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Abstract: A series of novel thermoplastic elastomers based on (poly(decamethylene terephthala-
mide/decamethylene isophthalamide), PA10T/10I) and poly(ethylene glycol) (PEG) were synthe-
sized via a facile one-pot, efficient and pollution-free method. The thermal analysis demonstrates
that the melting points of the resultant elastomers were in the range of 217.1–233.9 ◦C, and their
initial decomposition temperatures were in the range of 385.3–387.5 ◦C. That is higher than most com-
mercial polyamide-based thermoplastic elastomers. The tensile strength of the resultant elastomers
ranges from 21.9 to 41.1 MPa. According to the high-temperature bending test results, the resultant
samples still maintain considerably better mechanical properties than commercial products such as
Pebax® 5533 (Arkema, Paris, France), and these novel thermoplastic elastomers could potentially
be applied in high-temperature scenes. The non-isothermal crystallization kinetics of the resultant
elastomers and PA10T/10I was investigated by means of Jeziorny and Mo’s methods. Both of them
could successfully describe the crystallization behavior of the resultant elastomers. Additionally, the
activation energy of non-isothermal crystallization was calculated by the Kissinger method and the
Friedman equation. The results indicate that the crystallization rates follow the order of TPAE-2000 >
TPAE-1500 > PA10T/10I > TPAE-1000. From the crystallization analysis, the crystallization kinetics
and activation energies are deeply affected by the molecular weight of hard segment.

Keywords: thermoplastic elastomer; non-isothermal crystallization kinetics; semi-aromatic polyamide

1. Introduction

Thermoplastic polyamide elastomers (TPAE), as a new variety of thermoplastic elas-
tomers (TPEs), have received extensive attention with excellent performance and wide
commercial applications [1–4]. Generally, a TPAE is a multiblock copolymer composed
of statistically alternating soft and hard segments. The soft and hard segments tend to
be microphase-separated from each other with the difference of hydrophobicity and hy-
drophilicity [3]. The soft segment, acting with high elasticity to TPAE, presents a random
coil configuration [1,4,5]. The hard segments, acting as physical cross-linking points, are
either glassy or crystalline at room temperature [6,7]. At present, aliphatic polyamides such
as PA-6, PA-11 and PA-12 are selected as the hard segments for commercial TPAEs [5,8,9].
Compared with other hard segments, polyamides possess much higher hydrogen bond
density and stronger intermolecular forces, endowing the elastomer with a high melting
temperature (Tm), good corrosion, thermal and abrasive resistance, etc. [10].
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In recent years, aliphatic polyamides have been widely applied in various fields because
of their high tensile strength and excellent chemical resistance [11–13]. However, the weak-
nesses of aliphatic polyamides become obvious, such as high moisture absorption and poor
thermal properties [14,15]. To improve the heat resistance and strength of aliphatic polyamides,
aromatic rings are incorporated into the backbones of polymers. According to this strategy,
many kinds of semi-aromatic polyamides have been developed and become commercially
available, such as poly(hexamethylene-terephthalamide) (PA6T) [16,17], poly(nonamethylene-
terephthalamide) (PA9T) [18,19] and poly(dodecamethylene-terephthalamide) (PA12T) [20].
Especially PA9T is found to have good comprehensive performance. However, it is limited by
the high cost and low production. Poly(decamethylene terephthalamide) (PA10T) is synthe-
sized from 1, 10-decanediamine and terephthalic acid [18], having a similar performance as
PA9T. Moreover, the diamines of PA10T can be prepared from castor oil, which has a relatively
lower cost than PA9T [21,22]. Combined with the excellent comprehensive performance of
PA10T, it can be potentially incorporated into the molecular chain of TPAEs as the hard seg-
ment [23,24]. However, there are few literature reports about TPAEs based on semi-aromatic
polyamides, especially for PA10T and its copolymer.

To date, the synthesis methods of TPAEs have been widely studied and two main-
stream methods are used to synthesize TPAE [25]. One is the diisocyanate method where
diisocyanate-terminated polyamide and a soft segment, such as poly(ethylene glycol)
(PEG), are added into a solvent and react at a low temperature. The core issue of this
method is that diisocyanate reacts from the end group serving as a bridge between the
hard segment and soft segment [26]. According to this method, many kinds of TPAE have
been successfully fabricated [5,10]. The advantage of this method is that the condition of
reaction is mild [6]. However, the reaction is accompanied by the production of CO2, which
is very difficult to remove with the high viscosity of the copolymer [10]. Moreover, the
solvent is difficult to recycle. This method is generally not used for commercial TPAEs. The
other one is the melt polycondensation method based on polyamide with binary carboxyl
end-groups and polyether [27]. In general, this method is divided into two steps. The first
step is to synthesize carboxyl-terminated polyamide hard segment with a proper molecular
weight. The next step is polycondensation with soft segment under high temperature and
high vacuum conditions. Melt polycondensation has the advantages of high efficiency, low
cost and little pollution, so most commercial TPAEs use this one [9]. In this research, a more
facile and efficient method, a one-pot route, is explored to prepare PA10T-based TPAE. This
method has only one feeding process whereby all the ingredients are added into a reactor
at the same time. Compared with the traditional two-step melt polycondensation method,
the one-pot method requires less production equipment, it could save the time of switching
between devices and could improve the production efficiency.

Crystallization is a critical factor which determines physical, chemical and mechanical
properties of semi-crystalline block polymers [28]. The crystallization process is affected
by several key factors, one of which is crystallization kinetics. Therefore, doing further
research on the crystallization behavior can be of service to analyze crystalline structures,
degree of crystallinity and processing conditions of polymeric materials [29]. Generally,
there are two kinds of crystallization processes in polymers: isothermal crystallization [30]
and non-isothermal crystallization [31,32]. However, industrial process such as extrusion
and injection molding are carried out under dynamic and non-isothermal crystallization
conditions [33], and there has been little discussion about non-isothermal crystallization
kinetics of TPAE, especially for semi-aromatic polyamide-based TPAEs.

In this work, a series of TPAEs based on PA10T/10I (poly (decamethylene Tereph-
thalamide/decamethylene isophthalamide)) were firstly prepared by a facile and efficient
one-pot synthetic method. The copolymerization ratio of PA10T/10I 60/40 was selected for
as the hard segments, according to our previous research [34]. The properties of PA10T/10I-
based TPAEs were comprehensively investigated via FT-IR, 1H-NMR, differential scanning
calorimetry (DSC), thermogravimetry analysis (TGA), tensile test and high temperature
flexural test. The relationship between the thermal properties of TPAEs and the hard seg-
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ment molecular was deeply explored, and the mechanical properties at high temperatures
were studied contrastively. Additionally, the non-isothermal crystallization behaviors of
resultant TPAEs were firstly studied in detail. Jeziorny [31] and Mo’s methods [35] were
used to analyze the influence of cooling rate on crystallization behaviors. Furthermore,
the activation energies of non-isothermal crystallization of the resultant polymers were
calculated by Kissinger [36] and Friedman methods [28,35].

