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ABSTRACT: The torsional creep and creep recovery behavior of a high molecular weight
(M, =06.5 x 107} poly(vinyl acetate) is reported for the temperature range, 37.5°C to 154°C. The
results for the recoverable compliance. J,(¢), reveal the usual two dispersions seen between glassy and
steady state behavior. The intermediate rubbery plateau compliance, Jy, has a valuc of 2.8 x 1077
cm?® dyn ~', reflecting a.molecular weight per cntangled unit of 8,500. Though the specimen studied
was a fraction, the terminal dispersion was extensive. The steady-state recoverable compliance, J.",
was approximately 80 times larger than Jy. Because there was considerable information on the
terminal dispersion, it was possible (o independently delermine its temperature dependence, which
was-found to be indistinguishable from that of the viscous deformation. However, this temperature
dependence is significantly different from that of the softening dispersion. The differences observed
arc in the same sense as that found previously for the softening dispersion and viscous flow

dependences of polystyrene.
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Tt has been known for some time that the tempera-
ture dependence of the recoverable compliance, J,(1),
of polystyrenes with narrow molecular weight dis-
tributions is greater than that of the viscosity, at
temperatures just above the glass temperature. This
difference m temperature dependence is not specific
for the polystyrene system, but is true aise for other
lingar flexible chain amorphous polymers. Early
work on polyisobutylene indicated a discrepancy
between temperature dependences,* but the reported
differences were ignored. probably being ascribed
primarily to experimental error. For similar reasons,
we avoided rcporting the resutts of certain viscosity
measurements for a sclution of ccllulose nitrate. It
was assumed that these results were incorrect since
their variation with temperature did nol agree with
that determined from the viscoelastic response. A
later study! revealed discrepancies as large as an
order or magnitude which could not be dismissed as
simply error. Since the viscoelastic mechanisms with
the longest relaxation times are the largest contrib-
utors to viscous deformations, it has been assumed
that only the last few need have a different tempera-

ture dependence to explain the failure of the re-
duction scheme for creep compliance curves which
extend from the softening to the terminal zones. A
recent analysis of some previously unpublished creep
and creep recovery data on a linear poly{vinyl
acetate) (PVAC), (M, =6.5 x 10°} reveals two tem-
perature dependences with additional information
on the terminal zone of the recoverable complaince.

EXPERIMENTAL

The creep, J(7), and recoverable creep compliance,
J{r) measurements were carried out ai the Mellon
Institute on a magnetic bearing torsional creep
apparatus at cleven temperatures between 37°C and
155°C. The specimens were measured in vacuum.
The pressure, produced with just a mechanical
vacuum pump, was about 10~2 Torr, which we have
found is sufficiently low to remove absorbed
maoisture,

Absorbed moisture from the atmosphere was
found to plasticize the polyv(vinyl acetate) as it does
most polymers. The effect is more marked for polar
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polymers but even polystyrene’s creep velocity is
markedly increased al lemperatures near its glass
temperature, T,, of 98°C. Comparisons with the
results of creep measurements made on PVAC
exposed to the atmosphere® showed that the velocity
of creep was six times slower at temperatures near
38°C when the measurements were carried oul in
vacuum. Instrumental and procedural details are
presented elsewhere.®

The principal sample studied was a fraction” (5-7-
2) kindly provided by Berry. It's weight average
molecular weight, M, (6.5 x 10°) and other solulion
preperties have been reported.” The shear viscosity
of the bulk polymer determined in this study is within
20% of the value determined and reported for 155°C
by Berry et al.® This check should allay any question
concerning the possibility of degradation following
the original dilute solution characterization and our
later creep studies.

At the time these measurements were made, it was
thought that variations in the sterecregularity of
PVAC might be found as a consequence of differ-
ences in polymerization temperatures. Four frac-
tions of samples with molecular weights close to
1 x 10,% that had been polymerized either at —70°C
or 30°C, were studied and the creep compliances in
the soflening dispersions were all found to be

indistinguishable [rom each other and the results
presented here. Other properties, including ¢ tem-
peratures, of these and similar samples gave no
indication of differences in tacticity.”

