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THE APPLICABILITY OF TMDSC TO POLYMERIC
SYSTEMS

General theoretical description based on the full heat capacity
formulation
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Abstract

Temperature-modulated differential scanning calorimetry (TMDSC) has recently been in-
troduced as a promising calorimeitric technique. However, the added value of TMDSC in prac-
tice is still not very obvious, in particular with respect to crystallization and melting. An im-
portant reason is that the evaluation is less transparent than in case of other dynamic tech-
niques since in TMDSC the response is also based on temperature. Moreover, the temperature
program applied is very critical.

In this paper an overview is given of the different aspects of TMDSC using a general theo-
retical description based on the full heat capacity formulation. 1t is demonstrated that proc-
esses studied with the aid of TMDSC can simply be classified into three distinct regimes, de-
pending on the time scale and the susceptibility of the process to the temperature modulation.

Keywords: base-line heat capacity, crystallization, curing, deconvolution, DSC, excess heat ca-
pacity, glass-transition, linear response theory, melting, polymers, regime, TMDSC

Introduction

Differential scanning calorimetry (DSC) is a valuable technique that is fre-
quently applied in the polymer field to study for instance melting and crystal-
lization phenomena, glass-transition, thermal history and reaction kinetics (e.g.
curing). Recently, temperature-modulated differential scanning calorimetry
(TMDSC) has been introduced as an extension of DSC in which the usually lin-
ear or isothermal temperature program is superimposed with some type of tem-
perature perturbation. The original idea was conceived and demonstrated by
Reading and further developed by TA Instruments (MDSC) using a sinusoidal
temperature modulation and a discrete Fourier transformation method for decon-
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volution [1=7]. In the mean-time, other DSC manufacturers such as Seiko
(ODSC) [7], Perkin-Elmer (DDSC) [8] and Mettler (ADSC) [9] have also intro-
duced TMDSC systems. These systems differ somewhat with respect to the ex-
perimental set-up as well as the data evaluation but in general the outcome of
these different approaches is directly comparable.

At the introduction of TMDSC in 1993, it was claimed that this technique
may become the preferred calorimetric technique for polymer characterisation
[3]. The claimed practical benefits of TMDSC compared with conventional DSC
include an improved sensitivity, a more efficient and accurate dctcrmination of
the heat capacity as well as the separation of reversible second order processes
(e.g. glass-transition) from irreversible processes such as recovery, recrystalliza-
tion, evaporation and chemical reactions. It was also suggested that TMDSC
gives better insight in the melting and crystallization phenomena of polymers.

Currently, a fast growing number of papers appears in the literature, describ-
ing in detail the TMDSC principle and related theory [10-16] as well as its appli-
cability in a wide varicty of processcs such as absolute heat capacity [17-18],
thermal conductivity [19-20], glass-transition [21-29], curing [30-33], misci-
bility [34—35], and crystallization and melting [36—40]. It has been demonstrated
clearly that TMDSC has the ability to separate processes such as the glass-tran-
sition from enthalpy recovery, cold crystallization or the heat of reaction during
curing. On the other hand, the claimed benefit of TMDSC with respect to the
measurement of absolute heat capacity, thermal conductivity and especially
melting and crystallization phenomena is not evident. Furthermore, the added
value and applicablility of the so called full deconvolution method [10-12],
based on the linear response theory, as compared with the simple deconvolution
method, where the phase information is neglected, is still ambiguous. This situ-
ation 1s partly related to the fact that the application of the linear response theory
to TMDSC proves to be more stringent and complex as compared with other dy-
namical techniques such as dynamical mechanical thermal analysis and dielec-
tric spectroscopy. Due to this complexity, it is for a casual (TM)DSC user not ob-
vious to recognize the added value as well as the numerous possible pitfalls con-
nected with applying temperature modulation. In this paper, it will be attempted
to give a clear overview using a general theoretical description, based on the so
called full heat capacity concept [41]; 1.e. splitting the heat capacity measured
into a so called ‘base-line’ and “excess’ heat capacity. Accordingly, distinct re-
gimes will be identified on the basis of the time scale and the susceptibility of the
process to the temperature modulation. In a subsequent paper, the practical rele-
vance of these regimes will be demonstrated on the basis of some characteristic
TMDSC experiments.
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General aspects of TMDSC

