1 exhibited such supported and extended rubbery 
regions, attributable to  residual main-chain ~rystallinity.~J-l' In  con- 
trast, when amorphous homopolymers were plasticized,aB6 their behavior 
more closely resembled that of the copolymers and terpolymers of this 
investigation. Thus, the polymerization process in the latter systems 
eliminates main-chain crystallinity.12 The data for the copolymers and 
terpolymers further suggest that the molecular weight between entangle- 
ments has been extended to near the limit of the polymer molecular 
weight,22 so that viscous flow has become prematurely important. Any 
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- 
observed decline in D.P., (Table I of the previous paper’) with increasing 
vinyl stearate would further aggrevate the effect. 

These features may be more clearly seen from selected curves presented 
in Figures 1 and 2. Isochronal curves for copolymers of vinyl stearate and 
vinyl chloride at specific weight fractions (Fig. 1) contrast strikingly with 
the curves in Figure 2, where the same weight fraction of DOP was used 
as the diluent. The curves for the copolymers in Figure 1 were shifted to 
higher temperatures than those for the corresponding mixtures; the curves 
for the copolymers exhibiting side-chain crystallinity (dashed curves) were 
shifted more than those for the amorphous copolymers of lower ester con- 
tent. The behavior of the amorphous copolymer systems reflected the 
lower efficiency of internal plasticizers in reducing T,. This was discussed 
at  length in the preceding paper’ and in other recent papers.16-18 The 
crystalline system demonstrated the usual effect on properties conferred by 
high-modulus crystallites, dispersed throughout the polymer matrix. 
These can act as tie points for the amorphous chains, thereby restricting 
their motions. Thus, the development of side-chain crystallinity a t  a 
critical weight fraction of vinyl stearate (-0.44.5) in simple co- and ter- 
polymer systems militates against the possibility of attaining the same 
low-temperature flexibility as the external system by increasing the long- 
chain vinyl ester content. The contrast between the other viscoelastic 
features of the internally and externally plasticized systems (large s, s2, 
and small AT, decreasing 3G1, etc.), discussed at  length in the above para- 
graphs, are obvious from the figures. Similar behavior was observed for 
the terpolymers. In  the sections below, trends followed by the slope s and 
the glassy modulus 3G1, with vinyl stearate and DOP content, will be com- 
pared and briefly discussed. In  a later section, the effect of side-chain 
crystallinity and the residual glassy amorphous regions on the modulus 
of poly(viny1 stearate) will be treated. 

Relationship of 3G1 and 8 to Composition 
Plots are shown in Figure 3 of the glassy modulus found 50°C below 

T, (361) in Table I against the weight fraction of vinyl stearate, WVS,  for 
all of the copolymers and terpolymers, as well as for the mixtures (WDOP). 

The data followed the relation 

3Gi = 3G10 - kwvs + ~ ’ ( w v s ) ~  (1) 

but k’ was zero for the diluent system. These are the curves drawn through 
the data in the figure. They were computed using the constants in Table 
11, obtained by curve fitting with the computer. It is obvious that the 
moduli of the copolymers and terpolymers drifted to  lower values, termi- 
nating in a computed value of 0 . 5 5 ~ 1 0 ~ ~  dynes/cm2 for vinyl stearate homo- 
polymer. In  contrast, the moduli for the mixtures were close t o  that of 
poly(viny1 chloride). When Clash-Berg curves for copolymers of both 
n-octadecyl and oleyl acrylate with methyl methacrylate” were reexamined, 
somewhat similar moduli were found on extrapolation to  a weight fraction 
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0 1  I I I I 1 
0 0.2 0.4 0.6 0.8 I .o 

w v s  0' woo, 
Fig. 3. Plot of 3G1 vs. weight fraction of vinyl stearate, WVS, for copolymers and 

terpolymen in Table I (solid line) and weight fraction of di-kthylhexyl phthalste 
(DOP), WDOP, (dashed line). 

