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Abstract

The new capabilities of AC calorimetry, when working at frequencies above the classical limit were demonstrated. The

appropriate frequency range of classical AC calorimetry was substantially enlarged. It was shown that the advanced AC

calorimetry can be applied for studying dynamic heat capacity of polymers in the frequency range 0.1±1 Hz. Thus, the

processes with characteristic time as short as ca. 5 s was registered. The advanced AC technique was applied for investigation

of the melting kinetics in polycaprolactone. It was found that melting in polycaprolactone is related to an activated process.

The activation of the melting process after a step heating is described by a stretched exponent and the decay of the melting by

only one exponent at short times. The dependencies of the exponent on temperature and thermal treatment were investigated at

frequencies in the range 0.1±1Hz and modulation amplitudes 0.005±0.2 K. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

AC calorimetry is a powerful technique, which was

successfully used for dynamic heat capacity measure-

ments in micro-samples of inorganic materials [1±5].

Investigation of dynamic heat capacity in polymers

could provide a unique information about relaxation

phenomena, crystallization and melting kinetics in

these materials. This is important for understanding

their physics, as well as for providing practically

valuable information. The melting kinetics of poly-

mers is investigated insuf®ciently, because melting

process in polymers is often as fast as the conduction

of heat of fusion into the sample [6]. Thus, it is

extremely important to investigate micro-samples.

The AC calorimetry could provide this unique possi-

bility. However, the thermal conductivity of the poly-

mers is so small, that only in millihertz frequency

range the classical AC calorimetry can be applied

correctly to polymers [7], as well as other modulation

techniques, such as temperature-modulated differen-

tial scanning calorimetry, TMDSC [8]. Obviously, the

shortest possible apparatus time lag is of the order of

inverse frequency, because at least one period of

oscillations is necessary for signal detection. Thus,

only the slow processes can be investigated at low

frequencies [9]. For this reason, the melting kinetics of

polymers is not investigated in such detail as the

crystallization process, which is usually slow enough

to be studied [6]. The width of appropriate frequency

range of the classical AC calorimetry can be substan-

tially enlarged, as proved recently [10]. It was shown

that the advanced AC calorimetry can be successfully
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applied to study the dynamic heat capacity of poly-

mers at frequencies up to ca. 1 Hz. Thus, the processes

with characteristic time as short as ca. 1 s can be

registered.

The focus of this paper is to demonstrate how the

advanced AC technique can be applied for the

investigation of melting kinetics in polymers. We

aim to show the capabilities of AC calorimetry,

when working at frequencies above the classical limit.

In this regime, information on sample properties can

be obtained by measuring phase and amplitude of

sample temperature modulation. Heat capacity and

thermal conductivity can be determined simulta-

neously. Further, we present experimental data

obtained for polycaprolactone (PCL), in order to

illustrate the capabilities of the technique. New infor-

mation about melting kinetics of this material is

presented.

2. Experimental

2.1. Method

The experiments were carried out with the AC

calorimeter described in [10]. The calorimeter cell

± the system for creation and registration of tempera-

ture modulation in a disk-shaped sample ± consists of

a heater, a sensor, and a holder. The sample is placed

between the heater and the sensor substrates. The heat

contact between the sample and substrates was very

good after the ®rst sample melting due to nice adhe-

sion of PCL to the substrates. The heater and the

sensor are formed on the surfaces of the polished

sapphire disks of 3 mm diameter and of thickness

d0�0.1 mm. The heater is a chromium ®lm ca.

0.1 mm, sputtered on the ®rst sapphire substrate. Cop-

per contact pads are sputtered on the ®lm, and copper

wires of 0.05 mm diameter are welded to the pads. The

resistance of the ®lm after special thermal treatment is

stable during ®ve years and equals 100�10 
 over the

temperature range 4.2±400 K. The power of the resis-

tive heater equals P0(1�cos !t), where !/2 is the

angular frequency of the electric current and P0 is

the average power of the heater. To form the sensor, a

copper ®eld is sputtered on the second sapphire sub-

strate. The thermocouple (Cu±Cu:Fe) microwires of

0.05 mm diameter are welded to the copper ®eld. The

sensitivity of the thermocouple is about 0.01 mV/K in

the range 1±400 K. The sensor is glued on a silk net,

which serves as holder. Thus, the system consists of

four layers, including the sample.

