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Abstract

Thermal expansibility and heat capacity of solids in general are linked by the fiisieS8en parameter. While the thermal expansion
results from molecular motion in an anharminic potential, contribution to the heat capacity results from all kinds of motion. Similar to
the temperature modulated DSC, thermal expansion can be measured by modulated temperature dilatometry (MT-DIL). One component
corresponding to the reversing dilatation contributes to both the total and the modulated dimension change, while the non-reversing gives a
characteristic easily distinguishable spike.

In the present work a multi-frequency temperature modulated program was applied in push-rod dilatometer to measure a coefficient of
thermal expansion (CTE) of polystyrene in the temperature range up to glass transition. At the temperature just below glass transition, the
frequency dependence of CTE is observed, similar to the heat capacity behavior by MT-DSC.
© 2004 Published by Elsevier B.V.
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1. Introduction heating rate. Since the introduction of MT-DSC, numerous
techniques applying modulation temperature were developed
Calorimetry is the standard method for characterizing using other than a sine temperature profile and a variety of
glass transitions through the observation of the changes indata analysis method3,4]. Of special interest is the multi-
specific heat. However, this method is limited by the fact frequency modulation with a complex sawtod#j, and a
that a slower heating or cooling rate leads to a smaller heatstep-isothermal profil§6], which permit the measurement
flow and thus a smaller signal from the calorimeter. If one of an apparent heat capacity as a function of frequency in a
would like to study glass transition kinetics over a wide single experiment. These methods have been used to explore
range of experimental time scales, a slow measurement techthe frequency dependence of the heat capacity in the glass
nique must be used. One possibility is the modulated temper-transition region of polystyreng’] (Fig. 1). At the nearly
ature techniquél], adapted for a conventional differential same time, modulated temperature programs have been used
scanning calorimeter (DSQ@2] (further indicated by prefix  in thermogravimetry (TMG]8] and thermomechanical anal-
MT). The advantage of modulated temperature appears inysis (TMA) [9,10]. While the DSC measures the change in
increased sensitivity, better resolution, and improved abil- enthalpy of a material upon the temperature program, TMA
ity to resolve overlapping transitions with extremely slow monitors the change in volume or corresponding length with
temperature under controlled mechanical load. The signal
* Corresponding author. Tel.: +36 1392 2222: fax: +36 1392 2215. strength is independent of scanning rate. One can therefore
E-mail addresskamasa@szfki.hu (P. Kamasa). carry out experiments on long time scales. In principle, TMA
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Fig. 1. Apparent specific heat capacity of PS vs. temperature in the glass transition region, plotted for different harmonics of the four-frequency sawtooth
with corresponding periods: 420, 140, 84, 60, and 46.7 s (a), and for seven harmonics extracted from response on step-isothermal modulation fumbered as
(0<x<6) (from Ref.[7]).

is very close to the dilatometry (DIL). In dilatometry, the di- 2. Experimental
mension of a substance is measured as a function of temper-
ature under negligible load. For solids and liquids, volume A sample was prepared from polystyrene PS 280,000 MW
expansion is proportional to its specific heat at constant pres-in the form of rod 30 mm in length and 3 mm in diameter
sure, therefore TMA and DIL are widely used as comple- under pressure of 30 atm at the temperature ofZ2@\fter
mentary methods to DSC. shaping the sample was cooled at a rate of 1 K/min to the
As reported earliefl1], in the MT-TMA experiment the  ambient temperature.
sample temperature comprises an experimental error due to A multi-frequency experiment was carried out using a
physical size of the sample and heat transfer. The calibrationhome made push-rod dilatometer described elsew[iSie
procedure was appligd?2]. The modulated temperature profile by IR radiant heating was
In the present work, a linear coefficient of thermal ex- applied. The program consists of a linear ramp at a rate of
pansion (CTE)g, of polystyrene was measured by push-rod 0.25 K/min modulated by multi-frequency heating with cor-
dilatometer as a function of applied frequencies. To obtain responding periods of 8, 4, 2, 1 min. A heating power was
true value of CTE as a function of frequency, the correc- adjusted to obtain modulated temperature of the sample not
tion of the sample temperature is applied. The result ob- higher than 2C. The displacement sensor was chosen with
tained in the temperature range of the glass transition of minimal tracking force from commercially available. Thus,
polystyrene is compared with the same experiment carriedBROWN & SHARPE TESA SA type was chosen which has
out on CuZn alloy in the region of structural order—disorder tracking force from 0.3 to 0.6 N. It was experimentally found

