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Abstract

The melting behaviour of polymers is investigated by temperature modulated differential scanning calorimetry (TMDSC).

The measurements are performed in both the quasi isothermal and the scanning mode. For the scanning mode measurements

the speci®c complex heat capacity (given by real c0 and imaginary part c00) was determined. The assumption that the crystals

melt from their lateral surface only and that the melting rate is caused by superheating yields to a prediction of the frequency

and underlying heating rate dependence of c00. These results are veri®ed experimentally. By adaptation of this model a model

function for description of |c| (the modulus of the complex speci®c heat capacity) in quasi isothermal experiments is obtained.

The comparison of this function with experimental data from poly(ethylene terephthalate) and syndiotactic polypropylene

shows a good correspondence. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The conventional differential scanning calorimetry

(DSC) is well introduced for the investigation of phase

behaviour of polymers. By this method the heat ¯ow

rate into the sample is measured as a response on a

given temperature program with a constant scanning

rate �0 or at isothermal conditions (�0�0). In case of

temperature modulated differential scanning calori-

metry (TMDSC) the conventional temperature pro-

gram is superimposed by a small periodic temperature

perturbation Tp(!0). In the simplest case Tp(!0) is a

sinusoidal function:

T�t� � Ti � �0t � Tp�!0�
� Ti � �0t � Ta sin!0t; (1)

where Ti is the initial temperature, Ta the temperature

amplitude and !0 (�2��f0�2�/tp) the angular fre-

quency. f0 and tp are the frequency and the period,

respectively. The introduction of the periodical tem-

perature perturbation into the temperature programme

provides additional information about the kinetics of

the processes of interest.

A partial-crystalline polymer has a non-equilibrium

structure. During heating in conventional DSC melt-

ing and recrystallisation effects can be observed

simultaneously for many polymers. Both the structure

of the crystals and of the melt depend on temperature.
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In additional to imperfect crystals and a reordered melt

a partial crystalline polymer includes a rigid amor-

phous phase on the surface of the crystallites. This

complicated molecular situation yields to time depen-

dent processes during melting. This is re¯ected in the

experimental results of TMDSC measurements. For

quasi isothermal experiments (�0�0), Wunderlich and

co-workers [1±3] and Schick and co-workers [4] have

shown that the sample response to the modulation

decreases as a function of the measuring time. For

non-quasi isothermal measurements it was shown that

the measured signal depends on frequency [5±8] and

underlying heating rate [9,10]. For understanding the

experimental results additional to the irreversible

melting of crystals a reversible melting process on

the surface of the crystals was discussed [1,8]. Math-

ematical models for description of the frequency

dependence of the measured signals are discussed

in the literature [8±11].

In this paper we discuss TMDSC measurements in

the melting range of polymers on basis of the models

presented in [9±12]. For scanning experiments the

dependence of the measured data on the underlying

heating rate is discussed. On base of that results a ®t

function for quasi isothermal measurements is

obtained. The theoretical results are compared to

measured data of poly(ethylene terephthalate) (PET)

and syndiotactic polypropylene (s-PP).

2. Experimental

2.1. The method

For TMDSC the measured heat ¯ow rate � can be

described as a sum of two parts, the underlying

component of the heat ¯ow rate �u(t) and the periodic

component �p(t):

��t� � �u�t� � �p�t�: (2)

The characteristic parameters of the periodic compo-

nent are the heat ¯ow amplitude �a and the phase shift

' between dTp/dt and �p. These parameters are

usually determined by calculating the ®rst harmonic

of a Fourier analysis [13,14]:

�a�t� �
����������������
�2

s � �2
c

q
; (3a)

tan' � �s�t�
�c�t� ; (3b)

where�s and �c are the sine and the cosine component

of the ®rst harmonic of �p, respectively. This evalua-

tion method is applicable in case of a symmetric

periodic component of the heat ¯ow rate. To guarantee

the validity of this data evaluation procedure the

temperature amplitude must be suf®ciently slow. A

procedure to determine the maximum temperature

amplitude is published in [15]. The experimental

conditions applied in this paper are analysed in such

a way. If �p(t) is not a constant in the time limits of one

period an additional error is expected [16]. This error

increases with smaller �0.

