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ration/crosslinking competition-
based ternary microstructure evolution of
poly(ether-b-amide)†

Yu Wang,ab Zefan Wang,b Ping Zhu,b Xinran Liu,bc Lei Wang, *a Xia Dong *bc

and Dujin Wangbc

The temperature dependence of the rheological properties of poly(ether-b-amide) (PEBA) segmented

copolymer under oscillatory shear flow has been investigated. The magnitude of the dynamic storage

modulus is affected by the physical microphase separation and irreversible crosslinking network, with the

latter spontaneously forming between the polyamide segments and becoming the dominant factor in

determining the microstructural evolution at temperatures well above the melting point of PEBA. From

the rheological results, the initial temperature of the rheological properties dominated by the

microphase separation ðT �
bÞ and crosslinking (Tcross) structures were determined, respectively. Based on

the two obtained temperatures, the microstructure evolution upon the heating can be separated into the

ternary microstructure domains: homogenous (temperature below T
�
b), microphase separation

dominating (between T
�
b and Tcross), and crosslinking dominating domains (above Tcross). When the PEBA

is heated to above Tcross, the content of crosslinking network increases with time and temperature,

leading to an irreversible and non-negligible influence on the rheological, crystallization, and mechanical

properties. A more pronounced strain-hardening phenomenon during the uniaxial stretching is observed

for the sample with a higher content of crosslinking network.
Introduction

Block copolymers are composed of two or more different
segments within the molecular chain, and have attracted great
attention in the past few decades because of their excellent
mechanical properties and processability. Depending on the
architectures, block copolymers can be classied into several
categories, e.g. (AB) di-block, (ABA) tri-block, and (AB)n multi-
block (segmented) copolymers, etc. Due to the thermodynamic
immiscibility between the segments, several long-range order
structures can be formed within a sub-micrometer scale (known
as microphase separation).1–5 With extensive research, the
morphology of different phases is greatly affected by the Flory
interaction parameters between the two segments, composi-
tion, and the overall degree of polymerization.6–14 Furthermore,
the material properties such as modulus,15–17 conductivity,18,19

and rheological properties20,21 can be enhanced at the order
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states. In recent decades, the order-to-disorder transition
temperature and its morphology evolution of di- and tri-block
copolymers have been well studied by various means such as
small-angle X-ray scattering (SAXS)2,10,21–23 and rheological
technique.2,10,20–27 Bates et al. have demonstrated that the
viscoelastic properties of di-block copolymers are sensitive to
the microstructure changes, and it can be used to characterize
the morphology of ordered microstructures.21,23–26 Hashimoto
and Han et al. have studied the order-to-disorder transition of
the polystyrene-block-polyisoprene-block-polystyrene tri-block
copolymer,2,22 and trace its microstructure evolution by the
SAXS and transmission electron microscope (TEM) techniques,
the results are in good agreement with that determined by
rheological studies. Phase diagrams of di- and tri-block copol-
ymers can be interpreted and predicted quite well on the ther-
modynamic model based on Leibler's works.6,8

For the segmented copolymers such as thermoplastic poly-
urethane (TPU),12,20 poly(ether-b-amide) (PEBA),28 poly(ester-
ether) (PEE),14 olen block copolymers (OBC),29 and trans-
parent polyamide random copolymers,30 the structure–property
relationship has been widely explored in the past three
decades.7,10,30–32 Velankar and Cooper carried out a series of
work to study the inuence of chain architectures (including
block length and block species) on the microphase separation
of TPU,12,13,33 which provides an in-depth understanding on the
phase behavior of segmented copolymers. The inuence of
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra10627e&domain=pdf&date_stamp=2021-02-09
http://orcid.org/0000-0002-2313-2095
http://orcid.org/0000-0002-6409-7011
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10627e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011012


Fig. 1 General chemical structure of the studied Pebax® elastomers.
The repeating numbers of PA12 HS and PTMO SS are denoted as “x”
and “y”, respectively.
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microphase separation on the crystallization of segmented
copolymers at quiescent or ow states also has been investi-
gated by various techniques.28,30,34–36 It was found that the
microphase separation at molten state has an effect on the
morphology and size of the hard domain's crystals. Due to the
co-existence nature of multi-components and multi-phase, the
microstructure evolution of semi-crystalline segmented copol-
ymer during the deformation is complicated. As the applied
strain increased, the segmental chains' orientation, the crystal–
crystal transition, and strain-induced crystallization can
occur.37–40 Studying the microstructural evolution under the
external elds is important for a better understanding of the
macroscopic properties of the segmented copolymers. To date,
the phase diagram of multi-block copolymers cannot be predi-
cated well due to the more complex segmental interactions. In
other words, the phase transition temperatures and the corre-
sponding morphologies can only be determined
experimentally.

