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ABSTRACT: A recent theory for the aging kinetics of polymer glasses has been further tested by comparing 
its predictions of volume recovery with the experimental results of Kovacs on poly(viny1 acetate) when subjected 
to two sequential temperature steps. Kovac's results present an important test because the recovering volume 
goes through a maximum before approaching equilibrium. With the same parameters used previously, the 
computed curves properly describe the essence of the experimental data: the general height, location, and 
ranking of the various maxima. A more quantitative fit to the data is obtained, however, by augmenting the 
free volume theory with an additional activation energy to account more accurately for the purely thermal 
effects. 

Introduction 
Liquids  near the glass t ransi t ion can exhibit unusual 

behavior when subjected to a sequence of steps i n  tern- 
perature or pressure. Properties like volume a d  enthalpy 

m a y  pass at constant  tempera ture  and pressure through 
extrema. If, for  example, the temperature of a liquid at 
equilibrium at the temperature To is suddenly stepped to 
TI and held there for a relatively short t i m e  and then 
stepped to a third temperature  T2 somewhere between To 
and TI and held at this temperature, the observed volume 
is likely to Pass through either a minimum O r  a maximum 
before evolving toward a final, equilibrium value. A 
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maximum occurs when the first step is downward in tem- 
perature, and a minimum occurs when the first step is 
upward. This behavior is often called the "memory effect." 

Striking examples of the memory effect were observed 
in the volume recovery experiments of Kovacs.'s2 Kovacs 
found volume maxima for polystyrene' and poly(viny1 
acetate)2 from a sequence of temperature steps that began 
with a downward step. Similar changes in volume have 
been observed by others in these polymers3 and in the 
amorphous part of crystalline p~lyethylene.~ Analogous 
behavior was observed recently in the dielectric loss of 
polystyrene blends.6 Memory effects are well-known also 
with inorganic glasses, from both steps in temperatures and 
steps in p r e ~ s u r e . ~  

This unusual behavior during the recovery of equilib- 
rium is not easily explained. I t  cannot be explained at all 
by any hypothesis that assumes a simple molecular process 
that approaches equilibrium at a rate that is proportional 
to the deviation from equilibrium, which would then be 
describable by a single-exponential decay. More complex 
explanations have been required, and these have generally 
taken one of two forms: the assumption of two or more 
basic processes, whether molecular or not, that give rise 
to more than one exponential decay or the assumption of 
a single basic process, again molecular or not, that responds 
with nonexponential decay. 

The multiplicity of processes, each with an exponential 
decay, has been the more common explanation.g10 Models 
assuming but a pair of processes, for example, with the two 
decay or retardation times differing by about a factor of 
10, have fitted well the response data from inorganic 
glasses.8 Goldstein,l' among others, has warned, however, 
that the ability to fit data with a distribution of retardation 
times does not mean that a multiplicity of mechanisms 
must be involved. The Kohlrausch-Williams-Watts or 
stretched exponential function,12 for example, used in a 
form where it decays more slowly than an exponential, is 
sufficient to explain memory effects,13 though a distribu- 
tion of such functions allows an even better fit to the 
data.14 

Because the exponentials compose a set of independent 
functions, any monotonic function such as the Kohl- 
rausch-Williams-Watts function can be expanded in terms 
of them.15 That is, irrespective of its nature (as long as 
it is not pathological), any monotonic nonexponential can 
be expressed as a series of exponentials, thus giving what 
will look exactly like a multiplicity of retardation mecha- 
nisms. It is very difficult, therefore, to distinguish between 
an actual multiplicity of exponential processes and a single 
nonexponential process. As a third approach, Douglas has 
suggested that under certain conditions the behavior can 
be described by using the superposition principle with a 
variable relaxation time.16 This approach seems to be 
equivalent to a distribution of relaxation times or a no- 
nexponential function, however. 

Not all explanations of the memory effect have assumed 
an explicit or implicit multiplicity of retardation times. 
Curro, Lagasse, and Simha,17 for example, have been able 
to simulate the memory effect with the diffusion of free 
volume along free volume gradients. 

