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ABSTRACT: In order to improve the melt foaming properties of thermoplastic polyamide
elastomers and reduce the shrinkage rate of foamed materials, acid anhydride chain
extenders SMA (styrene maleic anhydride copolymer) are used in this paper to in situ
reactive blending thermoplastic polyamide elastomers (TPAE) and polyamide 6 (PA6). The
rheological and crystalline properties of the modified samples were characterized by a
rotational rheometer and differential scanning calorimeter, and the melt batch foaming
experiment with CO2 as the foaming agent was carried out. The results showed that the
melting enthalpy of modified TPAE reduced with the addition of content of PA6, which
implied that the crystallinity of the hard phase of the system was depressed. Nevertheless, the
reduction of crystallinity was beneficial to improve the penetration of gas and reduce the
effect of the pressure difference inside and outside the cell on foam shrinkage. Additionally,
the microcross-linked structure formed with the increase of PA6 content enhanced the
storage modulus of modified TPAE, which could accelerate recovery of strain. The foaming
temperature zone and recovery performance of all modified TPAE samples were significantly
improved. The overall shrinkage rate was reduced to less than 10%, the maximum expansion ratio could reach 11−13 times with a
more complete and uniform cell structure, and the resilience was improved by about 12%.

1. INTRODUCTION
Polyamide elastomers (TPAE) are a class of block copolymers
consisting of polyester amides (PEA), polyether ester amides
(PEEA), polycarbonate ester amides (PCEA), and polyether
block amides (PE-b-As). Hard segments are mainly based on
aliphatic polyamides such as PA6, PA610, PA612, PA11, PA12,
etc. Soft segments are based on aliphatic polyethers or
polyesters such as polyethylene glycol (PEG), polypropylene
glycol (PPG), and polytetrahydrofuran (PTMG).1,2 Both chain
segments are linked by ester or amide groups. Its chemical
structure and composition of two blocks determined their
mechanical and thermal properties. The soft segments are
usually above their glass transition temperature, which is good
for the flexibility and ductility of the elastomer. Glassy or
semicrystalline hard chain segments are used as physical cross-
links to reduce chain slip and viscous flow of the copolymer.1,2

Different forms of microphase separation can occur between
soft and hard segments due to their thermodynamic
incompatibility.3,4 Compared to polyurethane elastomers
(TPU), TPAE foams have been widely used in automotive
parts, packaging materials, footwear, sports equipment, and
medical applications due to their higher foam multiplicity,
superior elasticity, flexibility, and wider temperature adapt-
ability.5−7

As appeared in many thermoplastic elastomers, TPAE has a
very significant shrinkage phenomenon during the physical
foaming process. The pressure is quickly released to induce cell

nucleation and growth during foaming. When the cell size
becomes larger, both soft segments and the hard segments in
the TPAE molecular chain were subjected to biaxial stretching
force at this stage. Orientated soft segments would relax
quickly after foaming, which would make the TPAE foaming
expansion ratio decrease rapidly at the cooling stage.
Meanwhile, hard segments, which were frozen, would be
restored in the TPAE matrix contributing to permanent
deformation at room temperature.8,9 As a result of the huge
difference between CO2 and air permeability coefficients, CO2
permeates out of cells much faster than air permeates into
them.10 So, there was a negative pressure to be formed.
However, elastomer foams with higher expansion ratios usually
have lower matrix modulus and cannot resist the pressure
difference inside and outside the cell, which would further
accelerate foam shrinkage.11 When air permeated into TPAE
cells and reached an equilibrium state, the foam’s expansion
ratio increased again. Then, the corresponding TPAE foams’
cell stabilization has been accomplished.12 The molecular
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chain will generate high tensile strain when the pressure release
rate is high. If the strain is higher than the elastic limit, physical
cross-linked hard domains will be destroyed and the elasticity
of the molecular chain will decrease or even fail, resulting in
permanent deformation of the foam.11,13

