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a b s t r a c t

The multiple melting peaks of isothermally crystallized poly(ether ether ketone) were investigated by
fast-scanning chip calorimetry over a wide range of heating rates from 500 to 60,000 K s�1. The analysis
of heating rate dependence of melting temperatures revealed that there are two crystal populations with
distinct melting kinetics for the samples prepared at different crystallization temperatures,
170 �C � Tiso � 270 �C. For each Tiso, the two melting temperatures of the metastable crystals without
prior reorganization or superheating (i.e. zero-entropy-production melting temperatures) were
constantly 20 K and 30 K, respectively, higher than Tiso. We first discuss this behavior quantitatively
based on the Lauritzen-Hoffman nucleation approach. Finally we conclude that these increases in
temperature are linked to the number of stems which construct the secondary surface nuclei. The ex-
istence of two crystal populations can be caused by differences in the stability of the crystal or “local”
differences in the free energy of the surrounding melt.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple melting behavior observed by differential scanning
calorimetry (DSC) is well-known for many isothermally crystallized
polymers. Marand et al. reported multiple melting of bisphenol-A
polycarbonate, poly (arylene ether ether ketone), and ethylene/1-
octane copolymers in conventional DSC curves, depending on the
heating rate [1�3]. Such behavior could not be explained by a
simple mechanism of melting-reorganization-remelting during
heating. They concluded that two different crystals exist for these
polymers. However, it is also said that reorganization during
heating is not fully suppressed due to the slow-heating rate of
conventional DSC.

A fast-scanning chip calorimetry (FSC) method developed by
Schick et al. [4�10] succeeds in the kinetic study of crystallization/
melting of semi-crystalline polymers at controlled scanning rates
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up to 100,000 K s�1 [11�21]. In a previous FSC study, the authors
reported two crystal populations with different melting kinetics for
isothermally crystallized polyamide 6 (PA 6) by suppressing the
reorganization upon heating [13]. However, the attribution of the
two crystals in PA 6 is still an open question due to the structural
complexity of PA 6. Four possible assignments were considered:

(i) Crystals grown during primary and secondary crystallization.
This assignment is similar to the one proposed in Marand
et al. [1�3].

(ii) Crystals nucleated and grown in the bulk or nucleated at the
surface/substrate [22].

(iii) Crystals which are subjected to different local stress origi-
nating from heterogeneities in interlamellar regions. Melni-
kov et al. assigned the double endotherm on the FSC curves
for poly(trimethylene terephthalate) (PTT) in this a way, us-
ing an in-situ combination of synchrotron nano-focus X-ray
scattering and nanocalorimetry [23]. The first melting is
assigned to melting of the crystals confined in the smallest
amorphous interlamellar regions, which can explain the
negative stresses imposed on these crystals.
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Fig. 1. Temperature-time program of (a) XI390 chip calorimeter and (b) Flash DSC 1.
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(iv) The crystal/mesophase polymorphism in PA 6 [24�31]. It has
been found that solidification at temperatures above about
150 �C leads to formation of monoclinic alpha-crystals, while
solidification at lower temperature is connected with for-
mation of a pseudohexagonal mesophase.

On the other hand, Schick et al. failed to find evidence for the
formation of multimodal distributions of crystals which show
multiple melting behaviors with substantially different stabilities
for isothermal crystallization of poly(ethylene terephthalate) (PET)
and isotactic polystyrene (iPS) [32�34]. This lack of evidence stems
from the difficulty in exclusively investigating the melting of the
originally formed crystals and the multiple melting peaks were
attributed to melting-recrystallization-remelting processes in
those polymers at slow heating.

