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Volume and Enthalpy Relaxation in Polystyrene
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ABSTRACT: A study was carried out on the effects of thermal aging on specific volume | and
speeific enthalpy H of polystyrene below the glass transition temperature. The dependence of 7 and
H on annealing time was similar. No significant effect of the distribution of molecular weight on the
relaxation behavior was found. The behavior of 17 and H reaching a maximum after a double-step
temperature-jump was also investigated. The time for the maximum ¥ and A varied in proportion
to the period of pre-annealing. The time for the maximum volume was slightly longer than that for
the maximum enthalpy. These facts indicate that the dependence of ¥ and H on the order
parameters specifying the glassy state are similar but not cxactly the same. From the enthalpy and
volume relaxation curves, the enthalpy required for creating free volumes in polystyrene was
calculated to be 2.0 kJ cm 3. The behavior of the volume relaxation was discussed by assuming a
wide distribution of relaxation time.
KEY WORDS  Volume Relaxation / Enthalpy Relaxation | Polystyrene |
Glass Transition ; Temperature Jump [ Memory Effect |

When an amorphous substance is quenched from

a temperature above the glass transition tempera-

ture T, to a temperature several degrees below T,

extensive thermodynamic guantitics such as volume

and enthalpy gradually change.!” Although the
volume relaxation has been studied by many au-
thors,>~'® enthalpy relaxation,'®~ '3 especially the
difference between volume and enthalpy relaxa-
tions, has not as yet been investigated thoroughly.

The observed features of volume relaxation are

summarized as follows' ~1%:

{1} The specific volume ¥ changes in proportion to
the logarithm of annealing time r.

(2) The volume relaxation time depends on the
internal structure of the plass. Consequently,
the volume relaxation is nonlinear in the sense
that the shape of a relaxation curve depends on
the volume at ¢=0.!:2-510

(3) The specific voelume vs. time curve following a
double-step temperature-jump shows a maxi-
mum.*?

Calorimetric studies revealed that the first feature

also appears in the enthalpy relaxation.'® However,

there are no reported studies as to whether the
second and third features can be seen in ihe en-

thalpy relaxation. In this paper, we compare the
volume and enthalpy relaxations of a polystyrene
sample measured under the saume conditions, with
special reference to the third feature.

Most of the studies on volume and enthalpy
relaxation were carried out on polymer samples
with a broad distribution of molecular weight,
except for that of Endo ef ol who investigated the
volume relaxation of narrow distribution poly{a-
methylstyrene). It was shown that the molecular
weight distribution affects slightly the behavior of
volume relaxation. In the present study, we also
measured volume and enthalpy relaxation, using
narrow distribution polystyrenes.

EXPERIMENTAL

Sampies . Two polysiyrene samples purchased
from Pressure Chemicals Co. were used after being
dried under a vacuum of 1 Pa at 60°C for 48h.
These samples had molecular weights of 4000 and
3.9 x 10°, and were designated as PS(L.) and PS(H),
respectively. Their weight to number average mo-
lecular weight ratios were less than 1.1.

For dilatometry, the dried PS(H) and PS(L) were
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compression molded into films of about 1 mm thick
at 180 and 100°C, respectively. For the measure-
ment of enthalpy relaxation, PS(H) was molded also
at 180°C inlo disks of 1cm wide and 1em thick.