RESULTS

The recoverable shear creep compliance curves,
J(&) measured at cleven temperatures from the
neighborhood of the glass temperature, upward to
154°C are presented in Figure 1. At the three highest
temperatures the total creep compliance curves, J(#),
including the viscous contributions are shown as
dashed lines. The curves at the lower temperatures
extend from the glassy compliance (/,=0.90 > 107"
cm?dyn™! or 107% m®N"") up to an extensive
rubbery plateau (Jy=2.8x 1077 cm’dyn~"). The
recoverable compliance, J(r), results obtained at
temperatures above 75°C reveal a sizable termipal
dispersion which rises to a steady state recoverable
compliance, J.°, 80 times larger than Jy. This large
terminal dispersion is unexpected since the specimen
studied was a fraction with an estimated hetero-
geneity index, M, /M, of 1.1. Most-high-molecular-
weight polymer samples with parrow molecular
weight distributions show a molecular weight inde-
pendent J,” which is about three times larger than
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Figure 1.

Logarithmic piot of the recoverable shear compliance, J.(7), cm® dyn ™!, as a function of time (s),

for a poly(vinyl acetale) sample (M, =6.5 x 10%) at eleven temperatures in "C. Dashed lines indicate the total
creep compliance, J{1), determined at the three highest temperatures of measurement.
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Jy 319 Earlier measurements of similar PVAC frac-
tions also displayed large terminal dispersions which
tended to support the conclusion that the pro-
portionality of J,° with molecular weight persisted at
high molecular weights.* We can only conclude that
the propensity of PVAC, for free radical chain
transferring, cannot be suppressed sufficiently to
eliminate long chain braching completety at high
molecular weights. If this is so, the level of branching
is so low as not to perceptibly affect dilute solution
properties such as the intrinsic viscosity, whereas the
recoverable compliance would huve to reflect 4 great
sensitivity to the presence of ranching.

However, in this study, the prominence of the
terminal dispersion has contributed definitive infor-
mation leading to the most significant conclusion of
this report concerning the temperature dependences
of the viscoelastic response. It has been possible to
make an independent determination of the tempera-
ture dependence of the recoverable deformation
accruing beyond the Jy level. Figure 2 presents these
contributions to the recéverable compliance as Mne-
tions of the cube root of the time, ¢. The linear
region of response is described as Andrade

creep,! 1 K =J,+ B¢ where J, and § are
characterizing constants. When Andrade creep is
found near the glassy level of response, J, is a
valuable objective measure of the glassy compliance,
J,, and when it is observed in the ierminal dispersion,
as it is here. J, isidentical to Jy. Contributions of this
form dominate only over a limited portion of the
accessible time scale, bul the values of § obtained
were used to calculate-time scale shift factors, ay,
which arc in excellent agreement with other values
obtained from direct temperature reduction of re-
coverable compliance curves obtained which de-
scribe the terminal dispersion. That is, both sets of
shift factors are fitted by the same equalion.

loga-(J,, B)=—15.469+928/(T+25) (1)

where T'is given in degrees Centigrade. This equation
bas the form of the Vogel, Tamman, Fulcher (VTFE)
equation,
¢
T-T

s

R=R, exp {(2)

where R,, C, and T, are characteristic constants for
a rate process of the material. Ineq 1, T, = —25"C.

Jeitd x 107

1{5-7-2}.

