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Abstract 

Using temperature modulated differential scanning calorimetry (TM-DSC) the complex frequency dependent heat capacity 
C(w) can be measured. C(w) is connected to an additional time dependent variable C(t), which describes the kinetics of 
processes inside the sample. Usage of phenomenological or molecular models for C(t) allows the interpretation of measured 
TM-DSC curves. This is illustrated for the melting of Poly(ethylene terephthalate) (PET) and Poly(E-caprolactone) (PCL). 

The melting of polymers is investigated and compared to a first- and second-order phase transition. The behaviour of the 
complex heat capacity in the melting region of polymers is manifold. Using different empirical models for the local melting 
and relaxation process in the melt the quantitative behaviour of the measured curves can be described. 0 1997 Elsevier 
Science B.V. 
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1. Introduction 

TM-DSC applies a periodical temperature modula- 
tion at a conventional DSC run [ 1,2]. Dependent on the 
instrumentation different methods of modulation and 
analyses are available [3,4]. The heat flow amplitude 
and the phase shift cp between scanning rate modula- 
tion and heat flow can be determined [5] from the 
periodic component of the measured heat flow rate. 
The application of these properties for interpretations 
is established in glass transition [6-91 as wel1 as in 
polymer crystallisation [ 10,l ll. 

Here we present results of investigations of polymer 
melting using TM-DSC. The melting behaviour of 

polymers is compared to first- and second-order phase 
transition. Based on the thermodynamic description of 
TM-DSC measurements [ 12,131 different kinetic 
models for melting processes are investigated. 

2. Theoretical description of TM-DSC signals 

A detailed description of TM-DSC signals using 
linear response approach is given in Refs. [ 12,131. 
Here we give only a short introduction. 

In case of TM-DSC the measured signal is the heat 
flow rate CP. It is separated into an underlying and a 
periodic component: 

*Corresponding author. @p(t) = @u(t) + @p(t) (1) 
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where the linear underlying scanning rate /3e yields the 
underlying component QU, and the periodic term (with 
the temperature amplitude T, and the angular fre- 
quency wa = 2r/tp; t, is the period) for the periodic 
component @r. The underlying component is related 
to the conventional DSC curve: 

@” = CL?/30 (2) 

where Co is the (heating rate dependent) heat capacity 
and a part which depends on the latent heat. 

A common separation method of @, and @r on the 
measured heat flow rate is the Fourier analysis and 
subtraction. The first harmonie of the periodic heat 
flow component is: 

$1 (t) = @a(t)co+Jot - ‘PI (3) 

where Gis is the amplitude of the heat flow rate and cp 
is the phase shift between the heating rate p = dT/dt 
and the heat flow rate @ri. After calibration of 
amplitude and phase [ 14,151 the complex heat 
capacity 

C(w) = C’(w) - K”(W) (4) 

can be calculated from the measured curve. The real 
part C’ describes the component in phase with the 
heating rate and the imaginary part C” the component 
out-of-phase. If time dependent processes takes place 
in the sample, the imaginary component of the heat 
capacity wil1 appear. These processes can be described 
by irreversible thermodynamics. In this case an addi- 
tional time dependent variable C must be introduced. 
The total differential of the entropy for isobaric con- 
ditions reads 

(5) 
where dS, is the entropy change of the system due to 
exchange of heat and dSi is the additional intemal 
entropy change due to irreversible processes. 

We can define the generalised isobaric heat 
capacity as 

C(T,t) = T(w) = T(!$ 
f3S K(t) 

+ T 2 r,r dT o- (6) 

The first term represents the static part of the heat 
capacity Cst, it represents the very fast thermal 
motions in solids (the characteristic frequency is in 
the range of 10”Hz). The second term in Eq. (6) 
describes the time dependent part Cdyn(T, t): 

CG’-, t) = G(T) + Cd,& t) (7) 

C dyn represents al1 relative slow processes in the 
sample. In the following the temperature change is 
assumed to be so smal1 that the heat capacity is not a 
function of temperature. 