The purpose of the present work is to examine Kovacs' 
double-temperature step data for poly(viny1 acetate) in 
terms of the molecular-based theory described previously 
and referred to in what follows as the RSC 
(The RSC theory was first described in ref 18 and sum- 
marized and extended to pressure effects in ref 19. A 
modification of the original theory is discussed in ref 20.) 
The theory assumes a multiplicity of retardation times. 
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Table I 
Parameters for Volume Recovery Kinetics of Poly(viny1 

acetate) 
p* = 9380 baP 
V* = 814.1 mm3/g" 
T* = 9419 K" 
c1 = 12.81b 
c2 = 28.74 Kb 
C1 = 11.24c 

Tg = 308 K 
7, = 1 h (3600 s) 
~b = 36 000 8' 

N,  = 26 

z = 13 

R = 0.0022 

Simha-Somcynsky characteristic parameters 

time-temperature shift parameters 

C2 = 45.96 K' 
glass transition temperature 
nominal relaxation time at T, 
relaxation time of sub-T, motion at T, 
number of monomer segments in free 

size ratio for region controlling free volume 

translation factor between macroscopic and 

volume transition region 

changes 

microscopic processes 

"McKinney, J. E.; Simha, R. Macromolecules 1974, 7, 894. 
"lazek, D. J. Polym. J. 1980, 12, 43. cRobertson, R. E. Macro- 
molecules 1985, 18, 953. 

These are suggested to arise naturally from the totality of 
segmental rearrangements occuring in a multiplicity of 
environments. The macroscopic behavior is assumed to 
be the sum of segmental rearrangements. The multiplicity 
of environments is suggested to be a consequence of the 
variation in structure in the liquid associated with thermal 
fluctuations. Because of the small size of the regions in 
which segmental rearrangements typically occur, the 
fluctuations can be large, thus producing a large variation 
in structure. The variation in structure, insofar as it affects 
the kinetics of segmental rearrangements, is assumed to 
be equivalent to a variation in free volume. The free 
volume function used is that derived from the Simha- 
Somcynsky model for the equation of state for polymer 
liquids. The (excess) free volume is identified with the hole 
fraction occurring in this model. 

Computation 
The general mathematical formulation of the RSC 

theory was originally described in ref 18 and summarized 
in ref 19. The specific mathematical formulation and 
parameters used in the present computations for poly(viny1 
acetate) were those derived in ref 20. The latter paper was 
concerned mainly with the segmental mobility in the 
equilibrium liquid below the glass transition. The recovery 
rate, expressed as the reciprocal of the relaxation rate, was 
suggested there to be 

(1) 7-I = ( T g U ~ ) - l  + (TbbT)-l 

1% UT = -c1 + C l C 2 / [ C 2  + (f - fg)T*/f*l 

where 

(2) 

f is the free volume, f g  is the free volume at the glass 
transition, and f* is a constant that relates the change in 
free volume in the liquid with change in temperature. 
Other parameters in eq 2 and 3 are constants and are 
defined in Table I, where values for these and the rest of 
the quantities used in the computation are given also. 

For many purposes, only the first term in eq 1 need be 
used. The entire expression was suggestedz0 to improve 
the fit to Kovac's volume recovery data for poly(viny1 
acetate) when using a particular set of time-temperature 
shift parameters derived by Plazek.21 The suggestion arose 
from the excellent fit with these parameters to Kovacs' 
volume recovery data at the glass transition temperature 
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gle-step volume a t  long times from below. 
The major discrepancy between theory and experiment 

in Figure 1 is caused by the magnitudes of the volumes at  
the beginning of recovery a t  T2. The computed volumes 
have fallen too far during the residence a t  Tl. As is seen 
in Figure 1, this is a more serious problem with the lower 
temperatures T,. That is, the discrepancy is worse with 
experiments 2 and 3 than with experiment 1. The problem 
had not been noticed in the previous work with the sin- 
gle-temperature steps, where the temperature was never 
below 30 “C. This too rapid fall in volume at  T1 then 
results in the two major problems apparent in Figure 1: 
the times at  which the maxima occur after the step to T2 
are delayed, and the heights of the maxima are reduced. 

Although it might seem as if the use of the “softened” 
time-temperature shift expression for glassy poly(viny1 
acetate), eq 1, either caused or at  least exacerbated the 
rapid fall computed for the volumes at T, this was not the 
case. As mentioned, the softening of the time-temperature 
shift expression becomes effective only after very long 
times, but the stay at the temperature Tl that has resulted 
in the fall in volume indicated by the initial values in 
Figure 1 was comparatively short. 