PEBA segmented copolymer, which contains the polyamide
hard-segment and polyether so-segment, has been widely used
in various elds such as sports equipment, polar clothing, and
medical supplies. However, the studies focused on the
temperature effect on the rheological properties,41 and crystal-
lization morphology are limited.35 The systematic explore the
microstructure evolution upon temperature is inadequate. It
was reported that the polyamide crosslinking reaction could
occur at the molten state in various polyamide (PA) systems,
including PA6,42,43 PA6,6,42–45 PA6,10,42,43 PA11,46 PA12,47 and
PA1012,48 especially aer prolonged heating. The polyamide
crosslinking is caused by the formation of the secondary amine
groups,49 which reacts further with carboxyl groups to form the
branched structures at high temperature.50 Therefore, the
inuence of the formed crosslinking structure on the micro-
structure evolution should not be ignored for the PEBA
segmented copolymers.

The present investigation aims to probe the temperature
dependence on the microstructure from apparent homogenous
to crosslinked states via the small amplitude oscillatory shear
(SAOS) measurement for the commercial PEBA copolymer with
the trade name of Pebax®, for which contains the crystalline
hard segment of PA12, while poly(tetramethylene oxide) (PTMO)
as the so segment.28,51 Based on the experimental results, there
different microstructure domains of apparent homogenous,
microphase separation, and crosslinking structure can be
quantitatively determined. The inuences of the microstructure
on the rheological and mechanical properties is also studied by
the thermal history under different temperature domains.

Experimental
Materials and sample preparation

The commercial PEBA elastomers with different compositions
employed here are Pebax® 2533 SD02, 3533 SP01, and 4033
SP01 (named as P25D, P35D, and P40D in this work), supplied
by Arkema Co., Ltd., used as received. The sub-grade of SD02
and SP01 has been developed to be heat and UV resistant, and
the SD02 contains mould release additive. Its repeating unit is
© 2021 The Author(s). Published by the Royal Society of Chemistry
composed of the hard-segments of PA12, so-segments of
PTMO, the chain extender of adipic acid (shown in Fig. 1).28,51 It
was reported that the molecular weights of PA12 segment of
P25D, P35D and P40D are 530, 674, and 800 g mol�1, while the
molecular weights of PTMO segment are 2000, 1870, and 1060 g
mol�1, respectively.52 The average molecular weight of the
PEBAX elastomers is �5 � 104 g mol�1.52 By the elemental
analysis, Rezac and John53 calculated the repeat unit numbers
of PA12 (‘x’ in Fig. 1) and PTMO segments (‘y’ in Fig. 1) are 2.68
and 27.80 for P25D, also 3.42 and 26.00 for P35D, 4.06 and 14.72
for P40D. The weight fraction of PA12 segments (WPA) of the
studied elastomers determined by 1H NMR are list in Table
1.28,40

The thermal properties of the three studied copolymers were
determined by differential scanning calorimetry (DSC Q2000,
TA instruments). The instrument was calibrated with indium
before measurements. Temperature scans were performed in
the range of �50 to 200 �C with a heating/cooling rate of
10 �C min�1 under the nitrogen atmosphere. The melting
temperature (Tm), crystallization temperature (Tc), the corre-
sponding melting and crystallization enthalpies (DHm and DHc)
for the PA12 and PTMO crystals are denoted by the subscript
“HS” and “SS”, respectively. The crystallinity of PA12 crystals
(Xc) was calculated by the normalized DHm,HS with the fraction
of PA12 HS dividing by the fusion enthalpy of perfect PA12
crystals (246 J g�1).40 The results are listed in Table 1.