transition. that with increasing frequency, the measured temperature
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Fig. 2. Frequency correction of the coefficient of thermal expansi(). The measured and corrected temperature of the sample (b).
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Fig. 3. The ratioR(w) = Arscorr/Arsmeas =x(w)/a(0): obtained for Cuzn alloy in the temperature range of the structural order—disorder transition (a), and for

polystyrene in the range of glass transition (b).

does not correspond to the true sample temperature. Conthe fit to the function

sidering the thermal path between the sample, thermocouple

«(0)

. . . - . — + C
and heating source, similar to MT-TMA, it was necessary a(w) —1+ (@1

to employ the correction temperature algorithm for higher

frequencies.

2.1. Temperature correction procedure

The first stage of the correction is shownRig. 2. The
coefficient of thermal expansiow, as measured, without
correction, is obtained from the ratio= Ap_/Ats-Lo, Where
Ats andAp). denote amplitudes of modulated temperature
and corresponding dilatation, respectively, apd the initial
length of the sample (solid cyclesig. 2a). Amplitudes of

was made to obtain “zero” frequency CTE-«(0) (solid line
in Fig. 2a). At the temperature of 9&, the value of CTE,
«(0) =84.6x 10 9K~1 was obtained. Using this value, the
measured temperature (solid cycle&ig. 2b) was corrected
by Arscorr =Ap /a(0)-Lo, (open cycles iffrig. 2b). This pro-
cedure is valid upon assumption that dilatation of the sample
is a function of temperature only, independent of frequency.
A corrected temperature, which can be taken as the real
temperature, is lower than a measured one. It has been found,
that a temperature of the thermocouple is higher mainly with
increasing frequency, due to a thermal resistance between

the modulated temperature and corresponding dilatation atsample and thermocouple, and also that a thermocouple is
different frequencies are obtained by Fourier analysis. Thenexposed to the IR radiation.
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Fig. 4. The frequency dependence CTE: of CuZn alloy at the temperature range of the structural order—disorder transition obtained by the described method
for periods indicated (a), of polystyrene vs. temperature in the glass transition region, plotted for four harmonics of the four-frequencies for periods indicated

(b).
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From the other side, it was practically found, that the ratio DSC is associated. Characteristic for two component al-
of a correctedArscorr, and measuredyrsmeas, tempera-  loys, this type of second order transition is characterized

tures: by short time relaxation (in the scale of the experiment
Atscorr a(w) time). o )
Rw)=——-=—-+ In contrast, a glass transition in polystyrene is the process

~ Atsmeas «(0 ) 02 : .
Ts «(0) for which an equilibrium state is reached after a long time

can be used to characterize thermal properties of the ex-when temperature is changing. More concisely, the process is
perimental system. Thermal conditions do not change in heating-cooling rate dependent, so the transition is observed
the temperature range of interest, except the heat capacityat different temperatures. As previously descrifjéll the

of the sample. However, changes of the heat capacity with apparent heat capacity of polystyrene depends on frequency.
temperature have negligible impact in comparison with the Comparing results, depictedfig. 3, with dilatometic exper-
measured temperature, and finally, on a behavioR @j). iments ones irfFig. 4b, the CTE is frequency sensitive in the
DTA only or heat flow can detect these changes in temper- same ratio as specific heat capacity obtained from MTDSC
ature, which have to be of two orders more sensitive than measurement — for higher frequencies the transition is ob-
an absolute temperature measurement. One can see, that therved at higher temperature. One can also sEigirtb, that
ratio R is equal also tax(w)/x(0), and may be more suit-  there are data only up to the temperature of (21Above

able to use for subsequent computation. This assumption ofthis temperature the softening of the sample is observed. The
the proposed procedure was verified by experiment with a push-rod indents into the sample and further test became
CuZn alloy, which has well known order—disorder transition impossible.

