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bstract

Aging effects on the glassy polystyrene were studied with simultaneous measurement of the complex thermal expansion coefficient and the
omplex heat capacity. Aging period was changed from 10 to 100 h at 90 ◦C. It was found that the stepwise change in the real part of the complex

hermal expansion coefficient and the peak of the imaginary part occurred at lower temperature than those of the complex heat capacity in all cases.
s the aging period increased the stepwise change in the real part shifted to the higher temperature and sharpened. A qualitative model based on

he energy landscape picture is proposed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Aging of glassy materials just below the glass transition tem-
erature has been studied extensively [1]. Aging effects appear
s change in temperature dependence of material properties such
s volume, thermal expansion coefficient, heat capacity, dielec-
ric coefficient and so on. Temperature dependence of these
roperties changes with the aging condition such as temperature
nd time. Comparison of the aging effects on different properties
ill provide useful information to understand the aging phenom-

na and the slow dynamics characterizing the glass transition.
owever, reliable comparison is often difficult because the mate-

ial properties are sensitive to the thermal history. If two kinds
f properties are measured independently non-negligible differ-
nce in the aging condition and/or the heating/cooling rate before
nd after the aging are difficult to be avoided. Such difference in
he experimental condition makes the comparison less reliable.

In order to solve this problem an instrument for simultane-
us measurement of the thermal expansion coefficient and the

eat capacity has been developed in the authors’ laboratory [2].
ince this instrument uses the temperature modulation tech-
ique it will be called temperature modulated expansion and
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eat capacity (Ex-HC) meter below. A simultaneous measure-
ent of the thermal expansion coefficient, the heat capacity and

he compressibility has been carried out by Takahara et al. [3].
hey used an adiabatic type instrument. The adiabatic technique
nd the temperature modulation technique are complementary
o each other. Our study is aimed to investigate the aging effects.
s mentioned above the heating and cooling processes as well as

he isothermal aging can affects the sample properties. In order
o minimize the effects from the heating and cooling processes
he heating and cooling rate should be high. The temperature

odulation technique is more suitable to achieve the high heat-
ng/cooling rate than the adiabatic technique because the sample
imension of our instrument is much smaller than that of the
diabatic instrument.

The temperature modulated Ex-HC meter provides the
omplex thermal expansion coefficient and the complex heat
apacity. The complex heat capacity has been measured with
he temperature modulated differential scanning calorimeter
TMDSC) in the studies of the melting [4], the crystallization [5]
nd the glass transition [6,7] of polymers. The complex thermal
xpansion coefficient α* is defined similarly to the complex heat

apacity as given by the next equation.

∗ = 1

V

AV

AT

(1)
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here V is the volume of the sample. AV and AT are the com-
lex amplitude of the sinusoidal modulation of the volume and
he temperature, respectively. In this work the thickness of the
ample was measured with the capacitive dilatometry which is
technique to evaluate the sample thickness from the electric

apacitance [8,9]. Thermal expansion coefficient has been mea-
ured with temperature modulation by Price using TMA [10–12]
nd by Kamasa et al. using an instrument for a rod shaped sample
13–16]. Since the capacitive dilatometry can measure the thick-
ess change of a thin sample it fits the temperature modulation
echnique particularly at high frequencies.

. Experimental

The sample was atactic polystyrene (at-PS) of
w = 2.8 × 105. Pellets of at-PS were heated in air on a

ot plate and pressed just after passing the glass transition
emperature to form a disk of 1.5 mm thickness in less than
0 s. The disk was further pressed at 230 ◦C between two glass
lates for 12 h in a vacuum chamber. The final film of 66 �m
hickness was used as the sample.

The design of the detector was modified from the previous one
2] as shown in Fig. 1. A glass plate of 0.15 mm thickness was
sed as the base plate. A and B are the samples cut from the same
heet. C and D are aluminum films of 150 nm thickness made

ith vacuum deposition on the top surface of the base plate. C

nd D are the detector for the calorimetry and the lower electrode
or the electric capacitance measurement, respectively. A and B
ere put on C and D, respectively, and the detector was kept at

ig. 1. A diagram of the sample and the detector. (A, B) samples for the
alorimetry and the capacitive diratometry, respectively, (C) thermometer for
he temperature modulation, (D, E) the lower and the upper electrode for capac-
tance measurement, respectively, (F) heater for the temperature modulation,
G) thermocouple.
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50 ◦C for 8 h in the vacuum chamber to make the samples be in
ood contact with the aluminum films. Then aluminum film E
f 150 nm thickness was made by vacuum deposition on the top
urface of B as the upper electrode for the electric capacitance
easurement. The effective area of the capacitor was 450 mm2.
n the bottom surface of the base plate, aluminum film F of
50 nm thickness was vacuum deposited as the heater for the
emperature modulation. Black circles show the points where
lectric lead wires were connected. The thermocouple G was
sed to measure the temperature averaged over one modulation
eriod. The detector was placed in a cell whose temperature was
ontrolled linearly with time. The temperature on the sample
urface of the previous detector was not sufficiently uniform
or detailed comparison of the thermal expansion coefficient
nd the heat capacity. In the present instrument the temperature
istribution was within ±0.2 K which was achieved with making
he area of the samples smaller and optimizing the geometric
rrangement on the base plate.