In this study, the FSC experiments for poly(ether ether ketone)
(PEEK) were carried out over a wide range of heating rate from 500
to 60,000 K s�1. PEEK is one of the highest performance thermo-
plastics. Due to the advantageous thermal and mechanical prop-
erties [35], PEEK and its composites are widely used and the
thermal properties of PEEK are well studied. It is known that
isothermally crystallized PEEK shows double melting on conven-
tional DSC curves [36�42]. FSC measurements were also reported
for isothermally crystallized PEEK at a heating rate up to 2000 K s�1

[43,44]. The double melting peaks seem to reduce to a single peak
at heating rate of 2000 K s�1 [43]. However, even at this heating
rate, an endothermic shoulder due to the melting of reorganized
crystals still remains. This means the reorganization during heating
is not fully suppressed at a heating rate of 2000 K s�1. This is in
agreement with the PA 6 data, where the critical heating rate to
suppress the reorganization is up to 50 times higher than the
critical cooling rate to yield complete vitrification [13]. Therefore
the kinetics of reorganization must be carefully considered for the
understanding of multiple melting behavior. In addition, SAXS ex-
periments suggest that a gradient of crystal perfection may exist
along the lamellar thickness direction for isothermally crystallized
PEEK [44]. This result may be related to the observation of multiple
melting peaks. Note that polymorphism is not reported for PEEK.
Hence the interpretation of FSC data could be simpler than that of
PA 6. Taking into account these prior investigations, it is worth
studying the heating rate dependence of FSC measurements over a
wide range of heating rates to clarify the precise melting kinetics of
PEEK. Another purpose of this study is to clarify the relation be-
tween crystallization temperature, melting temperature, and
crystal structure. It is known that some semi-crystalline polymers
including PEEK show the following relation between the melting
peak temperature, Tm, and the crystallization temperature, Tiso;
Tm ¼ Tiso þ dT with a constant dT [13,16,41,42]. Quantitative
consideration of this issue is discussed for the first time in the
present study, based on the Lauritzen-Hoffman nucleation
approach. We try to obtain a general insight on crystal structure
from this thermodynamic model.

2. Experimental

An amorphous PEEK film (Stabar K200) from Imperial Chemical
Industries (ICI, UK) was investigated in this study. Molecular
weight, Mw, was 95,000e120,000 g mol�1. Note that the original
morphology of the sample was destroyed because of pre-melting
and isothermal annealing before the measurements, as shown in
Fig. 1.

FSC measurements were carried out using a Mettler Toledo
Flash DSC 1 [6�8] and a home build FSC with the XI390 chip
calorimeter (XEN-39390). Details of the second device and the data
treatment have been reported elsewhere [9,10]. In this study, one
sample was placed directly on the sensor and pre-melted at 400 �C
for 0.1 s to establish a good thermal contact between the sample
and the sensor. All experiments with the XI390 sensor were per-
formed with this sample. Due to the short residence time at high
temperature degradationwas not observed. The curve labeled (a) in
Fig. 1 shows the temperature-time program of the XI390 chip
calorimeter measurements, showing that the temperatures of
isothermal crystallization, Tiso, being between 170 and 270 �C, were
approached by cooling the melt from 400 �C at a rate of
50,000 K s�1; the crystallization time was 1800 s, with the excep-
tion of 900 s for crystallization at 270 �C. After completion of
crystallization, the samples were cooled down to �173 �C, which is
far below the glass transition temperature, Tg of 146 �C [45] at a
cooling rate of 50,000 K s�1. Finally, the samples were reheated at
different rates between 500 and 60,000 K s�1, for analysis of the
metastability of the crystals formed at the various temperatures.
The critical cooling rate to quench crystallization upon continuous
cooling to below Tg has been reported to be 2 K s�1 for PEEK [39].
The cooling rate adopted in this study is faster than the critical
cooling rate. Hence, crystallization only proceeds during the sub-
sequent isothermal annealing. In addition, it is reported that the
half time of isothermal crystallization of PEEK is below 10 s for Tiso
ranging from 150 to 270 �C [46]. In addition, at Tiso of 300 �C, the
crystallinity saturates below 1000 s [46]. Consequently, we infer
that primary crystallization is completed within the annealing time
of 900 or 1800 s used in our study. A sample mass of 10 ng was
estimated from the change in heat capacity at the glass transition
temperature for an amorphous sample (quenched from the molten
state at a rate of 50,000 K s�1). No change in the samplemass before
or after the measurements was detected. The accuracy of the
temperature was experimentally confirmed by an indium standard
placed beside the sample on the chip sensor.