Methods Enthalpy was measured with a micro-
calorimeter of the isothermal-wall type designed by
us and constructed by Tokyo Riko Co. (Model
SCC-1). A cross-sectional view of the calorimeter is
shown in Figure 1. About 3.9 g of PS{H) were used
for the calorimetry after being dried under a
vacuum of 107! Pa for 20h and sealed in a glass
ampule with belium. The ampule was set in a sample
holder, as shown in Figure lc. The sample holder
was then inserted in the calorimeter (Figure 1b).
The rate of heat absorption or evolution, dg/dt,
from the sample, being proportional to the lempera-
ture difference AT between the sample holder and
the aluminium block (Figure 1b), could be de-
termined by means of AT. In this calorimeter, AT
was measured by 13 thermo-modules (Melcor Co.)
connccted in series. The sensitivity of these thermo-
modules was about 17 mV K ™', The electric signal
from the modules was amplified by a DC amplifier
{Ohkura Seisakusho, Model AM-1001) and traced
on a pen-recorder. The proportionality constant
between dg/dr and AT was determined to be about
6.7x 1072 Js~* K~! by measuring the heat from a
resistance to which a definite current was applied
for a definite period of time. The temperature of the
oil bath {(Figure la) was controlled within 5x-

107*K. Thus heat evolution or absorption could
be measured within a precision of about 1% 1079
Js~1,

Volume relaxation was measured with a con-
ventional dilatometer, whose details have been de-
scribed elsewhere,’® The temperature of the oil bath
for this experiment was regulated within 0.01 K.

Both volume and enthalpy measurements were
performed as follows. In a single-siep iemperature-
jump (T-jump) experiment, the dilatometer or the
sample holder of the calorimeter was kept at a
temperature T; above the T, for ten minutes and
then transferred quickly into the dilalometry oii-
bath or the calorimeter thermostated at a tempera-
ture 7, to commence the measurement as a function
of elapsed time r. This procedure allowed the tem-
perature of the sample to change step-wisc from T;
to T, within a period of the time needed for heat
conduction, The time constant for the heat con-
duction was estimaled te be 13 and 45s for the
dilatometers with PS(H) and PS(L), respectively.
The time constant in the enthalpy measurement was
200s. In a two-step T-jump experiment, the speci-
men was first brought from 7(>T}) to a tempera-
ture T,, using the same procedure as described
above, and kept at T,, for a prescribed period of
lime x. It was then transferrcd to another bath or
the calorimeter kept at a temperature T7,;.
Measurement of volume or enthalpy was made as a
function of elapsed time ¢ following the second T-
jump. Usually, these annealing temperatures were

Figure 2.
at the heating rate of 0.2°C min~!
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Temperature dependence of the specitic volume of PS(H) (@) and that of PS(L) { ) measured
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chosen as shown in Figure 2. A clear change in the slope of the
curve is seen, indicating that 7, at this heating rate
is 100.6 for PS(H) and 71.4°C for PS(L). The
volume relaxation curves of PS(L} following 7-
RESULTS jumps from 90°C 1o various temperatures below T,

are shown in Figure 3, in which only the relative

The temperature dependence of the specific vol- change in the specific volume AV is shown as a
umes of PS(H) and PS(L.) measured by raising the function of log 1 in order to compare all the data in
temperature at a heating rate of ¢g. 0.2°C min~'is one diagram. Figure 4 shows the volume changes in

T>T,>T,;>T, .

T T T 1 I T T T T

70.0°C 4
68.0 -
66.0 i
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50.0
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Figure 3. Volume relaxation curves of PS(L) after temperature jumps from 90°C to various temperatures
T,. The absolute values of the specific volumes at 300 s are as follows: curve 1, 0.9661; curve 2, 0.9653;
curve 3. 0.9650; curve 4, 0.9643; curve 35, 0.9610; curve 6, 0.9586 (in cm? g™,

962 Polymer J., Vol. 14, No. 12, 1982



Volume and Enthalpy Relaxation in Polystyrene

PS(H) following T-jumps from 120°C to various
temperatures. When the annealing temperature T,
was close to T, the equilibrium volume was at-
tained within an annealing period of 10°s, as can be
seen from curves 1, 2, and 3. Before atlaining

equilibrinm, the volume changed linearly with log .
As can be seen from Figures 3 and 4, the curves 1, 2,
and 3 are almost parallel to each other, indicating
the slope, (—d¥/d log ), to be almost independent
of T,. This slope, a measure of the rate of volume

