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bstract

Semicrystalline polymers have a metastable structure. During heating, reorganization processes can occur at temperatures between the glass
ransition and the final melting. When DSC measurements are performed at conventional heating rates, reorientation can occur. This can be the
eason why the measured melting peaks are not representative of the crystalline structure of the original material. At fast heating rates, the actual
eating time is so short that practical no reorientation occurs during the measurement. A commercially available heat flux DSC (METTLER
OLEDO DSC822e) was used to investigate the influence of heating rate on reorientation at heating rates between 1 K/min and 400 K/min. The
easurements were performed on amorphous and semicrystalline poly(ethylene terephthalate), PET.
The heating rate dependence of the apparent glass transition temperature is discussed. For amorphous material, a criterion is given to estimate the

inimum heating rate at which reorientation no longer occurs. Direct measurement of the melting of the crystallites present in the original starting
aterial was possible at heating rates above 300 K/min. The original degree of crystallinity was approximately 1%. In the case of semicrystalline
ET, the minimum heating rate at which recrystallization processes become less important, was determined using an Illers plot.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The actual morphology of a polymeric material is influenced
y its molecular structure and non-molecular factors such as
ts thermal and mechanical history, nucleating agents, and pro-
essing conditions. The morphology is usually characterized by
rystallites. These are arranged in lamellas of different thickness,
ith rigid amorphous material on the surface of the lamellas

nd mobile amorphous phases between the crystallites [1]. This
omplex structure is metastable. Below the glass transition tem-
erature, the structure of a semicrystalline polymeric material
s almost completely stable due to the very slow molecular
ynamics in the vitrified material. Above the glass transi-
ion temperature, the mobile amorphous component becomes
iquid and small crystallites may melt at relative low temper-
tures. Consequently, reorganization can occur depending on
he temperature and time regime [2]. Because of its moderate

rystallization rate, poly(ethylene terephthalate) (PET) is often
sed as a model substance to study the reorientation processes.
eflecting the actual discussion about the metastable structure
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f polymers and of the reorganization phenomena it is interest-
ng to recapitulate that this topic was up-to date in the 60th of
he 20-century [3] and is it still [4,5].

Conventional DSC is usually performed at heating rates of
p to 20 K/min. Due to the metastable morphology of polymeric
aterials, the resulting curves are however influenced by melting

nd recrystallization processes occurring during the measure-
ent. In other words, the curves include information about the

ample material relating to its thermal history and to the actual
easurement conditions. The thermal effects of reorientation
ask the thermal behavior due to the melting of the crystallits of

he original material, i.e. the material as it was initially before the
eginning of the first measurement. The use of fast DSC heating
ates has been proposed by Mathot et al. [4,5] to prevent or min-
mize the influence of reorientation during measurement. These
SC applications were performed at heating rates of several
00 K/min. Such fast heating rates also improve sample through-
ut, and allow sample weights in the sub-milligram range to be
easured. Schick et al. have shown in Refs. [6,7] that the heating
ates can be expand above 10,000 K/min using dedicated chip
alorimeter. To reduce the thermal lag in this method samples
ith a typical mass of 400 ng were placed directly on the sensor.
y this new technique the advantage of the high heating rates

mailto:Juergen.Schawe@mt.com
dx.doi.org/10.1016/j.tca.2007.05.017
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s connected with problems at the sample mass determination.
ractically the samples cannot be removed from the sensor.

In this paper we show for the example of PET that also
he widely used conventional heat flux calorimeter can delivers
undamental information about the reorganization of semicrys-
alline polymers up to heating rates of 400 K/min and present
imple rules for data evaluation and interpretation.

. Experimental

The DSC measurements were performed with a METTLER
OLEDO DSC822e equipped with the FRS5 DSC sensor, intra-
ooler and sample robot. Nitrogen at 20 ml/min was used as
urge gas. The samples measured in commercially available
0 �l aluminum crucibles with lids.