For a fixed heating rate of 5000 K s�1 additional FSC measure-
ments were carried out using a Flash DSC 1 (Mettler-Toledo,
Switzerland). The temperature-time program of the Flash DSC 1
measurements is labeled (b) in Fig. 1. The measurements were
carried out for the isothermally crystallized samples with different
annealing times at 230 �C. Two kinds of measurements were per-
formed to confirm the crystallization proceeds only during
annealing. Namely we performed additional measurements where
the samples were heated directly from Tiso to the melt. A sample
mass of 75 ngwas estimated from the change in heat capacity at the
glass transition temperature for the amorphous sample (quenched
from the molten state at a rate of 5000 K s�1). The sample mass did
not change during the course of the measurements. The accuracy of
the temperature was experimentally confirmed by an indium
standard placed onto the sample.
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3. Results

3.1. Heating rate dependence of melting

Fig. 2 shows FSC curves of isothermally crystalized PEEK at
heating rates ranging from 500 to 60,000 K s�1. As shown in
Fig. 2(a), two endothermic peaks at 230 �C and 300 �C, marked
peaks II and III, were observed at a heating rate of 500 K s�1. Peak II
shifts to higher temperature with increasing heating rate due to
superheating. On the other hand, peak III gradually shifts to lower
temperature and the corresponding heat of fusion decreases with
increasing heating rate. This result strongly suggests that peak III is
due to the melting of reorganized crystals, namely the reorgani-
zation during heating is increasingly suppressed with increasing
heating rate. As for the case of Tiso ¼ 190 �C, peak III disappears at a
heating rate above 20,000 K s�1. Comparing curves at the same
heating rate for different Tiso, peak II shifts to higher temperature
with increasing Tiso. Moreover, peak III disappears at a lower
heating rate as Tiso increases (i.e. 10,000 K s�1 for Tiso ¼ 210 �C,
5000 K s�1 for Tiso ¼ 230 �C, 2000 K s�1 for Tiso ¼ 250 �C, and
2000 K s�1 for Tiso ¼ 270 �C).

It is noteworthy to mention that at heating rates above
20,000 K s�1, an additional endothermic shoulder, marked as peak I,
appears below the peak temperature. Peak I also shifts to higher
temperature with increasing heating rate. As compared to peak II,
peak I shifts only by a small amount with heating rate. Such kind of
additional peak observed at fast heating rate was first reported for
isothermally crystallized PA 6 [13]. The difference between PA 6 and
PEEK is that the additional endothermic peak of PA 6 shows up at a
higher temperature than the main endothermic peak.

Here, since the sample mass and thickness are sufficiently small,
the broad, heating rate dependent, melting behavior of the polymer
crystals is not due to thermal lag [14�17]. According to these ref-
erences, the influence of thermal lag is negligible for the sample
mass of 10 ng used in the present study with the XI390 chip calo-
rimeter. Furthermore, a previous study also shows that the
temperature-shift due to thermal lag at fast heating is only a few
Kelvin for the thin samples used [12].

3.2. Crystallization time dependence of melting

Fig. 3 shows the crystallization time dependence of FSC curves
for Tiso ¼ 230 �C. The melting peak II stays at a fixed temperature
from the early stage of crystallization, namely for isolated lamellar
crystals without constraints the melt. Time-resolved small-angle X-
ray scattering (SAXS) results also show that during the isothermal
crystallization, the average lamellar thickness remains almost
constant with increasing annealing time [47]. In contrast, the lower
side of the melting peak seems to shift gradually to higher tem-
perature with increasing annealing time. This shift can be due to a
decrease of the entropy of the melt, as it becomes more tightly
constrained by the progress of the secondary crystallization.