2. Experimental
2.1. Materials

The following materials were used to synthesize PA10T/10I-based TPAEs. Tereph-
thalic acid (TPA), isophthalic acid (IPA) and 1,10-Diaminodecane (DMD) were supplied by
Yangzi Petrochemical Co., Ltd. (Nanjing, China), Lotte Chemical Co., Ltd. (Seoul, Korea)
and Wuxi Yinda Nylon Co., Ltd.(Wuxi, China), respectively. Deuterated trifluoroacetic acid
(TFA-D), Polyethylene glycol (PEG, Mw = 1000g/mol) and tetraisopropyl orthotitanate (Ti
(i-OC4H9)4) were obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). Sulfuric
acid was purchased from Kelong Chemical Reagent Co., Ltd. (Chengdu, China). Pebax®

5533 was obtained from Arkema Inc (Paris, France). All reagents were commercial grade
and used as received without further purification.

2.2. Synthesis of Thermoplastic Elastomers Based on PA10T/10I and PEG

The synthetic route of TPAEs is presented in Scheme 1. The molecular weights of the
hard segment PA10T/10I were selected as 1000, 1500 and 2000 and marked as TPAE-1000,
TPAE-1500 and TPAE-2000, respectively. The feeding ratio of hard and soft segment, and
the feeding mass of ingredients are listed in Table 1. All reactions were carried out in a
2-L stainless steel reactor with mechanical stirring and a nitrogen inlet and outlet. Take
TPAE-1000 as a typical example—TPA (355.73 g), IPA (273.15 g), DMD (451.00 g) and PEG
(949.49 g) were added to the autoclave at one time. After piping nitrogen gas for 5 min,
the mixture was stirred at 265 ◦C and held for 2 h. Then, the pressure was decreased to
100 Pa to remove oligomer and excessive water, and the temperature of the reaction system
was further heated up to 275 ◦C for another 3 h. Finally, the resulting TPAE polymers were
dried in a vacuum oven at 80 ◦C for the next experiment. PA10T/10I was synthesized in
the same way, and the ratio of 10T and 10I was selected as 60:40 for better comparison.
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Table 1. Feeding mass of ingredients for preparation thermoplastic polyamide elastomers (TPAEs) and PA10T/10I.

Sample TPA 1 (g) IPA 2 (g) DMD 3 (g) PEG 4 (g) Hard Segment Molecular Weight (g/mol) Hard Segment Content (wt%)

TPAE-1000 355.73 237.15 451.00 949.49 1000 50.0
TPAE-1500 430.10 286.73 605.64 797.15 1500 60.0
TPAE-2000 445.89 297.26 661.156 632.97 2000 66.6
PA10T/10I 442.01 294.67 763.31 0 / /

1 Terephthalic acid; 2 Isophthalic acid; 3 1,10-Diaminodecane; 4 Polyethylene glycol.

2.3. Characterization

2.3.1. FT-IR and 1H-NMR

To verify the structure of the TPAEs, FT-IR and 1H-NMR experiments were conducted.
For the FT-IR experiment, a piece of square film about 1 cm−1 on a side was prepared to
collect the FT-IR spectra using a Nicolet 670 spectrophotometer (Thermo Fisher, Waltham,
MA, USA) in reflection mode. The scanning range was from 4000 to 500 cm−1. In 1H-NMR
experiments, about 5-mg samples were dissolved in trifluoroacetic acid-D (CF3COOD), and
1H-NMR spectra were collected using a Bruker Avnance-600 NMR spectrometer (Karlsruhe,
Germany) with tetramethyl silane (TMS) as the internal standard.

2.3.2. Differential Scanning Calorimetry (DSC)

DSC measurements were conducted on Mettler Toledo DSC3 equipment (METTLER,
Zurich, Switzerland). The process of the experiment was as follows: a dried sample of
about 5 mg was first heated from 30 ◦C to 300 ◦C at a rate of 10 ◦C/min and kept for 5 min
to eliminate thermal history. Then, the DSC data were subsequently collected at cooling
and heating cycles at a rate of 10 ◦C/min from 0 ◦C to 300 ◦C, at a rate of 10 ◦C/min.

2.3.3. Thermogravimetry Analysis (TGA)

TGA experiments were carried out on TA Q500 thermo balance from TA Co. (New
Castle, DE, USA). Dried samples of about 5 mg were put into the aluminum pan and heated
from room temperature to 800 ◦C at a rate of 10 ◦C/min in N2 atmosphere.

2.3.4. Polarized Optical Microscopy (POM)

The crystalline morphology of the resultant samples was observed with the polarized
optical microscope Olympus (BX61) (Aizu, Japan), which was equipped with Linkam hot
stage (CSS 450). All the samples were firstly heated to 280 ◦C for 5 min to erase the thermal
history, and then cooled to 100 ◦C at 5, 10 and 20 ◦C/min. The micrographs were collected
at a certain interval.

2.3.5. Mechanical Properties

Tensile measurements were performed on an electromechanical universal testing
machine (MTS SYSTEMS CHINA CO., LTD., Shenzhen, China) and dumbbell-shaped
specimens (25 × 4 × 2 mm) were prepared for testing. The tensile speed was 50 mm/min
at room temperature according to ISO 527-1993. For the high-temperature bending test,
TPAEs and Pebax® 5533 with standard size (80 × 10 × 4 mm) were prepared by injection
molding, and the tests were carried out on the same testing machine in bending mode. A
temperature-controlled chamber was employed to control the test temperature which was
in the range from 50 to 130 ◦C. The speed of cross-head was 2 mm/min and the span of the
bending test was 32 mm according to ISO 178.

2.3.6. Non-Isothermal Crystallization Kinetics

The non-isothermal crystallization of the TPAEs was performed on a Mettler Toledo
DSC3. The testing control process was as follows: dried samples of about 5 mg were heated
from 30 ◦C to 300 ◦C at a rate of 10 ◦C/min and held for 5 min to eliminate thermal history.
Then, the temperature was cooled down to 30 ◦C at a specified cooling rate of 5, 10, 20 and
40 ◦C/min−1.
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3. Results and Discussion
3.1. Characterization of TPAEs

FT-IR experiments were performed to detect the chemical structure of the TPAEs. Test
results are presented in Figure 1; the absorption peaks at 3290 cm−1 are corresponding to
the stretching vibration of N–H [15]. The peaks at 2920 and 2860 cm−1 are assigned to C–H
stretching vibration. It can be found that the stretching vibration bands of C=O groups of
the –COO– group appear correspondingly at 1729 cm−1 for all the samples, which confirms
that the hard segments are connected through ester bonds [9]. The sharp peaks at 1622 and
1537 cm−1 are due to C=O stretching vibration (amide I) and CO–N–H bending vibration
(amide II), respectively [28]. The absorption peaks at 1110 cm−1 indicate the characteristic
absorption peaks of the ether bond C–O–C of PEG [37].
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Figure 1. FT-IR spectra of TPAEs and PA10T/10I.