The electric capacitance was measured with an impedance
nalyzer (HP4294). Frequency of the electric field was 100 kHz,
hich was sufficiently high to avoid non-negligible effects from
ispersion phenomena. The method to calculate the sample
hickness from the electric capacitance was described in ref-
rence [1]. The thermal expansion coefficient attributed to the
inear heating, which will be called total thermal expansion coef-
cient below, was calculated from the volume averaged over one
odulation period and the temperature measured with the ther-
ocouple G. The complex thermal expansion coefficient was

alculated from the complex amplitude of the periodic change
f the thickness and the complex amplitude of the temperature
odulation measured with the detector C.
The complex heat capacity was calculated as follows. Assum-

ng that the heat drain from the sample surface to the air is
roportional to the sample temperature the next mathematical
odel was obtained.

∗ dTac

dt
= KhP − KdTac (2)

here C*, Tac, t and P are the complex heat capacity of the
ample, the periodic component of the temperature, time and
he periodic component of the power of the heater F in Fig. 1,
espectively. Kh and Kd are coefficients of correction for the
eater power and the heat drain. P was calculated from the volt-
ge of the power supplier and the electric current passing the
eater. Correction with Kh was necessary because the power
upplied to the sample was not exactly equal to P because of
he heat diffusion through the base plate. It was assumed that
∗ = C∗

liq + Cgl where C∗
liq was the liquid component or the

onfigurational component and Cgl was the glass component.
q. (2) became

∗
(

exp (iθh)P iωCgl + Kd
)

liq = |Kh| iωTac
−

iω|Kh| (3)

here θh is the phase of Kh. It was further assumed that the
econd term in the parentheses could be expressed by a linear
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unction of the average temperature T in good approximation.

∗
liq = |Kh|

(
exp (iθh)P

iωTac
− (ξ1T + ξ0) − i(η1T + η0)

)
(4)

here η0, η1, ξ0 and ξ1 are real valued constants. Values of
Kh|, θh, η0, η1, ξ0 and ξ1 were determined as follows. (i) The
alue of θh was determined so that the imaginary part of the first
erm in the parentheses, which was measured experimentally,
t a linear function of T at temperatures outside of the glass

ransition region. (ii) The values of η0 and η1 were determined
o make the third term in the parentheses agree the linear function
f T found in the previous procedure. This made the imaginary
art of C∗

liq be zero at temperatures outside of the glass transition
egion. (iii) The values of ξ0 and ξ1 were determined to make the
econd term in the parentheses fit the real part of the first term at
emperatures lower than the glass transition temperature where
he real part of C∗

liq should have been zero. (iv) The value of |Kh|
as determined to scale the height of the stepwise change in the

eal part of C∗
liq to unity.

Before the aging the sample was heated to 120 ◦C at 1 K/min.
ithout duration the sample was cooled to the aging temper-

ture at 0.5 K/min. Aging time dependence was studied with
he fixed aging temperature of 90 ◦C. Aging time studied was
0, 30, 65 and 100 h. After the aging the sample was cooled
o 60 ◦C at 0.5 K/min. Measurement on the heating process at
K/min started without duration. Results from this heating pro-
ess were used in this work. Then the next cooling process with
nother aging condition started without duration. Measurement
ithout aging was also made as the reference. The period of

he temperature modulation was fixed to 10 s. The amplitude of
he temperature modulation was 0.6 K at the room temperature
nd slightly smaller at higher temperatures. Reproducibility of
he experimental results was confirmed by the last measurement
ith the same condition with the first one.

. Results and discussion

Temperature dependence of the total thermal expansion coef-
cient (αtot), the complex thermal expansion coefficient (α*) and

he complex heat capacity (C∗
liq) after aging at 90 ◦C for various

eriods are shown in Figs. 2–4, respectively. The aging period
f each curve is explained in the figure caption. The total ther-
al expansion coefficient curves exhibit peaks attributed to the

olume recovery of the aged sample. The peak becomes larger
nd the peak position shifts to the higher temperature with the
ging time. These results are consistent with the conventional
SC results [17].
Both the complex thermal expansion coefficient and the com-

lex heat capacity exhibited stepwise increase in the real part
nd a peak of the imaginary part as expected. The curves of
ig. 3(a) and (b) are similar in shape to those of Fig. 4(a) and
b), respectively. The complex thermal expansion coefficient and
he complex heat capacity after aging for 100 h are compared to

ach other in Fig. 5. The complex thermal expansion coefficient
hown in Fig. 5 was scaled after subtracting the contribution
rom the glass component as done for the complex heat capac-
ty. It should be noted that the stepwise change in the real part of

t
b
c
t

ig. 2. Temperature dependence of the total thermal expansion coefficient on
he heating process at 1 K/min after aging at 90 ◦C for (a) 0 h, (b) 10 h, (c) 30 h,
d) 65 h and (e) 100 h.