To confirm that no crystallization occurred during the cooling
process, we carried out an additional measurement in which the
sample was heated directly from the Tiso to the molten state. As
shown in Fig. 4, both FSC traces were fully consistent in the melting
region independent of annealing time. These results indicate that
crystallization upon quenching from Tiso to 25 �C and re-heating to
Tiso is fully suppressed (i.e., crystallization proceeds only during the
isothermal process and for slow heating rates upon further heat-
ing). Note that the curve at the time of 1800 s in Fig. 3 and the curve
at a rate of 5000 K s�1 in Fig. 2(c) are obtained for almost identical
sample preparations. The melting peak in Fig. 3 is higher than that
in Fig. 2(c) due to the larger sample mass for the measurements in
the Flash DSC 1. The relationship between sample shape and/or
contact surface area of the sample, sample mass, and double
melting kinetics awaits a future investigation.

For reference, the Kolmogorov-Johnson-Mehl-Avrami equation
[48,49] was applied to fit the enthalpy of melting as a function of
annealing time. A crystallization half-time, t1/2, of 1.47 s and Avrami
coefficient, n, of 3 were estimated for isothermally crystallized
PEEK at Tiso of 230 �C. The t1/2 in the present study is about 1 s faster
than the value reported in the previous study [43] probably due to
the different PEEK grade used.

4. Discussion

4.1. Two melting kinetics

Fig. 5 summarizes the heating rate dependence of melting peak
temperatures, Tm. Note that both analytical peak separation by two
Gaussian functions and visual confirmation were carried out in
order to evaluate the Tm from overlapped peaks. This estimation
includes an error of approximately±5 K. Peaks I and II increasewith
increasing heating rate for each Tiso. Furthermore, comparing the
same heating rates, it seems that the Tm�Tiso of peaks I and II de-
creases with increasing Tiso. On the other hand, peak III decreases
with increasing heating rate because of the suppression of reor-
ganization during heating. Peak III is attributed to the melting of
reorganized crystals. In this study we give the same indices I, II or III
to the crystals as to the corresponding endotherms.

As shown in Fig. 5, peak I appears at fast heating rates after peak
III disappears. This can be explained that if we assume the reor-
ganization of crystal II is only activated by the presence of the
molten polymer chains formerly comprising crystal I. In this situ-
ation, first at low heating rates below the critical heating rate to
suppress the reorganization, crystal I melts at lower temperature,
and at the same time, crystal II starts to reorganize to become
crystal III, which has higher melting temperature.

The critical heating rate to suppress the reorganization (i.e. the
heating rate which peak III completely disappears from the FSC
curve) is shown in Fig. 6. The critical heating rate to avoid reorga-
nization tends to decrease as increasing Tiso. The suppression of
reorganization during slow heating at high Tiso suggests the for-
mation of more stable crystals with increasing Tiso and finally a
decreasing critical heating rate. The same behavior was observed
for PA 6 and isotactic polypropylene (iPP) [13,50]. For PEEK, the
critical heating rate to suppress reorganization is more than 1000
times higher than the critical cooling rate to avoid crystallization
upon continuous cooling to below Tg.