A likely reason for the excessively high rate of recovery 
predicted at  low temperatures is that the individual effects 
of thermal agitation and structure on the rate have not 
been properly accounted for. In particular, the theory has 
not slowed the kinetics in proportion to the dimunition 
in thermal agitation at  lower temperatures. The RSC 
theory is basically, but not exclusively, a structure or free 
volume theory. The theory with eq 1 seems to be correct 
in the liquid, when the system is in equilibrium, and seems 
to be nearly correct for small deviations from equilibrium. 
For large deviations from equilibrium, however, the de- 
ficiency of the theory in not accounting sufficiently for 
purely thermal effects under conditions where the struc- 
ture is nominaly constant becomes manifestly apparent. 
Thus, a different form for the theory is needed. 

By analogy with other molecular processes, if the 
structure were to remain constant, the recovery rate would 
be expected to have an Arrhenius form, such as 

7-1 = A exp[-H*(d)/RT] (4) 

where H* is the activation energy for the particular 
structure denoted by 8. But the structure of the recovering 
glass does not remain constant, meaning that H* changes 
with time. The changing structure will be assumed to be 
describable approximately by the single parameter 8, the 
fictive temperature. The fictive temperature is the tem- 
perature of the equilibrium structure that the actual 
structure would be most similar to if it were brought in- 
stantaneously to that same temperature. This definition 
is more easily understood by reference to a plot of volume 
vs temperature, as in Figure 2. The lines parallel to the 
glass line represent “instantaneous” changes in tempera- 
ture. Thus, the fictive temperature is the point of inter- 
section of the equilibrium volume line and a line drawn 
parallel with the glass line and through the volume-tem- 
perature point having the same volume as the average 
volume of the actual glass. For the glass a t  temperature 
TA that has the volume VA (point A in Figure 2), for ex- 
ample, the fictive temperature is OA. When the system is 
in equilibrium at the temperature T,  then B = T. 

A straightforward approach for finding H*(8) is to begin 
with the equilibrium liquid where B = T. The right-hand 
sides of eq 1 and 4 are equal to one another. Setting these 
equal and taking the natural logarithm of both sides give 

In [ ( ~ ~ a ~ ) - l  + (7&)-l] = In A - H*(T) /RT (5) 

Table I1 
Double-Temperature-Step Experiments 

exDeriment T,. K T,, K t , ,  lo5 s T,, K 
1 313 303 
2 313 283 5.15 303 
3 313 288 5.0 303 
4 313 298 3.25 303 

Poly(Viny1 Acetate) 
TO ->  T l ( t 1 )  -> T2 1 

Data Kovacs (1963) 

01 
N !  

* - * * - 
1 5 3 3 3 6 7 8 

log[time a t  T2 s )  

Figure 1. Volume recovery computed by using the RSC theory 
of poly(viny1 acetate) at 30 ‘C following a previous history de- 
scribed in Table 11. The data are from Kovam2 

and above and from the much worse fit a t  lower temper- 
atures. The normal time-temperature shift parameter was 
modified in eq 1 by adding a term representing sub-T, 
motions, which were believed to be affecting low-tem- 
perature relaxations. This term, however, is not exhibited 
until long times have passed a t  low temperatures, which 
does not occur in the present simulation a t  the low first 
temperature to which the system is stepped. 

Results 
The temperatures and times of the experiments that 

were simulated are given in Table 11. The results of the 
computation are shown in Figure 1 with the experimental 
data of Kovacsq2 The abscissa is the elapsed time since 
the last temperature step, namely, the step to 303 K. As 
indicated in Table 11, experiment 1 involves only a sin- 
gle-temperature step, from To to T2. The other three 
experiments involve double steps, with tl being the time 
spent at  TI. The main difference between the real and the 
simulated experiments is the time required to change 
temperature. The computer simulation executes an in- 
stantaneous temperature change. This difference probably 
has little effect on the comparison, however. 

The computed curves in Figure 1 are seen to represent 
the essential features of the data. The general magnitudes 
of the maxima are well represented, as is the ordering of 
the curves. Moreover, all of the computed curves are seen 
to converge at  long times, as occurs experimentally. 

