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Abstract

An instrument for simultaneous measurement of thermal expansion and heat capacity was developed using temperature modulation tec
nigue. The instrument was designed for thin films in order to avoid temperature distribution in the sample. Electric capacitance was measure
to obtain temperature dependence of the sample thickness. The instrument was applied to the glass transition of polystyrene and it we
confirmed that reliable comparison between the dilatometric and calorimetric results could be made.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction modulated differential scanning calorimeter (TM-DSC) is the
most widely used instrumef2—4]. Many authors using TM-

It is widely recognized that simultaneous measurement is DSC have pointed out the benefits of the temperature mod-
very important for reliable comparison of the results from dif- ulation technique, such as separation of the heat flow to the
ferent types of experiments. Particularly in the case of poly- reversing and non-reversing compondst$], kinetic infor-
meric materials, simultaneous measurement is essential nomation obtained from the complex heat capafiy9], and
only for measurement under the same condition but also for time-dependent measurement in the quasi-isothermal mode
the same thermal history. In this work, an instrument for si- [10]. The instrument developed in this work provides these
multaneous measurement of the thermal expansion and théenefits as well as TM-DSC.
heat capacity of the polymer film was developed. It is aimed  For the temperature modulation, particularly at high fre-
to apply this instrument to glass transition of polymers. Both quencies, the sample has to be thin to avoid temperature dis-
the thermal expansion coefficient and the heat-capacity ex-tribution. In order to measure the volume change of the thin
hibit characteristic changes around the glass transition tem-sample we employed a method to measure the electric ca-
perature. Detailed and reliable comparison of those thermo-pacitance, which depends on the sample thickness, instead
dynamic quantities will provide useful information for both  of direct measurement of the volume. This method has been
the basic studies to construct a proper model for the glassused in the studies of glass transitjdi,12].
transition and the practical technology to produce high per-
formance materials with critically controlled processing.

We used the temperature modulation technique in the in-
strument. The temperature modulation technique has been
utilized in various types of instrumen{d]. Temperature

2. Experimental

Atactic polystyrene (at-PS) (Mw = 2,8 10°) was used as
the sample. Pellets of at-PS were pressed on a hot plate to
formadisk of 1.5 mm thickness. The disk was further pressed
* Corresponding author. Tel.: +81 75 724 7738; fax: +81 75 724 7738.  betweentwo glass plates at 23Dfor 12 hin avacuum cham-
E-mail addresssaruyama@kit.ac.jp (Y. Saruyama). ber. The final film of 7Qum thickness was used as the sample.
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of difference between resistance change of the copper films
L;—L» and Ly—L3 can work as differential type measurement.
The electric capacitance was measured by an impedance
analyzer (HP4294). Frequency of the electric field was
100 kHz, which was sufficiently high to avoid non-negligible
effects from dispersion phenomena. Assuming that change in
the area of the electrodes with temperature is negligible the
next equation is obtained.
1 9Cq 10L
Ca ol LT~ —(1+ 3no)or 1)
whereCg, T, L andw| are the electric capacitance, tempera-
ture, thickness of the sample and the linear thermal expansion
coefficient, respectivelyy is the coefficient derived from the
Clausius—Mossaoti's relation.

(600 +2)(e00 — 1)
no =
3ex0

)

wheree, is the dielectric coefficient at a frequency much
higher than the dispersion frequency of the sample. Sjgce

of polystyrene is estimated to be 1.0 using the valye-2.8
atfrequencies higherthan 1 kiHZ3] (1 + 3ip) of EqQ. (1)is es-
timated to be 4.0. The literature value for the linear expansion
coefficient at temperature higher than the glass transition re-

gion was 2.0« 104 K~1 [14]. Experimentally, we obtained

Fig. 1. Structure of the detector for the dilatometry and calorimetry mea- g 0x 104 K1 for the value of 1 9Cel the left-hand side of

surement. The base plate is a cover glass for the optical microscope. A: Cel T " :
aluminum film; B: copper film; € and G: at-PS films; D: aluminum film; Eq.(1) at temperatures lower than the glass transition region