From the amplitude of the heat ¯ow rate �a and the

phase shift ' the complex speci®c heat capacity c*(!)

� c0(!)ÿic00(!) can be determined by its real and

imaginary part (i � �������ÿ1
p

):

c0 � jcj cos'; (4a)

and

c00 � jcj sin'; (4b)

where |c| is the modulus of the complex speci®c heat

capacity:

jcj �
������������������
c02 � c002

p
� �a

KamTa
; (5)

where m is the sample mass. The calibration factor for

the amplitude Ka depends on the heat transfer condi-

tions. In this paper Ka is determined for each sample

by comparing the speci®c heat capacity of the melt

with the results of conventional DSC measurements.

For scanning experiments an additional calibration

procedure is used [17,18].

A Perkin-Elmer DSC-7 was used in the DDSC-

mode. The temperature modulation was performed

using a saw-tooth waveform. From the DDSC input

parameters an underlying heating rate, a temperature

amplitude and a frequency can be calculated [9].

2.2. Samples

The samples were PET and s-PP. The PET sample

was commercial (Du Pont). The PET samples with

different morphology were prepared in two regimes:

1. The sample was cooled from the melt (2708C) to

1708C with a cooling rate of ca. 100 K/min. At

1708C it was crystallised for 10 min and than fast

cooled to room temperature.
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2. A sample with a more stable structure was obtained

by stepwise cooling from the melt. Starting from

2708C the sample was cooled for 10 K with ÿ1 K/

min. At this temperature it was annealed for 2 h.

Afterwards it was cooled to the next annealing

temperature 10 K less with ÿ1 K/min. The final

annealing temperature was 1708C. At the end the

sample was cooled with ÿ100 K/min to room

temperature.

The s-PP sample under study was synthesised by the

Institute of Macromolecular Chemistry of the Uni-

versity of Freiburg. The number average molecular

weight Mn was 1.04�105 g/mol (Mw/Mn�2.3) [19].

The sample was cooled from the melt to 1308C and

annealed for 3 h.

For preparation the samples (typical mass was

approximately 5 mg) were putted into aluminium

DSC pans. The crystallisation was performed in a

Perkin-Elmer DSC 4. The temperature amplitudes for

the TMDSC experiments are 0.1 K (for s-PP) and

0.05 K (for PET).

3. Complex heat capacity and order function

Using TMDSC a time and frequency dependent

heat capacity is observed in the melting region of

polymers. Time dependent non-equilibrium processes

in the sample are the reason for that behaviour. In the

framework of irreversible thermodynamics a set of

time dependent order functions �i can be introduced to

describe such processes. For simpli®cation we discuss

the case with only one function �(t). The generalised

isobaric speci®c heat capacity can be written as

c�t� � cst � cdyn�t�; (6)

where cst is the static speci®c heat capacity of the meta

stable equilibrium while the function �(T,t) is consid-

ered in cdyn(t). By Fourier transformation of c(t) the

complex speci®c heat capacity c*(!) is determined as

c��!��cst�c�dyn�!� � cst � c0dyn�!� ÿ ic0dyn�!�;
(7)

where cst�c0dyn is the real part c0 and c00dyn the imaginary

part c00 of the complex speci®c heat capacity. Predict-

ing that d�/dS (the system is rather close to equili-

brium), the correspondence between �(t) and the

complex speci®c heat capacity is given by Fourier

transformation [20]:

c�dyn�!� / ÿ
Z1
0

_��t� exp�ÿi!t� dt: (8)

For a given time dependence of the order parameter

� the complex speci®c heat capacity can be calculated

by Eq. (8). In case of melting the time derivative of � is

the melting rate. For polymer melting different models

for _� as a function of time are discussed in [8]. A

simple model is that the polymer lamella melt in one

dimension from the lateral surface (growth face) with

a constant melting rateÿ _�0. In such a case the kinetics

are described by a step function for _�:

_��t� � ÿ _�0��t ÿ t0�; (9)

where _�0 is a positive constant. From Eq. (9) we obtain

for the complex speci®c heat capacity:

c0dyn�!� � 0; (10a)

and

c00dyn�!� /
1

!
: (10b)

This means that the real part is a constant in the

melting region and the signals from the imaginary

part are always positive. c00 increases with decreasing

frequency.

