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Abstract

Volume and enthalpy recovery measurements were used to study the physical aging behavior of a polystyrene. Isothermal aging at
temperatures nearTg was studied with aging times ranging from several minutes to several days. The data are satisfactorily fit using the Tool–
Narayanswamy–Moynihan model of structural recovery. The times required to reach equilibrium are the same for the two properties at
temperatures where equilibrium was achieved. Extrapolation to lower temperatures using the model indicates that the times required to reach
equilibrium may be different for the two properties at these lower temperatures. The recovery data were plotted as the departure from
equilibrium and then were shifted horizontally to superpose at long times. The shift factors for volume and enthalpy recovery data agree with
one another above 948C but they diverge below this temperature. The shift factor data deviates from the WLF or VTFH equation for
temperatures belowTg. In addition, we find that the normalized rate of approach is the same for volume and enthalpy recovery at 978C in the
limit of a linear temperature jump, but it differs between the two properties for a nonlinear jump even though the times required to reach
equilibrium are the same.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Glasses, including polymeric glasses, are inherently
nonequilibrium materials. Hence, their physical and
mechanical properties change with time as the glass
attempts to reach equilibrium through changes on the mole-
cular scale. This behavior is often referred to in the literature
as structural recovery or physical aging, and several reviews
[1–10] have been written.

We are interested in understanding the interrelationship
of properties during physical aging in order to ultimately
predict material behavior with limited experimental data.
There are a number of reports in the literature on the time
scales of evolution for different properties in amorphous
polymeric materials but there seems to be no universal
agreement [11–24]. A discussion session at a recent inter-
national meeting [25] addressed this issue.

We suggest that some of the apparent contradiction in the
literature may come from comparison of the kinetics of
recovery for various properties rather than comparison of
the times required to reach equilibrium. For example, from
our polyetherimide data [11,12], the time required to reach

equilibrium for volume, enthalpy, and creep appeared to be
the same within experimental error, whereas the rate of
approach to equilibrium differed. However, there are data
in the literature that suggest that properties are not coupled
as we suggest and that the times to reach equilibrium for
different properties may not be the same [13–22]. To further
investigate this issue, in this work we present volume and
enthalpy recovery data for polystyrene, a material studied
by several groups of researchers [13–16,23].

The work previously performed on polystyrene is similar
to much of the work in the literature in that it appears at first
glance to be contradictory. Oleinik reported a constant rela-
tionship between enthalpy and volume during structural
recovery with dH/dV being 1–2 × 109 J=m3 for down-jump
experiments over the entire measurement time interval and
for all aging temperatures [23]. Adachi and Kotaka, on the
other hand, reported differences in the kinetics of volume
and enthalpy recovery; they report that after a double
temperature jump in which the “memory” effect [2] is
observed, the time to reach the maximum in volume was
longer than the time to reach the maximum in enthalpy [13].
Weitz and Wunderlich also reported differences in the
kinetics of volume and enthalpy recovery for their experi-
ments which involved cooling under pressure and observing
structural recovery after the pressure was released; they
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report that at 708C, the major enthalpy recovery process
started only after the initial volume recovery process was
over [14]. Roe and Millman measured enthalpy recovery
and the evolution of room temperature creep curves and
reported that the enthalpy reached equilibrium much faster
than did the creep compliance [15]. Petrie also measured the
changes in storage modulus and logarithmic decrement and
compared them to enthalpy recovery but reported that the
changes in the mechanical behavior corresponded to the
changes in the enthalpy, although the figures show that
the mechanical properties stop evolving somewhat earlier
than the enthalpy [16]. As already mentioned, in addition to
these works on the relative time scales for polystyrene, other
researchers [17–22] have reported different time scales for
different properties on materials other than polystyrene, and
the results are similarly not universal.

Structural recovery data can be modeled using Moyni-
han’s formulation [26] of the Tool–Narayanaswamy
[27,28] model of structural recovery (TNM model). The
model is equivalent to that developed by Kovacs, et al.
[29] (KAHR model). Both models account for the nonli-
nearity and the nonexponentiality of the recovery process.
The evolution of the departure from equilibrium,d , during
isothermal aging is represented by the generalized Kohl-
rausch–William–Watts (KWW) [30,31] function:

d � d0 exp 2
Zt

0

dt
t0

� �b( )
�1�

where for volume recoveryd � dv � �v�t�2 v∞�=�v∞�; v(t)
is the time-dependent volume,v∞ is the volume at equili-
brium, andd0 is the value of the departure from equilibrium
initially (immediately after jumping up or down to the aging
temperature); for enthalpy,d � dh � DH∞ 2 DHa�t�; where
DHa(t) is the change in enthalpy after aging for some timet
andDH∞ is the total change in enthalpy found in reaching
equilibrium. The departure from equilibrium is a relative
value for volume (being dimensionless) but this is not the
case for enthalpy due to the fact that there is not an absolute
scale for enthalpy.