E: copper film; F: thermocouple. Black circles show the connecting points as will be shown below. From these values (1 4)3g esti-
of the lead wires. mated to be 4.5, which is close to the value calculated from
the value ofygg. Therefore, we used E@L) with no=1.0 to
Fig. 1 shows the structure of the detector contain- calculate the linear expansion coefficient from the electric ca-
ing the sample. A cover glass for the optical microscope pacitance. Since time-dependent temperature profile is used,
(40 mmx 50 mm, 0.15 mm thick) was used as the base plate. it is convenient to rewrite Eq1) as the next equation.
Aluminum film A of 150 nm thickness and copper film B of ¢ 5~
. i el/ 0t
250 nmthickness were made by vacuum depaosition onthe topC— 3773
surface of the base plate. A and B were used as the lower elec- el /o1
trode for electric capacitance measurement and temperaturd-or the steady heating, E¢B) givestotal linear expansion
detector for calorimetry, respectively. Temperature change coefficient corresponding to the total heat flow divided by
was detected as the change in the electric resistance of théhe underlying heating rate in TM-DSC. For the cyclic tem-
copper film. The sample films;Gnd G cut from the same  perature profile, Eq(3) gives the complex linear expansion
sheet were put on A and B, respectively. The detector with coefficient.
the films was kept at 15@C for 8 h in the vacuum cham- The detector was placed in a cell whose temperature was
ber to make the films be in good contact with A and B. controlled linearly with time. Preliminary measurement was
Then aluminum film D of 150 nm thickness was made by made between 6 and 120C with the underlying heat-
vacuum deposition on the top surface of & the upper ing rate of 0.5K/min and the modulation period of 10s. The
electrode for the electric capacitance measurement. The efamplitude of the temperature modulation was 0.6 K at the
fective area of the capacitor was 600 fr®dn the bottom room temperature, but it slightly decreased with increasing
surface of the base plate, copper film E of 150 nm thickness temperature because the amplitude of the output voltage of
was vacuum deposited as the heater for temperature modulathe power supplier for the modulation heater was fixed.
tion. Black circles show the points where electric lead wires
were connected. Temperature of the sample (temperature av-
eraged over one modulation period) was measured by the3. Results and discussion
thermocouple F. The sensor betwegreind L, was covered
by the sample. Measurement of the resistance change of the Fig. 2 shows the raw data of the electric capacitance on
part Ly—L» can be regarded as ac calorimetry with finite heat the heating process plotted against time (lower axis) and tem-
drain to the surroundings. On the other hand, measuremenperature (upper axis). The curve is broadened in the vertical

=—(1+3no)o @)
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Fig. 3. Temperature dependence of the total linear expansion coeffigient

Fig. 2. Raw data of the electric capacitance on the heating process. An
extension of the time range between 90 min and 92 min is inserted in the
graph.

direction because of the response to the temperature modu-
lation as can be seen in the inserted extension. The electric
capacitance averaged over one modulation period decreased
almost linearly to temperature up to ca.“@ Then, the slope
became steeper with increasing temperature frotCot
110°C, which corresponds to the glass transition. At temper-
atures higher than 1E@, the electric capacitance decreased
linearly again but more quickly. It can be seen that the ampli-
tude of the capacitance modulation was largeFafly than
T<Ty. These behaviors were consistent with temperature de-
pendence of the volume arouiig. The extended figure ex- L L A L L
hibits that the electric capacitance changed sinusoidally with 80 i 100
time at the modulation period. Judging from these results, it i
can be said that the thermal expansion could be measurecrEig. 4. Temperature dependence of the absolute value of the complex linear
successfully by the instrument developed in this work. expansion coefficient; (thick curves) and the complex heat capa@fy

Fig. 3 shows temperature dependence of the total linear (thin curves).
expansion coefficienk . Stepwise change ia was ob-
served in both the heating and cooling processes. The valughe volume recovery was not observed in the complex linear
of 6.0x 107> atT<Tg agreed well with the literature value expansion coefficient as expected. This shows that the sepa-
[14]. The curve of the heating process exhibited a peak just ration of the total linear expansion coefficient to the reversing
aboveTy. This peak can be attributed to the volume recovery and non-reversing linear expansion coefficient will be possi-
after irreversible volume relaxation at<Ty. Calorimetric ble similarly to TM-DSC measurement. fig. 4, the heating
results were not good enough to be compared with the re-traces are not identical with the cooling traces. This suggests
sults of Fig. 3 possibly because heat capacity chang@sat  that the relaxation effects during cooling and heating below
is much smaller than that of the linear expansion coefficient. Ty were not negligible being consistent with the results of
Fig. 4 shows temperature dependence of the absolute valueFig. 3.
of the complex linear expansion coefficieit (thick curve)
and the complex heat capaci®y (thin curve) measured si-
multaneously with each other. The results are scaled by the4. Conclusion
amount of the step-like change at the glass transition temper-
ature and the value at< Ty are subtractedr} andC" traces An instrument for simultaneous measurement of the
agreed well with each other in both the heating and cooling dilatometry and the calorimetry was developed. The lin-
processes. Signal to noise ratio was betteyinThe peak of ear expansion coefficient was calculated from the results

scaled abs( o | *) and abs(C*#)
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of electric capacitance measurement. The linear expansion [4] M. Reading, A. Luget, R. Wilson, Thermochim. Acta 238 (1994)
coefficient was successfully obtained and comparison with 295 ) '
the results from the simultaneous calorimetric measure- i'o Zﬁlr;n ASASCCtZeZ' 6’?3' (\f;g;el";i'””k' H. Rahier, B. Van Mele, Ther-
ment could be made reliably. It' is aimed to appl){ this new [6] K. Takahara, H. Saito, T. Inoue, Polymer 40 (1999) 3729.
instrument to deta_uled comparison of the_rmal history de- (7] v. saruyama, Thermochim. Acta 304-305 (1997) 171.
pendence of the linear expansion coefficient and the heat [8] A. Toda, T. Oda, M. Hikosaka, Y. Saruyama, Polymer 38 (1997)
capacity. 231.
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