To remove the absorbed moisture, the raw pellets were dried
at 100 �C under vacuum for 12 hours. Both the thin lms with
a thickness of 0.5 mm and the rheological specimens with
25 mm diameter and a thickness of 1 mm were prepared by
melt-pressed under 180 �C and 50 MPa for 3 min by mold, then
quickly cooled to room temperature by cold compression for
3 min.
Rheological measurement

Linear viscoelastic properties of the PEBA elastomer at molten
state with various temperatures were measured by a stress-
controlled rheometer (DHR2, TA Instruments) with a 25 mm
parallel plates feature, the gap-value was 1 mm. All the experi-
ments were carried out under the nitrogen atmosphere to
protect the samples from oxygen degradation.

The samples were heated to different isothermal tempera-
tures (Tiso ¼ 170, 190, 200, 210, 230, 250, and 270 �C), kept for
3 min to ensure all the crystals were melted, then the dynamic
time sweep was performed for obtaining the time dependence
of the dynamic storage modulus (G0) and loss modulus (G00)
within 2 hours isothermal at each temperature. To understand
RSC Adv., 2021, 11, 6934–6942 | 6935
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Table 1 The thermal properties of the raw and thermal-treated PEBA copolymers

Sample WPA Tc,SS (�C) Tm,SS (�C) Tc,HS (�C) DHc,HS (J g
�1) Tm,HS (�C) DHm,HS (J g

�1) Xc

P25D Raw pelleta 0.27 �10.2 12.0 53.8 9.3 135.2 10.0 0.15
Treated lmb �10.4 12.1 50.2 6.0 135.4 2.4 0.04

P35D Raw pelleta 0.29 �11.9 9.0 68.9 14.5 145.0 14.7 0.21
Treated lmb �10.7 9.2 68.5 8.9 145.2 5.9 0.08

P40D Raw pelleta 0.46 �13.0 6.8 90.0 26.2 160.5 25.6 0.23
Treated lmb �12.0 6.0 89.0 25.7 158.4 19.5 0.17

a The raw pellet of the PEBA elastomers were used as received. b The lms were quenched from 270 �C aer the 2 hours isothermal process.
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the time effect on the phase state, the G0 and G00 over a frequency
(u) range of 0.1–628 rad s�1 were measured by the SAOS mode
for each sample before and aer the 2 hours isothermal
processes, respectively.

In order to determine the microphase separation transition
temperature of P35D melt, the dynamic temperature ramp
measurement at a given u of 0.5 rad s�1 with various heating
rates of 0.5, 1.0, 1.5, and 2.0 �C min�1 from 160 to 270 �C were
carried out by hot nitrogen gas to control the temperature in the
accuracy of �0.1 �C. With the obtained G0 and G00, the binodal
(Tb) and spinodal temperature (Ts) can be determined based on
the Ajji and Chopin's model.54–56
Fourier transform infrared spectroscopy (FTIR) measurement

The FTIR spectra of P35D lms with a thickness of ca. 30 mm
was obtained by using a Nicolet 6700 FTIR spectrophotometer
(Thermo Scientic) operated in transmission mode at room
temperature and equipped with an MCT detector. The spectra
were collected by accumulating 32 scans with a resolution of
4 cm�1.
Fig. 2 Double Logarithmic plots of G0 against u (a) before and (b) after
the 2 hours isothermal treatment at different Tiso.
Tensile testing

The tensile testing was conducted by using an Instron model
3365. The dumbbell shaped tensile bars (3 mm wide, 25 mm
long, and ca. 0.35 mm thick) were cut from the melt-pressed
lms quenched from various Tiso (180, 230 and 270 �C) by
liquid nitrogen aer the 2 hours isothermal treatment. The
crystallinity was as low as 6–8% for the quenched lms (ESI,
Table S1†). The specimens were stretched to break with jaws
moving symmetrically at a constant speed of 100 mm min�1 at
ambient temperature (ca. 28 �C). Under the assumption that the
sample volume kept a constant during the uniaxial elongation,
the true strain was used as a measurement for the deformation,
according to Strobl and co-workers.57,58 With the thickness,
width, and marked distance between the specic points of the
initial (Wo, To, bo) and stretched (W, T, b) specimens, the true
stress (s), draw ratio (l), and true stress (3H) can be dened as
follows (where F is the detected force):

s ¼ Fb

WoboTo

l ¼ b=bo3H ¼ ln l

The measurement was repeated 3 times for each condition.
6936 | RSC Adv., 2021, 11, 6934–6942
Results and discussion
Temperature effect on the microstructure of PEBAs