In Figure 2, 1H-NMR spectroscopy and the chemical structure of TPAEs and PA10T/10I
are presented. Protons corresponding to H (a1) on the para-substituted benzene ring appear
at 7.96–8.08 ppm. The aromatic protons (a2, a3 and a4) on the meta-substituted benzene
ring appear in the regions 8.42–8.48, 8.11–8.17 and 7.75–7.82 ppm, respectively. The peaks at
3.70–3.82, 1.81–1.99 and 1.40–1.60 ppm are related to methylene groups CH2 (b), (c) and (d)
in the DMD unit, respectively. Protons from methylene groups CH2 (e) which are assigned
to PEG soft segments appear at 4.39–4.17 ppm. Protons from methylene groups CH2 (f)
and CH2 (g) which connect with the ester bond generated from esterification reaction of
PEG and hard segment appear at 4.19–4.27 and 4.75–4.82, respectively. Compared with
TPAEs, PA10T/10I lack the chemical shift of (e), (f) and (g). From the results of FT-IR and
1H-NMR, it becomes apparent that PA10T/10I-PEG with different soft segment contents
has been successfully synthesized.
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3.2. Thermal Properties of TPAEs

Thermal property is a major factor in polymer processing. Figure 3 shows the second
heating curves of TPAEs and PA10T/10I. The results are summarized in Table 2. It is easy
to find that all curves have two melting peaks, implying that these four samples have
double-melting behavior. This phenomenon exists commonly in semi-crystalline polymers
and might be attributed recrystallization during the subsequent heating. On the other
hand, the melting point of TPAEs is slightly lower than that of PA10T/10I. As the molecular
weight of the hard segment decreases, the melting peak becomes broadened and shifts
to the low-temperature region, following the order of TPAE-2000 (233.9 ◦C), TPAE-1500
(230.3 ◦C) then TPAE-1000 (229.8 ◦C). It may be explained that as the molecular weight of
the hard segment decreases, the content of PEG segment relatively increases, which will
disrupt molecular regularity and reduce the crystallization ability of TPAEs. Otherwise, the
shorter hard segment molecule means a reduction in intermolecular forces and decreasing
hydrogen bond density.
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Figure 3. The second heating differential scanning calorimetry (DSC) curves of TPAEs and PA10T/10I
at a heating rate of 10 ◦C min−1.

Table 2. Thermal and mechanical properties of TPAEs and PA10T/10I.

Sample Tm1 (◦C) Tm2 (◦C) ∆H (J/g) Td,5% (◦C) Strength at
Break (MPa)

Elongation at
Break (%)

TPAE-1000 217.1 229.8 −5.5 385.3 21.9 898.8
TPAE-1500 218.9 230.3 −9.5 385.5 37.8 537.4
TPAE-2000 220.2 233.9 −11.4 387.5 41.1 494.5
PA10T/10I 234.4 249.0 −18.28 426.3 77.3 70.1

A TGA instrument was used to assess the thermal stability. The curves of four samples
are shown in Figure 4a and the specific values are summarized in Table 2. It is easy
to find that the decomposition temperature at 5% weight loss (Td, 5%) of PA10T/10I is
426.3 ◦C, while TPAEs show significantly lower values ranging from 385.3 to 387.5 ◦C. In
addition, the decomposition rates of PA10T/10I and TPAEs are shown in Figure 4b. It is
obvious that PA10T/10I exhibits a single weight-loss stage, while TPAEs have a double
mass-loss stage, indicating a two-step degradation mechanism. The variation of the DTG
(Differential thermal gravity) curve around 380–430 ◦C is due to the decomposition of PEG
segment [5]. According to the previous literature, the degradation mechanism of aliphatic
polyester segments is that ester linkage will break and decompose at the alkyl–oxygen
bond, followed by pyrolysis around 370–440 ◦C [38]. Compared to the DTG curve of
PA10T/10I, the variation of TPAEs curves near 450–480 ◦C. The main reflect factor is the
hard segment PA10T/10I decomposition. Although the initial decomposition temperature
of TPAEs is lower than that of PA10T/10I, the thermostability of PA10T/10I-PEG is better
than most thermoplastic polyamide elastomer, such as PA6-PEG (320 ◦C) [5], PA6-PTMG
(364 ◦C) [37], PA6-b-PDMS (339 ◦C) [10] and PA610-ester (344 ◦C) [39].
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Figure 4. TGA (a) and DTG (b) curves of TPAEs and PA10T/10I at a heating rate of 10 ◦C min−1 in a nitrogen atmosphere.

3.3. Crystal Structure of TPAEs

The crystal structure of TPAEs and PA10T/10I was observed using XRD, and the
results are shown in Figure 5. In this figure, all the samples showed three strong reflections
at 2θ = 19.7◦, 21.0◦ and 22.3◦, which correspond perfectly with the pattern of PA10T [21].
These results suggest that the hard segment molecular chain in TPAEs tends to form the
crystal structure of PA10T. Otherwise, as the molecular weight of hard segment increases,
the scattering peaks become sharper, indicative of the development of an ordered crystalline
structure [9]. These results are in agreement with the growing trend of ∆H obtained from
DSC measurements.
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3.4. Mechanical Properties

As shown in Figure 6, the typical stress–strain curves are collected for PA10T/10I
and TPAEs. The values of tensile strength and elongation at break are listed in Table 2.
It can be seen from Figure 6 that PA10T/10I has an obvious yield point while TPAEs do
not. It means that TPAEs have typical elastomeric behavior. Moreover, one can easily find
that the tensile properties of TPAEs change as the soft segment content changes, which
means that the mechanical properties can be tuned according to usage scenarios. As the
soft segment content in TPAEs increases, the elongation at break increases, but the tensile
strength decreases. In particular, the tensile strength and elongation at break of TAPE-1000
are 21.9 MPa and 898.8%, respectively. The reason for the low tensile strength of TPAE-1000
is that the intermolecular force decreases as the hard segment molecular weight decreases.
Otherwise, a higher soft segment endows a better toughness of the material, resulting in
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higher elongation at break. In order to make a comparison, a summary of the key published
results of polyamide-based thermoplastic elastomers can be found in Table 3.
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Table 3. A summary of the key published results of TPAE.

Hard Segment Soft Segment Tensile Strength (MPa) Enlongation at Break(%) Td,5% (◦C) Reference

PA6 PTMG 25~38 225~445 365~375 [3]
PA6 PTMG 28~41 650~1190 300 [5]
PA6 PEG/PTMG 12.2~23.8 549.2~700.3 320 [6]
PA6 PTMG 29~63 93~514 - [9]
PA6 PDMS - - 300~368 [10]

PA610 PEA 5~26 41~1274 325~344 [39]
PA10T/10I PEG 21~41 494~898 385~387 This work

In order to emphasize the advantage of TPAEs, Pebax® 5533, which has similar
mechanical properties as TPAE-1000 (Figure S1), was chosen to be a contrasting sample
to further discuss the TPAEs’ properties. Figure 7 shows the flexural modulus of TPAEs
and Pebax® 5533 as a function of testing temperature (the specific test results are shown in
Figure S2). In this figure, the flexural modulus of the four samples showed a similar trend
with testing temperature changes. As the temperature increases, the flexural modulus of
four samples decreases. When a specific temperature is reached, a turning point occurs
where the value of the flexural modulus drops rapidly [34]. For Pebax® 5533, the turning
point is 70 ◦C, while the turning point of TPAEs occurs at 100 ◦C. It is worth noting that
Pebax® 5533 and TPAE-1000 have similar starting values; as the temperature increases,
the flexural modulus of TPAE-1000 declines less than Pebax® 5533, and the turning point
of TPAE-1000 comes even later, meaning that TPAE-1000 has better retention of elastic
properties than Pebax® 5533 at high temperature conditions. This result corresponds to
the previous work [34]; the reasons could be that the hard segment of TPAEs is composed
of a semi-aromatic polyamide, which has higher heat resistance than aliphatic polyamide.
These results indicate that the resultant TPAEs can replace Pebax® in a high-temperature
environment and have the potential to be widely used in various industrial fields.
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3.5. Nonisothermal Crystallization Kinetics

Generally, non-isothermal crystallization kinetics has an important directive in produc-
tion and application, which is beneficial to improve the performance of polymers. However,
there are few studies that focus on polyamide-based thermoplastic elastomers, and many
less in semi-aromatic polyamide-based TPAEs. In this research, the non-isothermal crys-
tallization kinetics of PA10T/10I-based TPAE were studied using DSC at various cooling
rates and analyzed via Jeziorny’s equation and Mo’s method.