In a TM-DSC measurement the frequency depen- 
dent heat capacity C(w) is measured. The connection 
between C(w) and the time dependent heat capacity 
C(t) is given by Fourier transform: 

x 

C(W) = Cs, + 
s 

~+(t’)emiW”dt’ 

= Cs, + (&y”(u) - iC$,(w)) (8) 

where Cdyn = dCd,,/dt. Comparing Eqs. (8) and (4) 
yields: 

C’(w) = Cs, + C&“(W) (8a) 

C”(W) = C~,,(w) @bl 

The correspondence between the measured entropy 
change and the heat capacity is given by the convolu- 
tion product [ 121: 

f 

TAS = C,,AT(t) + 2 Cdyn(t - t’)AT(t’)dt’ 

For investigation of the connection between the 
order parameter C(t) and 
discuss the response of the 
perature step: 

AT(t) = AT,@(t) 

where AT, is the smal1 step 

the heat capacity we 
sample to a smal1 tem- 

(10) 

height and o(t) the step 
function. In this case for the entropy production from 
Eq. (5) reads: 

dSi dS -= - 
0 dt dc p,T 

i-(t) (11) 
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By inserting of Eqs. (10) and (5) in Eq. (9) follows: 

ASi = c,,,(t)% 

Thus the entropy production is: 

(12) 

(13) 

A comparison of Eqs. (11) and (13) shows the con- 
nection between < and C: 

Gyn(r) cx i-(r) (14) 

The proportional factors is 

The variable C describes the kinetics of the process. 
In the following paragraphs the results of different 
approaches for < shall be compared with measured 
melting curves of polymers. 

3. Experimental investigation and results 

The melting behaviour of poly(ethylene terephtha- 
late) (PET, M, = 23.000) and poly(E-caprolactone) 
(PCL) was investigated using a Perkin-Elmer DSC- 
in the DDSC mode. This instrument does not allow the 
selection of an underlying heating rate, modulation 
amplitude and modulation frequency. However, if 
desired, such quantities may be determined after the 
fact, once the heating and cooling ramps which make 
up the thermal program have been selected. The used 
calibration procedure is described elsewhere [ 151. 

Before discussing the polymer melting curves a 
first-order transition (melting of Indium; In) and a 
second-order transition (transition at 275°C of sodium 
nitrate; NaNOa) wil1 be investigated. 

3.1. First- and second-order phase transitions 

For the measurements of a pure first-order transition 
a 7.808 mg In sample was used. The second melting 
was investigated. The experimental parameters were: 
PO = 0.025 K/min, T, = 0.005 K and tp = 48 s. The 
result is shown in Fig. 1. With these parameters 
approximately 12 periods of modulation occur in 
the melting region. 

181 

Fig. 1. The specifïc heat capacity functions for the first-order 
melting of indium by TM-DSC (m = 7.808 mg, 90 = 0.025 K/min, 
T, = 0.01 K, t, = 48 s). 

A first-order transition is characterised by a transi- 
tion temperature and an enthalpy of fusion. The 
theoretical heat flow curve is a Dirac function. In a 
conventional DSC the maxima1 heat flow into the 
sample is limited by the thermal resistor between 
sample and furnace. During the melting the sample 
temperature remains constant and the respective heat 
flow rate curve in a conventional DSC shows a con- 
stant slope during the transition. The reason of this 
behaviour is that the temperature is not measured in 
the sample but only in the furnace close to the sample. 
Therefore, the heat transfer affects the measured 
curves. If the sample is completely molten, then the 
sample temperature increases again. In the TM-DSC 
we find this curve type in the underlying signal C3. 
Calculations conceming the influence of heat transfer 
on the DSC signal in the melting region show that 
during the melting the ‘apparent heat capacity’ drops 
down because of latent heat [16]. C’ and C” do not 
reflect the properties of the sample in case of a first- 
order phase transition, but describe the measured heat 
flow caused by heat transfer. At such a transition the 
complex heat capacity characterises only the changes 
of the heat transfer conditions inside the DSC furnace. 