The shrinkage phenomenon will further bring about
problems such as difficulty in weight reduction, poor
dimensional stability, and reduction of mechanical properties.
Therefore, the suppression of shrinkage of thermoplastic
elastomer foams is of interest in scientific and industrial fields.
Zhang et al.14 blended ABS and TPU with the assistance of
diisopropyl peroxide (DCP) and maleic anhydride (MAH).
They found that both strength of cell walls and stiffness of
chains have improved owing to many grafting reactions that
occurred in the blends, thus improving the cell morphology
and reducing shrinkage of the blends. Sharudin and Ohshima15

used two SEBS copolymers with different styrene ratios
(consisting of soft-segment ethylene-butylene (EB) and hard-
segment polystyrene end blocks) as the elastomer base to
blend with polystyrene (PS). With the addition of SEBS with
higher styrene content or when PS reached 80/20 or 50/50,
complex viscosity and storage modulus increased and the
shrinkage of foam could be controlled, which led to the
preparation of stable microcellular elastomer foam. Jiang et
al.16 prepared long-chain branched (LCB) thermoplastic
polyester elastomers by making linear thermoplastic polyester
elastomers (TPEE) react orderly with branched chain modifier
TGIC and chain extender 2,2’-BOZ. This structure had more
branched structure and longer main chain, which made the
sample possess higher viscosity, modulus, longer relaxation
time, and stronger strain hardening effect, which could
significantly improve the melt viscoelasticity and foaming
ability. In summary, currently blending thermoplastic elas-
tomers with other polymers or graft modification with chain
extenders is one of the effective ways to reduce foam shrinkage.
This paper is aimed to solve the low expansion ratio, serious

volume shrinkage, poor recovery, and cell collapse and rupture
of TPAE foaming materials, which emerged as a result of low
melt strength, storage modulus, low linear molecular chain
stiffness, and low elasticity. Acid anhydride chain extenders
SMA in situ reaction was used to increase the compatibility of
TPAE and PA6. On the one hand, the reduction of melting
enthalpy with the increase of PA6 content indicated that
crystallinity of the hard phase in the system reduced, which was
conducive to improve penetration of gas and reduce the effect
of the pressure difference inside and outside the cell on foam
shrinkage. On the other hand, microcross-linked structure
formation increases the elasticity and strain recovery of TPAE
with the addition of PA6. Also, a thermoplastic polyamide
elastomer blended foam material with a high expansion ratio,
high recovery, and low shrinkage rate was prepared by a
supercritical foaming process.

2. EXPERIMENTAL SECTION
2.1. Materials and Sample Preparations. The TPAE

with the grade of 4510 is provided by the China Risun Group;
the density is 1.07 g/cm3; the hardness is 49D; and it is
composed of a polyamide 6 hard segment and a polypropylene
glycol soft segment with a content of 50%. The acid anhydride
chain extender SMA is provided by Jiaxing Huawen Chemical
Co., Ltd. It is a random copolymer of styrene and maleic
anhydride; the glass transition temperature is 150 °C; and the
molecular weight is 10 × 104−14 × 104. The CO2 used in this

study was 99.0% pure and was developed by Beijing Shun’an
Qite Gas Co., Ltd.
Polyamide elastomer (TPAE) and polyamide 6 (PA6) were

dried in a DZF-6050 vacuum oven at 100 °C for 4 h, and SMA
was dried at 80 °C for 4 h. The Rheomix 600 torque stream
variable instrument was used to expand the chain. The reaction
temperature is 225 °C; the speed is 60 rpm; and the response
time is 10 min. First, the dry TPAE and PA6 melting were
mixed together. After 1 min, the chain expansion agent SMA is
added. The content of the chain expansion agent is 1%; the
contents of polyamide 6 (PA6) are 5, 10, and 15%; and the
corresponding contents of polyamide elastomer (TPAE) are
95, 90, and 85%, respectively. The obtained sample was
pressed into a sheet with a radius of 1 cm and a thickness of 2
mm by a molding press.
2.2. Melt Batch Foaming. The polymer foams were

prepared using the pressure-quench method on a batch
foaming system. The sample was put into an autoclave with
a temperature of 230 °C, and CO2 was injected to maintain the
pressure in the autoclave at 12 MPa. Subsequently, the samples
were saturated at the melting temperature for 30 min to ensure
sample melting and gas saturation. After saturation, the
autoclave temperature was cooled to the foaming temperature,
and saturation was continued for 30 min to balance the
diffusion and dissolution of CO2 in the sample. Then, the
pressure in the autoclave was rapidly reduced to atmospheric
pressure to prepare foamed samples.
2.3. Performance Testing and Structural Character-