The nonexponentiality of structural recovery is accounted
for in the TNM model by the parameterb . The nonlinearity
is incorporated by allowingt to be a function of temperature
and fictive temperature,Tf, the latter of which was first used
by Tool [28] to quantify the structure of a glass:

ln t0 � ln A 1
xDh
RT

1
�1 2 x�Dh

RTf
�2�

where ln A; x, andDh/R are generally taken to be fitting
parameters. The nonlinearity parameterx partitions the
structure (Tf) and temperature dependence of the relaxation
time [26]. The fictive temperature is defined as the tempera-
ture at which a material would reach equilibrium if heated
(or cooled) along the glass line. Hence, at equilibrium, the
fictive temperature is equal to the temperature. Given the
narrow temperature range used in this work, the Arrhenius

temperature dependence of the equilibrium relaxation times
given by Eq. (2) is a valid approximation to the observed
WLF (Williams–Landell–Ferry) [32] behavior. We note
that the dependence of the characteristic relaxation time
on temperature and fictive temperature is an arbitrary
choice. According to free volume theory, free volume
(which can be written in terms of temperature and fictive
temperature) should be the dependent variable [32].

To solve Eqs. (1) and (2), the relationship betweenTf and
the departure from equilibrium must be written:

Tf � Ta 1
dv

Da
for volume �3�

Tf � Ta 1
dh

DCp
for enthalpy �4�

where Ta is the isothermal aging temperature,Da is the
change in the thermal expansion coefficient�1=v��dv=dT� at
the glass temperature, andDCp is the change in the heat
capacity at the glass temperature. We note that Eqs. (3)
and (4) can also be used to related0, the initial departure
from equilibrium in Eq. (1), to the initial fictive temperature,
Tf0.

Eqs. (1) and (2), coupled with either (3) or (4), can be
solved numerically to describe the change in volume or
enthalpy as a function of time during isothermal aging.
The equations can also be modified using Boltzmann super-
position [33] to describe the relaxation during more compli-
cated thermal histories, including cooling or heating legs
[26,29,34,35], and sinusoidal temperature modulation
[36,37]. For cooling at a finite rate from aboveTg to the
aging temperature, the structural recovery response is calcu-
lated as the sum of the responses to small step changes
simulating the cooling [26]. In addition to a constant rate
of cooling, the temperature history for a real sample during
cooling toTa can be modeled using the general heat conduc-
tion equation:

dT
dt
� c�Ta 2 T� �5�

wherec is the heat transfer coefficient andTa is the aging
temperature.

2. Methodology

2.1. Material

The material studied is a polystyrene (PS), Dylene 8 from
Arco Polymers. The sample has a number-average molecu-
lar weight of 92,800 g/mol, a weight-average molecular
weight of 221,000 g/mol, and az-average molecular weight
of 423,000 g/mol.

2.2. Dilatometric studies

A traditional capillary dilatometer using mercury as the
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surrounding fluid was used for the volume recovery
measurements. A 4 g cylindrical sample was vacuum
molded. Holes were drilled axially and radially to decrease
thermal lag. Temperature jump experiments were accom-
plished by placing the dilatometer in a bath maintained at
1048C until thermal equilibrium was reached (several
minutes) and then quickly transferring the dilatometer to a
bath maintained at the aging temperature to^0.028C. The
time for temperature equilibration (̂0.18C) was found to be
approximately 100 s. Time zero for the physical aging
experiment is taken as the time at which the bath transfer
was initiated. There is some controversy surrounding
whether time zero should be taken after completion of the
quench [12], midway through the quench [38], or at the start
of the quench [39]. The reason for taking time zero midway
through or at the beginning of the quench is to attempt to
correct the data for the finite temperature jump since the
recovery that occurs during cooling would take longer at
the aging temperature [40]. Modeling work has shown
that for the cooling history in the dilatometric experiments,
taking time zero at the beginning of finite quench results in
insignificant error in data on a logarithmic time scale
compared to the results of a perfect quench for times greater
than approximately two times the thermal equilibration time
[41]. However, in this work, we actually modeled the
quench itself for the dilatometric experiments.

The thermocouples used to monitor the temperature of the
oil baths were calibrated using a platinum resistance ther-
mometer (PRT), itself calibrated using the National Bureau
of Standards (now, the National Institute of Standards and
Technology) temperature scale by Leeds and Northrup.
Maintenance of the calibration is periodically checked
with ice point readings. The absolute temperature is consid-
ered to be accurate to 0.018C.