80 70

tla’i

Eigure 2. The recoverable compliance, J{z), plotted as a function of the cube root of time at 6
temperatures, Dashed lines arc extrapolations of the Andrade creep region.
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We will identify data pertaining to the terminal
dispersion with a subscript w, such as J, and that
pertaining to the softening dispersion with a
subscript s. The comparison made with shifi factors
calculated from simple viscosiiy ratios showed that
the viscosity also has the same temperature
dependence as described by &q 1 il it is recognized
that,

n(1T°C)

& 435°C)

The shift factors obtained from shifting the

recoverable compliance data from the sofiening

dispersion, J, (i) are fitted with significantly differcnt
constants,

log ar(J )= —12.804-373/(T—6)

f(T°C)—17.05=logam)  (3)

=log

)

where T, =+6°C

The two temperature dependences are displayed in
Figure 3 as solid lines, which show how the short
time response mechanisms (those contributing to the
softening dispersion) are more temperature sensitive
near the glass temperature. All of the shift factors are
presentcd in Table 1.

Temperature Reduction
Since ali of the viscoelastic mechanisms contribu-

ting to the deformation of the poly(vinyl acetate) do
not have the same lemperature dependence, tem-
perature reduction of the data to a single unique
curve cannot be obtained. However, recognizing
that if all of the mechanism coniributing to a given
dispersion have the same temperature dependence,
successtul reduction should be possible within the
dispersion. We have therefore reduced the two
dispersions seperately. Andrade plots were used to
help assign data points to either the softening or the
terminal dispersion. Points falling on or above each
Andrade line in Figure 2 were assigned to the
terminal dispersion. This procedure is an idealiza-
tion and there is actually some ambiguily where the
two groups of mechanisms overlap. The result of
reduction of the J.(#) data to 60°C is indicated by the
data points in Figure 4. The dotted line indicates the
total crecp compliance, J(f), which includes the
viscous contributions. The dashed and dot-dashed
lines indicate the results of reduction of the recovery
and the creep, respectively, at a different tempera-
ture, T,=35°C. The time scale has been shifted to
superimpose the softening dispersion of the two
reduced curves. The rubbery plateau is approx-
imately 25 times shorter at the lower temperature
because the softening dispersion has moved to long
tirnes more rapidly with the temperature change than

| 1 I

220 40 860 8O

100 120 140 160

T°C

Figure 3. Logarithm of the temperature shift factors, @r, vs. the temperature: @. from softening
dispersion, J, , {r); O, from the viscosity, u; @, from the Andrade coefficients, §; . from the terminal
dispersion, J, (f). Dashed line (rom the compromise temperature dependence. The reference temperature,

T, —35°C.
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Table §. Temperature dependences
T°C logn log logar(J,) logar(m log a () log a{J,)
35.0 17.05 —9.64° 0.00 0.00 0.00 0.00
375 —1.03
40.0 - .87
42.1 —9.09 —l.e4 —2.56
45.0 —8.94 -2.10 -3.31
50.0 —8.65 ~-2.99 —4.41
60.0 12.47 —B.15 —4.58 —4.48 —595
75.0 10.83 —-7.59 —6.19 —-6.22 —6.14
99.5 9.00 —6.95 —8.01 ~-8.05 —§.06
111.1 8.38 —8.65 —B.68
125.3 7.75 —9.29 -9.31
138.2 7.25 —9.8¢
154.2 6.76 —10.29 ~10.29
* Caleulated.
Log tfa; (T,=35°C)
_40 2 4 & 8 10 [I4 14 123 8
i | 1 | | 1 5 i 3
-5 -
% -6 =z
~ &
t E
T —-6 o
T 423
]
-al —-B
o) L 1 ! 1 I | ! -
-4 -2 8] 2 4 & 8 o] 12

Log t/u; (T,=6C°C)

Figure 4. Logarithmic plot of J,(r) vs. the reduced time scales, riay, with reference temperatures of 60°C
(data points) and 35°C (dashed linc). Corrcsponding Jf(#) arc curves dotted and dash-dotled lines,

respectively.

has the terminal dispersion. The lack of complete
superposition at the beginning of the rubbery pla-
tcau is the result of the ambiguity in the overlap
region.

Il one atiempts t& obtain a reduced curve of all the
data (ignoring the two distinct temperaturc de-
pendences) with one compromise temperature de-
pendence, a curve is obtained lor T, =357C that is
coincidentally indistinguishable in shape from that
obtained at 60°C using the two tcmperature de-

Polymer J.. Vol. 12, No. 1, 1980

pendences. The compromise equation used is as
follows.