The system is heated by uniform heat ¯ow of

oscillating rate P�P0 cos(!t). The ¯ow is applied to

the outer face of the ®rst layer at z�0 and propagates

through the layered system along z-axis. The cross

area S of the system is independent on z. Provided the

heat leakage through the perimeter of the system is

negligible, the plane temperature waves

T�Re[T0 exp(i!t�kz)] propagate across the system,

where k�exp(i�/4)(!c/�)1/2, c ± speci®c heat capacity

and � ± thermal conductivity of the material. In other

words k � �k � ik�= ���
2
p

, where mod(k) equals

k � �����������
!c=�

p
. Thus, the wave number and the damping

coef®cient of these waves are equal to k=
���
2
p

. Sta-

tionary oscillating solution of the heat transfer equa-

tion without heat sources can be written as follows:

Refexp�i!t� �a sinh�kz� � b cosh�kz��g. Therefore

the temperature wave Ti�z� � exp�i!t� ai sinh

�ki�zÿ �i�� � bi cosh�ki�zÿ �i��g is excited in ith

layer, where �i is the coordinate of ith boundary.

The complex coef®cients ai and bi are determined

by the boundary conditions for temperature and heat

¯ow amplitudes on faces of ith layer. The amplitude

TA of the temperature modulation is measured on the

surface between the sensor and the holder. Thus, the

amplitude and the phase of the temperature wave

propagating though the sample is measured. This

method can be therefore named as Temperature±

Waves±Transmission Spectroscopy.

In classical AC calorimetry one measures the effec-

tive heat capacity

Ceff � P0=�i!TA�; (1)

which is proportional to the heat-¯ow amplitude P0

and inversely proportional to the complex amplitude

TA. Of course, at suf®ciently low frequencies and

suf®ciently low heat-link between the system and

the thermostat the effective heat capacity Ceff equals

the sum of the sample heat capacity Cs and the heat

capacity of the empty cell. The phase shift

'�ÿArg (Ceff) between the temperature modulations

in the heater and in the sensor equals to zero at these

conditions. It is noteworthy that, the phase shift

between the heat-¯ow and TA equals 'ÿ�/2. As the

trivial phase lag �/2 is not of interest, we consider the
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phase shift ' between temperature modulations on the

opposite sides of the system. At higher frequencies, as

it was shown in [10], the measured value Ceff for the

Heater±Sample±Sensor±Holder system can be

expressed as follows:

Ceff � cosh�a0� cosh�as� exp�ÿi�=4�
� �A� 
s tanh�as� � B�F; (2)

A � C0 tanh�a0�=�0 � Ch tanh�ah�=�h

� �1ÿ i�ÿ=f ;

where ai � exp�i�=4� di �!ci=�i�1=2
± the parameter

characterizing the thermal length of the ith layer, di is

the thickness of the ith layer, Ch, ah, Cs, as and C0, a0 ±

the corresponding parameters of holder, sample and

two sapphire substrates of the heater and the sensor,

respectively, ÿ ± the constant, depending on the

heat-link between the system and the thermostat,

f�!/2� ± the frequency of the temperature modula-

tion, and 
s�Cs/�s. The cross terms are presented by

the sum B � B3 � B5 � � � � � B2m�1, where

2m�1�n. Denote �ab � �aka=�bkb, then Bi can be

written as follows:

B3�
X
�Ca=�a �cb tanh�aa� tanh�ab� tanh�ac�;

(3)

B5 �
X
�Ca=�a��cb �ed tanh�aa�

tanh�ab� tanh�ac� tanh�ad� tanh�ae�;
and so on for all indexes, such as a<b<c<d<e. . .. The

sum B3 is taken over all combinations of three ele-

ments from n, B5 ± over all combinations of ®ve

elements from n, and so on. The cross terms are

negligibly small at suf®ciently low frequencies.