To reveal the time effect on themicrostructure of PEBA, the G0 of
P35D melt as a function of u obtained before and aer the
isothermal treatment at various Tiso are shown in Fig. 2a and b,
respectively. The typical terminal ow region can be seen at 170
and 190 �C since the scaling laws of G0 � u2.0 is validated,
indicating that P35D has reached the thermodynamically
homogenous in the temperature range of 170–190 �C.22,24,59,60

However, G0 has deviated the scaling law from 200 �C (the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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deviation behavior was also seen for Pebax® 5533).41 Further-
more, a short-range plateau is formed at low frequencies aer
the 2 hours isothermal process since 210 �C (Fig. 2b), suggesting
that a certain network structure has been developed in P35D
melt. When Tiso $ 210 �C, the magnitude of G0 and G00 increase
rapidly with time during the isothermal process and G0 even-
tually surpass G00 at low frequency (see ESI, Fig. S1†), whereas G0

and G00 slightly decrease in the homogenous states (for example,
in the temperature range of 170–190 �C). Fig. 2b shows that the
magnitude of G0 plateau was enhanced with the increasing Tiso,
indicating the network structure becomes stronger and
contributes a greater elastic property at higher temperatures.
For the three studied PEBA copolymers with different PA12
content, the time effects on G0 and G00 at high temperatures are
similar, i.e., a pronounced solid-like behavior (G0 [ G00) over
the detected frequency range (ESI, Fig. S2†) can be observed
aer the isothermal treatment at 270 �C for all the three cases. It
is probably ascribed by the chemical crosslinking network. The
existence of the crosslinking network in these PEBA copolymers
aer the isothermal at 270 �C was conrmed by the swelling
experiment with the N,N-dimethylformamide (DMF) solvent
(see ESI, Fig. S3†), some swollen and insoluble matters were
seen by the naked eyes for the isothermal-treated lms, whereas
the raw pellets were all apparent dissolved in DMF. The
increased intrinsic viscosity with Tiso also indicates the occur-
rence of crosslinking reaction (ESI, Table S2†). Based on the
results, it is supposed that the polyamide crosslinking reaction
can be ignored within the 2 hours rheological measurement
because of the extremely low reaction rate (the time has a very
weak effect on the G0 increase) when Tiso # 210 �C. However,
due to the high reaction rate at 270 �C, the content of cross-
linking network is high enough that it cannot be ignored aer
the 2 hours isothermal treatment and leads to an evident G0

plateau.
FTIR result provides another piece of evidence for the exis-

tence of crosslinking structure. Fig. 3 shows the two FTIR
spectra of the P35D hot-pressed lms with and without the 2
hours isothermal treatment at 270 �C. It was found that the
band position and relative height of the bands related to amide
Fig. 3 The FTIR spectra of the P35D films, including the untreated film
without any isothermal treatment (black line) and the film quenched
from 270 �C after the 2 hours isothermal treatment in a vacuum
chamber (blue line). The differences between curves are indicated by
the dash lines and red arrows.

© 2021 The Author(s). Published by the Royal Society of Chemistry
group between the two spectra are different, i.e., the cross-
linking network is closely associated with the amide groups.
With the crosslinking network, the amide A band (stretching
band of N–H group) at 3295 cm�1 shis toward higher wave-
numbers, indicating weakening strength of the hydrogen
bonding. Moreover, some differences at 3100, 1483, 1223, 941,
and 680 (amide V) cm�1 were also observed, which is consistent
with our previous result in PA1012 homopolymer.48 Different
from the PA1012 homopolymer, the amide II band (stretching
band of C–N group and deformation vibration band of N–H
group) at 1560 cm�1 shis to lower wavenumber with the
crosslinking network. For the lm with crosslinking network
(blue curve in Fig. 3), the absorbances of the bands at 2918 and
2859 cm�1 (corresponding to the –CH2– asymmetrical and
symmetrical stretching modes, respectively) are saturated due
to the thicker lm-thickness, lead to the not sharp bands.

