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Fast scanning calorimetry clarifies the
understanding of the complex melting and
crystallization behavior of polyesteramide
multi-block copolymers
Ashwinikumar Sharma,a,b Guilhem P Baeza,c Luna Imperiali,b Wilco PJ
Appel,b Carel Fitié,d Geert Vanden Poeld and Evelyne van Ruymbekea*

Abstract

Fast scanning calorimetry has been applied in order to understand the phase transitions in thermoplastic elastomers (TPEs)
based on well-defined multi-block copolymers made of ‘soft’ polytetrahydrofuran and ‘hard’ terephthalate ester diamides. The
intrinsically complex chemical structure of TPEs leads to complex phase transitions. By changing their thermal history over a
wide range of temperature (from −100 ∘C to 200 ∘C) and cooling rates (from 10 to 4000 ∘C s−1), we clarify the origins of the
various phases present in these materials. In particular, we study the different possibilities for the hard segments to associate
depending on their mobility during the quenching phase, forming either strong and stable structures or weaker and metastable
ones. Besides, we demonstrate that a minimal cooling rate of 800 ∘C s−1 is necessary to keep these TPEs (made of short and
monodisperse hard segments) amorphous leading to a subsequent cold crystallization when heating back, at around 30 ∘C.
Finally, we validate our interpretations by varying the copolymer composition (from 10 wt% to 20 wt% hard segments), revealing
the thermal invariance of poorly organized domains. Based on these data, we also discuss the importance of chain diffusion
in the crystallization process. Applying fast scanning calorimetry allows us to link fundamental understanding to industrial
application.
© 2018 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION
Thermoplastic elastomers (TPEs) form an industrially relevant class
of materials due to their tunable engineering properties and they
find numerous applications in the automotive, consumer elec-
tronics as well as household appliance sectors.1 The philosophy
behind these elastomers resides in the phase separation of block
copolymer into hard and soft domains providing good mechanical
properties and elasticity combined with ease of processing.2,3 The
hard domains are either amorphous, high-T g

4,5 or crystalline,6,7

made of aggregated ‘hard’ segments (HSs) playing the role of phys-
ical crosslinks whilst the soft domains encompass low-T g ‘soft’
segments (SSs) such as polybutadiene,4 polypropylene oxide8

or polytetrahydrofuran9 (pTHF). In industrial applications, the SS
molecular weight is most often a few kilograms per mole, probably
limiting their crystallization.10 On the other hand, the crystalliza-
tion behavior of the HSs is governed by their distribution along
the chain, as well as by the molecular weight of the SSs and of the
whole chain.

The strong asset of TPEs consists in their behaving as rubbers
at room temperature while being melt-processable above their
order–disorder transition temperature. This dual behavior makes
them important candidates to replace vulcanized elastomers in
a wide variety of consumer goods, notably from a recycling or

reshaping point of view.11 Another important advantage lies in
the high tunability of their properties by modifying both the
composition and the chemical architecture12 of the copolymers,
particularly by using HSs interacting through supramolecular
bonds enhancing their phase separation. Recently the utiliza-
tion of, for example, urea,13 urethanes5,14 or amide groups9,15 as
HSs has been reported, leading in the latter case to ribbon-like
crystallites observable through microscopy14,16 and/or scatter-
ing techniques,17,18 providing materials with strong mechanical
properties.19
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Among the various classes of TPEs such as styrene based or olefin
based, polyesteramides present assets from both polyesters and
polyamides such as high melting temperature, fast crystallization
and good mechanical properties. Moreover they consist of one
T g and one main T m with values in between the T g and T m of
polyesters and polyamides, showing a T g/T m ratio of 0.65, as HSs
separate by crystallization.15 Such multi-block polyesteramides are
usually prepared through a two-step synthesis. First, well-defined
HS units (terephthalate ester diamides, bisesterdiamides, T4T) are
synthesized from 1,4-butane diamine and dimethyl terephtha-
late, further purified by recrystallization.20 Then, HS units are con-
nected with SSs via condensation polymerization in order to form
multi-block copolymers.2,15,21 Of great importance, Gaymans and
co-workers reported a strong dependence of both thermal and
mechanical properties on the length and polydispersity of the HSs
they contain. In particular, based on experimental techniques such
as DSC, Fourier transform IR, dynamic mechanical thermal analy-
sis and tensile set measurements, they demonstrated that small
and monodisperse hard units were providing faster crystallization,
higher elasticity (with minor temperature dependence) and higher
fracture strain.19,21

Recently, we studied the multi-scale structure of one of these
TPEs consisting of a sequence of pTHF and terephthalate based
diamide T4T segments with varying HS content from 5 to 20 wt%.17

At a local length scale, we reported the different ways for the HSs
to stack, i.e. either by directive hydrogen bonding or by van der
Waals interactions with possible 𝜋–𝜋 stacking. While the former is
responsible for the fast growth along a preferential direction, and
thus for the elongated (ribbon-like) nature of the aggregates, the
latter allows the crystallites to widen perpendicularly (the thick-
ness being fixed by the HS dimension, ca 2.1 nm).17 Also, by show-
ing quite broad endothermic peaks, conventional DSC suggested
that these hot-pressed materials were made of a wide molecular
weight distribution of hard domains similarly to other TPEs based
on polybutylene terephthalate (PBT) or polyamide 6,6.22,23 In con-
trast, their solvent cast counterparts were characterized by sharp
transitions at high temperature, i.e. an enhanced order, probably
due to higher chain mobility during the drying phase.