Indeed, th(ai)�ai at small �i, and �i decrease with

frequency as �i � ���
!
p

. The coef®cient F describes the

heat leakage into the wires of the thermocouple. At

frequencies not too high the coef®cient F can be

substituted by 1. This is only the parameter ÿ depends

on ambient gas pressure. But this dependence is very

weak in the pressure range 1±100 Pa. In all measure-

ments the pressure of helium gas was ca. 10 Pa. The

parameters �0, �h, C0, Ch and ÿ was determined in

advance without a sample. Then, the two coef®cients


s and �s can be calculated from the two measured

values, ReCeff and ImCeff, using Eq. (2). Finally, the

sample heat capacity and thermal conductivity can be

expressed as follows:

Cs � 
s �s; (4)

�s � !ds
s=S�s:

It is noteworthy that, when the results are presented

in this form, the accuracy of the measured sample heat

capacity is independent on the errors of the measure-

ments of the sample face area S and thickness ds. This

is especially important when the sample dimensions

are changed during the experiment, e.g., due to ther-

mal expansion. Once the cell calibration is performed,

the calibration table is stored in the computer memory.

The software that drives the calorimeter uses this table

for calculation of the sample parameters Cs and �s

from the measured values of Ceff and the phase shift '.

Thus, the described algorithm makes it possible to

carry out simultaneous measurements of heat capacity

and thermal conductivity.

2.2. What is measured by AC calorimeter in the case

of dynamic heat capacity?

The complex dynamic heat capacity Cs(!) of a

sample can be measured by AC calorimeter in the

appropriate frequency range. The heat capacity

becomes complex and frequency dependent, when a

slow relaxation process occurs in the system.

For measurements of complex heat capacity it is

important to measure Arg(Ceff) correctly. The trivial

phase lag ÿ�/2 is not of interest. Consider the phase

shift 's between the temperature modulations on the

opposite sides of a sample. This phase shift is a sum of

two contributions. The ®rst contribution is equal to

Arg{1/Cs(!)}. This contribution to the value of 's is

positive. Note, that by de®nition C(!)�C0ÿiC00,
where C00>0. The second contribution is equal to

the phase lag '�, depending on the system thermal

conductivity. As follows from Eq. (2), the value '�
depends on the parameter �s�ksds, characterizing the

thermal length of the sample. This contribution is

negative and it tends to minus in®nity, when the

thickness of the sample and/or modulation frequency

are increased. Consequently, it is possible to distin-

guish these two contributions. Therefore, a peak of

'(T) dependence, related to ImCs, can be measured.

On the other hand, the value of calculated thermal

conductivity contains two physically different contri-
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butions. The ®rst is true thermal conductivity, related

to '�. The second is the contribution proportional

to Im(Cs). In this case, the calculated thermal con-

ductivity should be renamed as effective thermal

conductivity �eff, which is equal to the true �s, when

the sample heat capacity is real-valued. Finally, note

that the calculated Cs is the absolute value of the

complex Cs. Of course, it is impossible to separate

three parameters Cs, ImCs, and �s, when only two, TA

and ', are measured. However, in number of inter-

esting cases (near phase transitions) a maximum

proportional to C00 can be well-de®ned on top of the

smooth temperature dependence of thermal conduc-

tivity, which has no peak, but rather minimum or no

anomaly.

2.3. Excess heat capacity and the phase shift at non-

reversing melting

Consider a melting transition with the transition

enthalpy H, which is smeared in the temperature

interval �T. Assume that the modulation amplitude

TA is smaller than this interval. In the case of com-

pletely reversing melting, the heat Q��TA, absorbed

on heating, is the same as released at cooling, where

���H/�T. Then, the excess heat capacity Cex, arising

due to reversing melting-crystallization, is real-valued

and Cex��. If the melting is non-reversing, a part "�Q
of the heat absorbed on heating is not released on

cooling. In this case, the effective non-zero imaginary

contribution ImCex�"��/(i!) to the excess heat capa-

city appears [10]. This result is in agreement with the

calculations for different models discussed in [11].

Actually, the measured value of the excess heat capa-

city Cex(!) depends on the experimental conditions,

such as the underlying heating rate and the thermal

history. More over, the measured ImCex cannot tend to

in®nity, when ! tends to zero, because of the measured

signal averaging on a ®nite frequency interval. This

interval depends on the averaging time constant of the

apparatus. On the other hand, when the apparatus time

constant is not changed the dependency ImCex�1/!
can be observed. Thus, the complex excess heat

capacity can be measured by AC calorimeter in the

case of non-reversing cycling at melting transition.