]
BN — —l

100.0 °C
98.0 T
26.0 -
94.0
1.9

85. 1 :
80.0 J
70.0 X
60.0
50.1

OWwoD~NOO,

log( t /s)

Figure 4. Volume relaxation curves of PS{H) after temperature jumps from 120°C to various tempera-
tures T,. ‘The absolute values of the specific volume at 300 s are as follows: curve 1, 0.9728; curve 2, 0.9717;
curve 3, 0.9716; curve 4, 0.9710; curve 5, 0.9704; curve 6, 0.9685; curve 7, (.9672; curve 8, 0.9649; curvc 9,

0.9625; curve 10, 0.9613 (in cm® g™ 7).
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relaxation, decreased slightly with increasing mo-  thors.*%? No significant difference was found be-
lecular weight, as illustrated in Figure 5. However, t(ween the relaxation curves of broad and narrow
the molecular weight dependence of the volume distribution polystyrenes.
relaxation is not as strong as the usual viscoelastic The enthalpy relaxation curves for PS(H) follow-
properties. It can be alse recognized that the curves  ing the 7-jumps from 120°C to 96 and 90°C are
shown in Figures 3 and 4 resemble those for broad  shown in Figures 6(a) and 6&(b), respectively. Note
distribution polystyrenes reported by several au-  that the ordinates of these figures refer to the rate of
heat evolution — H(= —dH/d/), instead of the en-
thalpy itself. For comparison, the rate of volume
— T contraction — ¥ at 96°C was calculated from the
volume relaxation curve {curve 3 in Figure 4), and is
plotted in Figure 6(a). It can be seen that the change
- . in log { — H) is almost parallel to that in log (— ¥),
R Y indicating thai the time dependence of volume and
enthalpy relaxation is approximately the same.
Figures 7 and & show the time changes in the
~ specific volume of PS{L) and PS{H), respectively,
following the double-step T7T-jumps mentioned
— ' above. The values of T, for PS{H) and PS(L) were
log M 90 and 120°C, respectively. The values of 7, T,,,
Figure 5, Moleculur weight dependence of the slope of and x are indicated in the ﬁgure,‘ These ﬁgur':as show
the volume relaxation curve in polystyrene. @, present an unusual phenomencn in which the specific vol-
data; O, by Kovacs.® ame first increases, passes through a maximum,

o
T

-ic*dv/diog t

/
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|
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Figure 6. a) Time dependence of the rate of the enthalpy change H=dH/ds and that of the volume
change P=dF/ds for PS(H) at 96°C. DifTerent keys for H represent the data in the different series of
measurements repeated under the same condition.

b) The enthalpy change for PS(H) at 90°C.
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Figure 7. Volume change in PS{L} after double temperature jumps. T,,, T,;, and x (see text) are given in

the figure.

and then decreases to an equilibrium value. This
phenomenon was first found by Kovacs and called
the memory effect.® This effect was found in the
present study and is similar to that observed by
Hozumi on a bread distribution polystyrene sam-
ple.” Therefore, the volume relaxation due to the
memory effect is independent of molecular weight
distribution. The memory effect in the enthalpy
relaxation of PS(H) is shown in Figure 9, in which
the ordinate indicates the rate of heat evolution
— H(= —dH/d), instead of the enthalpy ilself. An
endothermic change occurs in the initial stage of the
relaxation, but after some annealing, the change
becomes exothermic. It should be noted that the
time at which — H becomes zero corresponds Lo the

Polymer J., ¥ol. 14, No. 12, 1982

time at which the system reaches maximum
enthalpy.

DISCUSSION

Comparison of Volume and Enthalpy Relaxation
As can be seen from Figure 6(a), the double
logarithmic —H and — ¥ vs. ¢ curves for PS(H)
subjected 1o the same T-jump are almost parallel
and linear in the range of log ¢ from 3.0 to 4.3. For ¢
larger than 10*?s, both H and ¥ approach equilib-
rium and hence deviate from the linear relation. In
the linear range, the slope of the log (—¥) or
log (— H) vs. log t curve is approximately equal to
— 1. Therefore, both ¥ and H can be represented by
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Figure 8. Volume change in PS{H}) afler double temperature jumps.
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where ay and ay; are constants. It can be shown by
integrating eq 1 or 2 that ¥ or H is proportional to
log .