Figure 8 presents the DSC cooling curves of TPAEs and PA10T/10I at various cooling
rates. The correlative crystalline parameters are summarized in Table 4. As shown in
Figure 8, the melting peak slightly moves towards the low temperature region as the
cooling rate increases. In Table 4, the value of enthalpy (∆Hc) decreases with cooling rate
increase, meaning that high cooling rates hinder the crystallization of TPAEs. On the other
hand, the value of t1/2 is relatively low at a high cooling rate, which can be explained by
the fact that hard segment molecular chain does not have enough time to engage forming
crystal structures in this condition. Otherwise, the crystallization rate at the same cooling
condition can be derived from the rank of t1/2. The crystallization rates of resultant TPAEs
and PA10T/10I followed order of TPAE-2000 > TPAE-1500 > PA10T/10I > TPAE-1000.
The reasons might be that TPAE-2000 and TPAE-1500 have relatively long hard segment
molecular chains which can result in strong intermolecular forces. In addition, low content
of soft segment can improve the flexibility of TPAEs [38]. So, these two samples have
higher crystallization rates than PA10T/10I. However, when the content of soft segment
increases to 50 wt%, the regularity of molecular chains is disrupted, the molecular chain is
difficult to arrange into crystals and the crystallization rate of TPAE-1000 is the slowest.

To study the non-isothermal crystallization kinetics of TPAEs, the values of relative
crystallinity should be calculated based on the DSC curves. The relative crystallinity as a
function of temperature is given in the equation below [40]:

X(T) =
HT

∆HC
=

∫ T
T0
(dHc/dT)dT∫ ∞

T0
(dHc/dT)dT

× 100% (1)

where HT can be converted to the heat generated from temperature T to T0, and ∆Hc is
the heat generated in the whole crystallization period; dHc is the enthalpy in infinitesimal
temperature range dT; T0 and T∞ are the initial and the end temperature of crystallization,
respectively. The obtained results were plotted as curves and are shown in Figure 9.
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Table 4. DSC parameters of TPAEs and PA10T/10I at different cooling rates.

Sample R (◦C/min) Tc (◦C) ∆Hc(J/g) t1/2 (min)

TPAE-1000 5 169.8 4.76 5.65
10 167.9 4.09 3.35
20 165.3 2.49 1.91
40 160.1 2.01 1.01

TPAE-1500 5 182.6 7.12 2.25
10 178.0 6.40 1.41
20 169.2 6.01 0.80
40 154.2 5.58 0.60

TPAE-2000 5 184.9 9.75 2.18
10 178.9 8.74 1.10
20 173.5 8.03 0.65
40 168.6 7.69 0.43

PA10T/10I 5 206.6 23.73 2.46
10 199.6 23.70 1.71
20 189.3 22.01 1.36
40 173.8 21.43 0.81
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The instantaneous crystallization temperature T and crystallization time t can be
converted by applying the following equation [41]:

t =
T0−T

R
(2)

where T is the temperature at a crystallization time t; T0 is the temperature when crystal-
lization starts and R is the cooling rate.

A new equation of the relative crystallinity X(t) as a function of crystallization time t
can be obtained by combing equations:

X(t ) =

∫ t
t0
(dHc/dt)dt∫ t∞

t0
(dHc/dt)dt

(3)

where t0 and t∞ are the initial and the end times of crystallization, respectively; dHc is the
enthalpy in infinitesimal time range dt. The relative crystallinity as a function of time is
shown in Figure 10.
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3.5.1. Jeziorny Method

Initially, Avrami’s equation was used for analysis of the isothermal crystallization
behavior. Mandelkern assumed that the crystallization temperature was constant and
applied Avrami’s equation to analyze the primary stage of non-isothermal crystallization.
The equation is presented as follows [42]:

1 − Xt = exp(−Zttn) (4)

where Zt is the rate constant in the non-isothermal crystallization process; t is the crystal-
lization time; n is the Avrami exponent which depends on nucleation and dimension of
crystallite growth. By taking the lg-lg linearity of Equation (4), Equation (5) can be obtained
as follows [43]:

lg
[
− ln

(
1− Xt

100

)]
= lgZt+nlgt (5)

The values for n and Zt can be attained from the slope and intercept of the plots of
lg[−ln(1−Xt/100)] vs. lgt, respectively. In order to make the equation more applicable to
analyzing non-isothermal crystallization behavior, Jeziorny [44] considered the influence
on the cooling rate R and came up with the final form of the rate parameter verifying the
kinetics of non-isothermal crystallization, which was given as follows [45]:

lgZc =
lgZt

R
(6)
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where Zc is the revised crystallization rate constant. Another important parameter is the
half-time of crystallization, t1/2, which is defined as the time to reach 50% of the relative
crystallinity. The relation between the half-time and Zt can be expressed as follows [46]:

t1/2 = [
ln 2
Zt

]1/n (7)

Figure 11 shows the curves of plots of lg[−ln(1−Xt/100)] vs. lgt for the PA10T/10I
and TPAEs. As shown in Figure 11, the curves show linearity at most of the stages; a
deviation occurs only in the final phase of crystallization. Such deviations may correspond
to spherulitic impingement and secondary crystallization. Therefore, the fitting area is
selected in the relative crystallinity in the range of about 0–80%, and the corresponding
results are listed in Table 5. From this table, it is worth noting that the Avrami exponent
n of both PA10T/10I and TPAEs are in the range of 2~3, which means that these four
samples present two- or three-dimensional crystallization growth throughout most of
the crystallization period. Furthermore, the value of Zc increases with increasing cooling
rate, which means the higher the cooling rate, the faster the crystallization rate. It can be
explained that the free energy barrier of nucleation will decrease with increasing cooling
rate, resulting in an increase in crystallization rate. Compared to the value of Zc at the same
cooling rate, the order of these four samples follow TPAE-2000 > TPAE-1500 > PA10T/10I >
TPAE-1000, agreeing well with the value of t1/2 in Table 5. Moreover, compared the t1/2
calculated from Avrami’s equation and the real t1/2 in Table 5, it can be found that these
two values of TPAE are very close, but the values of PA10T/10I show a larger difference,
meaning that the half-time of PA10T/10I calculated from Avrami’s method is not accurate.