Once the complex excess heat capacity is measured,

then the positive phase shift due to the imaginary heat

capacity appears. This shift is opposite to '�, arising

due to the lag in phase related to the thermal con-

ductivity of the sample.

2.4. Material and sample

The PCL sample, received from Prof. G. Groenickx

(Catholic University of Leuven, Belgium), was in-

vestigated. Polycaprolactone, with the structure

[±(CH2)5COO±]n, belongs to the aliphatic polyesters.

This polymer consists of linear macromolecules with

average degree of polymerization n ca. 300. The

molecular weight averages were as follows: the num-

ber average Mn�34 000, the weight average Mw�
94 000 and the polydispersity Mw/Mn�2.76. At room

temperatures, PCL is a semicrystalline polymer with

crystallinity, usually, about 40±50%, rigid amorphous

fraction 30±40% and the other is mobile amorphous

fraction [12]. The crystals in PCL have lamellar

structure with narrow size distribution compared to

other polymers. Melting of PCL is observed in the

temperature range 318±333 K. Glass transition of the

mobile amorphous fraction can be observed at 209 K

[12,13].

In our experiments, the sample was placed between

polished sapphire substrates of the sensor and the

heater, without any cuvette. Then, the sample was

melted to provide a good thermal contact. The dis-

tance between the substrates was ®xed in three points

by small glass posts. This sandwich was pressed with a

thin silk thread. The shape of the melted sample was

stable due to the surface tension force. The sample

thickness was equal to 0.4 mm, the sample's area Ss

was about 6 mm2 and the sample volume was

2.4�1ÿ3 cm3.

PCL has low thermal conductivity, �s ca. 0.4

W/K m, and the heat ¯ux through the sample can

produce a noticeable difference of mean tempera-

ture at the two sample faces. This temperature differ-

ence �Ts can be estimated as �Ts�(P0ds)/(2Ss�s),

�Ts/P0�0.1 K/mW. Therefore, the average sample

temperature equals Ts�T��Ts/2, where T is the tem-

perature measured by the sensor. Most of our experi-

ments were performed at P0�2.33 mW and �Ts ca.

0.2 K.

The time lag in heat transfer through the sample is

of very importance, as the melting kinetics is relatively

fast. This time lag can be estimated as � s�(Csds)/

(Ss�s). In our experiments, � s was ca. 2 s. In our
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experiments, the time lag was determined by the

averaging time of the lock-in ampli®er �a�5 s.

3. Results and discussion

3.1. Low temperature measurements

The measurements in the broad temperature range

90±345 K were performed to study the nucleation and

vitri®cation in the sample. In all our experiments the

sample was cooled from the melt at 345 K and then

heated. Let us compare the experiments at two mod-

ulation frequencies f�0.2 and 0.4 Hz. The underlying

heating rate qh was ca. 10 K/min in both cases. The

heat-¯ow amplitude P0 was equal to 0.58 mW at low

frequency and P0�1.14 mW at 0.4 Hz. Thus the tem-

perature modulation amplitudes were the same at this

two frequencies. The amplitude TA was changed in the

range from 0.02 K, at room temperatures, to 0.14 K at

low temperatures. Temperature dependences of the

effective heat capacity and the phase shift are shown in

Fig. 1. The phase shift at the two frequencies is far

from zero at room temperature. This means that the

sample temperature modulation is not quasi-static. Of

course, the effective heat capacities at these frequen-

cies do not coincide. Only at low temperatures the

phase shift ' is small, '�ÿ0.1 rad, and the effective

heat capacities for both frequencies are the same.

Thus, in the scope of the classical AC calorimetry,

the curves are measured non-correctly except low

temperatures region near 100 K. So, this curves in

the melting region could not be used.