In TMDSC a modulated temperature profile is applied and the heat flow re-
sponse is subsequently analysed using a Fourier transformation. This principle
seerns at first instance comparable with other dynamical techniques, such as dy-
namical mechanical thermal analysis (DMTA) and dielectric spectroscopy
(DETA). However, the experimental conditions and data evaluation of TMDSC
are even more critical than in case of DMTA and DETA because in TMDSC the
temperature plays not only arole in the dynamic input but also with respect to the
linear temperature variation T(7T,+B,¢); Fig. 1) and the corresponding heat flow
response ©(7¢) (i.e. output). The latter is based on the temperature difference be-
tween the sample and reference ccll. Moreover, the temperature modulation may
affect the material properties to be measured. A mechanical equivalent of a
TMDSC experiment woud be a DMTA measurement on top of a stress-strain
test. In addition to the high complexity of TMDSC, a drawback is its limited dy-
namic range in comparison with DMTA and DETA. The modulation period can
be \;aricdl roughly within 10 and 100 s corresponding to a frequency window of
107°-10" Hz.

1

T T(t) = Ta(t) + Tt} = To+ Pot + Arsinwot
oo Tl = To + Pot
""""""""" To(t) = Ay sinwot

Temperature

Time
Fig. 1 An example of a time-temperature program in (TM)DSC. For illustrative reasons, the

temperature program depicted does not comply with the important precondition that
B/AAw )<<1

An important subject of discussion in the field of TMDSC is the relevance and
applicability of the so called full deconvolution method which is based on the lin-
ear response theory [10-12]. Firstly, it is important to realise that the use of the
linear response theory has only added value in case the time scale of the process
studied is in the order of the time scale probed with (TM)DSC. For instance,
processes that are significantly faster than the time scale of modulation will in-
stantaneously respond to the temperature modulation and are therefore time-in-
dependent. On the other hand, processes that are appreciably slower than the
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time scale of temperature modulation will not respond to the temperature modu-
lation and consequently do not contribute to the heat flow response. For both
cases, the use of the linear response theory has no added value. The linear re-
sponse theory is only meaningful for a process with a time-dependence on the
time scale of modulation provided that the following requirements are satisfied.

Invariance during a modulation period

The material properties (i.e. heat capacity) must be unaltered during a modu-
lation period. For this reason, the choice of the temperature amplitude (Ar), espe-
cially in the case of an excess process, is critical.

Linearity of the process

The linear response theory implicitly assumes that linearity or the superposi-
tion principle holds; i.e. an input ax,+bx, results in an output ayi+by. If the heat
flow response is non-linear, the determined propertics will depend on the input,
Linearity of the heat flow response is dependent on the process studied.

Apart from the requirements for the material response also instrumental as-
pects should be taken into account. The DSC system itself can contribute to non-
linearity. In most cases, the currently available commercial DSC instruments are
not able to apply the intended temperature variation directly to the whole sample.
Limited heat conductivity, both in the DSC system and the sample introduce time
delays which can be mistakenly regarded as the real heat flow response of the
sample. For clarity, an ideal and linear heat flow response will be assumed in this
paper. In practice, however, these effects cannot he disregarded. For more de-
tailed information with respect to this subject the reader is referred to [13, 42].

Additional to the temperature modulation Ty, an underlying linear tempera-
ture variation 73 (7,+[.f) can be applied (Fig. 1). In order to be able to compare
the time scale of [B, directly with that of the temperature modulation, 3, can in
principle be converted into a certain frequency, depending on the process stud-
ied. Although it is not straightforward to translate 3, into a frequency, especially
in the case of phase transitions, Donth et al. {24, 43—45] have defined such a re-
lationship for the glass-transition region. In view of the requirements for the lin-
ear response theory (i.e. invariance of the material properties), 3, has to be small
(i.e. Bo/(Ara)<<1). In that respect, quasi-isothermal conditions (i.c. Bo=0) can be
considered as most favourable in TMDSC.

In this paper, the evaluation of the heat flow response is primarily based on the
so called full heat-capacity based formulation (Appendix I) [41]. Such an ap-
proach simplifies the theoretical description of TMDSC considerably. On the ba-
sis of this description, a process studied with TMDSC can be classified into dis-
tinct regimes depending on its time scale and susceptibility of the process to the
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temperature modulation. These different regimes will be defined in detail in the
following paragraph, assuming that the linear response theory is applicable. For
convenience, the description will be based on the sinusoidal temperature modu-
lation. The description for other modulated temperature variations, such as a saw
tooth and the iso-scan temperature program is principally analogous, but less
transparent as compared with the sinusoidal modulation.