of unity, corresponding to the homopolymer. Poly(n-octadecyl acrylate) 
is crystalline', while the oleyl homopolymer was found to  be amorphou~.'~ 
Consequently, the low glassy moduli seem to be characteristic of homo- 
polymers having long side chains when examined considerably below T,. 
It should be emphasized that 361 for the homopolymer and systems rich 
in vinyl stearate reflected contributions from both crystalline and glassy 
amorphous domain~.l~-'~ On extrapolating the Clash-Berg curves for the 
copolymers of Figure 1 to the modulus found for poly(viny1 chloride) in 
Figure 3 (about 2 .6~10'~ dynes/cmz), the temperatures reached were 
approximately - 120" f 15OC. This is in the vicinity of the y-transition 
for certain polymers. This transition arises from motions in paraffinic 
chain segments greater than about four carbon It has recently 
been dem0nStrated~v~~J8 that the presence of long side chains in comonomer 
units reduces the modulus of glassy systems in proportion to  the free- 

TABLE I1 
Parameters for the Various Equations 

Equation 
no. Parameter Copolymers and terpolymers Mixtures 

1 3Gio 2.55 f7 .06  2.71 fO. 14 
k 4.15 f 0 . 4 2  0.704 f 0 . 3 4  
ki' 2.15 &O. 56 0 

2 80 0.163 f 0 . 0 0 6  0.203 f O .  016 
A 0.202 *0.015 0.825 fO. 120 
B 0 1.05 f O .  19 

5 3G'(n) 17.88 =to. 15 
U 35.67 f 2 . 6 9  
B 67.18 f8 .89  
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volume contribution of each side-chain methylene group. The data of 
this paper suggest that the amplitude of the subgroup motions of the side 
chains in both crystalline and amorphous phases above the y-transition is 
sufficient to reduce the solid-state modulus in the manner observed. This 
interpretation is, of course, highly speculative and receives little experi- 
mental support in view of the long extrapolation required from the limited 
data. It is intended as a stimulus to  further investigation of the effect of 
subgroup motions on mechanical properties of systems modified by units 
containing long side branches. 

The characteristic brittle failure of systems containing a high concentra- 
tion of monomers having long side ~ h a i n s , ~ ~ * ~ *  including the systems of this 
paper, could arise around aggregates of the side chains and produce suffi- 
cient free volume to  disturb the liquid structure. Clusters of crystalline 
side chains would behave as enhanced stress concentrators126 because the 
deformation energy would accumulate in imperfections along grain bound- 
aries and in other crystal defects and give rise to  the brittle fracture ob- 
served. 1, 1 7 * ~ *  

Values of the slopes s for the polymeric systems and mixtures were plot- 
ted against the weight fraction of plasticizer in Figure 4. Following curve 
fitting, the relation was 

s = SO - A W *  + B (wJ2 (2) 

0 
I I I 

0 0.2 0.4 0.6 

W V S  or woo, 

Fig. 4. Plot of s vs. weight fraction of vinyl stearate or di-hthylhexyl phthalste 
Solid line and open circles, copolymers and terpolymers; dashed line and solid (DOP). 

circles, mixtures. 
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where wt is the weight fraction of either vinyl stearate or DOP and the 
other terms are constants. Their values are listed in Table 11. The char- 
acteristic drift through a shallow minimum, found by Tobolsky5 for ex- 
ternally plasticized poly(viny1 chloride), is observed here. He attributed 
the minimum to contributions of both the polymer and plasticizer to the 
activation energy associated with the loss maximum in the intermediate 
plasticizer range. Solubility effects also influenced his data. Solubility 
between the side and main chain of the polymeric systems in this work is 
presumably absent, so that aggregation would characterize the mixing 
here. Aggregation can lead to curve broadening similar to  that found for 
certain types of graft copolymers.na However, it is of some interest that 
the magnitude of the decline in s is similar for both types of systems. 

Relationship Between Room Temperature Modulus and 
Side-ChainCrystallinit y 

Figure 1 demonstrated that moduli of copolymers of Vinyl stearate and 
Vinyl chloride were shifted up the temperature scale as side-chain crystal- 
linity increased. A similar trend was also found for the glass transition 
temperature T, and, of course, the inflection temperature T i  (Table I). 
In  Figure 5, torsional moduli taken at room temperature, 23"C, for crystal- 
line. co- and terpolymers (Table I) were plotted as a function of fraction 
crystallinity associated with crystallizing methylene groups in the side 
chains, 2,. The crystallinity present in side chains may be computed15 
using 

2, = ( X m / A H r o )  fwl (3) 

where the zero subscripts denote the crystallinity and heats of fusion, 
respectively, for the homopolymer. l4 This equation follows because the 
crystallinity has been shown to be linearly related to  the observed heat 

I I I I I I- 

I I I I 1 I I 1 
0 0. I 0.2 0.3 0.4 

x c  
Fig. 5. Plot of room temperature moduli 3Guo vs. fraction of side-chaii crystalliiity ze. 