Let us apply our algorithm of calculations to obtain

the true heat capacity and the thermal conductivity of

the sample. As it is shown in Fig. 2, the calculated

temperature dependences of the true sample heat

capacity Cs are the same at both frequencies except

of the peaks in the melting region. These peaks are

dependent on the thermal history. It is remarkable, that

different curves in Fig. 1 are converted to a single

curve in Fig. 2. This result veri®es that the improved

AC calorimetry can be applied at high frequencies,

when the sample temperature modulation is not quasi-

static. The values of the speci®c heat capacity cs and

the effective thermal conductivity �eff, are shown in

the insert of Fig. 2. The heat capacity dependency is in

agreement with the data presented in [12,13], i.e. 1.9±

2.0 J/gK in the melt at 350 K and 0.85±0.88 J/gK in

the rigid state at 160 K. At frequencies higher than

1 Hz the measured values of heat capacity were larger

than the right values, and were increased with fre-

quency. The same effect was observed on sapphire

samples at f>10 Hz. The higher the sample thermal

conductivity, the higher the frequency limit of the

applicability of these calculations. This is due to the

effect of cross terms in Eq. (2) and of the heat-leakage

into the thermocouple wires. These effects can be

taken into account in the second-order approximation.

Fig. 1. Temperature dependences of the effective heat capacity (a),

and the phase shift (b), for PCL sample of thickness 0.4 mm. The

measurements were performed at modulation frequency f�0.2 Hz,

heat-flow amplitude P0�0.58 mW, underlying cooling rate

qc�3 K/min, underlying heating rate qh�10 K/min (squares), and

at f�0.4 Hz, P0�1.14 mW, qc�10 K/min, qh�10 K/min (crosses).

The temperature modulation amplitudes were ca. 0.02 K at room

temperatures and ca. 0.14 K at low temperatures.
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Note, that in the melting region, the peaks of the

temperature dependences of the phase shift are of

positive sign, Fig. 1. Consequently, these peaks are

related to the imaginary part of the sample heat

capacity, resulting from non-reversing melting. On

the contrary, the reversing melting, should cause the

negative phase shift. Of course, no peaks in '(T) and

Cs(T) dependences were observed at cooling be-

cause crystallization is not modulated due to super-

cooling.

The heating and cooling curves were reproducible.

No hysteresis was observed at temperatures below

250 K. A well de®ned step in the Cs(T) dependence at

ca. 290 K is observed. It can be explained by the fast

nucleation and crystallization, which takes place in the

sample at ca. 290 K. The result is independent on

cooling rate, at least when qc�10 K/min. The fast

nucleation and crystallization can be attributed to the

fact that a number of heterogenities with good nucle-

ating abilities persist in the sample. The analogous fast

crystallization was observed in [12] for the sample

with a number of heterogenities.

The quasi-isothermal relaxation of the effective

heat capacity and the phase shift for PCL at crystal-

lization, is shown in Fig. 3. The measurements were

performed at modulation frequency 0.5 Hz, heat-¯ow

amplitude 9.34 mW, modulation amplitude ca. 0.1 K

and at 318 K after the sample was cooled from the

melt with the cooling rate ca. 5 K/min. The heat

capacity decreases at crystallization and the phase

shift decreases also. The rate of crystallization can

be described by the time of half relaxation, t1/2. The

value of t1/2 equals ca. 450 s at 318 K. This value of

relaxation time is in agreement with the results, t1/

2�190 s at 316 K and t1/2�690 s at 320 K, presented

in [12] for the sample with comparatively large num-

ber of heterogenities. The analogous relaxation at

311 K is shown in the insert of Fig. 3. In this case

the rate of crystallization is by an order of magnitude

faster, t1/2�40 s at 311 K.

3.2. Thermal history

The melting kinetics depends on thermal history.

Therefore reproducible sample preparation is neces-

sary before studying melting kinetics. From prelimin-

ary experiments we found out that the sample can be

prepared as follows: 5 min nucleation at 318 K, after

fast cooling from the melt, then crystals growth at

Tcr�329 K, after fast heating. In this way it was

possible to grow crystals reproducibly and relatively

fast, which show a melting temperature Tm�334.5 K

and relatively narrow crystal's thickness distribution,

as shown in Fig. 4. Note, that the peaks of quasi-

isothermal relaxation at 332.6 K and at 334.5 K are

higher than the peak at 330.7 K.