For a one-component system in the equilibrium
state, two thermodynamic variables, normally tem-
perature T and pressure P, are required to specify its
state. However, since glass is in a nonequilibrium
state, it is necessary to fix extra variables called the
order parameters ¢ in order to specify its state.* ™27
Thus, at constant P and T, V, and H in a glassy
state may be written

966

Since ¥V and H depend on time as shown in Figure
6a, the ratios (8 V/2E)NOH/E,) for different &, should
be approximately the same. However, we note that
the behavior of the volume relaxation following a
two-step T-jump is slightly different in detail from
the enthalpy relaxation. Figure 10 shows a plot of
the time {,,,,, at which the volume or the enthalpy
exhibits a maximum in a two-step T-jump test
against the pre-annealing time x. It is seen that the
time to reach the maximum volume is slightly longer

Polymer I, Vol. 14, No. 12, 1982
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Figure 9. The rate of enthalpy change in PS(H) after
double temperature jumps. T, =90°C; 7,=96°C.
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Figure 10. logr.,, vs. logx plots in the memory be-
havior of volume and enthalpy.

than that for reaching the maximum enthalpy. This
fact indicates that the dependence of ¥ and H on the
order parameters is similar but not exactly the same.

Rehage!® concluded from the pressure depen-
dence of T, that only one order parameter is cnough
to describe the glassy state of polystyrene, His
conclusion contradicts the memory effects shown in
Figures 7, 8, and 9, which indicate that different
glassy states have the same V or H. Therefore, more
than two order parameters are needed to specify the
state of glassy polystyrene.

Polymer J., Vol. 14, No. 12, 1982

The change in H relalive to that in ¥ means
physically the energy for creating a unit free vol-
ume. This ratio was calculated to be 2.0kJ cm 3
from the relaxation curves at 96°C. The ratio of H
to ¥ may be regarded as a kind of internal pressure.
This internal pressure is calculated to be 2.0 GPa.

Effect of Molecular Weight and Its Distribution

As pointed out above, the volume relaxation is
not particularly influenced by molecular weight
distribution. No significant difference in relaxation
behavior was observed between narrow and broad
distribution polymers. This is not surprising, since
the effect of molecular weight distribution on
mechanical properties in the glass transition region
is usually small. As shown in Figure 5, the rate of
volume relaxtion d¥/d log ¢ decreases only slightly
with increasing molecular weight.

Memory Effect and Distribution of Relaxation Time

As discussed in the introduction, the volume
relaxation of glassy polymers is characterized by
two features: this relaxation is nonlinear in the sense
that relaxation time depends on internal structure
and glassy polymers exhibit 2 memory effect in
volume relaxation following a double-step T-jump.
In the present study, these features were also found
in the enthalpy relaxation.

The memory cffects in both volume and enthalpy
relaxations may be explained qualitatively by as-
suming a wide distribution of relaxation time, re-
gardless of whether the relaxation time depends on
internal structure or not.

Before attempting this explanation, we should
first look at the features of the memory curves.
Figure 11a and 11b show schematic diagrams repre-
senting how the momory effect is influenced by the
pre-annealing temperatore 7,, and the pre-
annealing time x. When x increases at constant T,
the initial volume increase, which can be approxi-
mated by a straight line, shifts parallel in the
direction of increasing log ¢, as shown in Figure 11a.
The slope of this initial stage is not affected by the
pre-annealing time x. On the other hand, when T,
decreases at constant x, the slope of the curve
increases, as shown in Figure 1lb. The rate of
volume change increases with a decrease in pre-
annealing temperaturc 7.