2.3. DSC studies

A Perkin–Elmer DSC-7 differential scanning calorimetry
was used for the measurement of enthalpy recovery after
isothermal physical aging. A single 10.59 mg polystyrene
sample, sealed in an aluminum pan, was used for all of the
DSC data. To erase any previous thermal history, the
sample was heated to aboveTg (to 1308C) for several
minutes. The sample was then cooled at 308C/min to
the isothermal aging temperature and aged for a pre-
determined time of aging (ta) ranging from 5 min to
3 days. After isothermal aging, the sample was cooled
at 308C/min to 408C, and data were subsequently
collected during a heating ramp from 40 to 1308C at
108C/min. To obtain an accurate baseline for analyzing
the enthalpy recovery data, the sample was then cooled
to 408C at 308C/min and “unaged” data are subse-
quently collected by immediately heating at 108C/min.
The cooling leg after isothermal aging was necessary in
order to insure good temperature control over the
temperature range in which the recovery occurs.

The change in enthalpy during physical aging,DHa, can
be determined by the difference in the areas under the aged
and the unaged scans, respectively [16]. To this end, both
curves are integrated between temperatures where the
curves overlap, one temperature below and one above the
aging peak. The procedure assumes that the same degree of
relaxation occurs during cooling for both the aged and
unaged glasses. Due to the relatively high rates of
cooling used in the DSC experiments, this assumption is
expected to be valid. We note that since the two
heating scans, one of aged material and the other for unaged
material, were obtained one after another, there is
expected to be no affect of instrument baseline drift on
DHa. Even so, we used a custom-designed ethylene glycol
refrigerator cooling system maintained at 58C, which was
near or above the dew point temperature, in order to
minimize frost build-up and/or water condensation on the
DSC heat sink in order to insure a stable and reproducible
baseline.

The temperature and heat flow of the DSC were cali-
brated on heating at 108C/min using gallium, indium, and
a liquid crystal standard, (1)-4-n-hexyloxyphenyl-40-(20-
methylbutyl)-biphenyl-4-carboxylate [42] (CE-3 from
T.M. Leslie, University of Alabama; smectic to cholesteric
transition at 78.88C). No correction was made for thermal
lag, which is on the order of 18C for a heating rate of 108C/
min [43], because although thermal lag will affect the shape
and placement of the enthalpy recovery peak [35], it will not
affect the area of the peak.

To insure that the isothermal aging temperatures are
correct, the temperature calibration obtained using the
three standards was corrected by the difference between
the melting point of indium at a rate of 0.18C/min and that
at 108C/min. We use the 0.18C/min calibration as the
isothermal case because it gave the same results as the
extrapolation of the results from several runs made at
various rates to the isothermal condition, and the former
requires less effort.

2.4. Model calculations

The best fit of the data to the Tool–Narayanaswamy–
Moynihan model [26–28] was found by minimizing the
sum ofx 2 for all aging temperatures with the data of each
temperature being weighted equally in the sum. The
Marquardt algorithm [44] was used to search the parameter
space for the minimum. For volume recovery, the TNM
equations in conjunction with the general heat equation
was used to model both the quench from 1048C to the
aging temperature and the isothermal recovery at the
aging temperature. Hence, five parameters were fit:Dh/R,
x, b , ln A, andc (the latter being the heat transfer coeffi-
cient). The value ofDa was obtained from experimental
data. For enthalpy recovery, a perfect quench was assumed
due to the small sample size and high rates of cooling
obtained in the DSC. Hence, four parameters were fit:
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Dh/R, x, b , ln A; Tf0 and DCp were determined from the
temperature dependence ofDH∞ using Eq. (4). Values of
the parameters are given in Section 3.

3. Results and discussion

3.1. Cooling studies

The volume versus temperature cooling curve obtained at
0.28C/min is shown in Fig. 1. The glass temperature is
determined by the intersection of the extrapolated
equilibrium and glassy lines, and is found to be 94.88C.
The thermal expansion coefficienta � 1=V�dV=dT� is
found to be 5:5 × 1024 and 2:1 × 1024 K21

; in the equi-
librium and glassy regions, respectively. These values
agree with those of other researchers [45–49] as shown in
Table 1.

3.2. Volume recovery

Volume recovery is shown in Fig. 2 for material aged at
temperatures ranging from 88 to 1008C for times up to
several days. The data is plotted as the relative departure
from equilibrium,dv � �v�t�2 v∞=v∞�: The specific volume
at equilibrium, v∞, is determined experimentally by the
value at which the volume levels off at long times for
temperatures at which equilibrium is achieved. For the
lower two temperatures,v∞ is estimated by extrapolation
of the equilibrium volume versus temperature line.