It was reported that the secondary amine groups (R1–NH–R2)
are obtained by the reaction between the end groups of various
polyamide homopolymers (known as diamine coupling) and act
as branch points that react with carboxyl groups to form the
branched structures (ESI, Scheme S1†).49,50 For polyamide melts
at high temperature, the depolymerization of polyamide chains
can also occur due to the ammonolysis reactions, and the
depolymerized segments with –CONH2 end-group can further
reacts with the secondary amine group to form the crosslinking
structures.61 In other words, the chain scission and crosslinking
are probably occurring simultaneously. As a result, both the end
groups and the amide group in the repeating unit of polyamide
chains can act as a crosslinking point. Based on the above
reactionmechanisms, we propose a possible mechanism for the
crosslinking reaction of PEBA elastomers as Scheme 1. The
crosslinking structure established by the amide group of the
repeating units of PA12 HS provides an additional elasticity for
the studied PEBA elastomers. Although the proposed mecha-
nism seems reasonable according to the literature, more
research is needed to clarify it.
Scheme 1 Illustration of the possible crosslinking mechanism for the
studied PEBA elastomers. The amide group in the repeating unit of
PA12 HS first undergoes ammonolysis reactions with the ammonia
molecules obtained by the reaction between end groups (known as
diamine coupling), and then reacts with secondary amine group which
acts as a crosslinking point to form a branched structure.

RSC Adv., 2021, 11, 6934–6942 | 6937

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10627e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 6
:0

3:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
It should be noted that the scaling law of G0 � u2.0 is inva-
lidated at 200 �C (Fig. 2a), and the crosslinking reaction can be
ignored at Tiso < 210 �C due to the extremely low reaction rate.
According to the AFM images of Pebax® 5533 lms quenched
from the melt state,41 the microphase separation can be devel-
oped within several minutes. Therefore, it's reasonable the
P35D melt is not homogenous one-phase but microphase
separated at 200 �C, the physical microphase structure is strong
enough to lead to the deviation of G0 � u.2.0 However, the
microstructure of P35D melt may be dominated by the cross-
linking network aer the isothermal at 200 �C for an innite
period of time, even if the reaction rate is extremely low.

In block copolymers, it's well known that the microphase
separation can lead to the deviation of the scaling law of G0 �
G002.0 in the Han-plot, for which is an important means of
detecting the existence of microphase separation.2,21–23,27,60 Fig. 4
shows the Han-plots obtained from P25D, P35D, and P40D aer
the 2 hours isothermal treatment at various Tiso. It was found
that the homogenous criterion of G0 � G002.0 is only valid in 170–
190 �C for P35D. Considering that no G0 plateau is detected in
the Han-plots and the magnitude of G0 does not increase
signicantly with time (see ESI, Fig. S1†), P25D and P40D are
considered to be microphase separated at 170 �C. At higher
temperatures, such as 210–270 �C, the evident crosslinking
network has been developed in all the three copolymers.
Fig. 5 (a) Temperature dependence of dynamicmoduli obtained from
P35D melt with various heating rates. Tb is determined by the
temperature of G0 minimum for each curve. (b) Effect of heating rate
on the determined Tb and Ts. The extrapolation values on the y-axis
represent the temperatures at equilibrium state, denoted as T

�
b and T

�
s .
Ternary microstructure domains of PEBA upon heating

From the rheological results, there should be two transition
temperatures in PEBA copolymers: the microphase separation
temperature (transition from homogenous to microphase-
separated state) and the initial temperature at which the
crosslinking network begins to dominate (denoted as Tcross).
The microphase separation is a reversible thermodynamic
behavior, the state is a function of temperature, while the
crosslinking network is an irreversible evolution. Determina-
tion of these two transition temperatures is of great signicance
for controlling the microstructure and also the rheological
properties.

Due to the existence of crosslinking network, themicrophase
separation transition temperature cannot be determined
precisely by the typical means such as Han-plot and SAXS in our
system. The microphase separation originates from the inter-
action between the hard- and so-segments, the apparent
Fig. 4 Han-plots obtained from (a) P25D, (b) P35D, and (c) P40D melts a

6938 | RSC Adv., 2021, 11, 6934–6942
homogenous morphology and the possible short-range order
structures may exist in the disorder state of block copolymers.2