In both cases, the volume reaches a maximum at
the point where the rising portion of the curve

967
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Figure 12. Schematic diagram for the explanation of memory behavior.

(a) Temperaturc dependence of specific volumec.

(b1} Spectrum of gAV at T, immediately following the first temperature jump.

{b2) The spectrum after annealing for x seconds al T,.

{b3) The spectrum immedialely following the second temperature jump from T, to T,,. The parameter fi is
the factor for correction of the temperature dependence of the relaxation time.

intersects the curve following the single T-jump
from a temperature above T, to T;. After passing
the maximum, the volume decrease follows the same
curve as that for the single T-jump. In order to
cxplain this behavior, we assume a box-type distri-
bution of relaxation times shown in Figure 12(b1),
where g is the number of ihe relaxing compoenents in
the range from log 7 to log 1+ d log = and AV is the
deviation of (he volume from the equilibrium value.
This assumption may be justified for the following
reasons based on the fact that volume decreases
linearly with log ¢ in the case of a single T-jump.
As is well known, the relaxation strength at a
relxation time z is proportional o the slope of the
relaxation curve at that time © (Alfrey’s assump-
ticn). Thus, the ¥ vs. log ¢ curve with a constant
slope gives a flat and very wide spectrum shown in

968

Figure 12. We now introduce three more assump-
tions. 1) Each component relaxes ¢xponentially
after being brought to a nen-equilibrium state.
Thus, the deviation in ibe specific volume Ay, of the
i-th component from the equilibrium value is given
by

Av;= Avgexp{—1/z) (3)

where Av,, is the initial value of Av,. 2) The effect of
each component is additive, so that deviation in the
volume of a bulk sample from equilibrium is given
by >g,Av;. 3) The temperaturc dependence of the
specific volume v; of the i-th component is the same
as that of bulk PS, as schematically shown in Figure
12a. The exponential function in eq5 can be ap-
proximated by a step-function, Therefore, A
changes suddenly from Awy, to zero at 7,

Polymer J., Vol. 14, No. 12, 1982
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At the instant this system is quenched from a
temperature above T, to T,,, the spectrum is as-
sumed to have the form depicted in Figure 12(b1).
The annealing at 7, for x seconds gives rise to a
change in the spectrum such as shown in Figure
12(b2). At this stage, the components with 1; longer
than x still remain at point A in the ¥ vs. T diagram
in Figure 12(a), while the components with
shorter than x is at point B. The T-jump from 7T, to
T,, occurs next. This second T-jump shifts the point
A to point C, and point B to point D. Therefore, the
gAv, of the components which have been at point B
become negative (Figure 12(b3)), owing to the
assumption 3). The volume recoveries of the neg-
ative Av,, components having relatively short re-
laxation times occur faster than those of the positive
Av, components with longer relaxation times.
Hence, the volume initially increases with time,
deviating from the equilibrium volume at 7,,. When
the recoveries of the negalive components with
shorter relaxation times have been completed, the
positive components start relaxing in the direction
of decreasing volume. On the basis of this model, we
can expect that the logarithm of the time ¢, at
which V reaches a maximum is proportional to log
x and that the slope in the initial part of the
relaxation curve is proportional to the volume
difference between points E and D in Figure 12a.
Therefore, this slope should increase with an in-
crease in T,, — T,,. The experimental results shown
schematically in Figure 11 is in agreement with this
expectation.

In Figure 10, we note that log ¢, is proportional
to log x but ¢ is about six to seven times smaller
than x. This descrepancy may be due to the
following two reasons: First, the relaxation time at
T,; is shorter than the corresponding relaxation
time at T,, because T,,> T,;. Second, the volume
relaxation is nonlinear in the sense that the re-
laxation time decreases during the process of the
volume increase on account of the internal structure
dependence of 1,

Time Dependence of the Relaxation Time

So far, we have negiected the dependence of the
relaxation times on the internal structure of the
glass.** Consequently, the relaxation times are not
constant but change with time during volume re-
covery. Therefore, it is important to examine how
the nonlinear relaxation affects the memory effect.