Besides, we observed a low degree of undercooling (ΔT m =
T m – T c ≈ 20 ± 4 ∘C) for these samples (containing 5, 10, 15
and 20 wt% HSs) due to enhanced HS order, in comparison to
PBT based TPEs (ΔT m ≈ 36 ∘C).15,24 Beyond the faster kinetics of
aggregation provided by the hydrogen bonds, these lowΔT values
suggest a pre-existing order in the melt state probably coming
from persistent interactions at high temperatures. In fact, while
no phase separation or particular order was detected with classic
polarized light microscopy,25 small angle X-ray scattering resolved
in time and temperature revealed unambiguously the presence of
HS persistent aggregates at T > T m.17

To sum up, it appears that most of the final properties of
semicrystalline TPEs depend strongly on a large variety of parame-
ters starting from the chemical nature of the chain segments, their
phase separation kinetics and their underlying microstructure.
While the chemical composition is crucial, it does not completely
set the final behavior of a product: the processing conditions
have to be taken into consideration. For instance, industrial tech-
niques/manufacturing processes, such as plastic molding, blow
molding, fiber spinning or 3D printing in which crystallization must
occur quickly to reduce cycle times and therefore enhance produc-
tion rate, are likely to lead to unique microstructures due to the
very particular temperature gradient and high mechanical stress
applied to the materials.26 The objective of the present work was

to apply fast scanning calorimetry (FSC) in order to investigate the
crystallization behavior of polyesteramides up to extreme condi-
tions, i.e. varying the cooling rate from 10 to 4000 ∘C s−1. Our results
evidence the latter’s effect on the TPE mesoscopic structure, pro-
viding new insights for control of the mechanical properties.

In addition, we discuss the role of isothermal time, temperature
and chain mobility on the formation of the crystallites (either sta-
ble T4T ribbon or metastable ‘baby-ribbon’) and study their conse-
quences on the sample properties. As a more general objective, we
show the importance of understanding the crystallization behav-
ior in order to improve industrial application.

The paper is organized as follows. The sample preparation for
FSC and the related methods used for the different experiments
are presented next. In the following section, we present and
discuss the thermograms obtained during the heating phase (the
so-called ‘measurement’) by varying (i) the cooling rate from
the melt state prior to the measurement, (ii) the cooling path,
i.e. comparing single ramp with two-step quenching, (iii) the
isothermal crystallization temperature (T iso) at which the sample is
set prior to the measurement and (iv) the corresponding time tiso

spent at a given T iso. The last part (v) is dedicated to the impact of
the chain composition by varying the HS content from 10% to 20%.
We then use these different results to discuss and interpret the
bimodal distribution found for the crystallization rate as a function
of the isothermal crystallization temperature at a high density of
HSs. Conclusions are drawn in the final section.

MATERIALS AND METHODS
Materials
Well-defined linear TPEs (multi-block copolymers) containing 5, 10,
15 and 20 wt% HSs were synthesized via polycondensation of pTHF
and T4T ester diamides (T, terephthalate; 4 is the number of carbon
atoms between the two consecutive T groups). The molecular
weight was extracted through exclusion size chromatography
in hexafluoroisopropanol and gave Mn ≈ 25 kg mol−1 with a
polydispersity of 2. The HSs are monodisperse and made of a
T4T-diamide group whereas the SS chain length shortens with
increasing HS content. Quantitative details on the chain structure
and additional information on the synthesis can be found in
supporting information, Section A.1, A.2 and Fig. S1 and in our
previous study.17

Instrumentation and sample preparation
Conventional DSC
DSC thermograms were recorded on a Mettler Toledo DSC821e
from Switzerland equipped with STARe software. Calibration was
performed using three standards, covering the wide temperature
range required for measuring the TPEs (−100 to 300 ∘C). The poly-
mer samples were dried overnight in a vacuum oven at 60 ∘C and
subsequently measured at 10 ∘C min−1, both for cooling and heat-
ing. The melting (T m) and crystallization (T c) temperatures were
respectively extracted from the second heating and first cooling
steps. The degree of crystallinity was calculated from the experi-
mental melting enthalpy normalized to the corresponding value
for the neat T4T (see Table 1). Note that the thermograms (second
heating step) were reshaped by means of baseline correction.

Fast scanning calorimetry (FSC)
Fast scan measurements were performed by using a commer-
cially available fast scanning calorimeter from Mettler Toledo,
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Table 1. Physicochemical characterization for all four TPE samples based on SEC and DSC

HS (wt%) Mn (g mol−1) Mw (g mol−1) ΔTa (∘C) Tg (∘C) Tc (∘C) Tm (∘C) Xc
b (wt%)

5 25 200 48 900 19.2 −60.0 72.8 92.0 2.6
10 22 800 44 300 18.8 −59.1 103.8 122.6 6.3
15 22 500 43 300 20.9 −59.2 125.5 146.4 9.3
20 19 300 37 600 19.2 −59.5 139.2 158.4 15.8

a ΔT = Tm – Tc.
b Mass fraction of T4T crystallites: Xc (%) = (ΔHDSC/ΔHT4T*)100 where ΔHT4T* = 150 J g−1 from reference 17.

Switzerland, with a Huber TC100 intercooler and nitrogen purge
gas at 50 mL min−1. A detailed description of instrumentation,
operating procedure and calibration is given in the literature.27–31

The performance of FSC depicts the actual high cooling and heat-
ing rates as a function of the purge gas and flow rate studied by
Vanden Poel et al.29 shows how the applied high heating and cool-
ing rates can be achieved, over a temperature range based on
type and flow rate of purge gas used. The calorimetric chip-sensor
was conditioned three times followed by temperature correc-
tion/adjustment considering the specific thermal environment.
This procedure was performed according to the instrument speci-
fication prior to use. The bulk sample was reduced to a small piece
(of about 100 ng) and then transferred to the sensor center hav-
ing a diameter of 0.5 mm.27 The sample mass of the pTHF-T4T
samples was determined based on the method explained in the
recent book on FSC by Schick and Mathot,32 using m = ΔHFSC/Δh,
where ΔHFSC is the enthalpy of melting measured by using FSC at
a typical heating rate (10, 100 or 500 ∘C s−1) and Δh is the specific
enthalpy of melting using conventional DSC at 20 ∘C min−1. Here,
the tiny amount of the samples aims to reduce the thermal iner-
tia (‘lag’) within the materials drastically, allowing high scanning
rate measurements.29,31 Samples were well preserved from degra-
dation due to the nitrogen atmosphere allowing the same piece
of TPE to be measured through successive temperature loops.33

Additional information can be found in supporting information,
Section A.3 and Fig. S2.