TMDSC Regimes
The base-line heat flow ®p (Regime I)

Regime I is representative for the thermal behaviour of materials in absence
of any excess heat flow response (i.e. ®.=0). This regime includes the glass tran-
sition region without any net excess phenomena such as enthalpy recovery, crys-
tallization and melting, curing or chemical reactions. The term ‘net’ is added be-
cause from a thermodynamic point of view the fractions of vitrified and unvitri-
fied material do change in the glass transition region. However, these excess heat
capacities are equal and of opposing sign. Consequently, these signals nullify
each other [41].

The term ‘net’ is not relevant in the kinetic approach. The base-line heat ca-
pacity c¢p, of a polymeric material is largely determined by its molecular mobility,
namely by torsional vibration and segmental motions. In the glassy state, relaxa-
tion processes are related to kinetically simple, quasi-independent motional
events which can be described by an Arrhenius-type expression

»WT) = ’cgeEa/RT (1)

where T(T) the relaxation time at a certain temperature, £, the activation energy
and 7, the relaxation time at infinite temperature [46]. These motional events
have relaxation times in the order of 107" s (i.e. 17gz10‘13 s; E,<<RT) and are com-
monly denoted as non-cooperative motions, although several atoms participate
in a motional event. The glass transition region, on the other hand, corresponds
with motions of molecular segments. The relaxations times 7(T) corresponding
to these so called cooperative motions are considerably larger as compared with
the non-cooperative motions and can be, depending on the temperature, on the
time scale of TMDSC (10100 s) or even larger.

The time scales of the cooperative and non-cooperative motions are repre-
sented schematically in Fig. 2 by time distributions of the heat flow response. For
illustrative purposes, these time distributions are represented by a Gaussian dis-
tribution. The time scales related to the temperature modulation (i.e. 27/w,) and
Bo are also illustrated in Fig. 2. The time scale corresponding to B, has been posi-
tioned to the right of that of the temperature modulation considering Po/( At <<1.
The position of B, on the time scale has been chosen somewhat arbitrary and can
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Fig. 2 Schematic representation of Regime I. Fig. (2a) and (2¢) are representative for a mate-
rial below and above the glass-transition region, respectively. Fig. (2b) is illustrative
for the glass-transition region
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shift to a certain extent with the temperature, depending on the activation energy
of the process studied.

As illustrated in Fig. 2, the distribution corresponding to the non-cooperative
motions is always situated completely left of the time scale probed with
(TM)DSC (10-100 s) because the time scale of this type of motions is consider-
ably shorter. The heat flow corresponding to these motions can therefore be re-
garded as time independent. On the other hand, the time scale of the cooperative
motions can, due to the time—temperature interrelationship, be in the order of the
time scales probed with (TM)DSC and hence can overlap at certain temperatures
with the time scale of modulation. Accordingly, three subregimes can be identi-
fied (Fig. 2).

In Regime Ia (Fig. 2a), the time scale of the heat flow response @, corre-
sponding to the cooperative motions are located completely right of the modula-
tion window, signifying that, in contrast to the non-cooperative motions, the co-
operative motions are slow in comparison with the time scale of the experiment
and will therefore not contribute to the heat flow response ®@y. This regime is use-
ful to describe the thermal properties of an amorphous polymer below the glass
transition region.

In Regime Ic (Fig. 2¢), the time scales of the heat flow response correspond-
ing to both the cooperative and non-cooperative motions are situated completely
left of the modulation window. Hence, the heat flow response will follow the ap-
plied temperature program instantaneously and can be regarded as time inde-
pendent on the time scale of the modulation. Such a regime is representative for
an amorphous polymer above the glass-transition region but also for a crystal-
lizable polymer in the melt.

In the glass-transition region (Regime Ib), the time scale of the heat flow re-
sponse @, corresponding to the cooperative motions overlaps with the time scale
of the temperature variation; i.e. the heat flow response comprises a time-de-
pendent contribution (Fig. 2b). In case B/(A1,)<<]1, the total heat flow response
@,(7,t) can be separated into independent heat flow contributions, namely

Du(T.1) = Dy p(T,1) + Dy (T01) (2)
where @, p(7,f) is the heat flow response a result of the underlying linear scan-
ning rate {3, and is represented by (Eq. (1.5); Appendix I)

= o
@op(T8) = (con( D)o + | Zowi— 3
i=1

The heat flow response @y (7,¢) is connected with the temperature modula-
tion and can be expressed using the linear response theory provided that the re-
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quirements described in paragraph 2, such as the material invariance during a
modulation period, are satisfied (cf. Eq. (I1.5): Appendix 1I).