The relative departure from equilibrium decreases
approximately linearly with the logarithm of increasing
aging time and then levels off as equilibrium is approached.
As the aging temperature decreases, the curves are shifted to
longer times. Over the range of temperatures studied, the
rate of structural recovery, dv/d(log t), is approximately 5×
1024 cm3 g21 per logarithmic decade of time independent
of aging temperature in the range where the response is
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Fig. 1. Volume as a function of temperature obtained dilatometrically during cooling at 0.28C/min.

Table 1
Thermal expansion coefficients reported for polystyrene

a liquid (104 K21) aglass(104 K21) Da (104 K21) Reference

5.4 2.0 3.4 Braun and Kovacs [45]
5.7 2.4 3.3 Greiner and Schwarzl [46]
4.9 1.6 3.3 Lee and McGarry [47]
5.5 Ueberreiter and Kanig [48]

3.0 McKinney and Simha [49]
5.5 2.1 3.4 Present work



linear with the logarithm of time. The rate we measure is
somewhat lower than the rates reported by Adachi and
Kotaka [13], which along with Kovacs data [2], were
shown to follow a linear relationship as a function of mole-
cular weight (M); for the molecular weight we studied, dv/
d(log t) is predicted by their relationship to be 7×
1024 cm3

=g; somewhat higher than the value we observed.
The apparent discrepancy arises from the fact that the rate of
volume relaxation depends on the initial fictive temperature

of the unaged glass, or in other words, on the temperature
from which the glass-forming liquid is quenched. Kovacs
showed that the higher the temperature from which the
quench is made, the faster the rate of relaxation at short
times, whereas at long times, the volume recovery curves
approach one another and coincide [2]. In our work, the
material is quenched from 1048C, whereas in the work by
Adachi et al. and Kovacs, the material is quenched from 120
and 1158C, respectively. Hence, the rate of volume recovery
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Fig. 2. Evolution of the relative departure from equilibrium for volume. Lines are the fit to the TNM model of structural recovery; model parameters arelisted
in Table 2.

Fig. 3. Evolution of the change in enthalpy during aging. Lines are the fit to the TNM model of structural recovery; model parameters are listed in Table 2.



reported by the latter is faster than that reported by us. It
must be emphasized that the initial fictive temperature will
not affect the time required to reach equilibrium unless the
time scale of cooling is comparable to the time to reach
equilibrium [11].

Depicted in Fig. 2 is also the best fit of the Tool–Naraya-
naswamy–Moynihan model [26–28] to the data. The model
gives a good description of the data. The best fit model
parameters are shown in Table 2; the value ofDa is given
in Table 1. The model parameters used to fit the isothermal
volume recovery data differ from literature values [8]
provided in the review by Hodge. However, the literature
values were obtained from fitting DSC temperature scans,
and hence, this is not necessarily unexpected. The value for
the apparent activation energy,Dh/R, might be expected to
be comparable, however, if the times to reach equilibrium
were similar for the two properties. The fit of the data shown

in Fig. 2 was obtained by minimization of the difference
between the model calculation and the experimental points
for all five temperatures at once, with each temperature
being equally weighted in the fit. A unique set of parameters
is obtained if one fits all five data sets simultaneously.
However, since the volume recovery curve after a down-
jump is simply a stretched exponential, each particular data
set can be equally well fit with various sets of model para-
meters. This is obvious to researchers familiar with such
fitting of data but must be kept in mind when comparing
data in the literature. Complicating comparisons is also the
fact that the model parameters appear to depend on thermal
history [6,8,10,35,50–59] such that one set of parameters
may not adequately describe experimental results over a
wide range of thermal history.

3.3. Enthalpy recovery

Enthalpy recovery is shown in Fig. 3 for material aged at
temperatures ranging from 88.0 to 97.88C for times from
several minutes up to several days. Three data points were
obtained at each aging time (except for the longest times
where fewer points were obtained). The scatter in the data is
similar to that of other researchers (better than^0.1 J/g).
The enthalpy behaves similarly to the volume, with the
change in enthalpy increasing approximately linearly with
the logarithm of the aging time and then leveling off at
equilibrium.

The rate of enthalpy change, d(DHa)/d log t, in the
regime where it is approximately linear is 0.6 J/g per
logarithmic decade of time. In comparison, the rate of
enthalpy change in Roe and Millman’s data [15] and in
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Fig. 4. Evolution of the relative departure from equilibrium for enthalpy; data points are averages. Lines are the fit to the TNM model of structural recovery;
model parameters are listed in Table 2.

Table 2
TNM model parameters used to model volume and enthalpy recovery data

Parameter Volume Enthalpy

DH/R (kK) 146.1 100.4
b 0.70 0.74
x 0.10 0.36
ln A (s21) 2387.40 2264.25
Tfo (8C) 104.0 101.6a

Da (kK21) 0.34b

DCp (J g21 K21) 0.21a

c (s21) 0.0260

a Tf0 andDCp for enthalpy were obtained from the values ofDH∞ at the
temperatures where equilibrium was achieved.

b Da was determined experimentally (see Table 1).