Effect of cooling rate. Starting from the melt state (200 ∘C) for 10 s,
the sample was cooled to −80 ∘C at a rate varying from 10 ∘C s−1

to 4000 ∘C s−1. After the sample was held for 10 s at −80 ∘C it was
subsequently heated back to 200 ∘C at a constant heating rate of
1000 ∘C s−1. The heating rate of 1000 ∘C s−1 was selected based on
previous studies by Vanden Poel and colleagues29 showing that
the thermal lag corrections remain relatively low up to this heating
rate (a maximum lag of −1.4 ∘C was observed for a 1 μg sample).29

The corresponding temperature program is presented in Fig. 1(a).

Isothermal crystallization (Tm – Tg). Isothermal crystallization
measurements were performed on samples covering the entire
temperature range from T m (Table 1) to T g (ca −60 ∘C) in order
to calculate the crystallization rate. Starting from the melt state
(200 ∘C), the sample was quenched to T iso at a cooling rate of
4000 ∘C s−1 to avoid any crystallization and held at this temper-
ature for a time ttso = 2 s, after which the material was further
quenched to −80 ∘C at the same cooling rate. In order to under-
stand the crystallization behavior of the pTHF-T4T material small
steps of 5 ∘C at T iso were performed, from T m to T g. After holding
for 10 s at −80 ∘C, the sample was finally heated back to 200 ∘C at
1000 ∘C s−1 (see Fig. 1(b)). In the following sections, this protocol is

referred to as two-step quenching. A similar set of measurements
was also performed on increasing tiso to 60 s (see Fig. 1(c)).

Atomic force microscopy (AFM)
The morphology of the 20% HS sample was studied with a Bruker
Icon Dimension atomic force microscope in tapping mode using
an AR5T-NCHR high aspect ratio tip (k = 42 N m−1, f = 330 kHz,
tip radius 15 nm) commercially obtained from Nanosensors. Sil-
icon wafers with 20 nm of electron-beam-deposited silver were
used as substrates. The 20% HS sample was first dissolved in
THF at a concentration of 1% by weight and subsequently drop
cast (500 μL) on the substrate before being dried overnight in a
vacuum oven at 65 ∘C. The resulting film of ca 500 nm thickness
was then heated to 200 ∘C under an inert atmosphere and finally
either quenched in liquid nitrogen or slowly cooled (6 ∘C min−1)
to room temperature in order to mimic the slow and fast cooling
experiments. The uniform surface of the film was scanned for a
morphology study of these samples (see supporting information,
Section A.4 and Fig. S3).

Rheology measurements (time sweeps)
Dynamic time sweeps were performed in the linear regime with a
stress-controlled rheometer (MCR 301 from Anton Paar, Austria)
equipped with stainless steel parallel plates of diameter 8 mm (1%
strain, 10 rad s−1). All measurements were carried out in a nitrogen
gas atmosphere and temperature control was achieved by means
of a convection oven (better than ±0.3 ∘C). Samples were first
heated above T m and then cooled to T c + 10 ∘C when the storage
and loss moduli were measured as a function of time.

RESULTS AND DISCUSSION
The thermal properties of the four TPE samples, containing 5%,
10%, 15% and 20% HSs, were first studied using conventional DSC
with a heating rate of 10 ∘C min−1 (see Fig. 2). The thermograms
exhibit the glass transition (T g) of the pTHF SSs at around −60 ∘C
followed by the melting point of the SSs close to −10 ∘C. The lat-
ter is known to occur for SSs having a molecular weight above
2 kg mol−1.10,17 As expected, the fraction of such SS crystallites
decreases with increasing HS content. On the other hand, the melt-
ing peak (T m) of the T4T crystallites follows the HS content well,
increasing from 92 ∘C to 158 ∘C when the HS density is varied from
5% to 20% HSs. The Fourier transform IR spectra reported in sup-
porting information, Fig. S1(c) also show an increase in absorbance
at 1630 cm−1, 1670 cm−1 and 3320 cm−1 corresponding respec-
tively to the crystalline amide, the amorphous amide and the
hydrogen-bonded N–H when the HS content is increased. For
the whole sample set, we report in Table 1 the above mentioned
parameters as well as the crystallization temperature T c measured
during the cooling step performed at 10 ∘C min−1.

Polym Int 2019; 68: 283–293 © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Figure 1. Different thermal treatments used in fast scanning calorimetry in this paper: (a) varying the cooling rate; (b) under isothermal crystallization at
T iso = 100 ∘C, based on a two-step quenching protocol; (c) varying the temperature T iso at which the sample is kept 2 s before the measurement as well
as the waiting time at T iso.

Figure 2. DSC thermograms of TPEs containing 5%, 10%, 15% and 20%
HSs performed at a heating rate of 10 ∘C min−1. Data have been vertically
shifted for clarity. Respective values of Tg, Tc and Tm are reported in Table 1.

We present in Fig. 3 the variation of both T m and T c with HS
content showing that the difference between these two charac-
teristic temperatures (ΔT = T m – T c) is rather small (ca 20 ∘C) in
comparison with other TPEs such as PBT/pTHF (ca 36 ∘C).34 This
observation suggests a fast crystallization process, most proba-
bly due to the presence of strong hydrogen bonds acting over
a longer range with respect to their van der Waals analogs, fur-
ther enhanced by the monomeric (i.e. short and monodisperse)
nature of the HSs.17 Beyond the usual increase of thermal sta-
bility (higher T m) with larger crystallites, conventional DSC also

Figure 3. Melting (Tm) and crystallization (Tc) temperatures extracted from
conventional DSC performed at 10 ∘C min−1 as a function of HS content.

reveals that the melting behavior is rather broad showing multiple
melting areas for samples containing more than 5% HSs. Indeed,
it seems that well-defined ribbons (melting at the highest T m)
are systematically accompanied by smaller imperfect domains for
which the characteristic melting temperature is significantly lower,
leading towards broad transition melting. As mentioned in our
previous study,17 we believe that this second population, which
corresponds to ‘weaker’ crystallites, is formed by HSs belonging
to chain segments trapped between the most perfect crystallites,
i.e. having limited mobility, preventing the formation of more sta-
ble structures. In good agreement with the latter statement, this
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Figure 4. (a) Thermograms measured on a 20% HS sample during a heating step performed at 1000 ∘C s−1. Prior to the measurements, the sample was
cooled from 200 to −80 ∘C at different cooling rates from 10 ∘C s−1 to 4000 ∘C s−1. Data are shifted vertically for clarity and the last thermogram shows the
flat base line selected for peak integration. (b) Variation of enthalpy in 20% HSs for cold crystallization (ΔHcc), terminal melting (ΔHm) and the difference
(ΔHm – ΔHcc) emphasizing the maximum cooling rate (800 ∘C s−1) at which no crystallization takes place during the cooling phase.