TERPOLYM ERS 1581 

of fusion,14 which becomes a measure of that crystallinity. 
of amorphous polymer remaining, x,, therefore is 

The fraction 

x, = (1 - xc). (4) 

Moduli were taken at  room temperature, because this temperature was 
generally below the onset of melting of even the small crystallites in these 
systems. Consequently, the rise in modulus is associated with effects 
contributed by the entirely crystalline solid phase. However, the moduli 
of the liquid phase coexisting with the solid phase presumably also rose, 
because the apparent T, values of other copolymers were found to  rise a t  
high weight fractions of long side-chain comonomers. l6 Since the apparent 
T, of crystalline lScarbon fatty vinyl esters is about 170C,lG the T, of 
the liquid phase in the present system always lay below room temperature. 
This temperature decreased as xc decreased in the copolymers and ter- 
polymers. Most of the rise in observed modulus, therefore, can be asso- 
ciated with hard crystal aggregates embedded in a softer amorphous ma- 
trix. The hard crystal nuclei concomitantly tie together amorphous chains 
and also gradually raise their moduli. As can be seen from Figure 5, the 
relation between modulus and the fraction crystallinity was 

3G23 = 3Gza' eolzc-~zc2 (5) 
where 3Gz3', a, and /3 are constants. Their values are presented in Table 
11. The solid lines drawn through the data points were obtained using 
eq. (5); the curve maximum between x, of 0.22 to  0.32 is a trivial result of 
the statistical fit of the data. From eq. (5), the room temperature modulus 
of the homopolymer poly(viny1 stearate) may be estimated as 0.41~10'~ 
dynes/cm2. This value was obtained at  the upper limit of the side-chain 
crystallinity content of the homopolymer, taken t o  be 0.35.14 This limit 
is shown as the dashed line in the figure. The star in the figure is the 
extrapolated value for the sum of the moduli of the glassy and crystalline 
regions of poly(viny1 stearate) from eq. (l), namely, 0.55~10'~ dynes/cm2. 

If amorphous contributions to  room temperature modulus are assumed 
to  be negligible, the ratio of the estimated room temperature modulus to  
xd ( 0 . 4 1 ~ 1 0 ~ ~  dynes cm2/0.35) will yield a crude estimate of the modulus 
of the entire hexagonal phase. The hexagonal crystal form has been 
shown14 to be the solid phase characteristic of both poly(viny1 stearate) 
and other homopolymers having long side branches. This computed 
modulus is 1.17 X 1Olo dynes/cm2. The assumption of low amorphous 
moduli has some factual justification. The glass transition temperature 
of the hypothetical amorphous poly(viny1 stearate), and other esters having 
18-carbon side chains,16 were earlier estimated to  be about -111°C. Ma- 
terials having such low T, values are well beyond the terminal region of 
the viscoelastic spectrum at room temperature and should therefore ex- 
hibit steady-flow viscosity. The fact that poly(viny1 stearate) and poly 
(n-octadecyl acrylate) are liquids of fairly low viscosity a t  a few degrees 
above their melting points suggests that the crystallites alone were stiffen- 
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ing the polymers of this investigation and making the major contribution 
to  modulus. This conclusion has been reached by others.25e28 The esti- 
mated value of the modulus of the loosely packed hexagonal crystal modi- 
fication of the side chains14 is not unreasonable. It is close to  the modulus 
typical of glassy polymers. Moduli of this order were also found for the 
polyethylene crystal perpendicular to its chain axis29 and for anthracene 
and acetanilide crystallizing in glassy styrene and acrylonitrile copolymer.3o 
For example the modulus of the more densely packed orthorhombic poly- 
ethylene crystal is about 3x101° d y n e ~ / c m ~ . ~ ~  

The increased modulus resulting from embedding a hard filler in a poly- 
mer matrix was given by Nielsennb as 

G = Gava + A GaVb (6) 

where the subscripts a and b denote amorphous polymer and filler, respec- 
tively, and v t  is the vofume fraction. The constant A is an adhesion param- 
eter having limits of 0 to  1.0. If the crystallites in the homopolymer are 
considered to act as a hard filler, eq. (6) may be modified to yield the 
modulus of the glassy amorphous region in poly(viny1 stearate) at 50°C 
below T,, as follows: 