Petrie’s work [16] is approximately 0.8 J/g per decade and
0.6 J/g per decade, respectively. Using our rate of enthalpy
change, we obtain a value for the ratio of the change of
enthalpy to that of volume, dH/dV, of 1:2 × 109 J=m3 in
the region where both properties vary logarithmically with
time. This value is consistent with that reported by Oleinik
[23].

The fit of the Tool–Narayanaswamy–Moynihan model
[26–28] is also shown in Fig. 3. The model parameters
used in the fit are shown in Table 2. The model was actually
fit to the enthalpy data shown in Fig. 4 in terms of the
enthalpic departure from equilibrium�DHa∞ 2 DHa�
where the multiple data points obtained at each aging time
are averaged. The enthalpy data was modeled as a perfect
quench with an initial fictive temperature (Tf0) of 100.78C
for all the aging temperatures modeled due to the high rate
of quench achievable in the DSC. The value ofTf0 was
determined from a linear fit ofDH∞ assuming thatDCp is
constant over the temperature range studied at
0.22 J g21 K21 based on the temperature dependence of
DH∞ at the three highest temperatures where values of
DHa∞ can be obtained. The value ofDCp is slightly smaller
than that found from DSC cooling experiments
(� 0.25 J g21 K21 at 978C).

The values of the TNM model parameters found to fit the
isothermal enthalpy recovery data are somewhat in agree-
ment with the values cited in the literature [8]. The para-
meters obtained for isothermal enthalpy recovery are close
to the literature values, withb within the range of values
reported (0.55–0.80),Dh/R on the high side of the range
reported (53–110 kK), andx on the low side of the reported
values (0.44–0.52) [8].

3.4. Comparison of volume and enthalpy recovery

3.4.1. Time scales
We are now interested in comparing the time scales for

volume and enthalpy recovery. However, the time required
to reach equilibrium at a specific aging temperature is diffi-
cult to assess due to the asymptotic approach to equilibrium.
In previous work, we determined the time required to reach
equilibrium by visual inspection [11,12]. Here, we fit the
data to the stretched exponential function:

d � d0 exp 2
t
tch

� �b� �
�6�

The nonexponential parameterb and the characteristic
relaxation timet ch obtained from Eq. (6) do not have physi-
cal significance because the nonlinearity of the structural
recovery process is not accounted for; i.e. Eq. (6) cannot
describe the asymmetry of approach experiments [2]. The
equation fits the data, however, because the nonexponential
factorb compensates for neglecting the nonlinearity. Rear-
ranging the stretched exponential function, we obtain the
time required to reach equilibrium (t∞):

t∞ � tch ln
d0

d∞

� �� �1=b

�7�

whered∞ is the value ofd at our arbitrary definition of
equilibrium andd0 is used as a fitting parameter. The criteria
we used for reaching equilibrium isd∞v � 0:01× 1023 and
d∞h � 0:01 J=g: These criteria are equivalent since the initial
departure from equilibrium at 978C for volume is
approximately one thousandth of that for enthalpy:d0;v �

S.L. Simon et al. / Polymer 42 (2001) 2555–2567 2561

Fig. 5. Temperature dependence of the logarithm of the times required to reach equilibrium and of the shift factors for both the data (solid symbols) and the
model calculations (open symbols). Triangles and circles: volume; inverted triangles and circles: enthalpy.



1:4 × 1023 and d0;h � 1:1 J=g: (Taking d∞h � 0:008 since
d0;h � 800d0;v made no significant difference int∞.)

Fig. 5 shows the time required to reach equilibrium for
both volume and the enthalpy recovery as a function of
temperature as determined by the criteria above using Eq.
(7), as well as the times required to reach equilibrium
(defined by the same criteria) calculated for all temperatures
from the fit of the TNM structural recovery model. We also
plot the shift factors, logaT, which will be discussed later.
For now, we focus on the times required to reach equili-
brium. The agreement is good between the model calcula-
tions and the stretched exponential, although not perfect
since the model was fit to all five temperatures simulta-
neously, whereas the stretched exponential fits were
performed separately for each aging temperature where
equilibrium was attained. The error bars in the times
required to reach equilibrium for enthalpy data are
related to the scatter in the data which results in uncer-
tainty in DH∞. The error bars were obtained by fitting
the data with the stretched exponential function using
DH∞ ^ one standard error to obtain the upper and lower
limits of t∞. We suggest that the data indicate that the
times required to reach equilibrium are the same for
volume and enthalpy recovery for the temperatures
between 94 and 1008C where equilibrium was achieved
in the experimental data.