Small errors in calibration that do not significantly influence
he accuracy of conventional measurements could give rise to
ppreciably larger deviations at faster heating rates. The DSC
as therefore carefully calibrated at higher heating rates, and
articular attention was paid to the calibration of thermal lag,
lag.

Before calibration, τlag was set to zero. The instrument was
alibrated using indium and zinc standards at heating rates
etween 5 K/min and 300 K/min. Peak onset temperatures were
valuated. Because of the thermal resistance between sample
nd sensor, the measured onset temperature increases linearly
ith increasing heating rate. In Fig. 1 the difference between

he onset temperature, Ton, and the temperature of fusion, Tfus,
s plotted against the heating rate, β. As expected, the measured
ata fits a linear equation in the heating rate range used:

on = Tfus + �T + dT

dβ
β (1)

here �T is the difference between the extrapolated onset tem-
erature at heating rate zero, Ton(0), and Tfus is the temperature

f fusion. The thermal lag, τlag = dT/dβ, depends slightly on
emperature. The values for Zn and In were determined to be
lag(417.6 ◦C) = 5.50 s and τlag(156.6 ◦C) = 4.73 s, respectively.
he difference in the thermal lag is mainly given by the tem-

ig. 1. The diagram displays the difference between the peak onset temperature
nd the temperature of fusion of the calibration material as a function of heating
ate for an un-calibrated instrument.
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erature dependence of the thermal conductivity of the sensor
aterial. The Ton(0) and τlag data of both calibration materials
as used for the temperature calibration of the DSC according

o standard calibration procedures [8]. For heat flow calibra-
ion, the enthalpies of fusion of both calibration materials were
sed. Special calibration procedures for fast and slow DSC mea-
urements were not necessary because heat flow calibration is
ndependent of the heating rate.

The validity of temperature and heat flow measurements per-
ormed at different heating rates with the calibrated experimental
etup was checked using an indium standard. This material was
vailable as a pellet of mass approximately 6 mg. The relatively
arge sample was used to analyse the behavior of the experimen-
al setup for samples with heat capacities comparable to those of
he polymer samples measured (mass approximately 1 mg, typ-
cal thickness 80 �m). To optimize thermal contact, the sample
as pressed in the crucible and pre-melted. The samples were
eated at rates of up to 400 K/min. The onset temperatures and
eak areas of the measured melting peaks were evaluated. The
esults are shown in Fig. 2. The temperature deviations are of
he order ±0.2 K. The scatter of the measured enthalpy of fusion
s ±0.16%. This data shows that the experimental setup can be
sed for both slow and very fast heating rates.

. Results and discussion

.1. Amorphous PET

The freshly prepared PET samples (mass approximately
mg) were weighed into 20 �l Al crucibles with lids and placed

n the sample robot for measurement in the DSC cell. The sam-
les were rapidly cooled so that they all had the same thermal
istory. For cooling the sample was placed on a dray aluminum
lock, which was cooled by ice water. Immediately after this
reparation process the samples were measured at heating rates
etween 10 K/min and 300 K/min by DSC. For comparison,

he curves in Fig. 3 are normalized with respect to specific
eat capacity units. Above the glass transition at around 80 ◦C,
he sample exhibits cold-crystallization. Melting occurs around
40 ◦C. With increasing heating rate, the cold-crystallization

ig. 2. Melting temperature (filled symbols) and enthalpy (open symbols) of
ndium measured at different heating rates after calibration.
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the heating rates are always smaller than the previous cooling
rate. The curves show practically no enthalpy relaxation. The
apparent enthalpic glass transition temperature is then practi-
cally equal to the half step-height temperature. The shift of the
ig. 3. DSC curves, in heat capacity units, of PET measured at different heat-
ng rates. The arrow indicates a small melting peak on the curve measured at
00 K/min. The evaluation of the melting peak area is shown on the example of
he curves measured at 10, 50 and 100 K/min.

ffect shifts to higher temperatures. The decreasing peak areas
ndicate that at faster heating rates the degree of crystallinity
ncreases. The curves measured at slower heating rates do not
haracterize the original material because the main effects (crys-
allization and melting peaks) are induced by the measurement
tself. At 200 K/min the melting peak and the induced pro-
esses are already very small. At 300 K/min, the absence of
melting peak around 240 ◦C indicates that no crystalliza-

ion at all occurred during the measurement. This curve in fact
haracterizes the structure of the original material, because the
ecrystallization during heating at this high heating rate is sup-
ressed. At first sight, only a glass transition is visible. In Ref.
4] a PET sample is measured at 100 K/min without significant
ndication of cold-crystallization. At this rate our material clearly
hows reorganization. The reason for this different behavior is
he faster crystallization of our material due to the added nucle-
ting agent.