A more sophisticated model is presented in [12].

There the time dependent order parameter reads:

_��t� � _�0 exp ÿ t

�1

� �
ÿ exp ÿ t

�2

� �� �
; (11)

where �1 is a characteristic time which describes the

molecular processes close to the lateral surface

(growth face) of the crystals. The characteristic time

�2 depends on the average length of the crystals. From

Eq. (11) follows the dynamic part of the complex

speci®c heat capacity:

c0dyn�!� /
�2

1� !2�2
2

ÿ �1

1� !2�2
1

� �
; (12a)

and

c00dyn�!� /
�2

2

1� !2�2
2

ÿ �2
1

1� !2�2
1

� �
: (12b)
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In this model both the real and imaginary part of the

complex speci®c heat capacity are frequency depen-

dent. This is in agreement with the experimental

behaviour of polymers [8,9,12]. Eq. (9) represents a

special case of Eq. (11) for the conditions �1!0 and

�2!1.

4. Results and discussion

4.1. TMDSC scanning experiments in the melting

region

For s-PP the speci®c complex heat capacity was

measured for different underlying heating rates. The

curves are shown in Fig. 1. The imaginary part c00

shows positive peaks. The peak intensity increases

with increasing underlying heating rate. In contrast to

c00 the real part c0 shows peaks which can be positive

and negative. The changes in c0 are smaller than that in

c00. If the melting process is measured with different

frequencies the peak intensities decreases with

increasing frequency.

We assume: (i) the polymer crystals melt in one

dimension with a constant melting rate; (ii) the melt-

ing rate is temperature dependent.

In the ®rst approximation the temperature depen-

dence of _� is a linear function of the superheating

TÿTf:

_��T� � @ _�

@T

 !
Tf

�T ÿ Tf�: (13)

In [9,11] it is shown that for this model the real part of

the complex heat capacity is constant and the ima-

ginary part is proportional to the reciprocal frequency:

c�!�0 � cp; (14a)

and

c00�!� � �hf

!

@ _�

@T

 !
Tf

: (14b)

It is clear that this simple model cannot describe the

experimental behaviour of c0. Therefore, we discuss in

the ®rst step only c00. For the model in discussion it is

shown in [9] that the area of the c00 peak reads:Z
Peak

c00dT � �0

!

�hf

hT ÿ Tf i ; (15)

where hTÿTfi denotes an averaged superheating.

hTÿTfi should be frequency independent for a given

underlying heating rate �0. From the peak area of the

c00 data the average superheating is determined by

Eq. (15) for s-PP. The results presented in Fig. 2 show

an agreement with the expectation.

From the same model follows for the in¯uence of

the underlying heating rate [9]:

hT ÿ Tf i /
�����
�0

p
; (16a)

Z
Peak

c00dT /
�����
�0

p
: (16b)

In Fig. 3 the validity of this relation is shown for s-PP.

Fig. 1. Real and imaginary part of the complex specific heat

capacity of s-PP measured by different underlying heating rates

(tp�48 s, Ta�0.1 K).
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According to the assumption the experimental data

shown in the Figs. 2 and 3 can be explained by the

irreversible melting of the crystals during heating. The

measured signals in the melting region basically

depend on the underlying heating rate. The small

periodic temperature perturbation is only the `̀ aid''

to measure this process. The general prediction for this

discussion is a suf®cient small temperature amplitude

(as described above). Local irreversible and time

dependent processes during polymer melting as

described in [1,8,12] should be negligible (in the sense

of this discussion).

An assumption for the temperature dependence of

c00 can be found experimentally on the example of s-

PP. The values (from Fig. 1) of c00 at 1458C and 1508C
are plotted as a function of

�����
�0

p
in Fig. 4. We obtain a

linear behaviour. An empirical function to ®t the

experimental results reads:

c00 � k2�
0:5
0 � c2; (17)

where k2 and c2 are constants.