he complex thermal expansion coefficient occurred at a lower
emperature than that of the complex heat capacity (Fig. 5(a)).
he peak temperature of the imaginary part of the complex ther-
al expansion coefficient was lower than that of the complex

eat capacity (Fig. 5(b)).
Temperature corresponding to the fictive temperature was

stimated integrating the real part of the complex thermal expan-
ion coefficient and the complex heat capacity. The calculated
ctive temperature Taf is plotted against the aging period in
ig. 6. It should be noted that this temperature, called apparent
ctive temperature, does not agree with the fictive temperature
stimated from the total thermal expansion coefficient or the
otal heat flow. The apparent fictive temperature is higher than
he fictive temperature because the complex thermal expansion
oefficient and the complex heat capacity contain negligible
ontribution from the irreversible volume and enthalpy recov-
ries, respectively. Difference between Taf values, �Taf, of the
omplex thermal expansion coefficient and the complex heat
apacity is also plotted in Fig. 6. It can be seen that the Taf’s
hifted to the higher temperature as the aging period became
onger. �Taf decreased until ca. 30 h but was almost constant at
onger times.

The experimental results are discussed below from the
iew point of the energy landscape picture [18–21]. Since we
easured temperature dependence of the thermal expansion

oefficient and the heat capacity the following discussion is
ased on the free energy landscape [20,21] which depends on
he temperature. In the glassy state the representative point of the
ystem is trapped in a basin of the landscape. The free energy
arriers surrounding the basin are too high to overcome. The
lass transition observed in the heating condition is the pro-
ess to release the degrees of freedom to jump from one basin

o another. As the temperature increases the free energy barrier
ecomes lower. The area of the landscape over which the system
an move in the measurement time scale, which is the modula-
ion period in this case, extends quickly with the temperature.
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Fig. 3. Temperature dependence of the (a) real and (b) imaginary parts of the
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Fig. 4. Temperature dependence of the (a) real and (b) imaginary parts of the
complex heat capacity on the heating process at 1 K/min after aging at 90 ◦C for
v
f

b
c

t
e
i
a
o
w
T
c
c
c

omplex thermal expansion coefficient on the heating process at 1 K/min after
ging at 90 ◦C for various periods. The aging periods of the five curves are 0,
0, 30, 65 and 100 h from the left to the right.

inally the system moves over the whole landscape freely and
ecomes liquid.

It is assumed that the free energy barrier between the neigh-
oring basins with small difference of the free energy values is
ower than that with large difference. Then at the initial stage
f the glass transition the jumping motion between the basins
ith almost the same free energy values is activated. As temper-

ture becomes higher the basins with higher free energy become
ccessible. Here we write the width of the free energy window
here the accessible basins are distributed as �F. �F is small

t the initial stage of the glass transition. When �F is much
maller than kT, where k and T are Boltzmann’s constant and
emperature, respectively, the heat capacity due to the jump-

ng motion is negligible. As the temperature becomes higher

F becomes larger and the heat capacity due to the jumping
otion increases. At the final stage of the glass transition the

ree energy barrier is sufficiently low and �F is determined

c

l
t

arious periods. The aging periods of the five curves are 0, 10, 30, 65 and 100 h
rom the left to the right.

y the equilibrium Boltzmann distribution. Hereafter the heat
apacity changes moderately with temperature.

The volume expansion coefficient is not directly connected
o the energy landscape. However, it can be considered that the
xcess volume expansion accompanying the glass transition is
nduced by the jumping motion on the landscape. The simplest
ssumption is that the excess volume increases with the number
f accessible basins. Then the excess volume expansion starts
ith the jumping motion even at a temperature where �F � kT.
his suggests that the change in the thermal expansion coeffi-
ient occurs at lower temperature than the change in the heat
apacity. Therefore this model qualitatively explains the dis-
repancy between the thermal expansion coefficient and the heat

apacity.

The aging effects can be explained consistently with the
andscape picture as well. As shown in Figs. 3–6 the starting
emperature of the change in the thermal expansion coefficient
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ig. 5. Comparison of the complex thermal expansion coefficient (α*) and the
omplex heat capacity (C∗

liq) after aging for 100 h. (a) The real part and (b) the
maginary part.

nd the heat capacity shifted to higher temperature direction as
he aging time increased at 90 ◦C. These effects can be attributed
o growing of the free energy barriers with the aging time. It
hould be noted that the stepwise change in the real part of the
omplex thermal expansion coefficient and the heat capacity did

ot keep the curve shapes but sharpened. Sharpening of the step-
ise change suggests that the lower energy barrier grows more

han the higher energy barrier. Quantitative studies of this model
ill be reported elsewhere.
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[

omplex heat capacity (open circles) plotted against the aging period. �Taf is
hown with open diamonds.
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