.1.1. Heating rate dependence of the glass transition
In this section we concentrate on the glass transition and

he melting behavior. The glass transition is often characterized
y its temperature, Tg, and the step-height of the specific heat
apacity, �Cp. The glass transition temperature is defined as
he fictive temperature which characterizes the structure of the
itrified glass. It can be calculated by an enthalpic procedure
escribed in Refs. [9–11]. Here we refer to Tg determined by
uch a procedure as the enthalpic glass transition temperature.
he value of Tg depends on the cooling rate. During storage in the
lassy state the enthalpic glass transition temperature decreases
ue to structural relaxation. If this relaxation practically does
ot occur during the time range between cooling and subsequent
eating measurement the glass transition temperature should be
ependent on the cooling rate. But it is independent on the heat-
ng rate [10–12]. The heating rate invariance of the enthalpic

lass transition temperature is a consequence of the first law of
hermodynamics (see Appendix A).

Thus the enthalpic glass transition temperature of annealed
lasses depends only on the cooling rate. Any heating rate depen-

F
h
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ence must base on an additional effect which is related to
he measuring technique. In the DSC the measured apparent
nthalpic glass transition temperature is influence by smearing
f the measured due to heat transfer in the measuring system
sensor, pan, sample, and thermal contacts). Smearing of the
SC curves shifts in a heating measurements the measured glass

ransition temperature to higher temperatures [13,14]. Thus the
apparent” glass transition temperature is higher than the actual
lass transition temperature. The heating rate dependence of the
pparent glass transition temperature can be described by the
quation:

g(β) = Tg0 + βτ

(
1 − exp

(
−Tg0 − T0

βτ
− 1

))
(2)

here Tg0 is the glass transition temperature without smearing,
0 a characteristic temperature that describes the onset of the
lass transition and τ is a time constant, which is the charac-
eristic time for the heat transfer between sample and sensor.
he derivation of Eq. (2) is shown in Appendix B. For a slow
eating rate, the exponent in Eq. (2) disappears and the glass
ransition temperature exhibits linear heating rate dependence.
he fit of the data in Fig. 4 yields Tg0 = 76.2 ◦C, T0 = 63.8 ◦C,
nd τ = 3.18 s. This data indicates that Eq. (2) is valid for heating
ates below 470 K/min with the used experimental setup.

A comparison of Tg0 with the glass transition temperatures
ublished in Ref. [5] indicates that our data are about 5 K lower.
his difference may be caused by chemical differences of the
amples.

An alternative definition of the glass transition temperature
s the temperature of the half step-height of the heat capacity
hange during the glass transition [15]. Because of the over-
eating effects during heating [10,11] such a glass transition
emperature is normally higher than the apparent enthalpic glass
ransition temperature, and strongly depends on the actual curve
hape. In the present case, the samples are rapidly cooled so that
ig. 4. Glass transition temperature, Tg, and step-height, �Cp, as a function of
eating rate. The Tg values are fitted using Eq. (2).
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lass transition temperature at different heating rates is deter-
ined mainly by the smearing of the signals between the sample

nd sensor.
Fig. 4 also displays the heat capacity change during glass

ransition, �Cp. As expected, there is no significant dependence
f this value on the heating rate. This experimental result shows
hat heat capacity changes can be quantitatively determined at
ast heating rates.