Fig. 2. Temperature dependences of the dynamic heat capacity of PCL sample at modulation frequencies 0.2 Hz (squares) and 0.4 Hz

(crosses) at the same conditions as in Fig. 1. The temperature dependences of the specific heat capacity (squares) and the effective thermal

conductivity (crosses) at modulation frequency 0.4 Hz are shown in the insert.
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3.3. Stationary level and zero crystallinity line

Before studying quasi-isothermal relaxation of

excess heat capacity, it was necessary to determine

stationary level of dynamic heat capacity, i.e. the level,

to which the time dependence Cs(t) tends at in®nity.

Of course, this level depends on thermal history. But it

was possible to prepare samples reproducible. The

question arises if this level depend on modulation

frequency and/or temperature modulation amplitude.

Consider the quasi-isothermal relaxation of the

dynamic heat capacity and the effective thermal con-

ductivity to the stationary levels at 331.3 K, shown in

Fig. 5. The measurements were performed at modula-

tion frequency 0.2 Hz, heat-¯ow amplitude 2.33 mW

and modulation amplitude ca. 0.1 K. After reaching

stationary level frequency was changed between 0.1

and 1 Hz. As shown in Fig. 5, the stationary levels are

independent of frequency in this range. It appears, that

after 15 min relaxation the values of the stationary

levels of the heat capacity and the effective thermal

conductivity are close to the levels of zero crystal-

linity. These zero-crystallinity levels were measured,

when cooling from the melt. The stationary and zero-

crystallinity levels are close to each other, when the

temperature is suf®ciently high and no appreciable

crystallization occurs. This result was proved at dif-

ferent amplitudes TA in the range 0.005±0.2 K, fre-

quencies in the range 0.1±1Hz, temperatures 329, 330,

331, and 338 K, and different thermal histories.

Indeed, the stationary levels of the phase shift and

of the effective heat capacity are strongly frequency

dependent, as shown in Fig. 6. On the contrary, the

stationary levels of the true heat capacity and thermal

conductivity obtained from Eqs. (2) and (4) are fre-

quency independent.

3.4. Melting kinetics

Relaxation of the dynamic heat capacity of semi-

crystalline polymers can often be observed after step

heating of the sample in the melting region [9].

Because of the large time constants in TMDSC, which

are of the order of minutes, it is not possible to follow

the relaxation process from the very beginning. With

the faster AC calorimeter, �a ca. 1 s, it should be

possible to follow the relaxation immediately after

reaching the new temperature. The quasi-isothermal

relaxation of the excess heat capacity is relatively fast

at short times and it should be proved that the appa-

ratus time lag is of no importance. In our case, the time

lag is determined by the averaging time of the lock-in

ampli®er. From the quasi-isothermal relaxation of the

effective heat capacity at different time constants,

Fig. 3. Quasi-isothermal relaxation of the effective heat capacity (squares) and the phase shift (crosses) for PCL at crystallization. The

measurements were performed at modulation frequency 0.5 Hz, heat-flow amplitude 9.34 mW, modulation amplitude ca. 0.1 K and at 318 K

after sample cooling from the melt with the underlying cooling rate ca. 5 K/min. The analogous relaxation at 311 K is shown in the insert.
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shown in Fig. 7, it can be concluded that the in¯uence

of the apparatus time lag is negligible for �a<10 s.

Therefore all experiments were performed at �a�5 s.

It was found, that the quasi-isothermal relaxation of

the excess heat capacity was independent of the

temperature-modulation amplitude in the range

0.05±0.2 K, as shown in Fig. 8. Finally, to describe

the quasi-isothermal relaxation of the excess heat

capacity as a function of time, one should answer

the following question: Where is the zero point of the

time scale? The relaxation was measured at a ®xed

temperature after step-heating. In the experiment the

step was not absolutely sharp. It took about 30 s to

change the temperature by 1.9 K. The signal started to

vary with an appreciable delay after temperature

variation. The heat capacity started to noticeably

Fig. 4. Temperature dependences of the effective heat capacity (a),

and the phase shift (b) for PCL at modulation frequency 0.2 Hz,

heat-flow amplitude 2.33 mW and TA ca. 0.1 K. The measurements

were performed at cooling from the melt with the underlying rate

ca. 8 K/min, 5 min pause at 317.5 K for the nucleation and 1 h

pause at 329 K for crystals growth. Then the temperature was

changed in steps of 1.9 K every 5 min. The temperature vs time

dependence is shown in the insert.