effect greatly disappears when solvent casting is used to prepare
TPE films, leading towards a sharp single melting behavior17 con-
firming that the sample processing plays a major role in the final
sample structure and eventually properties. Conventional thermal
analysis does not allow to understand the effect of processing on
the final thermal properties and morphology to be thoroughly
investigated. The aim of the following FSC experiments is therefore
to clarify both kinetic and thermodynamic aspects of such asso-
ciation/dissociation mechanisms and their consequences on the
melting properties, through a systematic and progressive variation
of the thermal history.

Impact of the cooling rate on the crystallization and melting
The TPE containing 20% HSs was investigated by using the method
summarized in Fig. 1(a), with the aim of understanding the effect
of high and low cooling rates on the structural evolution of the
T4T hard domains. The results are presented in Fig. 4(a) as heating
curves recorded at 1000 ∘C s−1 after a cooling step performed at
rates from 10 to 4000 ∘C s−1 down to −80 ∘C. At low temperatures,
the thermograms show the glass transition of the pTHF SSs (T g)
around −50 ∘C, in reasonably good agreement with conventional
DSC (see Fig. 2). No clear melting of the SSs can be observed,
which suggests that fast cooling prevents SSs from crystallizing. No
further attention towards the melting of SSs is taken into account
in this paper. Upon increasing the cooling rates above 800 ∘C s−1,
a cold crystallization (CC) peak appears around 50 ∘C, pointing
at the so-called critical or quenching rate.30 Apparently the T4T
HSs stay completely amorphous at cooling rates of 1000 ∘C s−1 or
more (see also the AFM results in Fig. 5(a)).21 For T > 120 ∘C, an
endothermal event is seen, undoubtedly indicating the melting of
T4T crystallites. In all cases the melting temperature of HSs (shown
in Fig. 4(a)) increases in a monotonic way (from 130 to 147 ∘C) with
decreasing cooling rate. The slower the cooling rate is, the better
the T4T crystals can organize into well-organized ribbon structures
(see also supporting information, Section A.5 and Fig. S4).

In order to evaluate the CC and melting behavior of the HSs,
the specific enthalpy variations (±2 J g−1) ΔHm and ΔHcc were
quantified; they are shown in Fig. 4(b)). No CC is observed at low
cooling rate, i.e. from 10 ∘C s−1 to 800 ∘C s−1, providing an almost

unchanged ΔHm ≈ 22 J g−1 (Xc ≈ 15 wt%). However, CC starts to
occur and ΔHcc significantly increases at rates above 800 ∘C s−1

until it reaches its maximum value of 32 J g−1 at quenching rates
of 3000 ∘C s–1 and above. On the other hand, the enthalpy of
melting at cooling rates below 800 ∘C s−1 is explained by trapping
of the T4T HSs due to the ribbons formed during cooling. At fast
cooling the formation of these ribbons is more prohibited, which
leads, after CC, to an intrinsically higher crystallinity (ca 20%).
Nevertheless the T m is slightly lower because CC takes place at
50 ∘C, which is too low to allow the formation of perfect ribbons as
observed upon slower cooling. This suggests that a higher fraction
of HSs is able to crystallize during the heating step (by CC) when
crystallization is prevented during the cooling step. This result can
be understood from the fact that, upon heating, the free HSs will
tend to crystallize driven by a very strong attractive potential (due
to the low temperature). However, because of a lack of mobility, the
so-formed crystallites (appearing at T cc) are expected to be smaller
than the crystallites formed below T c during the cooling phase
(see Fig. 5(b)). In good agreement with the latter interpretation,
it is found that T m significantly decreases when CC occurs (see
Fig. 4(a)) corroborating the idea that CC leads to a higher fraction
of crystallites but limits their size.

Continuous cooling versus two-step quenching
We wish to understand the impact of the cooling history on the
thermal behavior of the TPE structure from a qualitative variation
of the procedure. To do so, we propose to compare the results
from the last section (continuous cooling) with so-called ‘two-step
quenched’ materials for which the thermal history is summarized
in Fig. 1(b). In the latter case, a critical quenching rate of 4000 ∘C
s−1 was used to avoid any crystallization occurring during the suc-
cessive cooling phases. Between the two quenching steps, and by
opposition with continuous cooling, the sample was crystallized
isothermally at T iso = 100 ∘C. This temperature was chosen to opti-
mize the crystallization rate (see the section ‘Impact of the HS frac-
tion in the chain’) while the corresponding time was varied from
tiso = 2 to tiso = 60 s.

For continuous cooling, it is expected that nucleation takes place
below T m, at a certain undercooling grade, and is followed by

Polym Int 2019; 68: 283–293 © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Figure 5. AFM phase image of a 20% HS sample (a) cooled in liquid nitrogen, showing amorphous morphology, and (b) cooled at 6 ∘C min−1 from the
melt state (200 ∘C), showing ribbon structure.