t
Dy, o(T1) = WoATcosWt | cpp(T,t=0) + J.éph(T,r’)cosmoz'dr’ +
0

“4)

t

+ @oATsin®ot | [ép, (T, )sinwordr
o

where ¢,, represents the variation of the base-line heat capacity with time (i.e.
dcp/0t). Analogous to other dynamical techniques, a so called magnitude of the
complex heat capacity [lcp(7,@0)!] as well as a real [¢j (7,0,)] and an imaginary
[cg’ (T, o) ] heat capacity can be defined (cf. Eq. (I1.6), Appendix II).

oo

chu(Tst0) = cpp(T=0) + [épy(Ty#)c0s et At = lehy(T,000)lcos8(T ) (5)
[s]
UATo00) = [epe(T)sin@of’ 7’ = I (T.06)lsind(T. ) (6)
Aoy (T.00)
lep(Tuwo)l = V(ehy(T,00))’ + (e, (T:000))° = lAB“_ (7
TWe

Equations (5)—(7) show that the real heat capacity comprises both an instan-
taneous and a time-dependent contribution while the imaginary heat capacity
only involves a time-dependent contribution. The physical meaning of the imagi-
nary heat capacity in Regime Ib is still subject to debate. The computation of an
imaginary heat capacity raises the question where the corresponding amount of
heat flow is observed in the DSC. Since heat capacity is not directly measured,
but computed from the heat-flow and the temperature amplitudes (i.e. Ao, and
Ar, respectively) only the heat flow response corresponding to the complex heat
capacity is obtained from the experiment. The imaginary heat capacity is com-
puted from the complex heat capacity and the phase lag 6 (Appendix II) and is re-
lated to a fact that the enthalpy does not reach instantaneously its equilibrium
value (i.e. 9#/0#20). In contrast to DMTA, however, the imaginary component in
TMDSC does not correspond with the real release of heat. At firstinstance, it was
claimed that the imaginary heat capacity has no physical meaning and is caused
by experimental artefacts [13]. Currently, it is believed that the imaginary heat
capacity is related to some sort of entropy dissipative process [15, 47].
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In contrast to Regime Ib, the heat flow response @y is time-independent on the
time-scale of modulation in Regime Ia and Ic. Hence, Eqs (3) and (4) can be sim-
plified considerably into

Oy(T,1) = Dy p(T.1) + D o(To2) = py(T)Po + Cpy(T)WoATCOSW! (3)

Above equation nicely illustrates that in Regime Ia and Ic the second term
®y,(T,1) is just proportional to the first derivative of the temperature modulation
with a factor ¢, (T) and is therefore by definition 7/2 phase shifted with respect to
the temperature modulation. From Eq. (8) it can be simply derived that the am-
plitude of the heat flow corresponding to the temperature modulation (Ag,) is
given by

Ag, (1) = WArcp(T) 9)
and
Aa,(1)
eon(T) = :’Two (10)

Notice that Eq. (10) is similar to Eq. (7) with the exception that the latter is
frequency dependent. Equation (8) also reveals that in Regime Ia and Ic the heat -
capacity c¢p,(7) is simply frequency independent and proportional to the ratio be-
tween the amplitude of the modulated heat flow Ag,, and the temperature ampli-
tude Ar. The determination of the heat capacity simply based on the ratio Ay, be-
tween Ar is better known as the simple deconvolution approach [1-7].

The heat flow in presence of excess phenomena (Regime Il and I1)

Additional to the heat flow response @y connected with the basc-line heat ca-
pacity, excess phenomena such as enthalpy recovery, crystallization and melting,
and chemical reactions can contribute to the total heat flow response (Appen-
dix I). The evaluation of the (TM)DSC heat flow response in presence of such ex-
cess phenomena is less straightforward in comparison with Regime I (e.g. mate-
rial invariance) because the magnitude as well as the temperature dependence of
the excess heat flow response @, are generally considerably larger than @,

In case of an excess process, both the variation of the mass fraction with tem-
perature (dw; /0T) and time (dw; /0¢) are of importance (cf. Eq. (1.5); Appendix I).
Firstly, the time scale (i.e. kinetics) of the excess process (ow; /1) has in all cases
to be significantly longer than the time scale of modulation because otherwise
the material properties vary during a modulation period and thus the requirement
of material invariance is violated. For the same reason, the variation of the mass
fraction w; during a modulation as a result of the underlying scanning rate 3, has
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to be negligible dw; /07p=0, implying that quasi-isothermal conditions are pref-
erable. Moreover, the susceptibility of the mass fraction w; to the temperature
modulation Ty, is of significance. In this respect, two different regimes, namely
Regimes Il and I1I, can be distinguished. In Regime I, the existing mass fraction
wi is not influenced by the temperature modulation (i.e. ow; /0Tx=0). In other
words, there is no contribution of the excess process to the heat flow response
@, as a result of the temperature modulation (i.c. ¢p=0). In Regime III, on the
other hand, the existing mass fraction w; is varied by the temperature modulation
(1e awi /BTm;ﬁO)

Regime 1I (dwi /0T=0)

The characteristics of Regime II are illustrated schematically in Fig. 3 for a
curing process; i.e. a reducing mobility on increasing the degree of conversion
wi. Fig. 3a is representative for quasi-isothermal conditions (B,=0) and Fig. 3b is
valid in case of an underlying scanning rate 3,. For illustrative purposes, the time
scale of the excess heat flow response is presented in Fig. 3 by a Gaussian-type
time distribution.