For investigation of the signal behaviour during a 
second-order transition we used the solid-state transi- 
tion at 275°C of NaNOa [17]. The 8.796 mg sample 
was measured at a period of 48 s, an underlying 
heating rate of 0.125 K/ min and a temperature ampli- 
tude of 0.055 K. The respective complex heat capacity 
is shown in Fig. 2. This transition has a distinct 
influence on the C’ signal. At temperatures, below 
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Fig. 2. The specifïc complex heat capacity for the second-order 
solid state transition of NaN03 (m = 8.786 mg, @o = 0.125 K/min, 
T, = 0.055 K, fp = 48 s). 

the critical temperature the heat capacity C’ increases. 
After the critical temperature, the heat capacity drops 
back. This corresponds to the expected behaviour of 
the heat capacity in the transition region. During this 
type of transition C” is approximately zero. 

3.2. Polymer melting 

Before measurement the molten PET sample 
(m = 4.324 mg) was quenched to the crystallisation 
temperature (T, = 170°C). The crystallisation time 
was 30 min. The partial crystalline sample was mea- 
sured using an underlying heating rate po = 1 K/min 
and a temperature amplitude T, = 0.2 K. The fre- 
quency was varied between 10 and 83 mHz. In Figs. 3 
and 4 some results are shown. The real as wel1 as the 
imaginary part of heat capacity is positive. The peak 
height is frequency dependent. For the imaginary part 
of heat capacity, both the peak width and the max- 
imum temperature are frequency independent. The 
peak form of the real part of the heat capacity C’ 
depends, however, on frequency. Even at relatively 
low temperatures (lower than 220°C) the C’-curve 
increases, whereas the C”-curve is approximately 
constant in this temperature range. The maximum 
temperature of the C’-peak is at lower temperatures 
as the C”-peak maximum. The form of the C”-curves 
shows a good correspondence to the peak of the 
underlying signal (or the conventional DSC-curve). 

180 200 220 240 260 

Temperature in ‘C 

280 300 

Fig. 4. Imaginary part of the specifk heat capacity in the melting 
region of PET (same conditions as in Fig. 3). 

ple was cooled from the melt at 70 to 25°C with 
50 K/min. Afterwards the sample was partially crys- 
talline. The experimental parameters for the TM-DSC 
measurements are ,& = 0.2 K/min and Ta = 0.1 K. 
The chosen periods are 30, 48, 60 and 96 s ($0 : 33, 
21, 17 and 10 mHz, respectively). In Figs. 5 and 6 the 
heat capacity curves are shown. In correspondence to 
the results of PET the imaginary part C” of PCL shows 
a positive peak in the melting region. The peak height 
decreases with increasing frequency. This peak sharp 
is similar to the Co-peak. In contrast to PET, the 
C’-curves of PCL show a smal1 exothermic, which 
is also frequency dependent. 

The melting behaviour of PCL is investigated with a A problem at interpretation of TM-DSC curves in 
4.380 mg sample. Before each measurement the sam- the melting range of polymers is the insufficient 

180 2vo 2iO 240 ZhO 2bo GO 
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Fig. 3. Real part of the specifïc heat capacity in the melting region 
of PET at different frequenties. (m = 4.324mg, 00 = 1 K/min, 
T, = 0.2 K). 

5- 
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Fig. 5. Real part of the specific heat capacity in the melting region 
of PCL at different frequenties. (m = 4.380mg, Do = 0.2 K/min, 
T, = 0.1 K). Insertion (A) shows the complete set of specitïc heat 
capacitles measured at 17 mHz. 

Temperature in “C 

Fig. 7. Real part of the specifïc heat capacity in the melting region 
of PCL measured at different sample masses (sample masses: 1.664 
(two measurements) 2.948, 4.380, 6.330 mg, f = 17mHz, 
/3” = 0.2 K/min, T, = 0.1 K). 
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Fig. 6. Imaginary part of the specific heat capacity in the melting 
region of PCL (same conditions as in Fig. 5). 

number of reliable measuring results. Therefore it 
seems to be possible that the results in Figs. 3 and 
6 are caused by heat transfer. One possibility to check 
this is a variation of the sample mass. If the measured 
effects characterise real processes in the sample the 
intensity of the complex heat capacity should be 
independent of the sample mass. To investigate the 
influence of the sample mass on the measured signal 
four PCL samples (1.664, 2.948,4.380 and 6.330 mg) 
are investigated at a frequency of 17 mHz and an 
underlying heating rate of 0.5 K/min. Both the real 