3.5.2. Mo’s Equation

In order to find a more appropriate model to depict the non-isothermal crystallization
behavior, Mo and coworkers combined Avrami’s and Ozawa’s equations and suggested a
new non-isothermal crystallization kinetic. It assumes that the relative crystallinity is asso-
ciated with the cooling rate and crystallization time. The equation is given below [47,48]:

ln Zt + n ln t = ln K(T)− m ln R (8)

where n and m represent the Avrami and the Ozawa exponents, respectively. After variable
substitution, the final new equation is as follows:

lgR = lgF(T)− αlgt (9)

where α = n/m, the ratio between the Avrami and Ozawa exponents. The parameter
F(T) = [K(T)/Zt]1/m refers to the necessary value of cooling rate to achieve a determinate
crystallinity at a unit of time for crystallization. Higher F(T) values mean that it needs more
time to reach the end point.

According to the given degree of relative crystallinity, the plots of lgR as a function of
lgt for PA10T/10I and TPAEs are presented in Figure 12. The intercept and slope of the
fitting line are corresponding to lnF(T) and α, respectively, and their values are listed in
Table 6. From Figure 12, the fitting line and plot are almost overlapped and the coefficient
of determination R2 > 0.97, verifying the applicability of the combined method to this
copolymer system. As shown in Table 6, it could be noted that with the increment in
relative crystallinity, the value of F(T) increased. It is because the polymer chain has high
segment motion ability at a low degree of crystallinity, while at a high value of Xt, the chain
mobility is hindered by the crystal structure which was formed before. In general, higher
F(T) values mean that more time is required to achieve a definite degree of crystallinity at
a certain cooling rate. That is, the higher the value of F(T), the slower the crystallization
rate. Compared to the value of F(T) at the same relative crystallinity, the order of F(T)
is TPAE-2000 > TPAE-1500 > PA10T/10I > TPAE-1000, which means that the order of
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crystallization rate follows with TPAE-2000 > TPAE-1500 > PA10T/10I > TPAE-1000. This
result is consistent with the result of Jeziorny’s method and t1/2.
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Table 5. Crystallization kinetic parameters from Avrami’a model.

Sample R (◦C/min) n lgZt Zc t1/2 (min)

TPAE-1000 5 2.48 −2.09 0.38 6.00
10 2.39 −1.40 0.72 3.30
20 2.64 −0.93 0.90 1.96
40 2.84 −0.23 0.92 1.06

TPAE-1500 5 2.92 −1.10 0.52 2.11
10 2.91 −0.56 0.75 1.38
20 3.26 0.15 0.90 0.81
40 2.56 0.30 0.99 0.66

TPAE-2000 5 2.59 −1.03 0.60 2.17
10 2.54 −0.23 0.88 1.13
20 2.60 0.22 1.02 0.71
40 2.52 0.68 1.02 0.46

PA10T/10I 5 2.30 −1.43 0.40 3.57
10 2.32 −1.26 0.71 2.99
20 2.49 −0.90 0.89 1.99
40 2.35 −0.23 0.97 1.07
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Figure 12. Plots of lgR versus lgt for TPAE-1000 (a), TPAE-1500 (b), TPAE-2000 (c) and PA10T/10I (d).

Table 6. Parameters of crystallization kinetic based on Mo’s method.

Xt (%)
TPAE-1000 TPAE-1500 TPAE-2000 PA10T/10I

F(T) α F(T) α F(T) α F(T) α

20 13.17 0.78 4.14 0.53 3.42 0.58 4.93 0.79
40 19.08 0.81 5.20 0.51 4.23 0.57 7.71 0.80
50 21.64 0.82 5.69 0.51 4.68 0.57 7.41 0.79
60 23.96 0.82 6.10 0.50 5.05 0.56 7.90 0.77
80 29.58 0.83 6.86 0.47 6.06 0.56 9.90 0.74

3.6. Activation Energy of Non-Isothermal Crystallization

Considering the influence of the various cooling rates in the non-isothermal crystal-
lization process, Kissinger [49] reported that the activation energy ∆E could be determined
as follows:

d[ln
(

R
T2

p

)
]

d( 1
Tp
)

= −∆E/Rg (10)

where Tp is the peak temperature, Rg is the gas constant and ∆E is the activation energy.
Equation (10) can be transferred into Equation (11).

ln

(
R
T2

p

)
=

(
1

Tp

)(
−∆E

Rg

)
(11)
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The good linear relation plot of lg(R/T2
p) vs. 1/Tp is shown in Figure 13. The values

of ∆E can directly be obtained from the slopes of the fitted lines, and the crystallization
activation energies of TPAE-1000, TPAE-1500, TPAE-2000 and PA10T/10I correspond to
−13.9, −22.3, −22.9 and −17.9 KJ/mol, respectively; the order of crystallization activation
energies agrees with the results of the Avrami analysis. In other words, the introduction of
PEG has a great influence on crystallization activation energies.
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Figure 13. Kissinger plots for evaluating non-isothermal crystallization activation energy of TPAEs
and PA10T/10I.

However, the Kissinger method has a disadvantage when estimating the crystalliza-
tion activation energy of non-isothermal kinetics. As mentioned above, non-isothermal
crystallization is a complex process that the Kissinger method calculates from a narrow
temperature region and it only provides a single activation energy value to describe the
whole crystallization process. A more accurate equation that can estimate activation energy
at different degrees of crystallinity was proposed by Friedman [29]. The equation is shown
as follows:

ln
(

dX
dt

)
x
= ln θt = A−∆Ex

RTx
(12)

where ln dXt/dt is the instantaneous crystallization rate at a given degree of crystallinity
Xt; ∆Ex is the corresponding effective activation energy; Tx is the temperature at relative
crystallinity Xt; A is a random pre-exponential coefficient. The effective activation energy
can be obtained from line fitting of ln(dX/dt)X vs. 1/TX at different cooling rates.

Figure 14 shows the plots of ln(dXt/dt)Xt as a function of 1/T at different relative
crystallinities for PA10T/10I and TPAEs. The slope of linear fitting on the plot can be
obtained to be ∆E/R, and the relationship between the obtained ∆E and the relative
crystallization is shown in Figure 15. As can be seen in this figure, during the whole
crystallization process, the value of ∆E is negative, indicating that the crystallization is
a spontaneous process, and the higher the ∆E, the lower the crystallization ability of the
polymer. In addition, the value of ∆E is decreased as the relative crystallinity increases,
especially at regions with a high extent of relative crystallization. The reason for that is the
hindrance of polymer crystals generated from molten molecular chain increases. Obviously,
during the whole crystallization process, the order of ∆E of these four samples follows
TPAE-2000 > TPAE-1500 > PA10T/10I > TPAE-1000, which is consistent with the results of
the Jeziorny method and t1/2.
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3.7. Crystal Morphology

Polarization microscope images of the TPAEs and PA10T/10I crystallized at 10 ◦C/min
are shown in Figure 16. The crystals were generated from the crystallization of hard
segment PA10T/10I. In Figure 16, it is difficult to find a typical spherulitic structure,
which is due to the weak crystallization ability of PA10T/10I. From a comparison of these
four pictures, the sizes of the crystals are different and follow the order of TPAE-2000 >
TPAE-1500 > PA10T/10I > TPAE-1000. This trend is in agreement with the results of the
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non-isothermal crystallization kinetics. In addition, the polarizing micrographs under
other cooling rates also show similar results (Figures S3 and S4).