Figure 6. (a) Effect of the cooling procedure: thermograms recorded during the heating phase at 1000 ∘C s−1 on samples progressively cooled at 10 ∘C
s−1 from the melt and two-step quenched (4000 ∘C s−1) maintained for 2 s at 100 ∘C. Data are shifted vertically for clarity. (b) Thermograms recorded from
the 20% HS sample during the heating phase at 1000 ∘C s−1, after a two-step quenching with T iso = 60 ∘C and 100 ∘C. For each sequence, the sample was
isothermally held for 2 s and 60 s at T iso. Data are shifted vertically for clarity.

progressive growth of the T4T crystallites, most probably lead-
ing to large and stable crystals accompanied by a wide variety
of smaller ones. This scenario is corroborated by AFM in Fig. 5(b),
where long ribbon-like crystals are clearly observable. As a result,
the corresponding melting peak in Fig. 6(a) is rather broad, con-
firming the large polydispersity in crystal size. On the other hand,
when two-step quenching is applied, the TPE quickly crystallizes
due to the high (thermodynamic) association rate at T iso = 100 ∘C,
therefore strongly limiting the ‘progressive’ character of the rib-
bon growth. In fact, this procedure results in a lower melting
temperature and a sharper melting peak made of two distinct
contributions denoted T m and T sh (see Fig. 6(a)). This bimodal dis-
tribution is due to a primary crystallization at early stages, i.e.
when the copolymers still have a high mobility, followed by a
secondary crystallization (related to T sh) due to the association
of chain segments having their extremities trapped into the pri-
mary network.17 Because of their reduced mobility, these HSs take
time to crystallize and the corresponding growing crystals cannot
reach their equilibrium size if tiso is too short. This picture is fur-
ther validated in Fig. 6(b), where it is seen that the second melting

peak (T sh) is more visible when tiso is shorter, i.e. when the wait-
ing time does not allow the crystallites to fully grow. In contrast,
if a longer tiso is used (60 s instead of 2 s), this secondary peak
is shifted towards higher melting temperatures and eventually
merges with the main melting peak (T m). In addition, Fig. 6(b)
shows that decreasing T iso from 100 to 60 ∘C results in lower tem-
peratures for T m and T sh respectively. Considering the slower crys-
tallization rate at 60 ∘C (see the section ‘Impact of the HS frac-
tion in the chain’), synonymous with a lower chain mobility, we
believe that the secondary crystals formed at 60 ∘C are far from
their equilibrium state, in comparison with the crystals created
at 100 ∘C, explaining the large difference in T sh. We also observe
that the fraction of equilibrated ribbons is smaller, with a more
pronounced size dispersion than at T iso = 100 ∘C. The impact of
both T iso and tiso are investigated systematically in the next two
sections.

Impact of T iso on the TPE crystallization
In order to further understand the thermal behavior of these
copolymers, we propose in this section to vary T iso from T m to T g

wileyonlinelibrary.com/journal/pi © 2018 Society of Chemical Industry Polym Int 2019; 68: 283–293
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Figure 7. Thermograms recorded from the 20% HS sample during the
heating phase at 1000 ∘C s−1, after a two-step quenching with varying T iso
from Tm to Tg. For each sequence, the sample was isothermally held for 2 s
at T iso. Data are shifted vertically for clarity.

and to investigate the influence on crystallite formation following
the procedure depicted in Fig. 1(b). Representative thermograms
are presented in Fig. 7, showing a rich variety of melting behaviors
that we analyze below by separating the isothermal temperatures
into several regions. (The whole data set without vertical shift
factor can be found in supporting information, Section A.6)

For T iso ≥ 140 ∘C, the thermograms are similar to those
extracted from direct rapid quenching (Fig. 4). This is in good
agreement with the fact that the material stays amorphous after
2 s spent at these high values of T iso. It is subsequently quenched
below its T g, giving no chance for crystallization to occur during
the cooling phase. Therefore, once the material is heated back,
one expects CC (seen at around 35 ∘C) followed by the melting
of the so-formed crystallites (seen at around 135 ∘C). A difference
with the continuous cooling procedure can be noticed, however,
in the temperature at which CC occurs. In fact, it is found to be
ca 15 ∘C below the temperature reported in Fig. 4. This difference
is attributed to the formation of pre-nuclei formed during the
2 s isothermal break (since T iso < T m) due to intramolecular and
intermolecular hydrogen bond association in the melt, implying
a deepening of phase separation which is likely to enable CC to
occur earlier during the subsequent heating.35

At T iso = 135 ∘C an additional peak appears at high temperature
(ca 155 ∘C) suggesting the creation of very stable crystallites,
whereas this is not observed any more for lower T iso. We assign
this melting peak to the fact that, at such high T iso, the chains
have a large mobility which gives them time to disentangle and
diffuse (similarly to solvent casting) before starting to crystallize,
thus favoring the creation of well-organized crystals within the
isothermal time frame. The melting peak at high temperatures
resides of annealing at 135 ∘C which is within the melting area of
the T4T crystals shown in Fig. 7. On the other hand, it is observed
that not all T4T crystals crystallize into such strong crystals, the
remaining HSs cold crystallizing during the heating process. The
latter is attributed to the low driving force for crystallization at high
T iso. In conclusion, crystallization just below T c seems of particular
interest since it allows crystallite formation from chains having an
optimal mobility.

By decreasing T iso further, from 135 ∘C to 105 ∘C, this equi-
librium between chain mobility and crystallization driving force
is modified toward a higher crystallization rate (see the section
‘Impact of the HS fraction in the chain’) and lower chain mobility.

In particular, it is observed that the lower T iso is, the lower is T m but
the higher is the melting enthalpy. This can be attributed to the fact
that a higher crystallization rate leads to the formation of a larger
number of smaller crystallites, which cannot grow further due to
the lower mobility of the (associated) chains. Also, while some of
the HSs are seen to crystallize during the cooling phase, a signif-
icant fraction of them is observed to cold crystallize during the
subsequent heating (Section A.6, Fig. S5(a)). The corresponding CC
temperature is found to be higher than that reported for higher
T iso, strongly suggesting that the HS associations made along the
cooling step hinder the chains’ motion. This is also supported by a
lower melting point of the smaller crystals originating during CC.

For 0 ∘C <T iso < 105 ∘C, CC is no longer observed since the sam-
ple has a high crystallization rate and fully crystallizes during the
isothermal 2 s break. Completing the preceding results, Fig. 7 fur-
ther reveals that the melting temperature T m of the largest ribbons
formed in this range of temperatures is nearly independent of T iso.
More precisely, as observed in Figs S5(b) and S5(c), decreasing T iso

from 105 ∘C to 50 ∘C leads to the formation of a few crystallites
melting at lower temperatures, while decreasing T iso from 50 ∘C
to 0 ∘C does not influence the melting behavior of the crystallites
any more. In both cases, T m is much lower than the high melting
temperature observed at T iso = 135 ∘C. It must be noted here that
this high melting peak cannot be attributed to a melting recrystal-
lization process as observed in several semicrystalline polymers.
Indeed, one can disprove this possibility since the melting tem-
perature of the high melting peak is not affected by varying the
heating rate. This suggests that in this range of temperature crystal
formation is mostly governed by the high thermodynamic driving
force, leading to fast formation of ribbons taking place before any
significant chain diffusion and allowing the eventual creation of
strong crystallites (high T m).