ization. 2.3.1. Fourier Transform Infrared Spectroscopy.
TPAE and its modified samples were separately ground with
KBr powder at a ratio of 1:100, pressed into films measuring 5
cm long and 3 cm wide, and analyzed using a Fourier
transform infrared (FTIR) spectrometer (Nicolet 6700) within
the range of 400−4000 cm−1 at a resolution of 4.0 cm−1. The
samples and backgrounds were both scanned 16 times.
2.3.2. Crystallization Properties. A 5−8 mg sample was

taken and tested with a differential scanning calorimeter (DSC,
Q2000, TA Instruments). (i) It was rapidly heated up to 250
°C for 1 min to eliminate the thermal history, (ii) cooled down
to room temperature at a rate of 10 °C/min while recording
the crystallization curve, and (3) heated up to 250 °C at a rate
of 10 °C/min while recording the melting curve. The
parameters related to the crystallization process were obtained
from the first cooling curve, including the initial crystallization
temperature Ton and the crystallization peak temperature TC.
The parameters of crystal melting, including melting temper-
ature Tm and melting enthalpy ΔHm, were obtained from the
second heating curve. Through these parameters, the semi-
crystallization time t1/2 can be obtained, and the calculation
equation is

t
T T

X1/2
on C=

(1)

where X is the cooling rate (°C/min).17
2.3.3. Rheological Characterization. The dynamic fre-

quency sweep test was carried out on the sample by the
HAAKE plate rotational rheometer. To ensure the tests within
the linear viscoelastic region, all the measurements were
carried out with a strain amplitude of 0.01 and the frequency
ranging from 100 to 0.1 rad/s; the test temperature was 225
°C. For changes of viscoelastic performance parameters such as
storage modulus (G′), loss modulus (G″), and complex
viscosity (|η*|) with frequency, in order to prevent oxidative
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degradation, the tests were carried out in a nitrogen
environment of 0.2 MPa.
2.3.4. Dynamic Mechanical Thermal Analysis. The

samples were subjected to dynamic mechanical thermal
analysis in torsional mode using a HAAKE MARS torsional
rheometer, and the dynamic mechanical properties of TPAE
and its modified samples were measured in the range of 25−
200 °C. Samples were trimmed to 20 mm long and 10 mm
wide with a thickness of 1 mm and were clamped by solid
clamping tools. A constant oscillatory deformation of 0.01%
was applied at a constant frequency of 1 Hz. During the test,
the axial force was kept at 0.5 N, and all tests were carried out
at a heating rate of 4 °C/min.
2.3.5. Foaming Property. The expansion ratios (φ) of the

foamed samples were calculated as follows,

1

2

=
(2)

where ρ1 (1.07 g/cm3) is the density of the unfoamed sample
and ρ2 (g/cm3) is the density of the foamed sample. We used a
drainage method to test ρ2 according to the ASTM D792-00
standard.
The foamed samples were cut into slender strips with a

width of about 2 mm, soaked in liquid nitrogen for brittle
fracture, sprayed with gold on the section, and placed in an
electron scanning microscope room, and the cell structure of
the brittle section was photographed. The cell morphology of
the brittle fracture surface of the foamed samples can be
obtained.
The shrinkage rate Qi represents the change of the degree of

shrinkage of the foamed sample with time. The calculation
formula 3 is as follows:φ1is the initial expansion ratio of the
sample, and φi is the expansion ratio of the sample changing
with time.

Q 100%i
1 i

1

= ×
(3)

2.3.6. Instantaneous Resilience Property Analysis. A drop
ball resilience equipment (PMLQ-500) was used to evaluate
the rebounding performance. The fully recovered foam
samples were tested under the same experimental conditions
to illustrate the resilience of each sample. In a standard drop-
ball rebound resilience test, a steel ball with a diameter of 16
mm was fallen from a fixed distance of 500 mm down to the
surface of the test specimen, and then the maximum rebound
height was recorded. The percentage rebound coefficient, R,
was calculated by dividing the measured rebound height with
the initial height, and then it was used to quantitatively assess
the rebounding performance. To make sure of the accuracy of
the results, the resilience testing was repeated 3 times for each
sample.