Next, we consider the superheating kinetics for crystals I and II.
The heating rate dependence of the melting temperatures of su-
perheated crystals was originally suggested by Schawe et al. and
was extended to general cases by Toda et al. [51,52] as follows:

Tm ¼ TZEP þ Abz with 0< z � 0:5 (1)

where Tm is the peakmelting temperature, TZEP is the zero-entropy-
production (ZEP) melting temperature, A is a constant, b is the
heating rate, and z is an exponent. The ZEP melting refers to the
melting of a metastable crystal at its stability limit, i.e., without
prior reorganization or superheating. Equation (1) suggests that
TZEP can be obtained by extrapolating Tm to zero heating rate. Fig. 7
show the relationship between TmeTiso and heating rate with po-
wer (bz) for peaks I and II. The best linear fits with z-values of 0.45
are also shown in Fig. 7. Lower z-values (z < 0.5) indicate melting
kinetics with a high activation barrier. The melting temperature
increases with the heating rate because of superheating. Here,
superheating describes the melting of a crystal at a temperature
above that expected from equilibrium conditions. As color-coded



Fig. 2. Heating-rate dependence of FSC curves of isothermally crystalized PEEK: (a) Tiso ¼ 190 �C, annealing time of 30 min, (b) Tiso ¼ 210 �C, annealing time of 30 min, (c)
Tiso ¼ 230 �C, annealing time of 30 min, (d) Tiso ¼ 250 �C, annealing time of 30 min, and (e) Tiso ¼ 270 �C, annealing time of 15 min.
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for each Tiso in Fig. 7, extrapolation lines of peaks I and II with
different slopes yield intersects, which are independent of Tiso
within the ±5 K experimental error on TZEP. These results strongly
suggest the existence of two crystal populations with distinct
melting kinetics for isothermally crystallized PEEK. As discussed
below, the y-intersect of the extrapolations for both peaks I and II



Fig. 3. FSC curves collected at a heating rate of 5000 K s�1. The samples were prepared
at Tiso of 230 �C for times indicated. FSC curves were obtained with Flash DSC 1. The
sample mass was 75 ng.

Fig. 4. FSC curves for PEEK at a heating rate of 5000 K s�1. The samples were crys-
tallized at 230 �C for times indicated. Thin lines are the same FSC curves as showed in
Fig. 3. Thick lines are the FSC curves directly heated from Tiso. FSC curves were obtained
with Flash DSC 1.

Fig. 5. Heating rate dependence of peak melting temperature of isothermally crys-
tallized PEEK at annealing temperatures ranged from 190 to 270 �C.

Fig. 6. Isothermal temperature dependence of critical heating rate for PEEK at
annealing time of 30 min (including an approximate error of ±20%). The line is a guide
to the eyes only.

Fig. 7. Melting peak temperatures against heating rate with a power of 0.45 for
isothermally crystallized PEEK.
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are independent of Tiso. Real time small angle X-ray scattering
indeed supports the existence of two crystals for isothermal crys-
tallized PEEK [46].

According to Ivanov et al., the first melting peak (peak I) is
assigned to the melting of crystals confined in the smallest amor-
phous gaps. The lower melting temperature can be explained by
negative stresses imposed on these crystals [23]. Wurm et al. also
discussed the surface of a polymer crystal after long isothermal
crystallization [53,54]. A fraction of a given polymer chain may be
part of a crystalline lamella and another fraction part of the melt.
Therefore it is not possible to attach more segments to one or the
other crystal due to geometric restrictions. The samemay happen if
the chain is part of the same crystal or because of entanglements in
the amorphous regions. One can therefore argue that changes in
TZEP of two crystals reflect differences in the “local” equilibrium
between the melting crystal and the surrounding melt. This can be
caused by differences in the stability of the crystal or “local” dif-
ferences in the free energy of the surrounding melt.
4.2. Zero-entropy-production melting

ZEP melting temperatures of peaks I and II were obtained by
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extrapolating the plots to a heating rate of zero in Fig. 7. Extrapo-
lation lines of peaks I and II with different slopes yields two com-
mon intersects for the different Tiso. Fig. 8 shows the plots of TZEP
against Tiso for isothermally crystallized PEEK. The ZEP melting
temperature increases with increasing Tiso, suggesting thicker
lamellae with increasing Tiso. The linear relationship between TZEP
and Tiso (i.e., the HoffmaneWeeks equation [55]) is expressed as
follows:

TZEP ¼ 1
g
Tiso þ

�
1� 1

g

�
T0m (2)

where g is a constant representing the lamella thickening factor
and Tm

0 is the equilibrium melting temperature. Here the lamella
thickening factor is defined by the ratio between the lamellar
thickness at the time of melting, dc, and the critical lamellar
thickness, dc* (g ≡ dc/dc*). HoffmaneWeeks plots are normally used
to determine the equilibrium melting temperature, Tm0 , which is
defined as the melting temperature of a perfect crystal formed by
an infinite stack of extended chains. Tm0 is then estimated from the
intersection between the linear extrapolation of the plot in Fig. 8
and the line with slope 1, in black in the figure (i.e., Tiso ¼ TZEP).
The TZEP of themelting onset temperature seems equal to Tiso which
means the lamellar thickness remains at the critical value and
crystal growth does not proceed during annealing. However, within
the ±5 K experimental uncertainty on TZEP the data for peaks I and II
show a trend parallel to the black line (i.e. g ¼ 1) as shown in the
following relationship between the peak temperature, TZEP, and the
crystallization temperature, Tiso;

TZEP ¼ Tiso þ dT (3)

with a constant dT. Marand et al. theoretically discussed linear and
non-linear Hoffman-Weeks extrapolations taking into account a
thickness increment above the minimum lamellar thickness
[56,57]. However, even in the case of g¼ 1, their modified Hoffman-
Weeks extrapolations cannot explain the present result of Eq. (3).
Interestingly, a similar behavior was already reported for some
polymers such as PA 6, iPP, PEEK, poly(butylene terephthalate)
(PBT), poly(ε-caprolactone) (PCL), poly(butylene succinate) (PBS),
and poly(vinylidene fluoride) (PVDF) [13,16,41,42,58�62].
Fig. 8. Plots of TZEP against Tiso (HoffmaneWeeks plot) for isothermally crystallized
PEEK. Open-triangle, filled-square, and filled-circle represent the results for peaks I, II,
and onset, respectively. The black dotted line represents TZEP ¼ Tiso.
4.3. Quantitative understanding of TZEP ¼ Tiso þ dT

The difference in chemical potential between a bulk crystal and
the bulk melt is given as,

Dm0ðTÞyDhf
T0m � T
T0m

(4)

with Tm
0 the equilibrium melting point of an extended-chain

infinite-sized crystal and Dhf the heat of fusion of an extended-
chain infinite-sized crystal.

Basically first-order phase transition, such as crystallization,
needs a finite chemical potential gap between the melt and the
crystal to proceed. The Lauritzen-Hoffman nucleation model of
polymer crystallization [55] assumes a constant excess of lamellar
thickness, ddc, from the critical minimum thickness, dc*,

dc ¼ d*c þ ddc; (5)

for crystallization to proceed, especially from dilute solution. Here,
for the crystallization of PEEK from the melt over the examined
range of Tiso, the experimentally obtained relationship of Eq. (3)
seems to suggest a constant chemical potential gap as in Eq. (4),
instead of a constant increment of lamellar thickness as in Eq. (5).
The following is a possible explanation for this behavior.

The ZEP melting temperature, TZEP, of the lamellar crystal of
thickness dc is given by the balance of 2se � dcDm0ðTÞy0, as
follows;

TZEP ¼ T0m

 
1� 2se

Dhf

1
dc

!
(6)

where se is fold surface free energy.
From Eqs. (3), (4) and (6), lamellar thickness can be expressed as

follows;

dc ¼ 2se
Dhf

T0m
T0m � TZEP

¼ 2se
Dhf

T0m�
T0m � Tiso

�
� dT

¼ 2se
Dm0ðTisoÞ � Dhf

dT
T0
m

(7)

In terms of secondary surface nucleation at Tiso, the Gibbs free
energy difference between a surface nucleus and the bulk melt is
given as follows;

DG ¼ �Dm0ðTisoÞðnabdcÞ þ 2seðnabÞ þ 2sðbdcÞ (8)

where the secondary surface nucleus is of thickness dc and number
of stems is n. The secondary surface nucleus is of lateral width a and
thickness b (see (a) in Fig. 9).