$0 

Temperake in “C 
60 f0 

Fig. 8. Imaginary part of the specifïc heat capacity in the melting 
region of PCL (same conditions as in Fig. 7). 

and the imaginary part of the complex heat capacity 
are shown in Figs. 7 and 8. Fig. 9 shows the heights 
of the c’ and c”-peak, respectively. These figures do 
not show a dependence of the sample mass. Differ- 
ences in the curves results on the chemical and 
structural irregularities of the samples (i.e. the influ- 
ence of water, different crystallinity, etc. on the melt- 
ing behaviour). For that reason, we proceed to take 
kinetic processes during the polymer melting into 
account as occasion for the form of the measured 
curves. 

Obviously different polymers show different beha- 
viour of the complex heat capacity in the melting 
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Fig. 9. The heights of the measured c’ and c” peaks as function of 
the sample mass (determined from Figs. 7 and 8). 

region. Both investigated materials differ from first- 
and second-order phase transition. In contrast to such 
phase transitions the polymers shows a relatively large 
peak in C” and a frequency dependent exothermic or 
endothermic in C’. The occurrence of a C” signal and 
the frequency dependence of the complex heat capa- 
city in the melt region of polymers point to the 
importante of kinetic processes. In contrast to the 
cold crystallisation of polymers the melting should 
take place not so far from the equilibrium. This 
means that during melting the entropy of the melt 
in the neighbourhood of the melting front should 
not be very different from that of the crystal. 
Therefore a relaxation of the entropy occurs. In this 
case the linear response yields information about the 
kinetics of the processes, which take place during 
melting. 

4. Models for description of the TM-DSC signals 
if polymer melting 

In the following empirical models for the time 
dependent intemal variable < are discussed. In this 
sense C is interpreted as an order parameter, it 
describes the crystallinity of the sample. In this con- 
text the time derivative d</dt is proportional to the rate 
of melting. In the melt < disappears and the entropy is 
maximal. Therefore the entropy increases and C 
decreases during melting. Thus (LS/a<),,, is nega- 
tive. The correspondence between the frequency 
dependent heat capacity C(w) and C(t) follows from 

a, 
i, ---. 

s 
% -L 

\ 
b \ 

Time 

Fig. 10. The behaviour of dC/df for different kinetic models. a: 
Model 1; b: Model 2; c: Model 3; d: Model 4 (for details see text). 

Eqs. (8) and (14): 

cx 2.z 

C(w) - Cs, = J k(t)eë”“dt 0: - J i(t)e?‘dt 

0 0 

(15) 

We have to look at different kinetic models for C. 
These models are shown in Fig. 10. A discussion of 
the physical background wil1 be presented elsewhere 

U81. 

Model 1: 
The melting takes place very fast (without any 

kinetics involved). After a temperature step AT0 at 
the time t. al1 related crystals melt immediately. In this 
case < reads: 

c(t) = 6 - Ac@@ - to) (16) 

where CO describes the crystallinity before the 
temperature step, Ac describes the change of crystal- 
linity relative to the smal1 temperature change. This 
causes a step in the dynamic part of heat capacity 
as well: 

C&) = A,Sr,,A@(t - t,,) = ACo@(t - ro) 

(17) 

where A$T,, is the partial ‘entropy of reaction’ (here 
melting) at isothermal and isobaric conditions. 

Inserting of Eq. (17) into Eq. (15) yields the com- 
plex heat capacity: 

C(w) = C’(w) = C,, + AC0 (18) 

This means, that for such type of transition the ima- 
ginary part C” is zero and the real part C’ is the static 
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heat capacity plus the frequency independent part 
AC,. Choosing the temperature dependence of AC0 
this model describes the measured second-order tran- 
sition (Fig. 2). It is, however, different from the 
measured melting curves of polymers. 