.1.2. Melting peak analysis
The following discussion is based on the measured curves dis-

layed in Fig. 3. At slow heating rates, the material remains in the
iquid state above glass transition for a relatively long period of
ime. This time is long enough for the material to crystallize, melt
nd recrystallize during the measurement. The newly formed
rystallites have a higher melting temperature than the original
rystallites. Despite the change in morphology, the exothermic
nd endothermic heat contributions are equal if the degree of
rystallinity does not change during this process. Consequently,
he DSC curve shows a crystallization peak but does not show
ny evidence of recrystallization. On further heating, the crystal-
ites undergo the recrystallization process many times, but the
rystallization rate decreases because the sample temperature
pproaches the equilibrium melting temperature. As a result of
his, the exothermic effects become smaller than the endother-

ic effects and the DSC curve shows a relative broad melting
eak. At faster heating rates, the measured melting peak shifts to
ower temperatures because less recrystallization. At 300 K/min,
ractically no melting in the relevant temperature range can be
etected. The decrease of Tm with increasing heating rate is
n indication of reorientation processes during measurement at
lower heating rates.

During a DSC measurement melting occurs usually in a
ide temperature range from temperatures short below the glass

ransition to the end of the melting peak. This is due to the distri-
ution of the crystal size and the reorganization processes. For
he evaluation of the enthalpy of such broad processes the selec-
ion of the right baseline is important. Especially in the case
f semicrystalline polymers with a high original crystallinity
he change of the baseline (or sensible) heat capacity becomes
mportant due to reorganization and melting. This problem is
etailed discussed in Refs. [16,17]. In the present case, the orig-
nal material has after fast cooling a low crystallinity (it is almost
morphous). In this case a line given by the curve values before
old-crystallization and after the melting peak can be taken as the
aseline for peak integration [18]. Both limits are determined by
he heat capacity of the (almost) amorphous melt. The peak area
f the melting peak (apparent enthalpy of fusion during melt-
ng) is evaluated using the described baseline. The temperature
imits of integration are given be the intersection point between
he baseline and the measured curve and a temperature above
nal melting (see. the curve measured at 50 K/min in Fig. 3).

As shown in Fig. 3, the area of the melting peak at 240 ◦C

s influenced by the heating rate. Higher heating rates induce

lower degree crystallinity. A smaller apparent enthalpy of
usion, �hf, is therefore measured at higher heating rates. This
ependence of �hf on β is shown in Fig. 5. On the basis of the

h
i
t
t

ig. 5. Heating rate dependence of the enthalpy of fusion for the crystallites
elting around 240 ◦C. The solid line is the fit result of Eq. (3).

bserved behavior, we propose an exponential law to describe
he relationship between �hf and β:

hf = �h◦
f exp

(
− β

βc

)
(3)

here �h◦
f is the specific enthalpy of fusion for infinitely slow

eating and βc is a characteristic heating rate. Using curve fitting,
he parameters in Eq. (3) were determined to be �h◦

f = 48.5 J/g
nd βc = 54 K/min. The related curve is the solid line in Fig. 5.

The value of �h◦
f for fully crystallized material indicates a

egree of crystallinity of 34.6%. (The equilibrium enthalpy of
usion �h◦

f of fully crystalline PET is taken to be 140 J/g [19].)
n extrapolation of Eq. (3) to a heating rate of 300 K/min yields
value of approximately 0.2 J/g for the enthalpy of fusion of

he crystallites formed during heating. Detailed examination of
he curve in Fig. 3 does in fact show a very weak peak in the
elated temperature range 220–270 ◦C. We did not evaluate this
eak because it seemed close to the limit of detection for the
easurement.
According to Eq. (3), if the fade out parameter, βc, is about

ve times larger than the actual heating rate, β, we can neglect
rystallization during heating. This indicates that the minimum
eating rate is 270 K/min at which recrystallization cannot be
etected by the original amorphous material in the DSC curve.
his agrees with the experimental results. Consequently, Eq. (3)
an be used to estimate the minimum heating rate which avoids
rystallization and reorganization.