On the other hand, the model predictions of the times
required to reach equilibrium indicate that the equilibrium
times diverge below about 948C due to a difference in the
apparent activation energies for volume and enthalpy recov-
ery. The apparent normalized activation energies (Dh/R) for
volume and enthalpy from the times required to reach

equilibrium from the TNM calculations were obtained
from Arrhenius plots and are 157 and 101 kK. From the
TNM model itself, values of 146 and 100 kK were obtained
for the apparent activation energy (Dh/R). The slightly
higher value obtained from the times required to reach equi-
librium from the model fits is attributed to the use of an
arbitrary definition of equilibrium; the smallerd∞ is, the
lower the difference between the activation energy obtained
from the times to reach equilibrium and that used in the
model calculations. Whether the difference in the activation
energies for volume and enthalpy recovery is real or an
artifact of problems with the TNM model [8,35,50–59]
cannot be determined. It is clear, however, that extrapola-
tion of the times required to reach equilibrium using the
TNM model indicates that the equilibration times for
volume and enthalpy will diverge at temperatures below
those where equilibrium was achieved in the time scale of
the experiments.

3.4.2. Shift factors
Another approach to approximating the temperature

dependence of the times to reach equilibrium for data in
which equilibrium is not attainable in experimental time
scales is to examine the times required to reach a specified
departure from equilibrium near equilibrium. We suggest
that because thed versus log time data appear to be approxi-
mately parallel at long times, the temperature dependence of
the time required to reach equilibrium and that of the time
required to reach a specifiedd for small d should be
approximately the same. In other words, we propose that
time–temperature superposition is valid at long times (small
ds) and that we can obtain equilibrium shift factors from
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Fig. 6. Time–temperature superposition of the relative departure from equilibrium for volume. Lines are the fit to the TNM model of structural recovery,
shifted separately for best superposition near equilibrium.



reduction of the curves at long times. The error introduced
by the shifting procedure has been quantified by a para-
metric analysis and is found to be vary from 0 to 10 kK at
b � 1:0 depending on the value ofx; asb decreases, the
error increases to a maximum of 25 kK atb � 0:2 [41]. For
a nominal set of parameters,x� 0:4; b � 0:5 andDh=R�
100 kK; the error inDh/R estimated from the shift procedure

is 10% [41]. This error is the same order of magnitude as
that reported for fitting DSC curves [54]. The fact that the
time required to reach equilibrium has the same temperature
dependence as the shift factors (as will be shown shortly)
also lends credence to the procedure. Obviously, one need
not shift the curves to estimate the time to reach equilibrium
or the apparent activation energy if one has fit the data to a

S.L. Simon et al. / Polymer 42 (2001) 2555–2567 2563

Fig. 7. Time–temperature superposition of the relative departure from equilibrium for enthalpy. Lines are the fit to the TNM model of structural recovery,
shifted separately for best superposition near equilibrium.

Fig. 8. WLF behavior of shift factors from reduction of volume and enthalpy data and from equilibrium creep recovery measurements Ref. [61], all for
Dylene 8.



model of structural recovery since these values can be
obtained from the model. However, the shifting procedure
is simple and gives in most instances a reasonable approx-
imation ofDh/R.

Fig. 6 shows the result of shifting the volume data hori-
zontally to the reference temperature of 978C in such a way
that the data superpose at long times. The dashed lines are
the model calculations (with the temperature quench
included) presented in Fig. 2 and they are shifted separately
to also give the best superposition at long times. Data super-
pose only at long times for smallds. Data deviate from the
common asymptote to approachd0 � �v0 2 v∞�=v∞ at short
times.

The enthalpy data shown in Fig. 4 are analyzed in an
analogous manner in Fig. 7. The model calculations are
shown by the dashed lines and are shifted independently
to give the best superposition at long times. Here again,
data coincide to a reduced curve only at long times for
smallds.

The shift factors, logaT, used to shift the volume and
enthalpy data and the volume and enthalpy model calcula-
tions are shown in Fig. 5. The shift factors obtained from
shifting the data and from shifting the model curves are very
similar as expected since the model describes the data well.
The shift factors appear to be nearly the same for the two
properties at temperatures above approximately 948C.
Below 948C, the shift factors diverge. The apparent normal-
ized activation energies, obtained from Arrhenius plots (not
shown), are 142 and 112 kK for volume and enthalpy,
respectively. The temperature dependence is in agreement
with Dh/R obtained from the model fits (147 and 100 kK,
respectively) and also agrees with the temperature
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Fig. 9. VTHF plot of shift factors used to reduce volume, enthalpy, and creep data for Dylene 8 and other polystyrenes Refs. [45,60,64–67]. Polymer
characteristics are listed in Table 3.