Jog a,= — 15.14+596/(T+5) (5

where T..=—5C. 1t is shown as a dashed line in
Figure 3.

The best fits of the data to the VIF equation,
which is equivalent to the Willium, Landel and Ferry
(WLT) free volume cquation, arc secen in Figure 3 Lo
surprisingly cross at high temperatures ( ~154°C). If
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this actually were the case, reduction of the data to
temperatures higher than 60°C would show a re-
versal in the rubbery plateau length; i.e., an increase
in temperature would lead to a shortening of the
plateau. This would be in the direction observed in
the behavior of some of the polymethacrylates,'
which has been interpreted as a change in the
entanglement spacing. It is also possible that the
reduced curve obtained at 60°C could represent an
asymptotic high temperature form which will persist
at all higher temperatures. In this latter case, the
compromise temperature dependence equation, eq 5,
would coincidentally represent more realistically the
actual behavier to be found at higher temperatures
for the softening dispersion; see the dashed line in
Figure 3. Measurements would have to be made at
moderately high frequencies or at much shorter
times in the softening dispersion should be able to
distinguish between the alternative possibilities.
Since the WLF and the VITF equations are equiva-
lent temperature forms, which implicitly reflect the
changes of the specific velume,'” and since their strict
applicability may be limited, it is a distinct possibility
that what is basically the Doolittle free volume form,

R=Ryc"* (6)
(where R; and & are characterizing constants and ¢
is the fractional free volume; ¢ = (v — )/, v is the
measured volume and v, is the occupied volume)
does not accurately hold even within 100°C above 7,
for the softening dispersion.

Retardation Spectrum

The distribution functions of retardation times, T,
i.e., the retardation spectru, Z{In ), corresponding lo
the two reduced recoverable compliance curves
displayed in Figure 4 were delermined empirically
with iterative variations until each J{r) curve could
be calculated from the spectra within +2% for all
points. Numerical integration on a computer of the
cxpression,
+ o

Jr[t]EJ(t}—tfq=Js+J L1—e®dint (7

was used to ascertain the quality of the proposed
spectrum, L. The results of the estimations are shown
in Figure 5, where the principal features usually
cxhibited by high molecular weight amorphous
polymers are seen: 1) a slope on a log-log plot of L vs.

Log 7 (T,=35°C)
0 ? 4 [ 8

10 12 14 1] i8

1 L 1 I 1

-4 -2 o] 2

Log o

4 6 8 10 12
{T,=80°C)

Figure 5. Logarithmic plot of the acceptable retardation spectra, L,, vs. the logarithm of the reduced
retardation times, t,. The line with points was delermined for the J, (#) curve reduced to 60°C in Figure 4 and

the dashed line for the 35°C curve.
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the reduced retardation time, 7., of 1/3 at short times
in the glassy region of response, indicating the
presence of Andrade creep, (We take the slight
shoulder at log (7, =60°C)= —4 Lo be caused by
experimental uncertainty since the § dispersion is
known to be far removed'®); 2) a sizable symmetrical
peak reflecting retarded cooperative motions of
polymer chain segments between cntanglements,
(The differences at the maximum are the result of the
ambiguity in the curves in the region of mechanism
overlap referred to above); 3) a second Andrade
creep regien dominating the deformation in the
rubbery plateau region, which is the beginning of the
terminal dispersion, reflects the adjustments ol the
entanglement network.

In thesc cases, the approach to the terminal peak
involves rising above the nearly linear scgment with
the 1/3 slope. This is a feature we have not seen

before and is presumably due to the form of the
molecular weight distribution or the presence of
long-chain branching. The most objective measure
for the length of the rubbery plateau, we believe, is
the separation of the two peaks of L. The shorter
platean for the curve reduced to 35°C is clearly seen.