.2. Semicrystalline PET

In the case of isothermal crystallization, the size and stability
f crystallites depends on the crystallization temperature. The
ower the crystallization temperature, the less perfect the crystal-
ites and the lower the expected melting temperature. However,
mperfect crystallites are metastable. Such structures tend to
ecrystallize. Consequently, the melting temperature becomes

eating rate dependent. Recrystallization increases the stabil-
ty of the crystallites and shifts the peak temperature to higher
emperatures. Nevertheless, it is usually of interest to measure
he state of the semicrystalline polymer. To do this, the exper-
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ig. 6. DSC melting curves of PET crystallized at 230 ◦C for 1500 min in units
f the specific heat capacity. The sample masses and heating rates used are given
or each measurement.

mental conditions must be chosen so that no recrystallization
ccurs.

The PET samples were crystallized at a crystallization tem-
erature, Tc, for a crystallization time, tc in the preheated DSC
ell. The samples were then rapidly cooled to room temper-
ture and subsequently measured in the DSC at heating rates
etween 1 K/min and 350 K/min. Sample sizes were typically
–0.5 mg. The samples were crystallized under three different
ets of conditions: 200 ◦C for 50 min, 220 ◦C for 250 min, and
30 ◦C for 1500 min. Initial experiments have shown that the
rystallization kinetics changes after sufficiently long storage of
he sample in the melt. For this reason, new samples were used
or each measurement.

Figs. 6 and 7 display the measured melting peaks for mate-
ial that had been crystallized at 230 ◦C and 200 ◦C. The peak
aximum temperature, Tm, is used to characterize the melting

emperature. For the samples crystallized at 200 ◦C the melt-
ng peak shows a significant shoulder before its maximum at

K/min and 5 K/min. At 10 K/min the position of the maxi-
um and the shoulder is exchanged. The melting of less stable

rystals induces the lower temperature event. At the low rates
he peak area increases with decreasing heating rate. This is

ig. 7. DSC melting curves of PET crystallized at 200 ◦C for 50 min in units of
he specific heat capacity.
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n indication that also cold-crystallization occurs in addition to
eorganization.

Fig. 7 shows that the peak maximum is at relatively high
emperatures at the slowest heating rate. When the heating rate
ncreases from 1 K/min to 20 K/min, Tm decreases. However,
t heating rates above about 20 K/min, Tm increases at faster
eating rates. Similar behavior is also observed when the sam-
les are crystallized at the other temperatures. As has already
een described above, the decrease of Tm with increasing heat-
ng rate at low values of β can be understood as a reorientation
rocess of the metastable structure during heating. In contrast
o such behavior, the peak maximum temperature increases at
aster heating rates. This is due to heat transfer factors and is
ell known for the melting of pure metals such as indium. Fur-

hermore, it is also a well-known effect that the peak maximum
emperature increases if samples of larger mass are measured.
his peak shift is caused by the thermal lag in the measuring cell
ue to heat transfer. The influence of reorientation and thermal
ag on the melting curve of polymers was studied in detail by
llers some 30 years ago [20]. He found that the peak maximum
emperature follows a square-root-law:

m = Tm0 + A
√

mβ (4)

here Tm is the true melting temperature of the crystallites, m
he sample mass, and A is a constant dependent on the actual
pecific enthalpy of fusion, �hf, and the thermal resistance, R,
etween the sample and sensor (A = √

2R�hf). In the case of
olymer melting we cannot neglect the heat transfer path inside
he sample, due to its low heat conductivity. Thus R still plays a
ole, even in the case of thermal lag correction. This was shown
y Wang and Harrison [21,22].

Illers proposed a method to determine the true melting tem-
erature of polymer crystallites. This involved measurement of
he melting behavior at different sufficiently fast heating rates
ollowed by extrapolation to a heating rate of zero according to
q. (4). As discussed below, the simple Illers approach delivers
dditional information about the recrystallization and melting
ehavior, even if in reality semicrystalline polymers are more
omplex. Especially one cannot distinguish between effects due
o heat transfer and super heating of the crystals.