In contrast, the long-range order structures are formed in the
microphase separation region in the phase diagram. In other
words, the microphase separation temperature can be dened
by the relative phase domain size. Herein, the transition
temperature can be analog with the binodal temperature in
polymer blends, which are induced by the concentration uc-
tuation. Therefore, the Tb of P35D can be estimated by using the
Ajji and Chopin's method.54–56 Fig. 5a shows the temperature
dependence of G0 and G00 with various heating rates. These
curves merged well at low temperatures, where the homogenous
criterion was satised. For each heating traces, the Tb was
determined by the G0 minimum62 at where G0 starts to upturn
because of the strong enough concentration uctuation.
Meanwhile, Ts was determined from the extrapolation of the
linear regression on the x-axis of the plots of (G002/G0T)2/3 versus
the reciprocal of temperature 1/T at a given heating-rate (shown
in ESI, Fig. S4†) according to the Ajji and Chopin's model. Noted
that Ts was obtained with the experimental data at the apparent
homogenous region (T < Tb) for ensuring accuracy. Because the
microphase separation is a time-dependent behavior, the
heating rate effect on Tb and Ts should be considered. The good
linear relationships for Tb and Ts versus heating rate are seen in
Fig. 5b, the transition temperatures at equilibrium state
(denoted as T

�
b and T

�
s ) are determined to be 200.8 and 229.6 �C,

respectively, by the extrapolation on the y-axis. Therefore, the
PEBA copolymers exhibit an LCST-type phase diagram, also
called lower disorder-to-order transition behavior. It's reminded
fter the 2 hours isothermal treatment at various Tiso from 170–270 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that the applied SAOS may shi the binodal line in the phase
diagram and induce a temperature-gap with the quiescent state,
the gap is smaller at the lower frequency63,64 In this work, all the
temperature sweep measurements were performed at u of 0.5
rad s�1, thus, the T

�
b is considered to be reliable and close to that

obtained at the quiescent state. The obtained T
�
b is consistent

with the Han-plot result that the microphase separation has
been developed in P35D at 200 �C. Although the phase diagram
of Pebax® elastomers has not yet been constructed, it may be
a dynamic asymmetric system because there is a considerable
gap between Tc,HS and Tc,SS (Table 1).

In our system, once the microphase separation behavior
occurs, it's difficult to distinguish the contribution from the
crosslinking process on dynamic moduli in the initial stage.
Moreover, the crosslinking reaction is time-dependent with
a slow rate at lower temperatures. Therefore, the Tcross can only
be approximately determined by the following experiments: one
fresh sample was rstly heated to 170 �C and hold isothermal
for 2 hours, then quickly jumped to various Tiso and hold
isothermal for 2 hours, nally cooled back to 170 �C to check
whether the microstructure is recoverable. Fig. 6a clearly shows
that G0 of P35D returned to the equilibrium value (black color)
at 170 �C within 2 hours in the case of Tiso ¼ 190 �C (below T

�
b),

the reversible behavior indicates it's the homogenous state at
190 �C which is in good agreement with the Han-plots (Fig. 4b).
In T\T

�
b, the rheological properties are only affected by the

chain entanglement. Although G0 shows an upward trend at Tiso
Fig. 6 (a) The effect of thermal history (isothermal treatment at various T
applied u is 0.1 rad s�1. (b) Schematic representation of the microstructu
The critical temperatures of P35D are indicated on the temperature axis

© 2021 The Author(s). Published by the Royal Society of Chemistry
of 203 �C within two hours, G0 eventually returns to the equi-
librium value at 170 �C, implying that the content of cross-
linking structure is so low that can be ignored within the
measurement at 203 �C. On the other hand, the G0 cooled down
from Tiso of 207 �C remained almost constants and three-folds
higher than the equilibrium value at 170 �C, the considerable
gap indicates the microstructure has been dominant by the
crosslinking structure. It can be concluded that the exactly Tcross
is in the range of 203–207 �C.When Tiso > Tcross, the crosslinking
network develops rapidly, and becomes the dominant factor in
determining the microstructure and rheological properties
within 2 hours.

Based on our experiments, the microstructure evolution of
PEBAs upon heating can be divided into ternary domains: the
apparent homogenous, microphase separation, and cross-
linking domains, by the determined T

�
b and Tcross. Taking P35D

as an example, it is apparent homogenous state (the hard and
so segments are compatible at the molecular level) in the
temperature range of Tm;HS\T\T

�
b. Meanwhile, the rheolog-

ical properties andmicrostructure are reversible and depending
on the temperature. In the range of T

�
b #Tiso\Tcross, a micro-

phase-separated P35D melt was obtained aer the 2 hours
isothermal treatment, the content of crosslinking network is
negligible due to the slow reaction rate. The microstructure is
mainly affected by the microphase separation, the equilibrium
state at a given temperature can be reached over a period of
time. However, once the P35D melt was heated to temperatures
iso) on the magnitude of G0 of P35D with respect to time at 170 �C. The
re domains in PEBA copolymers at the respective temperature regions.
.
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Fig. 7 True stress–strain curves of P35D, including the untreated
sample without any thermal-treatment and the samples after the 2
hours isothermal at various Tiso: 180, 210, and 270 �C. The applied
crosshead speed is 100 mm min�1. The solid lines at large strain are
used to guide the eyes.