As illustrated in Fig. 3a, the time scale corresponding to the cooperative mo-
tions as well as the kinetics of the curing process (dwy/01) will shift under quasi-
isothermal conditions with the degree of conversion w; towards longer time-
scales as a result of the reducing molecular mobility. At a certain point, the time
scale of the cooperative motions can shift through the time scale of modulation
(i.e. vitrification).

In case B,#0 (Fig. 3b), the situation is more complex because of the complex
and counteracting influence of the temperature and the degree of conversion on
the molecular mobility. Increasing the temperature increases the molecular mo-
bility but also increases the conversion rate (dwy/dt) of the curing process. The
latter, on the other hand, will result in a lower molecular mobility. For these rea-
sons, the time scale corresponding to @, and @, as illustrated in Fig. 3b, is quite
arbitrary and is very dependent on the temperature and process studied.

Analogous to Regime I, the total heat flow response can be considered as two
independent heat flow contributions (i.e. Bo/(Arm,)<<1).

(T 1) = Dp(T.1) + Po(T,1) (11)

with (cf. Eq. (I1.5); Appendix 1.5)

i=n i=n
ahi awi

Op(T,1) = (cpb(n + cpe(T)).Bo + Zma— +y
i=1

h;
t » ot (12)
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In Regime 11, the excess process is not susceptible to the temperature modu-
lation (i.c. ow; /T, = 0) and hence the heat flow response Dy (T 1) is uniquely de-
termined by the base-line heat capacity cp,. This implies thatin Regime II the ex-
pression for @y(7,¢) is simply identical to Eq. (4). This is a very important feature
that enables the separation between the base-line heat capacity and an excess
heat flow contribution such as for instance enthalpy recovery, cold crystal-
lization or a heat of reaction superimposed on a vitrification process. As already
mentioned, the above is only valid under the condition of linearity and invariance
of the material properties, implying that dw; /073 and ow; /07 during a modulation
period have to be negligible. Additionally, the kinetics dw; /0r may not be influ-
enced significantly by the temperature modulation 7. Consequently, the choice
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Fig. 3 Schematic representation of Regime . Fig. (3a) and (3b) are illustrative for a curing
process under quasi-isothermal (B =0) conditions and with a underlying linear tempera-
ture variation TB(BO;EO), respectively
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of the linear temperature variation [, the isothermal temperature and the tem-
perature amplitude At are very critical. In this respect, quasi-isothermal condi-
tions are recommendable,

In case of an instantaneous heat flow response of the base-line heat capacity
Cp, to the temperature modulation, the total heat flow is represented by

i=n

dw;
O(T,1) = (cph(n + cpem)ﬁo + Zhia—vj + Cpp(T) QoA TCOS@o! (13)

i=1

The heat flow response connected with variation of the mass fraction w; with
time (i.e. dw/0r) has been included in the above equation because, as a result of
Bo/(Arao)<<1, B, can be in the order that the time-dependence cannot longer be
neglected (cf. Appendix I). Under quasi-isothermal conditions, the heat flow re-
sponse (Tt can be further simplified into

i=n 3 ,
BT1) = Disor(Tort) + Po(Ty1) = Zh;a—“; + cop(DwoArcoswot  (14)
=1
Similar to Regime Ia and Ic, the base-line heat capacity can be derived from
the ratio between the amplitude of ®y(7,r) and the temperature amplitude Ar (cf.

Eq. (10)).
Regime I (dw; T, # 0)

The characteristics of Regime III are illustrated schematically in Fig. 4a
and b by two examples: B,=0 and B0, respectively. The preconditions in Re-
gime III are analogous to Regime II (i.e. dw; /0Tp=0 or dw; /01=0) with the impor-
tant complication that there is an additional heat flow response @, as a result of
the susceptibility of the existing mass fraction w; to the temperature modulation
T (i.e. ow; /0T»#0). In the literature, this phenomenon is commonly referred to
as the temperature reversibility of a process and is represented in Fig. 4 by an ad-
ditional time distribution.