In Fig. 8, the maximum temperatures Tm for all the crystal-
ization conditions used are plotted in the Illers plot. The peak

aximum is indicated by a solid symbol and the shoulder by an
pen symbol. The melting behavior of the material crystallized
t 230 ◦C follows an almost straight line in the measured heating
ate range. The crystallites, which melt in the peak region, are
elatively stable and practically no reorientation occurs during
he DSC measurements. For Tc = 220 ◦C, the material exhibits
eorientation during the measurement at heating rates of less
han 20 K/min. Afterward, Tm also shows linear behavior in the
llers plot. In the main melting region reorganization becomes
ess importance. The crystallites produced by isothermal crystal-

ization at 200 ◦C are less stable. At conventional heating rates,
he melting of the original crystals cannot be measured due to
ecrystallization. At heating rates above 100 K/min, the most
table crystallites do not recrystallize during the DSC measure-
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ig. 8. Illers plot of the peak maximum temperatures of differently crystallized
ET samples. The filled symbols represent the peak maximum temperature and

he open symbols indicate the peak shoulders.

ent. The results at higher heating rates allow extrapolation to
m0. The extrapolation of the lines in Fig. 8 can be taken as a
ood estimation for the melting temperatures of the crystallites
rown at Tc. The values are listed in Table 1.

The use of fast heating rates together with the Illers plot
llows the temperature of fusion of metastable crystallites to
e determined. The relative fast and accurate determination of
m0 also allows rapid determination of the equilibrium melting

emperature.
Minakov et al. [6] studied the melting and reorganiza-

ion behavior of PET in a much broader range of heating
ates (2–162,000 K/min) using different sample masses between
6 mg and 0.6 �g and different instruments. In this paper also
ouble peaks are shown at low heating rates which combine
o one single peak at higher rates. However, the heating rate
ependence of the main melting peaks is different to our results.

direct comparison of the data in Ref. [6] and our results is
nfortunately not possible because of differences in the mate-
ial. The PET used in Ref. [6] melts at about 15 K higher
emperatures. This indicates different kinetics and structure. Fur-
hermore, it is seems that samples were many times repeatedly
rystallized above 200 ◦C. During storage in at this tempera-
ure chemical reactions like degradation, chain extension [23]
r transesterification [24,25] can occur. Consequently, the crys-
allization kinetics and the subsequent melting behavior changes
fter several crystallization cycles. This was shown in our initial

xperiments. Another effect which may influence the crystal-
ization, reorganization and melting is given by the large relative
urface of the very small samples used in Ref. [6].

able 1
rystallization temperature Tc and estimated melting temperature Tm0

c (◦C) Tm0 (◦C)

200 225.4
220 239.4
230 245.0

t
d
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e
t
∫

w
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. Conclusions

The agreement between the measured results and the theoret-
cal approaches shows that curves measured by the DSC822e at
ast heating rates can be analyzed both qualitatively and quan-
itatively. In order to do this, the standard calibration procedure
s expanded to include faster heating rates and is employed for
n overall calibration of the experimental setup. Commercially
vailable crucibles and the sample robot are especially useful
or sequential measurements at slow and fast heating rates.

The example of amorphous and semicrystalline PET shows
hat DSC analysis at fast heating rates is a useful tool for the
nvestigation of metastable structures in polymers. At fast heat-
ng rates, the reorientation processes is partially suppressed.
his allows the original structure to be analyzed. The original
egree of crystallinity can be measured directly and the crys-
allite size estimated. In the case of metastable semicrystalline
ET, the melting temperature of the original crystallites can be
etermined using fast heating rates and the Illers rule.

Depending on the structure of the material, the exponential
quation (3) and the Illers plot can be used to determine the min-
mum heating rate at which practically no reorientation occurs
n the relative stable crystallites of the sample. Furthermore, it
s shown that the heating rate dependence of the glass transition
emperature of rapidly cooled material is caused by smearing
ue to heat transfer.