Table 3
Material characteristics for polystyrenes used in Fig. 9

Material or ID code M (kg/mol)a PDI T∞ (8C) Tg
b 2 T∞ (8C)

Commercial samples
Dylene 8 [61] 92.8 2.4 69.8 27.1
Dylene 8E [61] 104.0 2.5 69.9 27.l
Dylene 8G [61] 122.0 2.4 70.0 27.2
Dow 666 U-26 [61] 104.0 2.5 65.2 31.8
F380 [65] 3840 1.05 69.5 28.5
Duke standard [65] 7100 1.1 70.0 28.0

Fractionated samples
A-67 [7]c [66] 1.1 1.03 5.8 34.2d

A-61 [3] [66] 16.4 – 65.0 26.8
A-25 [4–6] [66] 46.9 1.05 67.5 28.3
M-102 [66] 94 ,1.08 68.0e 28.9
L-5 [5,8] [66] 122 1.05 67.6 29.6
L-2 [12] [66] 189 1.01 70.0 27.5
A-19 [7–12] [66] 592 1.06 70.0 27.8
A-16 [5] [66] 800 – 69.5 28.4
PC6A [66] 773 ,1.12 69.0 28.9
Kovacs [45] 400 – 69.7 28.0

Average 28.6
Standard deviation 1.9

a Number-average molecular weight except for fractionated samples
which are viscosity-average molecular weights for Ref. [38] and weight-
average molecular weight for Ref. [40].

b Tg � 98:0–1:02× 105
=M as determined by Altares [65].

c Bracketed numbers denote fractions.
d UsingTg � 408C; the value estimated by DSC [65].
e Used to fix other relative values due to the large temperature range over

which data was taken.



dependence of the times required to reach equilibrium
obtained from the time to reach equilibrium results (157
and 101 kK, respectively.)

3.4.3. Temperature dependence of equilibrium below Tg

We indicated above that the times required to reach equi-
librium and the shift factors obtained from our shifting
procedure appear to have an Arrhenius temperature depen-
dence. This is not unexpected given the limited 128C
temperature range over which data are taken. In Fig. 8, we
show the shift factor data from volume and enthalpy recov-
ery, along with shift factors obtained from creep/recovery
measurements [60] in the softening dispersion for the same
polystyrene. The creep data show the expected WLF
(William–Landel–Ferry) [32] behavior. We note that the
creep shift factor at the highest temperature examined
(.1808C) is not shown in this figure (it is shown in Fig.
9) because its temperature dependence is that of the terminal
zone rather than the softening dispersion. Fig. 8 indicates
that the shift factors at the lowest aging temperatures studied
deviate from the WLF behavior.

In Fig. 9, we show the equivalent Vogel [61]–Tammann–
Hesse [62]–Fulcher [63] (VTHF) plot of the shift factors
versus the reciprocal of (T 2 T∞), whereT∞ is a constant
which is approximately 298C below Tg. In this figure, we
compare not only the shift factors found in this work and
those for equilibrium creep measurements for Dylene 8 [60]
but also creep data for various polystyrenes including other
commercial samples [60,64] and fractionated samples
[65,66], as well as shift factors reported by Braun and

Kovacs [45] for volume recovery data. The values of the
parameterT∞ used for the reduction of the data are shown in
Table 3; the values are consistent with those found
previously [60]: we find�Tg 2 T∞� � 28:6 with a standard
deviation of 1.98C. Similar to the WLF plot, the VTHF
temperature dependence appears to be valid over a wide
temperature range for the various polystyrenes tested, but
it does not fit data from this work and from that of Kovacs
[45] for temperatures below the glass temperature where the
temperature dependence appears to be significantly weaker.
Far above the glass temperature, also, the temperature
dependence decreases and becomes Arrhenius; this latter
fact is better well-known.

The deviation from the WLF or Vogel temperature
dependence for the characteristic relaxation time at equili-
brium density belowTg is not well-known or accepted. The
most convincing data depicting the change from WLF to
Arrhenius temperature dependence atTg is the recent work
on polycarbonate by O’Connell and McKenna in which
equilibrium was reached at temperatures 178C below the
nominal glass temperature [67]. These results are consistent
with the results of earlier researchers, although the observa-
tion that the change from WLF to Arrhenius temperature
dependence appears to occur atTg is new. For example,
Plazek showed nearly twenty years ago that the temperature
shift factors from creep data could not be fit by the same
Vogel equation presumably because of the presence of two
dispersions with different temperature dependences [68].
More recently, Stickel, Fischer and Richert suggested that
all glass-forming materials exhibit two temperature
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Fig. 10. Comparison of normalized volume and enthalpy recovery at 978C predicted from model calculations, for temperature jumps of 4.6 and 0.58C,
respectively.