Figure 4a represents a quasi-isothermal measurement with a certain suscepti-
bility of the excess process to the temperature modulation and with a decrease of
the mobility as a function of the time. In that respect, Fig. 4a is typical for an iso-
thermal crystallization process with so called reversible melting and crystal-
lization phenomena. Figure 4b, on the other hand, is representative for a process
with a temperature susceptible fraction. The increase of the mobility is primarily
related with the decrease of the mass fraction w; with the temperature. Such a
situation is characteristics for the melting process where the crystalline mass
fraction decreases with the temperature.
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Fig. 4 Schematic representation of Regime III. Fig. (4a) is representative for a quasi-isother-
mal crystallization process (,=0). Figure (4b) is illustrative for a melting process with
an underlying linear temperature variation TB(BD;tO)

Analogous to Regime II, one could derive an expression for the heat flow re-
sponse on the basis of the linear response theory. In contrast to Regime II, how-
ever, the heat flow response @, is not uniquely determined by the base-line heat
capacity (i.e. dw; /0T #0). Consequently, the separation of the base-line and ex-
cess heat capacity is not feasible in Regime II1. Similar to Regime II, quasi-iso-
thermal conditions are preferable with the preconditions that at the isothermal
temperature dw; /0t is negligible on the time scale of the temperature modulation
and odw; /0t is not influenced significantly by the temperature amplitude At ap-
plied. In contrast to Regime I, however, the relevance of the linear response the-
ory under quasi-isothermal conditions is somewhat disputable because, apart
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from the question of linearity of the melting and crystallization process, the re-
quirement of material invariance is intrinsically violated in Regime III due to
fact that dw; /0T,0. In most cases this leads to complete failure of the TMDSC
method. Only in the case of a very small susceptibility of the excess process to
the temperature modulation (i.e. dw; /0Tw=0) it is reasonable to apply the linear
response theory.

In Regime IT1, the total heat flow response ®(7r) is composed of two inde-
pendent heat flow contributions @p(7,¢) and @y(7,7). The heat flow response re-
sponse ®g(7.7) to the linear scanning rate is identical to that in Regime II (i.e.
Eq. (12)). On the other hand, the heat flow response ®,(7.f) connected with the
temperature modulation is represented by

t

D(T.1) = WeATcosWyt | cpy(T,t=0) + ¢ (T,1=0) + J( cpo(TF) + &pe(T,;')}ostfdp
(8}

[ (15)
+ WeATSIN®,t j(épb(T )+ épe(T,t’))sinmot’dt’

[¢]

It is important to emphasize again that, in contrast to Regime II, the heat flow
response @y(7,r) now comprises an excess heat flow response originating from
the fraction of material that is susceptible to the temperature modulation. This
implies that the ability to separate the base-line heat capacity from an excess heat
flow contribution is no longer valid in Regime III. Under the preferred quasi-iso-
thermal conditions and assuming an instantaneous heat flow response to the ap-
plied temperature modulation, the expression for the total heat flow response
®(7,t) can be simplified considerably into

<, s
O(T1) = Bigoi(To,t) + Po(To1) = Xh]-—a-t— + [cphm + cpe(T)](noATcosu)ot (16)

i=1
o

Conclusions

The general theoretical description outlined in this paper demonstrates that,
based on the full heat capacity formulation, processes studied with TMDSC can
simply be classified into three distinct Regimes depending on the time scale and
the susceptibility of the existing mass fraction to the temperature modulation
(i.e. ow; 70T). The characteristics of these Regimes have been summarized in Ta-
ble 1, assuming linearity and material invariance during the modulation period.
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Typical practical examples where the use of the full deconvolution method is
relevant have also been included in Table 1.

The intrinsic higher sensitivity and the ability to separate the base-line heat
capacity c,, from an excess heat flow (Regime II) is undoubtedly important
added value of TMDSC as compared with conventional DSC, in particular with
respect to the glass transition region. Nonetheless, this added value has to be put
into the right perspective becausc of its restricted dynamic range as compared
with DMTA and DETA. Additionally, one has to realise that the added value is re-
stricted to those cases which involve excess processes that are not susceptible to
the temperature modulation (i.e. ow; /0T,,=0). Otherwise, the excess process con-
tributes to the modulated heat flow response @, and thus is no longer uniquely
determined by the base-line heat capacity ¢,, (Regime III). Therefore, the eluci-
dation of the glass transition during melting in for instance a polymer blend is not
feasible with TMDSC.