In practice, the increase achieved in DSC sample throughput
s also important. This is supported by a simple and universal
alibration procedure (FlexCalTM). This allows slow and fast
easurements to be performed with the same set of calibration

arameters and permits the use of the sample robot together with
utomatic evaluation procedures.
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ppendix A

The enthalpic glass transition temperature is heating rate
nvariant. This is a direct consequence of the law of energy
onservation. We will show this here because it was a point
f discussion with a reviewer of the manuscript and seems not
lear in general.

If a supercooled liquid is cooled from a temperature T1 above
he glass transition to T2 below the glass transition, the enthalpy
ecreases from H1 to H2 by �H = H1 − H2. If no structural
elaxation occurs at T2 before the sample is reheated to T1 the
nthalpy changes by −�H and the enthalpy differences between
he cooling and subsequent heating cycle is zero. This means:

T1
∫ T1
T2

Cp−(T )dT =
T2

Cp+(T )dT = �H (A1)

here Cp− is the heat capacity measured during cooling and Cp+
s the heat capacity from the subsequent heating run.
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ig. A1. Schema of the evaluation of the enthalpic glass transition temperature.

According to Ref. [11] the enthalpic glass transition temper-
ture can be determine by a graphical method shown in Fig. A1.
t is obvious, that this method is equivalent to Eq. (A2) for the
eating case:

Tg

T2

(Cp+(T ) − Cp,g(T ))dT = −
∫ T1

Tg

(Cp+(T ) − Cp,l(T ))dT

(A2)

here Cp,g and Cp,l are the heat capacities of the glass and of
he liquid, respectively. These functions are determined from
he measured heat capacity curve (or heat flow curve) around T1
r T2 by linear approximation and extrapolation into the glass
ransition range. By algebraic rearrangment of Eq. (A2) follows:∫ Tg

T2

Cp+(T )dT +
∫ T1

Tg

Cp+(T )dT =
∫ T1

T2

Cp+(T )dT

=
∫ T1

Tg

Cp,l(T )dT +
∫ Tg

T2

Cp,g(T )dT (A3)

f we assume that T ′
g is the enthalpic glass transition temperature

t cooling, it follows in analogy to Eq. (A3):

T1

T2

Cp−(T )dT =
∫ T1

T ′
g

Cp,l(T )dT +
∫ T ′

g

T2

Cp,g(T )dT (A4)

he left sides of Eqs. (A3) and (A4) are equivalent due to Eq.
A1). Consequently, Eq. (A5) is valid:∫ T1

Tg

Cp,l(T )dT +
∫ Tg

T2

Cp,g(T )dT

=
∫ T1

T ′
g

Cp,l(T )dT +
∫ T ′

g

T2

Cp,g(T )dT (A5)

The heat capacity outside of the transition region is indepen-
ent on the measurement conditions. Thus the functions Cp,g(T)
nd Cp,l(T) are on the left and right side of Eq. (A5) identical.

q. (A5) is valid if T ′

g = Tg. Consequently the enthalpic glass
ransition temperature measured by heating is always identical
o the enthalpy glass transition temperature at the previous cool-
ng process. The prerequisite of this result is, that the structural

G

w
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elaxation in the glassy state between the cooling and the heat-
ng process can be neglected. This is fulfilled then the T2 is
ufficiency below the glass transition region.

ppendix B

In this paragraph we derive an approximation equation for the
eating rate dependence of the apparent glass transition temper-
ture. It is assumed that the material was cooled at a rate βc so
hat for all the experiments discussed the cooling rate is faster
han the heating rate and possible exothermal and endothermal
vershoots can be neglected. The shape of the DSC curve in the
lass transition region is then given by a step-like increase in the
eat flow without a relaxation peak. Furthermore, the heating
ate should not be too slow in order to prevent large apprecia-
le structural relaxation in the glassy state during heating. The
esulting “exothermal overshot” should small enough that it is
ractically not affected by smearing. Sharp and high endother-
al overheating peaks may be occurring if the heating rate is in

he order of the cooling rate or higher. In the interesting heat-
ng rate region (β < −βc) the endothermal overheating peaks
re small and have a marginal influence. Thus, the heating rate
ependence of the glass transition temperature is mainly deter-
ined by the smearing of the DSC curves due to heat transfer