1 
 

 
Figure 16. Polarized optical micrography (POM) micrographs of (a) TPAE-1000, (b) TPAE-1500, (c) TPAE-2000 and
(d) PA10T/10I non-isothermally crystallized at 10 ◦C/min.

4. Conclusions

Novel thermoplastic polyamide elastomers based on PA10T/10I were successfully
synthesized via a facile one-pot method in this work. PA10T/10I was chosen to be the hard
segment and PEG was chosen to be the soft segment. By changing the molecular weight
of the hard segment, the mechanical properties of the TPAEs had significant differences.
Specifically, as the molecular weight of the hard segment increased, the tensile strength
of the TPAEs increased, while the elongation at break decreased. Controlled mechanical
properties made this elastomer have more applications to meet various requirements.
Thermal test results indicated that the TPAEs have double-melting behavior, and the
melting temperatures are very close to that of the PA10T/10I hard segment. The thermo-
stability of the TPAEs is better than most thermoplastic polyamide elastomers, and the
high-temperature bending test results revealed that the TPAEs have better performance
than traditional aliphatic polyamide elastomers. In addition, Avrami’s equation and Mo’s
method were employed to investigate non-isothermal crystallization kinetics of the TPAEs
and PA10T/10I. Together, both methods are suitable to analyze the kinetics of TPAEs,
while Mo’s method has a wider range of applicability, especially for analyzing the kinetics
of PA10T/10I. These two methods present similar results showing that as the molecular
weight of hard segments increases, the half-times of non-isothermal crystallization and
the crystallization rates follow the order of TPAE-2000 > TPAE-1500 > PA10T/10I > TPAE-
1000. This trend was also proven by the inactivation energies which were calculated by
Kissinger and Friedman methods. In future work, an attempt will be made to synthesize a
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TPAE with a higher 10T content or higher hard segment molecular weight. The effect of
copolymerization proportion on crystallization kinetics is worthy of researching deeply.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-436
0/13/1/72/s1, Figure S1: The stress versus strain of TPAE-1000 and Pebax®5533 at room temperature
25 ◦C; Figure S2. High temperature bending test: (a) TPAE-1000; (b) TPAE-1500; (c) TPAE-2000; (d)
Pebax®5533; Figure S3. POM micrographs of (a)TPAE-1000, (b) TPAE-1500, (c) TPAE-2000 and (d)
PA10T/10I nonisothermally crystallized at 5 °C/min; Figure S4. POM micrographs of (a)TPAE-1000,
(b) TPAE-1500, (c) TPAE-2000 and (d) PA10T/10I nonisothermally crystallized at 20 °C/min.

Author Contributions: Z.W. and X.T. conceived and designed the experiments; M.-L.Z. and X.T. per-
formed the experiments; M.-L.Z. and X.T. analyzed the data; X.-J.W. and J.Y. contributed reagents/materials/
analysis tools; G.Z. undertook the work of supervision; S.-R.L. was the project administrator; X.T. wrote
the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Natural Science Foundation of China (contract grant numbers
51573103, 21274094 and 21304060), the National Key Laboratory Project (contract grant number
oic-201701006), the Outstanding Young Scholars Fund of Sichuan University (contract grant number
372015SCU04A25), the Science and Technology of Jiangsu province project (contract grant num-
ber BE2019008) and Project of State Key Laboratory of Polymer Materials Engineering (Sichuan
University) (contract grant number sklpme2020-3-11).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions eg privacy or ethical.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Céspedes, R.I.N.; Gámez, J.F.H.; Velázquez, M.G.N.; Belmontes, F.Á.; León, R.E.D.D.; Fernández, O.S.R.; Orta, C.A.Á.; Hernández,

E.H. Thermoplastic elastomers based on high-density polyethylene, ethylene-propylene-diene terpolymer, and ground tire rubber
dynamically vulcanized with dicumyl peroxide. J. Appl. Polym. Sci. 2013, 131, 39901. [CrossRef]

2. Das, S.; Yilgor, I.; Yilgor, E.; Wilkes, G.L. Probing the urea hard domain connectivity in segmented, non-chain extended polyureas
using hydrogen-bond screening agents. Polymer 2008, 49, 174–179. [CrossRef]

3. Biemond, G.J.E.; Brasspenning, K.; Gaymans, R.J. Synthesis and selected properties of polyurethanes with monodisperse hard
segments based on hexane diisocyanate and three types of chain extenders. J. Appl. Polym. Sci. 2011, 124, 1302–1315. [CrossRef]

4. Biemond, G.J.E.; Gaymans, R.J. Elastic properties of thermoplastic elastomers based on poly (tetramethylene oxide) and monodis-
perse amide segments. J. Mater. Sci. 2010, 45, 158. [CrossRef]

5. Kong, W.; Yang, Y.; Liu, Z.; Jiang, L.; Zhou, C.; Lei, J. Structure-property relations of nylon-6 and polytetramethylene glycol
based multiblock copolymers with microphase separation prepared through reactive processing. Polym. Int. 2017, 66, 436–442.
[CrossRef]

6. Yang, Y.; Kong, W.; Cai, X. Preparation and characterization of a new class of poly (ether-block-amide) s via solvent free reactive
processing. Polym. Adv. Technol. 2018, 29, 490–496. [CrossRef]

7. Schneider, Y.; Lynd, N.A.; Kramer, E.J.; Bazan, G.C. Novel Elastomers Prepared by Grafting n-Butyl Acrylate from Polyethylene
Macroinitiator Copolymers. Macromolecules 2009, 42, 8763–8768. [CrossRef]

8. He, R.; Zhan, X.; Zhang, Q.; Chen, F. Toughening of polyamide-6 with little loss in modulus by block copolymer containing poly
(styrene-alt-maleic acid) segment. J. Appl. Polym. Sci. 2017, 134, 44849. [CrossRef]

9. Yuan, R.; Fan, S.; Wu, D.; Wang, X.; Chen, L.; Li, F. Facile synthesis of polyamide 6 (PA6)-based thermoplastic elastomers with a
well-defined microphase separation structure by melt polymerization. Polym. Chem. 2018, 9, 1327–1336. [CrossRef]

10. Zhang, Y.; Fan, H.; Li, B.G. Synthesis and characterization of advance PA6-b-PDMS multiblock copolymers. J. Appl. Polym. Sci.
2014, 131, 41114. [CrossRef]

11. Bulte, A.M.W.; Folkers, B.; Mulder, M.H.V.; Smolders, C.A. Membranes of semicrystalline aliphatic polyamide nylon 4,6:
Formation by diffusion-induced phase separation. J. Appl. Polym. Sci. 2010, 50, 13–26. [CrossRef]

12. Zulfiqar, S.; Ishaq, M.; Sarwar, M.I. Synthesis and characterization of soluble aromatic–aliphatic polyamide. Nanoscale Res. Lett.
2010, 29, 300–308. [CrossRef]

13. Dobrovolskaya, I.P.; Popryadukhin, P.V.; Yudin, V.E.; Ivan’kova, E.M.; Elokhovskiy, V.Y.; Weishauptova, Z.; Balik, K. Structure
and properties of porous films based on aliphatic copolyamide developed for cellular technologies. J. Mater. Sci. Mater. Med. 2015,
26, 1–10. [CrossRef] [PubMed]