The requirement of linearity and material invariance on the time scale of
modulation is also an essential precondition in TMDSC that, especially in the
case of excess phenomena such as crystallization and melting, limits its applica-
bility substantially. The required lincar response with temperature and the strong
temperature dependence of the kinetics in combination with the generally large
heat flow, imply that the temperature program applied is very critical (Regime II
and III). For that reason, the linear underlying scanning ratc [, has to be small
(i.e. Bo/(A10o)<<1) and preferably f,=0 during the period of temperature modu-
lation (i.e. quasi-isothermal conditions). In that respect, so called step-wise
quasi-isothermal measurements are beneficial. In view of the material invari-
ance, the choice of the isothermal temperature during a quasi-isothermal experi-
ment is also crucial because the variation of the mass fraction w; with time (i.e.
dw; /0r) has to be insignificant on the time scale of the temperature modulation.
Finally, the temperature amplitude At applied has to be chosen small enough not
to influence the kinetics of the excess process studied. Despite these very strict
conditions, TMDSC has added value, including crystallization and melting, as
will be outlined in more detail in a subsequent paper.

Summarizing the expectation that TMDSC would become a preferred cal-
orimetric technique in polymer characterization has to be qualified. It is more re-
alistic to regard TMDSC as a valuable extension of DSC which is primarily ad-
vantageous in case of overlapping processes involving excess processes that are
not susceptible to the temperature modulation such as curin g (Regime II).
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Appendix I

The heat flow response in conventional DSC

The enthalpy variation da(T,7) is both a function of temperature T and time /.
Separation into two independent contributions gives

h
di(T.0)= |7 oh dT + J \dt (L.1)
ar ar |
Subsequently, the total heat flow response ®(7.7) can be described as
dw(T,) (9r\dT ([oh
= =5+ | = 1.2
(1.0 =—1 [aTl ” +[arl (1.2)

The first term of Eq. (I.2) represents the instantaneous response of the heat
flow and can be written as

oh o oy = owy )dT

an i al 1.3

()= ( ld’ 2ot haTJ (cpb(T)Jrchm) (1.3)
i=1 i=1

where cp,(T) and ¢, (T) are the time independent base-line and excess heat capac-
ity [41] respectively and h; and w; the enthalpy and mass fraction of phase i. The
time-dependent contribution in (I.2) is given by

(ahl Azw, L 2 a; (1.4)

i=]
\

The first term of Eq. (1.4) symbolizes the time-dependence of the enthalpy
and the second term the time-dependence (i.e. kinetics) of the excess process.
For clarity, the total heat flow response for a conventional DSC experiment with
an underlying linear scanning rate {3, can be represented by two independent heat
flow contributions, the base-line heat flow @ g and the exess heat flow @, re-
spectively

i=n i=n

( oh dh o/
(Db,B(TJ)ZLZWi_a?l Bo+ Zw%t—‘ = (cpp(TNeBo + Zwl - (1.5)

i=1 =1
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i=n i=n i=n
dwj

o,
Pep(Ti) = Thi Bor Zhi% = (cpTHBo +| Sl
i=1

i=1

ow;
ot

s

(1.5)

i=1

In conventional DSC, the linear temperature variation with time (i.e. B,) is
generally so large that the time-dependent heat flow contributions in Eq. (1.5)
can be neglected. For that reason, these time-dependent terms are commonly dis-
regarded in textbooks on DSC. Nonetheless, the time-dependent heat flow con-
tributions become more significant, especially in case of an excess process, on
lowering the scanning rate and uniquely determines the heat flow response under
isothermal conditions.

Appendix 11
Linear response in TMDSC

This appendix describes the heat flow response as a consequence of a tem-
perature modulation Ty. In that respect, so called quasi-isothermal conditions
(i.e. Bo=0) are considered in which a cyclic temperature variation is applied
around an isothermal temperature 7.

If an intensive system variable such as the temperature is changed, the exten-
sive parameter, e.g. the enthalpy hA(T,?), is described by the auto-correlation func-
tion or so called retardation function. In TMDSC the retardation function is rep-
resented by the time-dependent heat capacity cy(7,r). Assuming linearity and ma-
terial invariance, the enthalpy variation can be expressed by a convolution.