3. RESULTS AND DISCUSSION
3.1. Reaction Process and Mechanism. Torque of the

mixer reaction is proportional to the viscosity of material,
which depends on the molecular weight and chain structure of
the polymer. Figure 1 shows the torque curve with time during
the compounding process. After TPAE and PA6 were added to
the torque rheometer, the melt temperature increased and
torque gradually decreased due to shear heat. The torque
increased, and its peak appeared after adding chain extender
SMA, which proved that both TPAE and PA6 could have a

chain extension reaction with SMA. Also, reaction rate of
TPAE was faster than that of PA6. It could be found that the
peak area, slope of torque-time curve, and the torque during
stabilization all increased with the increase of PA6 when
different contents of PA6 was added into the TPAE and SMA
system. It shows that TPAE, PA6, and SMA undergo a
viscosity increasing reaction, and the addition of PA6 can
further increase the molecular weight and the degree of
molecular chain branching.18

SMA is a random copolymer of styrene and maleic
anhydride produced by bulk polymerization. Not only does
it have good compatibility with many polymers such as ABS,
styrene acrylonitrile, and polycarbonate but it also reduces
polyamide crystallinity and increases its melt strength.19Figure
2 is the infrared spectrum of SMA, TPAE, and their

composites. The characteristic spectral bands of SMA at
1778 and 1856 cm−1 are the stretching vibration absorption
peaks of carbonyl (C�O) in the acid anhydride group,20,21

while these spectral bands do not appear in composites, which
implies that SMA reacts with the hard segment of PA6 in
TPAE through the anhydride group. In addition, the peaks at
3290−3300 cm−1 in TPAE and its chain-extended blends
correspond to the N−H stretching vibrations, while the sharp
peaks at 1638 and 1543 cm−1 separately correspond to the
C�O stretching vibrations (amide I) and CO−N−H bending
vibration (amide II) induced.22−24 It can be observed that the

Figure 1. Torque as a function of processing time.

Figure 2. FT-IR spectra of TPAE and chain-extended blend samples.
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N−H stretching vibration intensity and the peak area
decreases, while the C�O stretching vibration (amide I)
and CO−N−H bending vibration (amide II) intensity and
peak area increase in the modified TPAE compared with raw
material, which further illustrates that anhydride groups in
SMA can react with amino groups in TPAE.
As shown in Figure 3, the hard segment of TPAE is PA6 and

the amino group at the end of polyamide can easily undergo a
ring-opening reaction with the acid anhydride group in SMA,
which will form an amide at one end and a carboxyl group at
the other end. The carboxyl group generated by the reaction
and the carboxyl group in PA6 can continue to react with the
amino group to form a branched structure. Schacker et al.25

also obtained a similar graft structure by using PA6 and SMA.
With the increasing content of PA6, these branched structures
may realize chain connection and then form a network cross-
linked structure as shown in Figure 4.

3.2. Rheological Properties. Rheological properties play
a key role in the foaming process. Moderate viscosity, good
elasticity, and high melt strength are required for polymers
with good melt foamability. Figure 5 shows the curve of
complex viscosity with angular frequency. The complex
viscosity increases, and the degree of shear thinning is not
obvious after the reaction of PA6 and SMA, which can be
agitated by the molecular weight increases, but the degree of
branching is not high. Although the complex viscosity in the
low frequency region does not increase much after the reaction
of TPAE and SMA, there is an obvious shearing thinning
phenomenon, implying the formation of branched structures.
When TPAE, PA6, and SMA were reacted at the same time,
complex viscosity and the degree of shear thinning increased
with the addition of PA6 content. It demonstrates that the
TPAE molecular chain has a wider relaxation time distribution
and longer maximum relaxation time after chain extension
blending. At the same time, the molecular weight, degree of

branching, entanglement of molecular chains, and melt
viscosity also increase.26

Storage modulus is an important parameter to characterize
the elasticity of polymer melts, and its trend with angular
frequency can reflect the degree of molecular chain branching.
Figure 6 exhibits the variation of storage modulus with angular

frequency. The storage modulus of samples increases
significantly and tends to the same value at high frequency
after chain extension and blending, but there is a big difference
at low frequency. The storage modulus at high frequency is
mainly affected by molecular weight distribution, while it is
influenced by molecular topology at low frequency.27

According to the Chambon Winter criterion,28 polymer melt
satisfies the following relation during a dynamic frequency
sweep,

G n (4)

Figure 3. Chain extension blending reaction process diagram.

Figure 4. Schematic diagram of the network cross-linked structure.