Dvnamic Mechanical Properties

Using the spectrum, reduced to 60°C, the varions
dynémic viscoelastic functions were calculated on a
computer with numerical integration programs.*
The components of the complex dynamic shear
compliance,

JH(en) = J (o) — £ () {8)

where J{w), the real componenlt, is the storage
compliance and J" (), the imaginary component, is
the loss compliance, were calculated using the

J' - 1wy

{em2/dyn)

Leg J

T.=60.0° C

1 I 1 1

PVAC

1 ] 1 ]

-10- -8 -5 -4

-2 0 2 4 5]

Log waq

Figare 6. Double logarithmic plots of the dynamic compliances as a function of the reduced Irequency

scale, mar. Caleulated from the L reduced to 60°C.

Polymer I., Vol. 12, No. 1, 1980

*  These prograimns and those used to determine the
retardation spectra which yield our reduced recoverable

compliance curves were written by Dr. Stephen . Orbon,
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expressions,
Fla)=J r o a 9
! = e nrt
(@)=Jg+ o Lt a??
and
* wT 1
JNw) = ———dlnt+— 10
(@) J‘ W 1+ wit? my (10

The resulis are plotted in Figure 6. The loss
compliance, without its simple viscous contribution,
J’—1/com, which is the zeroth approximation to L
where © "' = the angular [requency in rad 577, is
ecmphasized at low [(requencies since the less in-
formative 1/wn contribution dominates J{w) al
<107% 57!, The glassy, rubbery, and steady state

plateaus are clearly visible in the log J* curve. Each
dispersion in J is associated with a corresponding
maximum in J” — /ey,

The components of the complex dynamic shear
modulus

C¥(w) =G (@) +iG" () (1)

where G'(w) is the storage modulus and G'(w) is the
loss modulus were calculated from J'(e) and J/(w)!"”
and plotted in Figure 7. The real component of G*(w)
is G'(en), which drops from a glassy modulus very
close to 10'® dynecm =2 at high reduced frequencies
down to the rubbery plateau with decreasing fre-
quency. It finally decreases at a limiting rate propor-
tional te @ or with a slope of 2 on the log-log plot at

{em2/dyn}

Log G

i A ] 1 | 1 1 ] 1
-0 -8 -6 -4 -2 0 2 9 6
Log wag

Figure 7. Double logarithmic plots of the slorage, G', and loss, G”, dynamic moduli as functions of the
reduced frequency scale. Caleunlated from the L reduced to 60°C. Dotted and dashed lines have the limiting

slopes of one and two respectively.

50

Polymer J., Vol. 12, No. 1, 1980



Poly{vinyl acetate) Creep Temperature Dependence

the lowest frequencies. After exhibiting two maxima
at the higher frequencies, the loss modulus, G™{w),
follows G’(ew) toward zero, diminishing at a rate
directly proportional to e or with a slope of one on
the log-log plot. These limiting slopes are simply
consequences of the fact that the PVAC studied is
not in a viscoelastic liquid. In the limiting region, the
asymptotic values of G"'(w)/m=1, where #, is the
limiting low rate of shear viscosity and G'(e)/
W’ =1,

Finally, the real and imaginary components, ()
and #''(»), of the complex dynamic viscosity,

(12)

where calculated using the relations G'=own’ and
G =wiy’; G¥ =i-con*. These curves are rot often seen
and a few of their features are not commonly
appreciated.

n*(w)=1'(e) — " ()

(13)

is s0 close to the larger of the components that it is
barely perceptible as a separate curve. 1t can be seen
as a dotted line in Figure 8 as it switches from »” 1o
# and back again. It is also clear that 4" and #*
decrease from the low frequency asymptote, y,, with
increasing frequency to a plaieau in the neigh-
borhood of logwa, =0 after which both rcsume
decreasing at higher frequencies. Meanwhile, ()
passes through two maxima as do the other imag-
inary components.

’ I I-'I.Z
In* =2 +3"?)