For discussion of the heating rate dependence

of c0, kinetic processes during melting which are

described in [8,12] must be considered. Then

Eq. (13) can be modi®ed by a time dependent function

a(t):

_��T ; t� � a�t� @ _�

@T

 !
Tf

�T ÿ Tf�: (18)

If a(t) is the step function �(tÿ0) Eq. (18) is identical

to Eq. (13) and c0�cst. In a more general case we can

assume that a(t) is proportional to _��t� in Eq. (11). In

this case c0 yields to

c0 � cst � k1�
0:5
0 ; (19)

where k1 is proportional to the real part of the Fourier

transformation of a(t) (see Eqs. (12a) and (12b)).

4.2. Quasi isothermal TMDSC measurements

A quasi isothermal TMDSC experiment in the

melting region of polymers can be separated into an

initial non-isothermal step and the quasi isothermal

measurement. In the initial step the sample is slowly

Fig. 2. Averaged superheating of s-PP as a function of frequency

(Ta�0.1 K, �0�0.5 K/min).

Fig. 3. Averaged superheating of s-PP as a function of the square

root of the underlying heating rate (Ta�0.1 K).

Fig. 4. The imaginary part of the complex specific heat capacity of

s-PP as a function of the square root of the underlying heating rate

for different temperatures (data from Fig. 2).
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heated from an initial temperature to the constant

temperature of investigation Tex. Tex is the averaged

temperature for the measurement. The sample

response during a small periodic temperature pertur-

bation is measured as a function of time. In the initial

step, the state of the sample becomes a (stationary)

non-equilibrium. During the measurement the sample

state relaxes into a (meta stable) equilibrium. The

measured signal depends on the initial step. This

should be considered in the interpretation of the

experimental results of the quasi isothermal measure-

ments. It is possible to describe the time dependence

of the complex heat capacity using empirical func-

tions. On the example of the stretched exponential

function this is shown in [3]:

jcj � cst � c0 exp�ÿ�t=���KWW�: (20)

Besides of the interpretation of the empirical para-

meters � and �KWW the problem is to ®nd a physical

explanation of the fundamental relaxation process of

Eq. (20) that is consistent to other experimental

results. In this paper, we recommend an other empiri-

cal function for the time dependence of |c| in the case

of quasi isothermal TMDSC measurements. The

results of the scanning experiments lead to this func-

tion.

For simpli®cation, we discuss only one type of

crystal. The initial step of the experiment starts with

heating the sample with the initial heating rate �i from

the equilibrium at Teq to Tex. If the actual temperature

is lower than Tf the crystals do not melt. During this

heating the sample goes into a non-equilibrium state

and melts corresponding to Eqs. (17) and (19). To

describe the measurement after the initial step we

introduce a time dependent effective heating rate

�eff(tm) by

�eff�tm� � �T

�t
� Tex ÿ Teq

tm � ti ÿ t0
; (21)

where tm is the measuring time, ti the time after the

initial step and t0 the time on that the experiment starts.

The meaning of �eff(tm) and the relating properties are

explained in Fig. 5.

For description of the measurements the underlying

heating rate �0 must be replaced in Eqs. (17) and (19)

by �eff(tm). For substitution of tm for �eff we have to

calculate the square root of the effective heating rate.

From Eq. (21) follows:

�0:5
eff �

�����������������������������
1

1� �tiÿt0�=tm

s
�T

tm

� �0:5

' �T0:5 tÿ0:5
m :

(22)

This approximation is valid for suf®cient large tm. By

insertion of Eq. (22) into Eqs. (17) and (19) the

complex speci®c heat capacity reads:

c0 � cst � A1tÿ0:5
m ; (23a)

and

c00 � c2 � A2tÿ0:5
m : (23b)

The constants A1 and A2 depend on the averaged

superheating TexÿTeq and the related constants in

Eqs. (17) and (19). From Eqs. (23a) and (23b) follows

the modulus of the complex speci®c heat capacity |c|:

jcj �
����������������������������������������������������������������
cst � A1tÿ0:5

m

ÿ �2� c2 � A2tÿ0:5
m

ÿ �2
q

:

(24)

By introducing the new parameters B1 � 2�cst A1�
c2A2�, B2

2 � A2
1 � A2

2 and c2
i � c2

st � c2
2 the ®nal model

function for quasi isothermal TMDSC measurements

during polymer melting reads:

jcj �
����������������������������������������
c2

i � B1tÿ0:5
m � B2tÿ1

m

q
: (25)

The physical meaning of this function is that the

Fig. 5. Schema of the underlying temperature program (without

the periodic temperature perturbation) and the effective underlying

heating rate �eff for quasi isothermal measurements at the times tm1

and tm2
.
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isothermal relaxation process during melting is mainly

in¯uenced by irreversible melting of the crystals. This

processes can be described by a power law for the real

and the imaginary part of the complex speci®c heat

capacity.