14. Uddin, A.J.; Gotoh, Y.; Ohkoshi, Y.; Nagura, M.; Endo, R.; Hara, T. Hydration in a new semiaromatic polyamide observed by
humidity-controlled dynamic viscoelastometry and X-ray diffraction. J. Polym. Sci. Part B 2005, 43, 1640–1648. [CrossRef]

https://www.mdpi.com/2073-4360/13/1/72/s1
https://www.mdpi.com/2073-4360/13/1/72/s1
http://dx.doi.org/10.1002/app.39901
http://dx.doi.org/10.1016/j.polymer.2007.10.046
http://dx.doi.org/10.1002/app.29645
http://dx.doi.org/10.1007/s10853-009-3911-z
http://dx.doi.org/10.1002/pi.5278
http://dx.doi.org/10.1002/pat.4138
http://dx.doi.org/10.1021/ma901796f
http://dx.doi.org/10.1002/app.44849
http://dx.doi.org/10.1039/C8PY00068A
http://dx.doi.org/10.1002/app.41114
http://dx.doi.org/10.1002/app.1993.070500103
http://dx.doi.org/10.1002/adv.20197
http://dx.doi.org/10.1007/s10856-015-5381-y
http://www.ncbi.nlm.nih.gov/pubmed/25589206
http://dx.doi.org/10.1002/polb.20446


Polymers 2021, 13, 72 21 of 22

15. Wang, Z.; Tong, X.; Yang, J.C.; Wang, X.J.; Zhang, M.L.; Zhang, G.; Long, S.R.; Yang, J. Improved strength and toughness of
semi-aromatic polyamide 6T-co-6(PA6T/6)/GO composites via in situ polymerization. Compos. Sci. Technol. 2019, 175, 6–17.
[CrossRef]

16. Peng, W.-M.; Tong, X.; Zhang, M.-L.; Wang, X.-J.; Zhang, G.; Long, S.-R.; Yang, J. Semiaromatic polyamide poly(hexamethylene
terephthalamide)-co-polycaprolactam: Thermal and flame-retardant properties. J. Appl. Polym. Sci. 2018, 135, 46451. [CrossRef]

17. Rwei, S.-P.; Ranganathan, P.; Chiang, W.-Y.; Lee, Y.-H. Synthesis of Low Melting Temperature Aliphatic-Aromatic Copolyamides
Derived from Novel Bio-Based Semi Aromatic Monomer. Polymers 2018, 10, 793. [CrossRef]

18. Wang, W.; Wang, X.; Li, R.; Liu, B.; Wang, E.; Zhang, Y. Environment-friendly synthesis of long chain semiaromatic polyamides
with high heat resistance. J. Appl. Polym. Sci. 2009, 114, 2036–2042. [CrossRef]

19. Huang, G.; Zhang, S.; Li, D.; Zhang, M.; Yang, J. Facile synthesis of processable aromatic polyamides containing thioether units.
Polym. Int. 2013, 62, 411–418. [CrossRef]

20. Liu, M.; Li, K.; Yang, S.; Peng, F.; Wang, Y.; Zhao, Q. Synthesis and thermal decomposition of poly (dodecamethylene terephthala-
mide). J. Appl. Polym. Sci. 2011, 122, 3369–3376. [CrossRef]

21. Zou, G.; Wang, P.; Feng, W.; Ren, Z.; Ji, J. Poly (decamethylene terephthalamide) copolymerized with long-chain alkyl dodecane-
dioic acid: Toward bio-based polymer and improved performances. J. Appl. Polym. Sci. 2018, 135, 46531. [CrossRef]

22. Feng, W.; Wang, P.; Zou, G.; Ren, Z.; Ji, J. Synthesis and characterization of semiaromatic copolyamide 10T/1014 with high
performance and flexibility. Des. Monomers Polym. 2018, 21, 33–42. [CrossRef] [PubMed]

23. Dingemans, T.J. Synthesis and characterization of semi-crystalline poly (decamethylene terephthalamide) thermosets. Polymer
2017, 108, 372–382.

24. Li, M.; Bijleveld, J.; Dingemans, T.J. Synthesis and Properties of Semi-crystalline Poly (decamethylene terephthalamide) Ther-
mosets from Reactive Side-group Copolyamides. Eur. Polym. J. 2017, 98, 273–284. [CrossRef]

25. Buckwalter, D.J.; Dennis, J.M.; Long, T.E. Amide-containing segmented copolymers. Prog. Polym. Sci. 2015, 45, 1–22. [CrossRef]
26. Kong, W.; Kai, H.; Fu, X.; Guo, D.; Lei, J. Preparation and Characterization of Thermoplastic Elastomer Based on Amino-

terminated Polyamide-6 and Diisocyanate-terminated Polytetramethylene Glycol. J. Macromol. Sci. Part D Rev. Polym. Process.
2015, 55, 1–8. [CrossRef]

27. Kozłowska, A.; Majszczyk, J.; Orłowski, M. Relaxation processes in poly (ester-b-amide) thermoplastic elastomer containing
poly(butylene sebacate) segments. Rev. Adv. Mater. Sci. 2006, 12, 160–165.

28. Wang, Y.; Kang, H.-L.; Liu, R.-G.; Hao, X.-M. Crystallization of polyamide 56/polyamide 66 blends: Non-isothermal crystallization
kinetics. J. Appl. Polym. Sci. 2018, 135, 46409. [CrossRef]

29. Aziz, M.S.A.; Saad, G.R.; Naguib, H.F. Non-isothermal crystallization kinetics of poly (3-hydroxybutyrate) in copoly (ester-
urethane) nanocomposites based on poly (3-hydroxybutyrate) and cloisite 30B. Thermochim. Acta 2015, 605, 52–62. [CrossRef]

30. Rwei, S.P.; Ranganathan, P.; Lee, Y.H. Isothermal Crystallization Kinetics Study of Fully Aliphatic PA6 Copolyamides: Effect of
Novel Long-Chain Polyamide Salt as a Comonomer. Polymers 2019, 11, 472. [CrossRef]

31. Wang, Z.; Hu, G.; Zhang, J.; Xu, J.; Shi, W. Non-isothermal crystallization kinetics of Nylon 10T and Nylon 10T/1010 copolymers:
Effect of sebacic acid as a third comonomer. Chin. J. Chem. Eng. 2017, 25, 963–970. [CrossRef]

32. Mao, H.-I.; Chen, C.-W.; Rwei, S.-P. Synthesis and Nonisothermal Crystallization Kinetics of Poly (Butylene Terephthalate-co-
Tetramethylene Ether Glycol) Copolyesters. Polymers 2020, 12, 1897. [CrossRef] [PubMed]

33. Sun, X.; Mai, K.; Zhang, C.; Cao, M.; Zhang, X. Nonisothermal crystallization kinetics of bio-based semi-aromatic polyamides. J.
Therm. Anal. Calorim. 2017, 130, 1–10. [CrossRef]

34. Tong, X.; Peng, W.M.; Zhang, M.L.; Wang, X.J.; Zhang, G.; Long, S.R.; Yang, J. A New Class of Poly (ether-block-amide)s Based on
Semiaromatic Polyamide: Synthesis, Characterization and Structure–Property Relations. Polym. Int. 2020. [CrossRef]