Fig. 5. Quasi-isothermal relaxation of the dynamic heat capacity

(crosses) and the effective thermal conductivity (triangles) to the

stationary levels for PCL at 331.3 K after step-heating in the

melting region. The measurements were performed at modulation

frequency 0.2 Hz, heat-flow amplitude 2.33 mW and modulation

amplitude ca. 0.1 K. After 15 min of relaxation the values of the

stationary levels were measured at different frequencies for every

5 min (circles and squares). The sample was cooled from the melt

to 311 K in steps of 1.9 K for every 15 min, then heated in steps of

1.9 K for every 30 min.

Fig. 6. Frequency dependences of the stationary levels of the

effective heat capacity (crosses), the heat capacity (circles) and the

phase shift (triangles) for PCL sample at the same conditions as in

Fig. 5.
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increase after the temperature came to a constant level.

This point was chosen as zero of the time scale. From

this moment the heat capacity increased during ca.

30 s and then relaxed. The important point is that the

melting process began not immediately after the tem-

perature change, but with an appreciable lag. This lag

can be attributed neither to that of the apparatus,

�a�5 s, nor to the lag in heat transfer through the

sample, � s�2 s. Therefore, an appreciable time is

required to initiate the melting process. It can be

assumed, that the melting in this polymer is related

to an activation process. It appears, the melting

kinetics can be described by the following equation:

Cs�t� � Cb � Cex exp�ÿt=�0� �1ÿ exp�ÿbtn��;
(5)

where Cb ± base-line heat capacity, Cex ± excess heat

capacity, �0 ± relaxation time of the melting process, b

and n the parameters of the stretched exponent. The

stretched exponent describes the initiating of the

melting process. The decay of the melting is described

by the exponent with time constant �0. As shown in

Fig. 8, the experimental curves can be approximated

by this time dependence at reasonable parameters. It is

noteworthy, that the attempts to approximate the

dynamic heat capacity relaxation by two simple expo-

nents, exp(ÿt/�2) ([1ÿexp(ÿt/�1)], had no success.

The tails of the relaxation curves can be approxi-

mated by the only exponent. It was found, that the

effective heat capacity and the phase shift decay with

the same rate, as shown in Fig. 9. This means, that the

decay processes of the real and the imaginary parts of

the excess heat capacity are described by the same

Fig. 7. Quasi-isothermal relaxation of the effective heat capacity

for PCL after step-heating in the melting region at 329.5 K. The

sample was cooled from the melt to 311 K with the underlying

cooling rate ca. 3 K/min, then heated in steps of 1.9 K for every

5 min. The measurements were performed at modulation frequency

0.2 Hz, heat-flow amplitude 2.33 mW, modulation amplitude ca.

0.1 K, and at different time constants of the lock-in amplifier:

�a�5 s (crosses) and 10 s (squares).

Fig. 8. Time dependences of the quasi-isothermal effective heat

capacity for PCL at different amplitudes TA ca. 0.05 K (squares),

0.1 K (circles), 0.2 K (crosses) at the same conditions as in Fig. 7

with �a�5 s. The curves are normalized to the maximum of the

curve with TA�0.05 K. The curves can be approximated by the

following time dependence: 23.85�27 exp(ÿt/�0)[1ÿexp(ÿbtn)],

where �0�23 s and n can be in the range from 2 to 3, with

b�0.0015 at n�3 (dash line) and b�0.014 at n�2 (thin line). The

tails of the curves can be approximated by the only exponent

23.85�27 exp(ÿt/�0) (thick line).

Fig. 9. Quasi-isothermal relaxation of the effective heat capacity

(squares) and the phase shift (crosses) for PCL after step-heating in

the melting region at the same conditions as in Fig. 7 with �a�5 s.

The curves was approximated by the same time dependence as in

Fig. 8, with �0�25 s, n�2.4 and b�0.003 (thick line).
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exponent exp(ÿt/�0) at the same temperature and

frequency. This can be explained as follows. Denote

the total volume Vcr of the crystals in the sample.