In contrast, the melting temperature T sh of the secondary peak
decreases in a monotonic way with decreasing T iso until disap-
pearing when the latter reaches 0 ∘C. As already suggested, this
secondary melting peak can be attributed to the melting of short
metastable crystallites (called here ‘baby-ribbons’). Based on these
results as well as Figs S5(b) and S5(c), it can be postulated that the
melting temperature T sh is related to their size, i.e. decreasing T iso

would make them smaller and smaller. This scenario is further sup-
ported by the fact that, at a temperature at which the shoulder
peak disappears (T iso = 0 ∘C), part of the HSs have too low a mobil-
ity even to be able to create short crystals during the 2 s break at
T iso and CC appears again (T iso = −15 ∘C). The decreasing size of
these baby-ribbons with decreasing T iso is a direct consequence of
the very low mobility of the chain segments, as further discussed
in the section ‘Impact of the HS fraction in the chain’.

Finally, for T iso < 0 ∘C the experiments in Fig. 7 are similar to that
in Fig. 4 since the sample is quenched from 200 ∘C to a temperature
close to T g at which no significant crystals have time to develop
due to the quasi-arrested chain dynamics. Around T g the growth of
the T4T crystals is highly restricted due to very low chain mobility.
This is also shown by a decreasing crystallization rate, observed
when reaching 0 ∘C (see the section ‘Impact of the HS fraction in
the chain’). As already mentioned, at T g = −15 ∘C, CC reappears at
the same temperature as previously observed (ca 35 ∘C).

Influence of holding time tiso

General trend
In Fig. 7, the 2 s waiting time at T iso is not long enough to reach
a thermodynamic equilibrium (e.g. CC is detected for high and
low T iso values). Therefore, the waiting time was increased to
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Figure 8. Thermograms recorded during the heating phase (1000 ∘C s−1)
of the 20% HS sample after a two-step quenching (4000 ∘C s−1) with tiso
being either 2 or 60 s and T iso = 135 or 140 ∘C. Data are shifted vertically
for clarity and the selected base line for integrating the peaks is shown.

tiso = 60 s (see Fig. 8) in order to understand the development
of the ribbon-like structure. First, it is seen that at T iso = 135 ∘C
and 140 ∘C a longer waiting time allows the fraction of much
more perfect crystallites to be enhanced, characterized by a very
high melting temperature. This phenomenon, which is called
annealing, can be quantified by looking at the enthalpy variation
of the end melting which grows significantly in both cases (see
Table 2). One hypothesis is that there is a lamellar doubling of the
ribbon-like crystals. This may explain the discontinuity observed
in the melting and the high end melting temperatures. This result
is in line with the discussion proposed in the previous section:
a high value of T iso (around T c) leads to much more perfectly
organized crystals, taking, however, a long time to grow due
to their low crystallization driving force. Furthermore, it appears
unambiguously that a longer tiso pushes up the temperature of
CC. This observation can be simply rationalized through similar
arguments to those previously mentioned, i.e. increasing tiso (or
decreasing T iso) favors chain association, which limits the segment
mobility when heating and therefore delays CC.

A full quantitative analysis of various enthalpies observed
such as cold crystals (ΔHcc), the melting of cold crystals (ΔHmcc)
and end melting (ΔHm) was extracted using a suitable baseline
and is shown in Fig. 8, supporting our qualitative conclusions
(see Table 2). The increase of T m with tiso is due to the anneal-
ing effect, as a longer waiting time allows a better stacking of
hydrogen-bonded HSs. It can also be noted that the enthalpies
of CC (ΔHcc) and the associated melting (ΔHmcc) are very close to
each other, avoiding any doubt about the nature of such phase
transitions. Furthermore, around T c, increasing the isothermal
temperature provides the chance to form a more perfect crystal
structure (higher T m) despite the longer time needed to develop
it (lower ΔHm). The latter point suggests once again that a higher

Figure 9. Storage modulus (G′) at 10 rad s−1 as a function of holding time
(s) for an isothermal temperature Texp = Tc + 10 ∘C.

mobility of the chains leads to the formation of larger objects (as
is the case in solvent cast TPEs), characterized by higher melting
temperatures. There is thus always a balance between ribbon
crystals and the baby-ribbon crystallite structures.

The previous explanation and observations are further con-
firmed by the rheology measurements presented in Fig. 9. It shows
the evolution of the storage modulus for multi-block copolymers
containing 10% and 20% HSs as a function of time, measured
under small oscillatory shear measurements performed at a fre-
quency of 10 rad s−1. The temperature T exp of the experiment was
reached at 6 ∘C min−1 from 200 ∘C. It was chosen such that T exp =
T c + 10 ∘C, i.e. 113 ∘C for 10% HSs and 150 ∘C for 20% HSs.

Despite the temperature being above T c, the storage modulus
continuously increases with time, which suggests that the HSs
associate more and more to form new or larger crystals. Crystal-
lization is thus possible at such high temperature but at a very
low crystallization rate. As seen in Fig. 9, the corresponding mod-
ulus continuously increases during a very long period of time and
only starts to saturate after around 104 s, indicating that the sys-
tems are slowly approaching their equilibrium state. Thus, based
on these results, it can be concluded that in the temperature range
at which the crystallization rate is slow a longer waiting time tiso at
isothermal temperature favors the creation of a larger fraction of
crystallites. As a last comment on Fig. 9, it must be noted that the
fact that the initial modulus of the 10% HS sample is larger than
that measured for the 20% HS sample is due to the difference in
the temperature of measurement (113 ∘C versus 150 ∘C).