Table 2 Tensile properties of the P35D after the 2 hours isothermal
treatment at various Tiso

Tiso (�C)
Young's
modulus (MPa) Strain-at-break (%) Stress-at-break (MPa)

Untreated 5.0 � 0.3 228.7 � 1.4 222.8 � 41.7
180 4.8 � 0.1 219.0 � 11.5 270.6 � 48.5
230 5.5 � 0.2 235.1 � 0.7 316.4 � 57.7
270 5.2 � 0.2 211.7 � 10.4 326.3 � 60.2
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above Tcross, the content of crosslinking network (or cross-
linking density) increases signicantly, and becomes the
dominant factor within a short period, resulting in the irre-
versible evolutions in microstructure. As presented, the rheo-
logical properties are also irreversible with temperature/time in
this temperature domain. Not only PEBA copolymers, the re-
ported irreversible effect of thermal history on the rheological
properties in the TPU elastomers20 can also be explained by this
mechanism.

Unfortunately, no intensity peak associated with the long-
range ordered structures was detected aer the isothermal-
treatment in the P35D's SAXS experiments (ESI, Fig. S5†), even
in the microphase-separated domains. It may be caused by the
poor contrast of electron cloud density between the hard- and
so-segments. In addition, no evident long-range order struc-
ture was observed by the TEM technique for the ultra-thin
sections of P35D lms quenched from Tiso above T

�
b aer the

2 hours isothermal process (shown in ESI, Fig. S6†). There are
two possibilities: the rst one is that interdomain distance is
too short to be clearly seen. The interdomain distance can be as
small as serval nanometers to tens of nanometers for Pebax®
elastomers,41,65 which is much smaller than the specimen
thickness (ca. 90 nm). Therefore, the obtained ultra-thin section
may contain tens of layers of this kind of structure, resulting in
the homogenous-like morphology. The other possibility is that
6940 | RSC Adv., 2021, 11, 6934–6942
the crosslinking network inhibits the formation of the long-
range order structures at T > Tcross. For the three studied elas-
tomers, the lower DHm,HS and DHc,HS of the treated lms aer
the isothermal process at 270 �C compared to the respective raw
pellets implies that the presence of crosslinking network can
reduce the regularity of the polymer chains. In other words, the
chainmobility of P35Dmelt is probably restricted by the formed
crosslinking structures.
Effect of the crosslinking network on mechanical properties

In the last section, the effect of the crosslinking network on the
mechanical properties of P35D at room temperature is investi-
gated by comparing the quenched samples that have been
isothermally treated at different Tiso. The true stress–strain
curves of P35D aer the isothermal-treatment at various Tiso are
shown in Fig. 7, the typical elastomer behavior was seen for the
untreated sample without any isothermal treatment (black
circle). In the case of Tiso of 180 �C (lower than T

�
b), the curve

(blue triangle) was almost identied with the untreated one
because of the reversible entanglement network, whereas the
steeper increase trend of stress versus strain was detected in the
case of Tiso of 230 and 270 �C (both of them are higher than
Tcross). From Fig. 2b, the magnitude of the G0 plateau obtained
from Tiso of 270 �C is ca. 7-fold of that from 230 �C, suggesting
that the crosslinking density at 270 �C is several times higher
than that of 230 �C. The stronger network provides an addi-
tional elasticity. Compared with the untreated sample, the
stress-at-break was enhanced to 326.3 � 60.2 MPa at Tiso of
270 �C, as 1.47-fold of that of the untreated sample. It should be
noted that the strain-hardening phenomenon becomes more
pronounced as the crosslinking density increases. Our previous
work has demonstrated that the strain-hardening phenomena
in PEBA copolymers is related to the strain-induced crystalli-
zation of PTMO segments and the orientations of molecular
segments.39 Our true stress–strain curves implied that the
existence of the crosslinking network has a considerable inu-
ence on the strain-induced crystallization of the PTMO segment
at the large deformation for PEBA elastomers, although the
mechanical properties do not show a signicant difference with
the increasing Tiso (Table 2).
Conclusions