Discussion 
Though the computed curves in Figure 1 represent the 

essential features of the data, they clearly fail to coincide 
with the experimental data. A minor discrepancy is the 
suggestion from the computation that the curves from the 
double-step experiments can rise above that of the sin- 
gle-step experiment and then converge with the single-step 
curve a t  long times from above. This behavior has not 
been seen experimentally; rather, the experimental dou- 
ble-step volumes seem always to converge with the sin- 
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TA 

Tempera tu re  

Figure 2. Diagram showing the procedure for determining the 
fictive temperature, 8.  

At the glass transition temperature Tg, eq 5 can be written 
with eq 2 and 3, where f = f g ,  as 

In (7c1 + 7b-l) = In A - Hg*/RTg (6) 

Hg* is the activation enthalpy at  the glass transition. 
Equation 6 is an equation for A if Hg* can be estimated 
or otherwise obtained. The equation divides the rate a t  
the glass transition temperature given on the left into the 
activation enthalpy and a front factor. Combining eq 5 
and 6, the activation enthalpy for the equilibrium liquid 
at  the temperature T is then 

H*(T) = RT[ln (7;' + 7b-l) - 
In [ ( T ~ U T ) - ~  + (Tbb~)-l] + Hg*RTg] (7) 

The structural dependence of H* in this equation is 
expressed by the temperature T. Away from equilibrium, 
this is no longer satisfactory, and the structure must be 
described differently, such as by the fictive temperature 
8. If the recovery rates are intrinsically Arrhenius, as 
described by eq 4, i.e., Arrhenius for constant structure, 
and A is independent of temperature, then the activation 
enthalpy for a nonequilibrium structure 8 is estimated to 
be 

H*(8) = RO[ln (7L1 + 7b-l) - In [(rgaT)-l + 
(Tbb~)-l] Hg*/RTgl  (8) 

where the description of structure by temperature has been 
replaced by a description by fictive temperature. The 
replacement would also be made for any explicit depen- 
dence on temperature of U T  and bT as well, but that has 
not been necessary here because the structural (free vol- 
ume) dependence has already been assumed in eq 2 and 
3. Note that the common method of taking the derivative 
of the natural logarithm of eq 1 with respect to 1/T, with 
the shift parameters expressed in terms of temperature, 
does not give the activation enthalpy, because the implicit 
temperature-dependent change in structure is not ex- 
cluded. 

Use of eq 4 with eq 8 and the value for A in eq 6 then 
gives 

In 7-l = ( 8 / T )  In [ ( T ~ u T ) - ~  + (rbbT)-'] + 
(1 - 8/T)[ln (7;' + 76') + H g * / R T g ]  (9) 

The form of this equation is similar to one used previ- 
ously.22 Note that eq 9 reverts to eq 1 at equilibrium. 

A comparison between theory and experiment with Hg* 
= 50 kJ/mol is shown in Figure 3. The fit  is seen to be 

! Poly (Viny l  Acetate) 
TO - >  Tl(t1) - -Z  T2 
Hg = 50 kJ/mole 
Data Kovacs (1963) 1 

t 

9 3 I I' 1 2 3 4 5 6 7 8 

log(time a t  T2,  s) 

Figure 3. Computed volume recovery of poly(viny1 acetate) at 
30 O C  following a previous history described in Table 11. The 
computation used the RSC theory augmented by an additional 
Arrhenius term to obtain better separation between structural 
and thermal influences on the recovery kinetics. The additional 
activation enthalpy assumed was 50 kJ/mol. The data are from 
Kovacs.2 

considerably improved over that in Figure 1. No other 
changes in the calculations were made, and the values of 
the parameters N,, z ,  and R that had previously been used 
to fit Kovac's single-step data have been retained. The 
fit is improved slightly if these parameters are optimized 
for eq 9 instead of eq 1, but this has not been done, so the 
effect of replacing eq 1 by eq 9 may be seen in the absence 
of any other changes. 