3G(a + b) = 3GaO - X c )  + 3Ggc (7) 

where 3G(, + a)  is the extrapolated modulus 3G1 for poly(viny1 stearate)'of 
0 . 5 5 ~ 1 0 ~ ~  dynes/cm2 from eq. (l), and 36, is the modulus of the crystal 

. given above. The constant A is assumed to be unity because the amor- 
phous methylene groups were also part of the crystallizing side chains. 
With these specifications, 36, was estimated by eq. (7) t o  be 0 . 2 2 ~ 1 0 ~ ~  
dynes/cm2 at 50°C below Tt. As temperature was further decreased, 
3G(a + 8) continually rose. Near the 7-transition, both 36, and 36, should 
have equalled 2.6 x 1Olo dynes/cm2, as discussed above. These calcula- 
tions are, of course, very crude and speculative and need careful experi- 
mental verification. However, the computed values are of a reasonable 
magnitude and can serve to  explain in part the phenomena observed. It 
is noteworthy that the effect of crystallinity on raising modulus is similar 
in magnitude to the increase conferred by crystallites in polyethylene and 
in other crystalline polymers.nc However, extreme embrittlement re- 
mains a special characteristic for the fatty homopolymers. 

Isochronal Temperature-Composition Diagram 
Isochronal temperature-composition diagramssl provide a useful method 

of expressing, in a simple way, the main trends of the data collected in this 
paper. These diagrams relate temperature and composition at fixed 
moduli, selected to  demark the various regions of viscoelasticity in the 
polymers. Such diagrams are shown in Figure 6 for four systems selected 
aa being representative of all of the data in Table I. Insert 1 illustrates 
the behavior of copolymers of vinyl stearate and vinyl chloride; insert 2 
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is that of the diluent mixture; and inserts 3 and 4 present data for the 
terpolymers containing 0.6 and 0.2 mole fraction of vinyl chloride, respec- 
tively. Readings taken vertically (isopleths) at constant composition are 
the isochronal temperature curves discussed throughout the paper. Read- 
ings taken horizontally a t  constant temperature (isotherms) parallel the 
moduli of the preceding paper in that moduli are a function of composition 
at  constant temperature. Readings along each curve (isothenes) denote 
the change in temperature with composition at each viscoelastic level. 
Consequently, data in the area below the isothene 1O1O are for glassy poly- 
mers, and those considerably above 107-54 are the terminal and steady-flow 
viscosity region. The data in the vicinity of the isothenes define the transi- 
tion region and the onset of the rubbery plateau. The rubbery zone was 
not monitored in this work, but lay just above the isothene 107.54. 

Comparison of inserts 1, 3, and 4 with insert 2 in Figure 6 shows clearly 
the main differences between external and internal plasticization of poly 
(vinyl chloride). If the isotherm 23°C is considered across the composi- 
tion range, it is readily seen that the copolymers and terpolymers had only 
a small region where the isothene lo* and 107*54 lay close to the isotherm. 
These moduli denote soft polymers. Beyond that region, moduli rose as 
sidechain crystallinity commenced. The diluent mixtures, on the other 
hand, showed a large region of progressively softer composition as the 
plasticizer content increased. At very high DOP levels, true rubbery 
viscoelasticity was encountered at  room temperature.2 Additionally, the 
slopes of the isothenes at the right-hand side of inserts 1, 3, and 4 are less 
than for the mixtures (insert 2). This reflects the greater plasticizing 
efficiency of the diluent. The observation of the preceding paper1 that 
low moduli were shifted to  lower weight fractions of vinyl stearate as the 
vinyl acetate content of the base copolymer increased is confirmed by the 
details of the respective curves in inserts 1, 3, and 4. However, the initial 
moduli of the terpolymers had much less temperature dependence than 
was found for the copolymers of vinyl stearate and vinyl chloride (insert 
1). This is also to  be expected from the T, behavior with composition 
(Table I and the preceding paper'). 