In this work, the microstructure evolution of the poly(ether-b-
amide) segmental copolymer upon heating was investigated via
rheological measurement. Based on our experiments, the
crosslinking network by the inherent crosslinking reaction in
the polyamide segments is conrmed to be formed, and
dominates the microstructure of the three studied PEBA
copolymers at temperatures higher than Tcross. With the ob-
tained T

�
b and Tcross, the microstructure evolution of PEBA upon

the heating process can be classied into ternary domains, they
are the homogenous ðTm;HS\T\T

�
bÞ, microphase separated

ðT �
b #T\TcrossÞ, and the crosslinking (Tcross < T) domains. Our

experiments have demonstrated that when P35D melt is once
heated above Tcross (ca. 58–62 �C higher than Tm,HS in P35D), the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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content of the crosslinking network increases rapidly with time
and temperature, leading to an irreversible and non-negligible
inuence on the rheological, crystallization, and mechanical
properties. To the best of our knowledge, the present work is the
rst to systematically explore the microstructure evolution from
the apparent homogenous to crosslinked state in PEBA
copolymers.

Determination of the critical temperatures (Tm,HS, T
�
b and

Tcross) is important for regulating the microstructure and
studying PEBA's structure–property relationship. It should be
noted that these critical temperatures are depending on the
content of PA component. For example, the Tm,HS of PEBA
increases with the content of polyamide segment, it is possible
to even higher than T

�
b. In that case, no homogenous state can

be obtained. Although this work has demonstrated the
competition between the microphase separation and cross-
linking structures for the microstructure of PEBA, the mecha-
nism is still not well understood from the molecular level
viewpoint.

These results provide a deep understanding of the micro-
structure evolution of the PEBA elastomers. Further investiga-
tions of the effects of microstructure evolution and chemical
crosslinking on the crystallization behaviors of PEBA are
undertaking in our lab, and the results will be reported in the
near future.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was nancially supported by the National Natural
Science Foundation of China (51820105005) and the STS
Program of Chinese Academy of Sciences (KFJ-STS-QYZX-113).
Notes and references

1 G. H. Fredrickson and E. Helfand, J. Chem. Phys., 1987, 87,
697–705.

2 N. Sakamoto, T. Hashimoto, C. D. Han, D. Kim and
N. Y. Vaidya, Macromolecules, 1997, 30, 1621–1632.

3 F. Kayser, G. Fleury, S. Thongkham, C. Navarro, B. Martin-
Vaca and D. Bourissou,Macromolecules, 2018, 51, 6534–6541.

4 M. Qiu, X. Z. Zhao, D. P. Liu and C. J. He, RSC Adv., 2015, 5,
17851–17861.

5 K. Takano, T. Nyu, T. Maekawa, T. Seki, R. Nakatani,
T. Komamura, T. Hayakawa and T. Hayashi, RSC Adv.,
2020, 10, 70–75.

6 L. Leibler, Macromolecules, 1980, 13, 1602–1617.
7 P. He, W. Shen, W. Yu and C. Zhou, Macromolecules, 2014,
47, 807–820.

8 M. W. Matsen and M. Schick, Phys. Rev. Lett., 1994, 72, 2660–
2663.

9 R. H. Colby, Curr. Opin. Colloid Interface Sci., 1996, 1, 454–
465.
© 2021 The Author(s). Published by the Royal Society of Chemistry
10 H. E. Park, J. M. Dealy, G. R. Marchand, J. Wang, S. Li and
R. A. Register, Macromolecules, 2010, 43, 6789–6799.

11 L. Zhu, Y. Chen, A. Zhang, B. H. Calhoun, M. Chun,
R. P. Quirk, S. Z. D. Cheng, B. S. Hsiao, F. Yeh and
T. Hashimoto, Phys. Rev. B: Condens. Matter Mater. Phys.,
1999, 60, 10022–10031.

12 S. Velankar and S. L. Cooper, Macromolecules, 1998, 31,
9181–9192.

13 S. Velankar and S. L. Cooper, Macromolecules, 2000, 33, 382–
394.
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