etween sample and sensor.
The influence of the heat transfer path on the measured signal

an be described by a Green’s function G(t) [13]. This function
escribes the dynamic behavior of a system and can be measured
or example as the response to a sharp impulse, e.g. crystal-
ization of a supercooled pure melt. The relation between the

easured signal, Φm(t), and the heat flow into the sample, Φ(t),
s given by a convolution product:

m(t) =
∫ t

0
G(t − t′)Φ(t′)dt′ (B1)

or simplification, we describe the step-like change in the heat
apacity of the sample by a linear function:

(T ) =

⎧⎪⎨
⎪⎩

Cg, for T < T0

Cg + AT, for T ≤ T ≤ T0 + �T

Cg + �C, for T > T0 + �T

(B2)

here Cg is the (constant) heat capacity in the glassy state, �C
he heat capacity step-height at the glass transition, T0 the onset
emperature of the glass transition, and �T is the width. The
lope A is A = �C/�T. The glass transition temperature, Tg, is
efined as the temperature at the half step-height:

(Tg) = Cg + �C

2
(B3)

The simplest model for the heat transfer path is a connection
f a thermal resister and a heat capacity. The Green’s function
f such a system is an exponential function:
(t) = τ−1 exp
(
− t

τ

)
(B4)

here τ is the time constant.
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The relation between temperature and time is given by the
onstant heating rate β:

(t) = Ts + βt (B5)

here Ts is the start temperature.
The heat flow is

= Cβ (B6)

If the experiment starts at a sufficiently low temperature
T0 − Ts � βτ), the start-up effects disappears at T0 and for tem-
eratures below T0, Eq. (B1) yields an unsmeared measured
eat flow (Φm(T) = Φ(T) for T < T0). In the case that the heating
ate is not too fast (�T ≤ βτ), we can neglect the behavior of
(T) for T > T0 + �T because the half step-height in the mea-

ured Φm curve is between T0 and T0 + �T. If we assume a
idth of the glass transition of �T = 20 K and a time constant of
= 2 s, the maximum heating rate is in the order of 600 K/min.
or the relevant heating rate and temperature range, the mea-
ured heat flow is given by introducing Eqs. (B2), (B4–B6) into
B1):

Φm(T0 ≤ t ≤ T0 + �T )

= Cgβ + Aβ2

τ

∫ t(T≤T0+�T )

t(T0)
(t′ − t(T0)) exp

(
− t − t′

τ

)
dt′

(B7)

If we set t0 = t(T0), the solution of Eq. (B6) is

m(t) = β

[
Cg + Aβ(t − t0) − Aβτ

(
1 − exp

(
− t − t0

τ

))]

(B8)

We define tg0 as the time at which the sample reaches the glass
ransition temperature. The time tg at which the glass transition
emperature is measured is larger than tg0, but the heat flow is
he same:

(tg0) = Φm(tg) (B9)

With

(tg0) = β(Cg + Aβ(tg0 − t0)) (B10)

t follow from Eqs. (B8) to (B10) that

g = tg0 + τ

(
1 − exp

(
− tg − t0

))
(B11)
τ

o obtain the related temperatures, the times have to be
ubstituted using Eq. (B5): tg = (Tg − Ts)/β, tg0 = (Tg0 − Ts)/β,
ndt0=(T0 − Ts)/β. From Eq. (B11) follows that

[
[
[

[
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g = Tg0 + βτ

(
1 − exp

(
−Tg − T0

βτ

))
(B12)

his transcendental equation has a solution, but for practical
urposes it is not easily to handle. We therefore substitute Tg
n the exponent with the linear approximation of Eq. (B12),
g = Tg0 + βτ. For the heating rate dependence of the measured
lass transition temperature it then follows that

g(β) = Tg0 + βτ

(
1 − exp

(
−Tg0 − T0

βτ
− 1

))
(B13)

his equation is valid for heating rates with

≤ 2(Tg0 − T0)

τ
(B14)
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