It 
may be seen that the moduli of the copolymers and terpolymers changed 
through a much narrower temperature range than did those of the diluent 
mixtures. Consequently, the use temperature range is much reduced for 
the copolymers and terpolymers. As was discussed extensively in a pre- 
ceding section, the glassy isothene moved to  very low temperatures as the 
vinyl stearate content became large. This behavior was ascribed to  the 
free volume contributed by movements of the side chains. The increased 
temperature dependence of the moduli, produced by sidechain crystallinity 
(seen in the curves a t  the left at a WVCL of 0.3 to  0.5 in inserts 1, 3, and 4) 
and the narrow isothenic changes beyond lo9 give a clear picture of the 
effect of the crystallites. Data in this composition range contrast markedly 
with data for the diluents (insert 2). 

Consider, now, the isopleths at WVCL (or WVA + VCL) of 0.6 or 0.7. 
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Thus, the curves in Figure 6,  besides summarizing graphically the main 
points of the paper, also serve to indicate criteria important to  the design 
of acceptable internal plasticizing systems through comparison with the 
desirable characteristics of the DOP mixtures. An acceptable system 
would afford high efficiency in reducing To, broad modulus-temperature 
curves, and a rubbery plateau of fairly high modulus (3-5x10' dynes/cm2), 
maintained over a wide temperature range. Information is not given, 
however, on ultimate strength, which depends on relaxation processes 
occurring at extensions greater than those associated with linear visco- 
elasticity as studied in the present work. 
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Correlation of To and Ti 
The relation between T, and T i  was found from the data in Table I to 

follow the equation 

Tg = T, - (10.36 5.50). (8) 
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Fig. 6. Isochronal temperature-composition diagrams for mixtures and for selected 
copolymers and terpolymers: (a) copolymers of vinyl stearate and vinyl chloride; 
(b) mixtures of poly(viny1 chloride) and di-Mthylhexyl phthalate (DOP); (c) ter- 
polymers containing 0.60 mole fraction of vinyl chloride (d) terpolymers containing 
0.20 mole fraction of vinyl chloride. 

These values lie between temperature differences found by Yannasa2 for 
gelatin-glycerol mixtures and by Tobolskya for poly(viny1 chloride) and 
several external plasticizers. This correlation is similar to  that found for 
copolymers of the n-alkyl acrylates and methyl methacrylate. l7 Conse- 
quently, rough estimates of To may be obtained from mechanical data 
using eq. (8). 

It might be worthwhile here to  mention the generally poor correlation 
found between the flex temperature T, of the Clash-Berg meas~rement'~ 
and To in recent studies.*J7 T, values are taken at a constant modulus of 
0 . 9 3 1 ~ 1 0 ~ ~  dynes/cm2. In  line with the vertical downward displacement 
of glassy modulus at  high vinyl stearate content, as expressed by the magni- 
tude of the parameters of eq. (l), T, was found to  occur at tempratures pro- 
gressively further below To at higher weight fractions of fatty comonomers. 
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The difference in the two temperatures became extreme as side-chain 
crystallinity acted to  raise the apparent T,. Similar behavior was reported 
re~ent1y.l.l~ It may be responsible for the seeming anomalousE relation 
found between l/Tf and the mole fraction of the N-n-alkylacrylamides in 
copolymers with a~rylonitri le~~ and for the unexpectedly low T ,  values of 
the analogous copolymers with vinylidene As this paper and 
another" demonstrate, correlations with T ,  are generally, though not 
always,'8 more dependable than those with TI. 

CONCLUSIONS 
Isochronal modulus-temperature curves for the internally plasticized 

systems of this paper were presented in a form permitting direct comparison 
with similar quantities in the literature for poly(viny1 chloride) plasticized 
by a variety of external plasticizers. Comparison was made in this paper 
with data for poly(viny1 chloride) plasticized by DOP. The data revealed 
that moduli of the copolymers and terpolymers reached the low values of 
soft polymers a t  room temperature, only through a short range of composi- 
tion, before being raised by side-chain crystallinity. This crystallinity 
produced undesirably brittle compositions. In  contrast, main-chain 
crystallinity, present in the externally plasticized poly(viny1 chloride) 
compositions, raised moduli and produced a desirably broad use tempera- 
ture range and superior ultimate properties. It is apparent from the over- 
all results that further modification of these internally plasticized systems 
will be required to  develop a completely nonvolatile plasticized system of 
practical utility. 

The authors thank Mrs. Ruth D. Zabarsky for the operation of the computer. 
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