In order to extend these observations to the full range of T iso we
summarize in Fig. 10 the evolution of the end melting point (T m)
and the corresponding melting temperature of the secondary
peak (T sh) as a function of T iso for 2 s and 60 s. It should be remem-
bered that these experiments still refer to the two-step quenching

Table 2. Variation of enthalpies in 20% HS samples for cold crystallization (ΔHcc), the melting of cold crystals (ΔHmcc) and the terminal melting point
(ΔHm)

T iso (∘C) Isothermal time (s) Tcc (∘C) ΔHcc (J g−1) Tmcc (∘C) ΔHmcc (J g−1) Tm (∘C) ΔHm (J g−1) Xc (%)

140 2 32 34.8 134 34.4 – – –
60 40 28.6 128 30.9 163 4.4 2.9

135 2 33 28.4 129 31.5 156 7.0 4.6
60 42 24.2 121 26.1 156 10.6 7.0
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Figure 10. Terminal melting temperature of the crystallites (Tm) and
the melting temperature of the secondary peak (Tsh) as a function of
isothermal temperature (T iso) for a waiting time tiso of 2 s and 60 s.

procedure (4000 ∘C s−1) on a TPE containing 20% HSs. This
representation means that several important features can be high-
lighted: (i) the end melting point of the T4T crystallites is nearly
constant (ca 135 ∘C) for 0 ∘C < T iso < 100 ∘C whereas, beyond this
point, it continuously increases up to 160 ∘C at T iso = 140 ∘C (ca
T c in conventional DSC); (ii) the melting temperature of the sec-
ondary peak evolves in a quasi-linear way with T iso; and (iii) while
the waiting time at T iso has no effect on T m (whatever the value of
T iso), it significantly enhances T sh by ca 15 ∘C for T iso < 80 ∘C.

These results are consistent with our hypothesis that the sec-
ondary melting point T sh is associated with the melting of shorter
crystal structures, defined as baby-ribbons, which did not have
time to grow to their final, equilibrium state.

Furthermore, observations (i) and (iii) are understood as from T iso

= 0 to 100 ∘C the crystallites had time to grow and to reach their
thermodynamic equilibrium, which leads to similar crystals in all
this range of T iso. Indeed, in this range of temperatures, a longer
waiting time between the two temperature ramps does not affect
the final melting point T m. Moreover, as discussed with regard
to Fig. 7, the crystallization rate of the HSs is too fast compared
to the necessary time for the whole chain to diffuse and better
organize, so the formation of a much more perfect crystal (with
T m above 140 ∘C) is prevented. Therefore, the equilibrium state of
such a crystal corresponds to the best crystallites which can be
built, knowing that the driving force for crystallization is high and
that the HSs can only diffuse locally. This leads to crystallites with
a moderately high melting point.

Above this temperature, the large mobility of the chains (T = T g

+ 160 ∘C) allows them to disentangle and diffuse in a larger length
scale, and the crystallites are characterized by a higher melting
point (i.e. the one visible in conventional DSC, Fig. 2, due to the low
cooling rate), but they are only present in a small proportion (see
the previous section). It is also observed that waiting a longer time
at T iso does not influence their melting point, while the proportion
of crystals increases (see Fig. 8).

Observation (ii), already commented on above, highlights an
important point. Whilst it is clear that 2 s is enough for stable
crystallites to form in a broad range of T iso, the reduction of the
mobility caused by the latter and by the low temperature limits
the subsequent formation of metastable baby-ribbons, explaining
the drop in T sh.

Observation (iii) confirms that the baby-ribbons associated
with the secondary melting peak are non-equilibrated structures.
Indeed, the higher melting point measured for a longer time at
T iso confirms their growing nature, possibly leading subsequently
to a merging with a larger crystallite.

Impact of the HS fraction in the chain
Here, we propose to investigate a parameter playing a crucial role
in the crystallite structure: the HS content, i.e. the number of T4T
groups along the TPE chains. As already shown from small-angle
X-ray scattering and rheology measurements,17,36 this parameter is
responsible for a drastic change in the crystallite size, which should
strongly impact the thermomechanical properties (e.g. modulus
and melting point) of the samples.

In Fig. 11, we investigate the influence of HS content on the
evolution of the melting temperatures T m and T sh. Figure 11(a)
reveals that while the melting point (T m) is lower for the 10% HS
sample than for the 20% HS sample due to the formation of smaller
stable crystallites,37 the melting temperature T sh associated with
the baby-ribbons remains unchanged. This observation suggests
that similar metastable crystals are created in both samples, their
growth being limited by the same mechanisms, related to the
local dynamics of the molecular segments (trapped between two
associated HSs) and the ability of the free HSs to explore their
surroundings. In both samples, it is observed that longer waiting
times lead to higher values of T sh, as already discussed.

When tiso is increased from 2 s to 60 s (see Fig. 11(b)), a significant
increase of the melting point (T m) from 113 till 139 ∘C is observed
for the 10% HS sample, while it stays constant for the 20% HS
sample. This means that the crystallization rate of the 10% HS
sample is too slow to allow the T4T crystallites to reach their critical
size (or thermodynamic equilibrium) after 2 s. Thus, the formation
of larger and stronger ribbons requires a longer waiting time tiso.
In contrast, for the 20% HS sample, the crystallites formed during
the isothermal break have time to reach their critical size after 2 s
and will not grow further by waiting 60 s (see Fig. 11 and related
discussion Section 3.5 i.e. impact of the HS fraction in the chain).

As already observed with the 20% HS sample, high melting
temperatures T m can be obtained if the sample is brought to
isothermal temperatures just below T c (=104 ∘C for 10% HS via
conventional DSC, see Table 1), the temperature at which the
chains have time to diffuse before starting to crystallize. However,
since the crystallization rate of the 10% HS sample is significantly
lower than that of the 20% HS sample, such crystals do not have
time to be formed if the break at T iso is too short (see Fig. 11(a), with
a 2 s break), and only CC crystals are observed. Therefore, a longer
waiting time must be considered (such as 60 s, see Fig. 11(b)) in
order to allow these very stable crystals to grow.

Therefore, the melting temperatures corresponding to T iso

between 40 ∘C and 60 ∘C are not reported in Fig. 11(b). Indeed,
in this range of temperature, both the melting peak and the
secondary melting peak are merging and one cannot easily deter-
mine their respective temperatures (see supporting information,
Section A.7 and Fig. S6).