Assume that this volume decreases exponentially in

the isothermal melting process after a small heating

step. Of course, we consider the case, when only a

small fraction of the crystals, with the same para-

meters, is melted. If the value of ReCex is related to the

reversing melting and ImCex is related to the non-

reversing melting, then ReCex�Vcr and ImCex�@Vcr/

@t at constant temperature and frequency. Thus, the

following relation can be written @/@t(ReCex)�
ImCex�exp(ÿt/�0) and ReCex�exp(ÿt/�0) for the

excess heat capacity decay. Therefore, it is suf®cient

to investigate the relaxation of Ceff without cal-

culation of Cs. As shown in Fig. 9, the dependences

Ceff(t) and '(t) can be approximated by the re-

lation (5) with reasonable parameters. It was found,

that these parameters are independent on modula-

tion amplitude and frequency in the range 0.1±1 Hz,

but they are temperature and thermal-history

dependent.

The temperature dependences Cex(T) and �0(T) was

investigated at the following three types of thermal

histories. At ®rst thermal treatment, the sample was

cooled from the melt below 310 K and heated to 325 K

with the heating-cooling rate ca. 5 K/min, then mea-

surements were performed in steps of 1.9 K for every

5 min. In the second case, the sample was cooled from

the melt to 311 K with the underlying cooling rate ca.

3 K/min, then heated in steps of 1.9 K for every 5 min,

and crystals growth were performed at 329.5 K during

30 min. The third thermal history is the same as in

Fig. 4. This thermal treatment provides the most large

crystals and with the most narrow crystal's thickness

distribution. In this case, the most slow relaxation is

observed, as shown in Fig. 10. Thus, the third thermal

treatment provides comparatively large and perfect

crystals, with high �0 and (Tm)max. On the other hand,

the crystallinity was relatively small, in this case. The

maximal value of the excess heat capacity (Cex)max

was ca. 2.5 mJ/K at 332.6 K. This is two times smaller

than (Cex)max at 329.5 K, in the case of the second-

type thermal history. Finally, a lot of small, imperfect

crystals was in the sample after the ®rst-type thermal

treatment: (Cex)max was ca. 10 mJ/K at 326 K, with

relatively small �0 and (Tm)max. These results are in

agreement with conclusions of Section 3.2.

4. Conclusions

The new capabilities of AC calorimeter, when

working at frequencies above the classical limit were

demonstrated. The width of appropriate frequency

range of the classical AC calorimetry was substan-

tially enlarged. It was shown, that the advanced AC

calorimetry can be successfully applied for studying

of the dynamic heat capacity of polymers at frequen-

cies ca. 1 Hz. Therefore, the apparatus time lag can be

as small as ca. 1 s. The time lag in heat transfer

through the sample was also small, ca. 2 s. It was

shown, that simultaneous determination of heat capa-

city and thermal conductivity is possible, when phase

and amplitude of the sample temperature modulation

are measured.

The advanced AC technique was applied for inves-

tigation of the melting kinetics in polycaprolactone.

The following new information about the melting

kinetics of polycaprolactone was obtained. It was

found, that the stationary level of the dynamic heat

capacity is independent of frequency in the range 0.1±

1 Hz. It appears, that the stationary levels of the heat

capacity and the effective thermal conductivity coin-

cide with the levels of zero crystallinity, at least at

Fig. 10. Temperature dependences of the relaxation time-constant

�0 of the quasi-isothermal dynamic heat capacity of PCL at three

types of the thermal histories: 1 ± the sample was cooled from the

melt below 310 K and heated to 325 K with the heating-cooling

rate ca. 5 K/min, then measurements were performed in steps of

1.9 K for every 5 min (squares), 2 ± the sample was cooled from

the melt to 311 K with the rate ca. 3 K/min, then heated in steps of

1.9 K for every 5 min except 30 min pause at 329.5 K (circles), and

3 ± the temperature variation was the same as in Fig. 4 (triangles).
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suf®ciently high temperatures, above 329 K. This

result was proved at temperature-modulation ampli-

tudes in the range 0.005±0.2 K, and at different ther-

mal histories.

It appears, that the appreciable time period is

required to initiate the melting process after step-

heating. Thus, melting in polycaprolactone is related

to an activation process. The activation of the melting

process is described by a stretched exponent and the

decay of the melting by only one exponent at short

times until 4 min. The dependencies of the exponent's

parameters on temperature and thermal history were

investigated.
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