It should be noted that the explicit thermal dependence 
in eq 9 does not establish a thermal dependence for the 
kietics of aging; rather, it  augments that already existing. 
A thermal effect is predicted below the glass transition 
because of the behavior of the extended Simha-Somcynsky 
theory. In the extended form of the theory, used to de- 
scribe the glass, the measured volume is used as the needed 
subsidiary relation instead of the minimization of the 
Helmholtz free energy. The thermal effect appears as a 
decreasing free volume with decreasing temperature, re- 
sulting in an increasing activation enthalpy, even for 
constant fictive temperature (constant nominal structure). 
The rate of change of the activation enthalpy with tem- 
perature at constant fictive temperature, evaluated at the 
glass transition temperature, for instance, is found from 
eq 8 to be 

(: + a)F(E)e 7gc1 T* af  = -0.44 kJ/(mol.K) (10) 

which is independent of the value assumed for Hg*, Along 
the equilibrium liquid line, (T* / f* ) (d f /dT)  = 1; along a 
glass line of poly(viny1 acetate) for constant fictive tem- 
perature, (T*/ f*)(af /dT) ,  = 0.175, not 0. Hence, the 
thermal effect represented by Hg* merely augments the 
effect already contained in the original RSC theory. 

A further exhibition of double-temperature-step be- 
havior as predicted by the theory using eq 9 with Hg* = 
50 kJ/mol is shown in Figures 4-6. The double-tem- 
perature steps in these figures are from 40 to 10 to 30 "C, 
from 40 to 25 to 30 "C, and from 25 to 35 to 30 "C, re- 
spectively. The first step was downward in Figures 4 and 
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Poly(Viny1 Acetate) 
313 283 ( t l )  > 303 

3 
Q I  f 

0 

01 -/ i 
- 1  I 

i -__ i 

1 2 3 4 5 6 7 0 
log(time a t  T2,  s) 

Figure 4. Computed volume recovery of poly(viny1 acetate) a t  
30 "C (303 K) following a previous step from 40 to 10 "C with 
various waiting times (tl) at 10 "C before stepping to 30 "C. All 
steps were made instantaneously. 

0 ,  
N' 

P ol y (V  in y 1 Acetate) 
313 -> 298 ( t l )  --> 303 + 

Curve t l  10**5 s 
1 100 
2 178  t 

0 
3 

I -- 
1 2 3 4 5 6 7 a 

log(time a t  T2,  s )  

Figure 5. Computed volume recovery of poly(viny1 acetate) at 
30 "C (303 K) following a previous step from 40 to 25 "C with 
various waiting times (t,) a t  25 "C before stepping to 30 "C. All 
steps were made instantaneously. 

5 and upward in Figure 6 .  Only the volume evolution 
dur ing  the final temperature, 30 O C ,  is shown. In each 
simulation, the system was assumed to be in equilibrium 
at the beginning temperature and was maintained at the 
second temperature for the times tl indicated before 
stepping to the third temperature, which for all was 30 "C. 

Except  for  very short or very long t imes  at the first 
temperatures, TI, all of the simulated experiments exhib- 
ited extrema. Also, a volume minimum occurs at the final 
tempera ture  if the first step is upward,  and a volume 
minimum occurs if the first step is downward. The largest 
t ransient  deviations from the most  direct  path between 
t h e  initial and final volumes at T2 are seen i n  Figures 4-6 
to occur when the t ime t, at T1 was in  a relatively narrow 
range of (2-5 X lo5 s. T h i s  behavior is relatively inde- 
pendent of the temperature T1: T1 was 25 "C below the 
glass transition in Figure 4 and equal to the glass transition 
temperature (35 "C) i n  Figure 6. Another characteristic 
apparent i n  Figure 4, though not i n  Figures 5 and 6, is the 
overshoot that appears also in  Figures 1 and 3. Although 

0 ".\ Poly(Viny1 Acetate) 1 
298 -> 308 ( t l )  -> 303 + 

0 - i  
1; 

1 2 3 4 5 6 7 0 
log(time a t  T2,  s) 

Figure 6. Computed volume recovery of poly(viny1 acetate) at 
30 "C (303 K) following a previous step from 25 to  35 "C with 
various waiting times (t,) at 35 "C before stepping to 30 "C. All 
steps were made instantaneously. 

it may only be an artifact of the numerical calculation, the 
overshoot has become increasingly prominent for the 
longer waiting times at 10 "C (283 K). 
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