R(T,1) = W(T,1=0) = [ep(T =) T(1)de’ (IL.1)

The linearity is expressed by the additive properties of the integral in
Eq. (I.1). The causality can be seen from the integration limits; ¥ covers the
whole history after arriving at the measurement temperaturc up to the actual
time z. The lower limit of the integral has been set to zero because contributions
from 7<0 are assumed to be negligible. The ‘memory’ function cp(T,1—1") evalu-
ates the temperature history given by the scan rate T(#)=0(¢'). In a TMDSC meas-
urement, the heat flow response ®(71), using Eq. (1.2), is given by

oh oh
¢(T,f)=(§1f3(t)+ P

r
t t

= cp(T,=0)B(1) + Jép(T,t—t')B(z’)d[' + J’M

dr 2
or B()dr’ B(r) (I1.2)
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where ¢,=dcy/0t. In view of the required material invariance, the variation of the
heat capacity with the temperature (i.e. dcy/oT) has to be negligible and thereforc,
combined with changing ¢’ and r—, Eq. (I1.2) can be simplified into

D(T,1) = ep(T=0)B(1) + [ep(T=1)B(—1')dY (IL3)

The first term of Eq. (I1.3) represents the instantaneous response to the cyclic
temperature variation and the second term is a convolution describing the time-
dependent contribution of the heat flow as a result of the cyclic temperature vari-
ation around 7. The linearity is expressed by the additive properties of this con-
volution. The causality can be seen from the integration limits; 7 covers the
whole history after arriving at the measurement temperature up to the actual time
t. The lower limit of the integral has been set to zero because contributions from
<0 are assumed to be negligible. Under quasi-isothermal conditions, the tem-
perature variation 3(¢ — #') is given by

Blt~1") = woATCOSWo(1—1") = WeAT(COSWOICOSW,E + SINW,ISINW,L") (11.4)

Substitution of Eq. (I1.4) in (I1.3) yields
t

Du(T,1) = BoArcosmot | cp(T,r=0) + [ep(T.¢)coswot dt’ |+
. [

(11.5)

t

+ @A TSIND? f&p(T,t’),sinmot’dt’

ke]

For t—eo ¢, (T'') goes to zero and consequently, the in-phase and out-of-
phase heat capacity, ¢, (T,0,) and ¢ (T,®,), can be defined

oo

¢ (T,06) = cp(T,t=0) + [ep(T.)coswor'ds’ (1L6)

oo

Tw0) = [T )sinwor dr (IL.7)

o

Notice that in contrast to ¢y (T,0,), ¢p(7,w,) comprises the instantaneous re-
sponse of the heat capacity c,(7,t=0). Inserting Eqs (I1.6) and (IL.7) into
Eq. (I1.5) gives

Du(T.1) = cp(T,00)®eATCOSWo! + ¢f (T,06)WoATSINW? (I1.8)
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Equation (I1.8) can also be represented by

Du(T.1) = lep(T,00)| W Tacos(Wot — 8(T,w,))

497

(I1.9)

where lcp(7,0)l and 6(7,m,) are the magnitude of the complex heat capacity and
the phase angle, respectively.
On the basis of Eq. (I1.9), the following relations can be derived

cp(T,000) = lep(T,00)lcos8(T,m,)

ey (T,00) = lep(T,00)Isind(T,w0)

Ao, (T,0,)

lep(T,00)) = V(ch (T,00)*+ (¢} (T,00))° = o

s T
tand(T,w,) = M)
cp (Tvm())

(I11.10a}
(I1.10b)

(IL.10¢)

(I1.10d)

where Ag,(T,0,) is the amplitude of the heat flow response corresponding to the
temperature modulation.

Synopsis
t time
tw characteristic time scale of temperature modulation
1 characteristic time scale of linear underlying scanning rate
T characteristic time scale of process
T temperature
T, initial temperature, isothermal temperature
B scanning rate, B=d7/dt
Bo  linear scanning rate
Ar  temperature amplitude
T  modulated temperature variation (Asint?)
Tg  linear temperature variation (To+Bo?)
p period
@ =2np
Cp heat capacity
¢y, base-line heat capacity
<p, excess heat capacity
wi  mass fraction of phase i
h; enthalpy of phase i

ow; /0T, variation of the mass fraction w; due to the modulated

temperature variation 7,
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ow; /0T variation of the mass fraction w; due to the conventional

temperature variation 7

ow, /ot variation of the mass fraction w; with time

o

®;  conventional heat flow response with linear scanning rate [3,
@, modulated heat flow response
@, convcntional heat flow response at the isothermal temperature 7,
@, base-line heat flow response connected with base-line heat capacity
®. excess heat flow response connected with excess heat capacity
d,p conventional base-line heat flow response
@.3 conventional excess heat flow response
@, modulated base-line heat flow response
®., modulated excess heat flow response
Ag, amplitude of heat flow response connected with @,
cp =00t
¢,  real heat capacity
¢y~ imaginary heat capacity
lcpl magnitude of the complex capacity
W) phase angle
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