Model 2: 
This is a simple kinetic model, that is, after a 

temperature step the crystallinity changes. In a short 
time interval (given by the time scale of the process) 
the melting rate should be constant. The respective 
time scale in the modulated experiment is in the order 
of ti-,. In this case the time derivation of C reads: 

j(t) = -&(t - tc) (19) 

where ca (& > 0) is the constant rate of < during 
melting. The frequency dependent heat capacity is 
proportional to the Fourier-transform of Eq. (19). The 
real part reads 

C’(w) = c,t (20) 

and the imaginary part is 

C”(W) 0: $ (21) 

This kinetic model yields a constant C’, which con- 
tains no infonnation about the transition. C” is positive 
and proportional to the rate of melting. This is in 
correspondence to the measured C” behaviour in the 
melting peak region of PET and PCL. 

An other result is that w&” should be constant at 
constant ia. Because & is dependent on the tempera- 
ture, the prediction of this model is that the area of the 
C”-peak times wc is constant (measured at the same 
underlying heating rate). To check this prediction, the 
wa Jc”dT versus wo diagram was plotted for PET. 
Fig. 11 shows the good consistency between model 
and measurements. 

Model 3: 
In principle, Model 2 describes the measured C” 

curve. However, the C’ should be constant, which is in 
contrast to the experimental results (Figs. 3-6). There- 
fore this model must be expanded with an additional 
kinetic process: the constant rate la does not appear 
instantaneously but with a relaxation process: 

t(t) = -f$(l - eër/7) (22) 

0-l I 1  9 

00 0.1 0.7. 0.3 04 05 06 

0 in s-’ 

Fig. ll. Frequency dependence of the c”-peak area times w; for 
details see text (measuring parameters the same as in Fig. 3). 

In this case the real part C’ must increase during the 
melting process: 

04 - Gt 0: 40 1 +yzTz (23) 

and the imaginary part C” reads: 

Eq. (24) describes a positive monotone decreasing 
function. The changing of both C’ and Cl’ is propor- 
tional to the melting rate. The peak height of the C”- 
peak as wel1 as the C’-exothermic decreases with 
increasing w. A comparison of Eqs. (23) and (24) 
with the experimental results shows that this model 
is useful for a qualitative description of the melting 
curves of PCL (Figs. 5 and 6). The reason for such a 
kinetics is local relaxation processes of the thermo- 
dynamic properties in the melt close to the crystal 
surface. 

Model 4: 
In contrast to PCL, PET shows an increase of C’ in 

the melt region. This endothermic in C’ starts at lower 
temperatures as the melting peak in the Co signal and 
is not connected to a phase shift. C” is relatively low. 
At relatively low temperatures a melting process 
occurs in PET which responses in phase to the tem- 
perature change (C’-curve). Such processes could be 
described using Model 1. In contrast to mis model the 
experiment shows a frequency dependence of the 
C’ signal. This behaviour must be explained by an 
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influence of a kinetics. A useful function for modelling 
such a behaviour is the exponential function 

In this case the complex heat capacity 

and 

reads: 

(25) 

(26) 

(27) 

In consistente with the experimental results (Fig. 3) 
Eqs. (26) and (27) yield endothermic (positive) effects 
in C’ and a smaller positive peak in C”. A better 
correspondence would be given by a combination of 
this model with Model 2. In this case we must assume 
simultaneously melting of different types of crystals 
with different kinetics. This corresponds to the com- 
plicated structure of partial crystalline polymers. 

5. Conclusions 

The interpretation of the frequency dependent com- 
plex heat capacity C(w) is one of the problems of the 
TM-DSC. C(w) can be described using a time depen- 
dent variable C. The variable C represents the kinetic of 
the melting process. The knowledge of the time 
dependent intemal variable < allows the interpretation 
of the measured curves. This is shown for polymer 
melting using four different models. With a combina- 
tion of the presented models the experimental curve 
could be described qualitatively. The simultaneous 
presence of different kinetic processes during polymer 
melting is caused by the real structure of such poly- 
mers, which contains non-equilibrium crystals as wel1 
as amorphous material resulting in complicated local 
processes during melting close to the surfaces of the 

crystals. This is an additional information that is 
available from TM-DSC experiment. 
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