The validity of the ®t function Eq. (25) is veri®ed

on example of s-PP and PET with different morphol-

ogy. The results are shown in Figs. 6±8. For all plots a

good correspondence between the ®ts and the mea-

sured data can be seen. In the interesting time scale (tm
larger than 200s) the characteristic time dependence of

|c| during quasi isothermal TMDSC measurements is

caused by irreversible melting.

In [2,4] in connection with quasi isothermal mea-

surements reversible melting processes are discussed

for PET and poly(ether-etherketone) (PEEK). Such

reversible melting is the reason for a heat ¯ow ampli-

tude which is larger than expected from the heat

capacity of the melt. The applicability of the model

function for quasi isothermal melting data is an indi-

cation that the decrease of the reversible melting is

caused by irreversible melting. In this sense irrever-

sible melting means that the volume fraction which

shows reversible effects decreases during the measure-

ment. The causes for the decrease of the relevant

volume fraction of the crystals can be both real

reversible melting of crystals and reorganisation to

crystals with a higher stability (melting temperature).

The reorganisation of the crystals can be understood as

a structural relaxation of native crystals into equili-

brium crystals described by Strobl [11,21].

A prediction of the presented discussion is a rather

small temperature amplitude (smaller than 0.1 K

[15]). For larger temperature amplitudes the tempera-

ture perturbation leads to additional melting and

recrystallisation effects. In such case the shape of

Fig. 6. The modulus of the complex specific heat capacity during

quasi isothermal TMDSC measurements at 2308C and 2508C.

(Sample: at 1708C crystallised PET; Ta�50 mK, tp�48 s.) The

dashed lines represent the fit with the model function Eq. (25).

(2308C: ci�2.00 J/gK, B1�19.45 Js0.5/gK, B2�0.29 Js/gK; 2508C:

ci�2.14 J/gK, B1�26.72 Js0.5/gK, B2�0.43 Js/gK.)

Fig. 7. The modulus of the complex specific heat capacity during

quasi isothermal TMDSC measurements at 2308C and 2508C.

(Sample: stepwise crystallised PET; Ta�50 mK, tp�48 s.) The

dashed lines represent the fit with the model function Eq. (25).

(2308C: ci�1.93 J/gK, B1�4.56 Js0.5/gK, B2�0.09 Js/gK; 2508C:

ci�2.04 J/gK, B1�9.95 Js0.5/gK, B2�0.16 Js/gK.)

Fig. 8. The modulus of the complex specific heat capacity during

quasi isothermal TMDSC measurements at 1458C. (Sample: s-PP;

Ta�100 mK, tp�48 s.) The dashed lines represent the fit with the

model function Eq. (25). (2308C: ci�2.63 J/gK, B1�3.11 Js0.5/gK,

B2�0.12 Js/gK.)
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the periodical heat ¯ow component is affected and

larger supercooling effects for crystallisation must be

considered [22].

A comparison of the curves measured by the fast

and the stepwise crystallised PET (Figs. 7 and 8)

shows a dependence of the intensity of the |c| changes

on the stability of the crystals. It seems that the

intensity increases with decreasing stability of the

crystals.

5. Conclusion

Quasi isothermal TMDSC measurements in the

melting region of partial crystalline polymers show

a time dependence in c0 and c00. This time dependence

can be described using a simple kinetic model of the

melting process, assuming that the melting rate

depends on the actual local non-equilibrium situation

on the lateral surfaces of the polymer crystals. In

result, we evaluate power laws from this model which

describe the dependence of the complex heat capacity

on time and on the thermal history. The measured data

are in good conjunction with these laws.
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