Polymer 1., Vol. 14, No. 12, 1982

It has already been shown that the dielectric
relaxation time t, for the primary process of a
poly{vinyl acetate) decreases with time during the
volume relaxation below its Tg.w The time de-
pendence of 1 in the time interval in which the
volume changes linearly with log ¢ is represented by

log 1p=c log t+B (6)

where « and B are constants. We note that « is
positive for volume contraction and negative for
volume expansicn. We assume that the volume
relaxation time t; of the /-th component in the
relaxation time spectrum has a time dependence
similar to that of tp. Thus, the time dependence of z,
in the time interval between ¢, and ¢,, where volume
changes linearly with log ¢, is written as

(D=1,(1/1,) (ty>1>1) 9

where t,, denotes the time constant at t=1¢, for the i-
th component. Equation 7 implies that the spectrum
delincated in Figure 12 shifts with time at a constant
rate along the log 1t axis. However, it should be
noted that eq7 is valid only for the definite time
interval from ¢, to t;, and nothing can be said about
the behavior of 1; at z<¢. In the range of time
shorter than #,, the volume does not change linearly
with log ¢ as can be seen from curves 7 to 10 in
Figure 4. No comment can be made about 7; at 1 =0,
gither. A very rapid T-jump from a temperature
higher than the T, to a temperature below I, may
possibly yield a glass containing a much larger free
volume than that ordinary glass. Such “micro-
porous glass” may have t,,(=¢,) shorter than that
for glass quenched at a normal rate. Therefore, 1, =
t; may depend on the condition of T-jump. Thus,
the rate of volume change for the i-th component is
given by

dAp;/di= —Av;ft{1) ity

Integration of this equation gives the lime de-
pendence of ¢; in the form

Av(f)=ciexp[— A TH(1—a)] (=#1) )]

Aty =c;t~* @=1)  ©)
where ¢; and 4, are constants.

We examine the difference between ¥(f) having
the time dependence characterized by eq 7, 8, and 9
and ¥7'(f}) having constant relaxation times. We
assume that the distribution of the number of
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components having relaxation time 7; is the same in
both volumes. Because a=0 in the case of constant
relaxation time, V'(f) is written

V(O =Vo(T)+ X gic; exp (— 4) (10)
where Fy(T)} denotes the equilibrium volume at a
temperature 7 and g; denotes the number of com-
ponents having relaxation time 7. On the other
hand, F(f) in the case where x#1 is given by

V() =Vo(T)+ 2L g exp [~ A T —a)] (1)

Comparison of V'(f) and V(¢ indicates that ¥(7)
plotted against ' ~%/(1 —¢) has the same form as
V'{{} plotted against {. Therefore, ¥'(f) theoreti-
cally derived without taking the time dependence of
the relaxation time intce account can be transform-
ed into V{(¢) simply by replacing ¢ with £ ~*/(1 —)
in F'(z). This implies that the ¥'(#} plotted against
log t is uniformly expanded or shrunk by a factor
of 1—u along the abscissa, if the time dependence
of the relaxation time is taken into account. Thus,
no change is caused in the qualitative feature of
the memory effect by introduction of the non-
lingar volume relaxation, as far as the behavior in
the time interval between ¢, and ¢, is concerned,
where the volume relaxes linearly with log ¢ in 2
single step T-jump test.

CONCLUSIONS

1) Volume and enthalpy relaxation of glassy
polystyrene are similar but not exactly the same.

2) Memory effect can be explained on the basis
of a model in which the bulk volume consists of
many sub-volumes, each having a different relaxa-
tion time but depending on temperature in the same
manner as the volume of the bulk polymer.

3) The effect of molecular weight and its distri-
bution on the volume relaxation is small. The rate
of volume relaxation decreases slightly with increas-

970

ing molecular weight.
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