35. Aziz, A.M.S.; Naguib, H.F.; Saad, G.R. Non-isothermal crystallization kinetics of bacterial poly (3-hydroxybutyrate) in poly
(3-hydroxybutyrate-co-butylene adipate) urethanes. Thermochim. Acta 2014, 591, 130–139. [CrossRef]

36. Chen, C.-W.; Hsu, T.-S.; Huang, K.-W.; Rwei, S.-P. Effect of 1, 2, 4, 5-Benzenetetracarboxylic Acid on Unsaturated Poly (butylene
adipate-co-butylene itaconate) Copolyesters: Synthesis, Non-Isothermal Crystallization Kinetics, Thermal and Mechanical
Properties. Polymers 2020, 12, 1160. [CrossRef]

37. Huang, J.; Lan, J.; Lin, S.; Li, G.; Gu, L. Synthesis and nonisothermal crystallization kinetics of thermoplastic polyamide-6
elastomers. J. Appl. Polym. Sci. 2018, 136, 47388. [CrossRef]

38. Louie, J.S.; Pinnau, I.; Ciobanu, I.; Ishida, K.P.; Ng, A.; Reinhard, M. Effects of polyether–polyamide block copolymer coating on
performance and fouling of reverse osmosis membranes. J. Membr. Sci. 2006, 280, 762–770. [CrossRef]

39. Hao, Y.; Chen, M.; Zhao, J.; Zhang, Z.; Yang, W.J.I.; Research, E.C. Synthesis and properties of polyesteramides having short
nylon-610 segments in the main chains through polycondensation and chain extension. Ind. Eng. Chem. Res. 2013, 52, 6410–6421.
[CrossRef]

40. Avrami, M. Kinetics of Phase Change. II Transformation-Time Relations for Random Distribution of Nuclei. J. Chem. Phys. 1940,
8, 212–224. [CrossRef]

41. Chen, Z.; Yao, C.; Yang, G. Nonisothermal crystallization behavior, and morphology of poly (trimethylene terephtha-
late)/polyethylene glycol copolymers. Polym. Test. 2012, 31, 393–403. [CrossRef]

42. Eder, M.; Wlochowicz, A. Kinetics of non-isothermal crystallization of polyethylene and polypropylene. Polymer 1983, 24,
1593–1595. [CrossRef]

http://dx.doi.org/10.1016/j.compscitech.2019.02.026
http://dx.doi.org/10.1002/app.46451
http://dx.doi.org/10.3390/polym10070793
http://dx.doi.org/10.1002/app.30774
http://dx.doi.org/10.1002/pi.4324
http://dx.doi.org/10.1002/app.34416
http://dx.doi.org/10.1002/app.46531
http://dx.doi.org/10.1080/15685551.2018.1446278
http://www.ncbi.nlm.nih.gov/pubmed/29706846
http://dx.doi.org/10.1016/j.eurpolymj.2017.11.019
http://dx.doi.org/10.1016/j.progpolymsci.2014.11.003
http://dx.doi.org/10.1080/03602559.2015.1050510
http://dx.doi.org/10.1002/app.46409
http://dx.doi.org/10.1016/j.tca.2015.02.017
http://dx.doi.org/10.3390/polym11030472
http://dx.doi.org/10.1016/j.cjche.2016.06.006
http://dx.doi.org/10.3390/polym12091897
http://www.ncbi.nlm.nih.gov/pubmed/32846871
http://dx.doi.org/10.1007/s10973-017-6434-x
http://dx.doi.org/10.1002/pi.6119
http://dx.doi.org/10.1016/j.tca.2014.07.026
http://dx.doi.org/10.3390/polym12051160
http://dx.doi.org/10.1002/app.47388
http://dx.doi.org/10.1016/j.memsci.2006.02.041
http://dx.doi.org/10.1021/ie302879t
http://dx.doi.org/10.1063/1.1750631
http://dx.doi.org/10.1016/j.polymertesting.2011.12.001
http://dx.doi.org/10.1016/0032-3861(83)90177-5


Polymers 2021, 13, 72 22 of 22

43. Bhattarai, N.; Kim, H.Y.; Dong, I.C.; Lee, D.R.; Dong, I.Y. Nonisothermal crystallization and melting behavior of the copolymer
derived from p-dioxanone and poly (ethylene glycol). Eur. Polym. J. 2003, 39, 1365–1375. [CrossRef]

44. Jeziorny, A. Parameters characterizing the kinetics of the non-isothermal crystallization of poly (ethylene terephthalate) deter-
mined by d.s.c. Polymer 1978, 19, 1142–1144. [CrossRef]

45. Chen, S.; Jin, J.; Zhang, J. Non-isothermal crystallization behaviors of poly (4-methyl-pentene-1). J. Therm. Anal. Calorim. 2011,
103, 229–236. [CrossRef]

46. Yang, J.L.; Zhao, T.; Cui, J.J.; Liu, L.J.; Zhou, Y.C.; Li, G.; Zhou, E.L.; Chen, X.S. Nonisothermal crystallization behavior of the poly
(ethylene glycol) block in poly (L-lactide)-poly (ethylene glycol) diblock copolymers: Effect of the poly (L-lactide) block length. J.
Polym. Sci. Part B Polym. Phys. 2010, 44, 3215–3226. [CrossRef]

47. Qiu, Z.; Yang, W. Nonisothermal melt and cold crystallization kinetics of poly (aryl ether ether ketone ketone). Polym. Eng. Sci.
2010, 37, 568–575. [CrossRef]

48. Supaphol, P.; Dangseeyun, N.; Srimoaon, P.; Nithitanakul, M. Nonisothermal melt-crystallization kinetics for three linear aromatic
polyesters. Thermochim. Acta 2003, 406, 207–220. [CrossRef]

49. Vyazovkin, S. Is the Kissinger Equation Applicable to the Processes that Occur on Cooling? Macromol. Rapid Commun. 2015, 23,
771–775. [CrossRef]

http://dx.doi.org/10.1016/S0014-3057(02)00389-0
http://dx.doi.org/10.1016/0032-3861(78)90060-5
http://dx.doi.org/10.1007/s10973-010-0957-8
http://dx.doi.org/10.1002/polb.20886
http://dx.doi.org/10.1002/1097-4628(20000923)77:13&lt;2865::AID-APP7&gt;3.0.CO;2-2
http://dx.doi.org/10.1016/S0040-6031(03)00258-2
http://dx.doi.org/10.1002/1521-3927(20020901)23:13&lt;771::AID-MARC771&gt;3.0.CO;2-G

	Introduction 
	Experimental 
	Materials 
	Synthesis of Thermoplastic Elastomers Based on PA10T/10I and PEG 
	Characterization 
	FT-IR and 1H-NMR 
	Differential Scanning Calorimetry (DSC) 
	Thermogravimetry Analysis (TGA) 
	Polarized Optical Microscopy (POM) 
	Mechanical Properties 
	Non-Isothermal Crystallization Kinetics 


	Results and Discussion 
	Characterization of TPAEs 
	Thermal Properties of TPAEs 
	Crystal Structure of TPAEs 
	Mechanical Properties 
	Nonisothermal Crystallization Kinetics 
	Jeziorny Method 
	Mo’s Equation 

	Activation Energy of Non-Isothermal Crystallization 
	Crystal Morphology 

	Conclusions 
	References