DISCUSSION

The behavior of poly(vinyl acetate) fractions have
been perplexing and misleading. In addition to
noting that the magnitude of the terminal dispersion
is not typical of polymers whosc molecular weight
distribution has been known to be narrow, we can
point to the length of the rubber-like plateau which is
longer than expected for a narrow distribution
polymer. In making this statement, we are assuming
that the behavior exhibited by “monodisperse”
polystyrene!® =% is expected for all linear amor-
phous polymers with flexible molecules. It has been
established that the rubbery platcau length measured
by the separation of the peaks in L is

Alogt,, =34 log (M/M,) {14)

when M is the molecular weight and A _is the critical
value of the molecular weight at which molecular
entanglements start influencing the viscosity; i.e., the
molecular weight at which the break in the log# vs.
log M, curve occurs, No molecular weight moments
are indicated in eq 14 because it underestimates the
width of the plateau for broad distribution pol-
ymers.>! From our experience with the PVAC, data
we judge that the earlier polystyrene analysis most
likely represents the high temperature asymptolic
lengths of the rubbery plateaus because what were
obvicusly single compromise temperaiure depend-

4
-2 -0 -8 -5 -4

-2 o] 2 4 6

Log way

Figure 8. Real, 5, and imaginary, #”. components of the complex dynamic shear viscosity plotted
logarithmically as a function of the logarithmic reduced frequency scale. Calculated from the modulus
curves of Figure 7. The dotted line represcnts the absolute value of #*.
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ence equations were used in the reduction process.
The separation of the maxima in the 60°C re-
tardation  spectrum is  Alogz,,, =86 and
log M, =5.81. These values yield an “* 3" = 1,900, If
we usc the 35°C spectrum, where Alogz, =7.2 we
obtain “M_ " =4,900. In rcality M, for PVAC s
24,500%2, Therelore, based on the molecular weight
dependence of the viscoelastic response of poly-
styrene, we conclude that the rubbery plateau ob-
served for this PVAC sample {s much oo wide for its
molecular weight. We are not convinced that the
presence of aslight amount of long chain branching is
the reason why PVAC fractions behave as if they are
not at all narrow in distribution but we do believe that
the effect ischronic with the fractions we have studied.

The molecular weight between entanglements is
calculated from the rubbery platean compliance, Jy.
using the simple rubberlike expression,

Jn=M/(pRT) (14)

However, we have three slightly different values for
Jy=2.8x1077,32x10"7 and 3.4 x 10~7. The first
is the average Andrade intercept and the latter two
are the results of integrations under the first peak in
L as a function of the natural logarithm of the
retardation times of the 60°C and the 35°C' L,
respectively. Since the reduced curves involve distor-
tions related 1o the above mentioned armbiguities, we
believe the Andrade intercept to be the mosi reliablc.
The resulting M, {s 8500, The ratic M_/M, lor
poly(vinyl acetate) is therefore 2.9, which is higher
than the expected value of two.** Since a slight
amount of long-chain branching does not effect the
value for Jy, it is suggested that the currenily
accepled valuc for 3, could be high because of the
suspected branching.

In regard to the iwo tempcrature dependences
being reported here, one can note that it seems safe to
assumc in general that proups of viscoelastic
mechanisms contributing to different maxima in
[F7 () —1/(con)] o G"{w} will & priari have different
temperature dependences. The high temperature
cross-over of the two temperature dependence curves
as seen in Figure 3 is not unique to PVAC.
Reexamining the earlier reported polystyrene data,
wefoundthatresultingequationsalsolead tothe same
kind of high temperature cross-over not noticed
before.

Finally, we wish to point out that it is reassuring
that the terminal dispersion of J.(#) has the same
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lemperalure as that of the viscosity since they are
both determined by the disentangling of the en-
tanglement network. The contributions to J({)
above Jy, arc seen somewhat in advance of measur-
able contributions of the viscous deformation to J(f)
but this /s coniribution to J(z} is always dominant
before J, is reached.
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