A stable nucleus which can continue to grow should have
DG < 0. As shown in (b) in Fig. 9, the border is given by DG** ¼ 0
with dc

** and n**. Hence Eq. (8) can be rewritten as;

d��c ¼ 2se
�
n**a

�
Dm0ðTisoÞðn**aÞ � 2s

¼ 2se
Dm0ðTisoÞ � 2s

n**a

(9)

Comparing both Eqs. (7) and (9), one can notice that the
experimental result of Eq. (3) can be explained if the lamellar
thickness is controlled by (in other words, does not increase
beyond) this thickness dc

** of stable nuclei while the number of
stem n** is not dependent on Tiso, namely

n**a ¼ 2s
Dhf

T0m
dT

ðindep: of TisoÞ (10)



Fig. 9. Schematic image of (a) crystal, (b) Gibbs free energy diagram of crystallization, and (c) Regime of crystallization.
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This behavior of n**a independent of Tiso can be expected for
Regime III growth (see (c) in Fig. 9), where the number of stems is
strongly limited by frequent neighboring nucleation events at large
supercooling. It is noted that the importance of the minimum size
of a stable surface crystal at DG** ¼ 0 has attracted attention in a
recent work by Xu et al. [61] who discuss the physical meaning of
the intersection between melting and crystallization lines.

It is now interesting to evaluate n**a of Eq. (10) to see whether
n** is a realistic number. In Eq. (10), according to Hoffman et al.
[63,64], the following expression is approximately correct:

s

Dhf
� 0:15ðabcÞ1

=

3 (11)

hence,

n** � 0:3
�
bc
a2

�1 =

3T0m
dT

� 0:3
T0m
dT

(12)

Here, according to the reference, the value (bc/a2) is 0.98 [65,66].
Hence, for dT ¼ 20 K (peak I) and Tm

0 ¼ 668 K for PEEK [45], n** can
be calculated as ~10. In addition, for dT¼ 30 K (peak II), n** becomes
~7.

A similar number of stems was obtained from a similar analysis
of the melting behavior of PCL in Ref. [60]. In the case of PCL
isothermally crystallized at Tiso between 30 and 40 �C for 1800 s, dT
is 17 K, hence n** can be estimated as 6. This indicates that under
these conditions the number of stems is around 10 for linear
polymers.
5. Conclusion

Two distinct crystal populations were confirmed for isother-
mally crystallized PEEK by means of fast heating calorimetric ex-
periments. Zero-entropy-production melting temperatures, TZEP, of
the two kinds of crystal were determined from the analysis of
superheating. One can argue that changes in TZEP of two crystals
reflect differences in the “local” equilibrium between the melting
crystal and the surrounding melt. This can be caused by differences
in the stability of the crystal or “local” differences in the free energy
of the surrounding melt.
Furthermore, a linear relationship between TZEP and Tiso with
TZEP ¼ Tiso þ dT was observed for both crystals in a Tiso range from
170 to 270 �C. A similar behavior has been reported for polymers
such as PA 6, iPP, PEEK, PBT, PCL, PBS, and PVDF [13,16,41,42,58�62].
In the present study, we quantitatively explain the observation for
the first time, in the framework of the Lauritzen-Hoffman nucle-
ation approach [55]. It is concluded that the observed constant dT
depends on the number of stems of the secondary nuclei, which is
likely strongly limited by frequent neighboring nucleation events at
large supercooling. The number of stems of the two distinct crystal
populations is calculated to be around 10, which is close to that
obtained from a similar analysis of a PCL sample.
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