at around 450C, with characteristic maximum of the spe-

cific heat capacitygy, and the coefficienty. As we measured,

the ratio,R(w), is nearly the same in a measured temper- 4. Conclusions

ature range for this material, and does not indicate on any

transition, as it is illustrated ifig. 3a. In contrast, the ratio The frequency_dependent of the thermal expansivity of
function,R(w), from experimental data of polystyrene, indi- polystyrene in the temperature region of the glass tran-
cates difference between ranges below and in the glass transisjtion is observed. The result is in agreement with ob-
tion (Fig. 3b). CurvesR(w), corresponding to temperatufe tained previously by MT-TMA. The correction procedure

equal 95, 100, 105, and 11Q are nearly overlaid. Starting  of the measured temperature eliminates instrumental ef-
from 115°C, curves are different with increasing frequency. fects and the observation of kinetic phenomena of the
This effect can be explained by anomaly of CTE for polymer glass transition in polystyrene by DIL measurement is

only. possible.
In the second stage of the proposed procedure, CTE is

calculated from experimental datéy . meas andirsmeas,
and then are corrected by the ratio functiBf(w), obtained Acknowledgement
at temperaturerl, below expected transition:
ApiLmeas This work was supported by the Polish State Committee
for Scientific Research, Grant No. 4T 08C 02522 and by the

Hungarian Scientific Research Fund (OTKA) through Grant
For CuZn alloy, the ratio function was used from temperature No. T 035278. We have also benefited from travel grants in

(@) = Atsmeas Ry(w) - L

200°C, Rygo(w). To analysis CTE of polymer, thBgs(w) the framework of the exchange program between HAS and
function was used. Results of this procedure are illustrated in pas.
Fig. 4.
References
3. Results

[1] M. Reading, B.K. Hahn, B.S. Crowe, Method and Appara-
Using the above-described procedure, we have ob- tus for Modulated Differential Analysis, US Patent 5224775
tained a CTE at critical temperatures for the two consid- (1993). , _
. . . . . [2] A. Boller, Y. Jin, B. Wunderlich, J. Thermal Anal. 42 (1994)
ered materials: the first is structural order—disorder transi- 307-330
tion in Cuzn alloy, and the second, a phenomenon of & [3] JE. Schawe, Thermochim. Acta 271 (1996) 127.
glass transition in polystyrene. The result is illustrated in [4] R. Riesen, G. Widmann, R. Trutmann, Thermochim. Acta 272 (1966)
Fig. 4. 27.
As it is shown. the CTE of CuZn brass is frequency in- [5] B. Wunderlich, R. Androsch, M. Pyda, Y.K. Kwon, Thermochim.
dependent. At the t ture of structural order—disorder . A°t2 348 (2000) 181.
epe_n_ ent. € _empera ure o S ructural or er__ ISOI’_ er [6] M. Merzlykov, C. Schick, Thermochim. Acta 380 (2001) 5.

transition it also maximum of heat capacity revealed by derlich, Thermochim. Acta 392-393 (2002) 195.



P. Kamasa et al. / Thermochimica Acta 433 (2005) 93-97 97

[8] R. Blaine, Am. Lab. 30 (1998) 21. [12] D.M. Price, US Patent 6,007,240 (1999).
[9] D.M. Price, J. Therm. Anal. Cal. 51 (1998) 231. [13] P. MySlinski, P. Kamasa, J. Vandlik, J. Therm. Anal. Cal. 56 (1999)
[10] D.M. Price, Thermochim. Acta 357-358 (2000) 23. 233.

[11] D.M. Price, J. Therm. Anal. Cal. 64 (2001) 323.



	Thermal expansivity of polystyrene determined by multi-frequency dilatometry
	Introduction
	Experimental
	Temperature correction procedure

	Results
	Conclusions
	Acknowledgement
	References