regimes, each describable by the Vogel equation in addition
to a third Arrhenius regime at high temperatures [69]. Early
work on B2O3 by Macedo and Napolitano [70], shows two
Vogel temperature dependencies, but the change in
temperature dependence from one Vogel equation to the
other occurs several hundred degrees aboveTg. However,
recent data on B2O3 from our laboratory [71], which was
analyzed along with the data of Macedo and Napolitano,
suggests that the viscosity of B2O3 departs from the Vogel
temperature dependence in the vicinityTg. Similar behavior
might be interpreted from earlier works on various organic
liquids [72,73], but it is not clear in those works that the
measurements reported are all made at equilibrium density.
Finally we note that recent theoretical work by Di Marzio
and Yang predicts a change in the temperature dependence
of the equilibrium relaxation time atTg from WLF-type
dependence to an Arrhenius temperature dependence [74].
The non-WLF temperature dependence belowTg for the
equilibrium state has major implications for modeling and
predicting the effects of structural recovery, especially for
aging deep in the glassy state, since knowledge of the value
of the relaxation time at equilibrium is critical for accurate
predictions.

3.4.4. Approach to equilibrium
Finally, it is of interest to examine the relative rates of

approach to equilibrium for volume and enthalpy recovery.
To this end, Fig. 10 shows the normalized volume and
enthalpy recovery at 978C calculated from the TNM
model using the best fit parameters for volume and enthalpy,
respectively. The normalization procedure is such that the
data go from 1.0 initially to 0.0 at equilibrium. The calcula-
tions are for two perfect temperature jumps, one from 101.6
to 97.08C, and the other for a more linear jump from 97.5 to
97.08C. It is obvious that the approach to equilibrium for
volume and enthalpy differ for the 4.68C jump, indicating
that their sensitivities to the underlying structural change
that occurs during structural recovery differ. This is
similar to the result found for poly(ether imide) [12].
However, it is interesting to note that as the jump becomes
more linear, the differences between the two responses
vanish. Mathematically, this is because the TNM
parameterb is essentially the same for volume and
enthalpy, whereas the nonlinearity parameterx is signifi-
cantly different. This suggests that the differences in
approach to equilibrium that have been observed for volume
and enthalpy recovery may only be due to the nonlinearity
of the process, rather than to inherent differences between
the two processes.

The observations reported in this work, that volume and
enthalpy recovery data come to equilibrium at the same time
(for temperatures above approximately 948C) although they
do not have the same approach to equilibrium, are similar to
those observed by us previously for polyetherimide [11,12].
Our results on relative time scales of volume and enthalpy
recovery of polystyrene are consistent with the work of

Oleinik [23], who reported that dH/dV is a constant during
aging — we observe the same except very near to equili-
brium. The results are also not inconsistent with those of
Adachi and Kotaka [13] and Weitz and Wunderlich [14],
both of whom reported on aspects of the relative kinetics of
volume and enthalpy recovery. However, we argue that
differences in the kinetics of volume and enthalpy recovery
should not necessarily be interpreted to mean that volume
and enthalpy recovery are decoupled. In fact, the two prop-
erties appear to come to equilibrium at the same time for the
temperatures in which equilibrium was achieved in the
time scale of the experiment. In addition the model
predicts that the two properties will have the same
normalized response in the limit of a linear temperature
jump at 97.08C. This indicates to us that the properties
are not decoupled. The fact that the TNM model appar-
ent activation energies differ does, however, argue
against our interpretation of the data or the model’s
validity and, in either case, suggests a need for further
investigations.

The results in this work do not necessarily address the
relative evolution of mechanical properties and thermody-
namic properties, in which differences in time scales have
also been observed [16,17,19–22]. The apparent lack of
universality of those results may also be a reflection of the
effect of differences in the nonlinearity of the structural
recovery response for different properties.

4. Conclusions

Volume and enthalpy recovery measurements have been
used to study the physical aging behavior of a polystyrene in
the vicinity of the glass temperature. Data are well-
described by the TNM model of structural recovery. The
times required to reach equilibrium, as well the shift factors
used to shift the data such that they superpose at long times
(at small ds), are identical for the two properties for
temperatures above 948C where data came to equilibrium
during the experiments. The shift factors and the TNM
model predict that at lower temperatures, where we were
not able to achieve equilibrium due to the long time scales
involved, the times required to equilibrium would diverge
for the two properties. The shift factors used for the reduc-
tion of the data have a temperature dependence which is
weaker than the WLF or VTHF temperature dependence
which described equilibrium creep shift factor data obtained
in other work. In addition, the rate of approach to equili-
brium for volume and enthalpy was examined. For
nonlinear jumps, the normalized responses at 978C differed.
However, as the jumps became more linear, the normalized
responses became almost identical. We suggest that this
indicates that the effective relaxation time spectrum for
the two properties is similar, but that the nonlinearity of
the structural recovery response for volume and enthalpy
differ.
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