In order to summarize the above observations, we compare in
Fig. 12 the crystallization rates of the 10% HS and 20% HS samples,
as a function of their isothermal temperature. The crystallization
rates have been extracted according to the method developed by
Vander Poel30 (also see supporting information, Sections A.8 and
A.9, Figs. S7 and S8). For the 20% HS sample, a bimodal distribu-
tion of crystallization rate is observed, with two maxima located at

Polym Int 2019; 68: 283–293 © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/pi



292

www.soci.org A Sharma et al.

Figure 11. Melting temperature (Tm) and secondary peak melting temperature (Tsh) for 10% and 20% HS TPE as a function of isothermal temperature for
a waiting time of 2 s (a) and 60 s (b).

Figure 12. Crystallization rate as a function of temperature T iso for 10% and
20% HS samples.

86 ∘C and 36 ∘C, while the 10% HS sample only shows one maxi-
mum, located at around 25 ∘C. These maxima are unambiguously
related to the crystallization of the T4T units, arising from the bal-
ance between the thermodynamically driven crystallization forces
and the chain mobility. In the case of the 20% HS sample, the max-
imum located at high T can easily be explained based on the dis-
cussion in the previous two sections. Starting from high T iso, as
expected from the Turnbull–Fisher description,24 the crystalliza-
tion rate increases as the thermodynamic driving force for nucle-
ation increases due to supercooling of the sample.38 Consequently,
as long as thermodynamic forces dominate, the crystallites grow
faster and faster with decreasing T iso. However, decreasing T iso fur-
ther, the thermodynamic effect is counterbalanced by the reduced
intrinsic chain mobility, which slows down crystal formation.39

Therefore, because of these two mechanisms, there is an optimum
temperature, 86 ∘C, at which the crystallization rate is maximum.
Below this maximum temperature, weaker crystals are formed, all
characterized by a similar melting temperature (see Fig. 11(a)), and
a significant reduction of the crystallite formation rate is observed.

Then, at around 55 ∘C, the crystallization rate of the 20% HS sam-
ple stops decreasing and reaches a quasi-plateau before falling
again at 20 ∘C, generating the second maximum. While its origin
is not fully clear, such a bimodal distribution was already observed
for PBT and other polymers in the literature.30 It was attributed by
Pyda et al.40 to the possible formation of an amorphous–rigid frac-
tion or to change of the crystal structure and dimensions.39,41–43 In

the present case, we propose the following picture to explain this
behavior. At around T iso = 55 ∘C, the large-scale diffusion of the
chains is becoming so slow that it does not take place any more.
However, locally, the molecular segments (e.g. trapped between
two consecutive entanglements or two associated HSs) still have
a large mobility and can easily explore their (close) surroundings
and crystallize into a less perfect crystal structure, i.e. baby-ribbon.
Therefore, combined with a high driving force for crystallization,
the corresponding rate is constant as long as local mobility is not
affected by temperature, and the ribbons obtained are all char-
acterized by exactly the same melting peak and melting temper-
ature T m (see Fig. S5(c)). Moreover, a decrease of the crystalliza-
tion rate is then observed below 20 ∘C, when local mobility of
the entangled segments starts to be affected, and it disappears
at T iso < 0 ∘C, reaching its T g value. Basically one can depict the
bimodal clock-curve as a sum of two separate clock-curves: one
for the ribbon-like crystals, and the other for imperfect crystals due
to decreased chain mobility. If we refer to the work of Androsch
et al.,44 these different types of crystal could be attributed to a
change in the nucleation mechanism, depending on the chain
mobility.

On the other hand, in the case of the 10% HS sample, only
one maximum is observed in the crystallization rate curve. This
is attributed to its much lower melting temperature: above 60 ∘C,
thermodynamic forces for crystallization are too slow to compete
with chain mobility. The crystallization rate only increases at lower
temperature, when chain diffusion is becoming slow enough. So,
in the case of the 10% HS sample only one type of ribbon-like
crystal can be formed. In order to prove this concept, real time flash
combined with X-rays should be performed.46

To conclude, according to the proposed picture, a bimodal dis-
tribution of the crystallization rates can be observed if both the
temperature at which crystallization starts and the temperature at
which global diffusion of the chains is suppressed (due to chain
entanglements or chain segments trapped between associated
HSs) are much higher than the temperature at which the segmen-
tal dynamics are slowed down. Since the mobility of the chains
strongly depends on their length and on the average number of
HSs they contain, we expect that the position of the high temper-
ature peak could be varied with sample composition, which will be
tested in future work.

CONCLUSIONS
To summarize, by using FSC, we have shown in this work the great
variety of phases likely to exist in well-defined TPEs. In particular,
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by exploring different thermal manipulations, we demonstrated
that different structures, i.e. different properties, were reachable,
being potentially of a great interest for industry. In particular,
we showed on one side that a progressive cooling step was
allowing the crystallites to grow in a rather homogeneous way
from nucleation points, whereas on the other side a sudden
quenching between T m and T g was leading to amorphous HSs or a
high fraction of smaller and metastable baby-ribbons depending
on the isothermal temperature. While in the former case stronger
mechanical properties are expected, the latter is more likely to
provide the material’s higher electrical permittivity confirming the
great polyvalence of such polymers in terms of applications (fibers,
electrolytes etc.). From a more fundamental point of view, we were
able to accurately quantify the minimal cooling rate that allows the
TPE 20% HSs to be kept amorphous when quenched from the melt
state at −800 ∘C s−1. This extreme value appears as a strong asset
for this particular chemistry since it allows hard network formation
and thus the material elasticity to emerge in a quasi-instantaneous
way. We also showed how playing with the temperature for these
TPEs allows the influence of chain mobility to be controlled, both
at the level of the whole chains and at a more local level in the
formation of stable ribbons.

Finally we believe that the great opportunity of this experi-
mental methodology is to be able to distinguish and isolate the
phases that are involved in the main thermal transitions. This infor-
mation, coupled with the characterization of mechanical prop-
erties, is a crucial step towards a deeper understanding of the
structure–property relationship in these TPEs.
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