Figure 5. Complex viscosity vs angle frequency.

Figure 6. Storage modulus vs angle frequency.
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where n is the network relaxation index. The smaller the
value of n, the higher the branching degree of the molecular
chain.29 It can also be seen from Figure 6 that the slopes at the
low-frequency end of the storage modulus of PA6 and PA6/
SMA samples are higher, while the slopes at the low-frequency
end of the storage modulus of TPAE/SMA and TPAE/PA6/
SMA samples decrease in turn. It can be suggestive of the fact
that the TPAE samples modified with both PA6 and SMA have
a more tightly entangled network structure and a longer
relaxation process.
The loss tangent (tanδ) is the ratio of loss modulus and

storage modulus. It is used to evaluate the proportion of elastic
properties in viscoelasticity of polymers. Park and Malone30

studied the foaming coefficient of polypropylene foam, which
satisfied the relationship of F = ρfD(tanδ)0.75 ≤ 1.8, where ρf is
the foam density and D is the average cell diameter. This
formula qualitatively shows the law that foaming performance
is negatively correlated with tanδ. Figure 7 shows the curve of

tanδ with angular frequency. In the whole frequency range,
tanδ curves of TPAE, TPAE/SMA, and TPAE/PA6/SMA shift
downward in turn and viscoelasticity increases sequentially.
When the PA6 content exceeds 15%, tanδ is less than 1, which
represents that G′ is bigger than G″. The appearance indicates
that elastic properties are dominant in viscoelasticity. The
improvement of viscoelasticity can maintain the growth and
stability of the foam and avoid the collapse of the foam during
the foaming process.
Figure 8 is a vGP plot, representing the relationship between

complex modulus |G*| and loss angle δ. The shape of the vGP
curve is not influenced by factors such as polymer type and test
temperature but by the distribution of polymer molecular mass
and the presence of long branched structures in the molecular
chain. The widening of molecular mass will only make the
curve shift downward or flatten and also not change the shape
of the curve. The long branched chain structure will lead to a
change in the shape of the curve and an inflection point.31 As
shown in Figure 8, the vGP curve of TPAE and PA6 are an
obvious convex curve and the loss angle gradually increases
with the reduction of complex modulus. Finally, it reaches a
plateau value of 90°, which is a typical curve characteristic of
linear polymers. After adding the chain extender SMA, the vGP
curve of TPAE/SMA shifts downward and tends to be flat, but
the shape of the curve does not change. Therefore, adding
chain extender SMA alone will broaden the molecular weight
of TPAE but not produce an obvious branching structure.
While the chain extenders SMA and PA6 were added at the

same time, the vGP curve of TPAE/PA6/SMA shifted
significantly downward and the curve shows an obvious
downward inflection point, which show that there is a
significant branched structure that appeared.
Figure 9 is a Cole−Cole diagram, which can reflect the

relationship between the imaginary part η″ and the real part η′

of complex viscosity. The Cole−Cole diagram of a linear
molecular chain is close to a semicircle. The diameter of
semicircles has a positive correlation with molecular weight. If
there is a branched chain structure, the curve will deviate from
the semicircular shape and the end will rise.29 As shown in
Figure 9, the curve of TPAE and PA6 is a standard semicircle
shape, so it has linear molecular chain. After adding the chain
extender SMA, the curve radius of PA6/SMA and TPAE/SMA
increases, while the phenomenon of end upturning is not
obvious, indicating that its molecular weight increases but the
degree of branching is low. After adding SMA and PA6 at the
same time, the radius of the curve increases and the end
upturning phenomenon is more obvious with the increase of
PA6 content, exhibiting that the TPAE after chain extension
and blending has a higher degree of branch chain.
3.3. Crystallization and Melting Behaviors. Figures 10

and 11 are the crystallization curves of TPAE and its chain-
extended blend samples during the first cooling process and
the crystal melting curves during the second heating process.
The specific crystal melting parameters are shown in Table 1.

Figure 7. tanδ vs angle frequency.

Figure 8. vGP curve.

Figure 9. Cole−Cole curve.
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As can be seen from the graph, TPAE, PA6, and SMA have
good compatibility and the melt curve only has one melt peak.
When the chain extender SMA is added alone, the
crystallization temperature TC, the initial crystallization
temperature Ton, and the melting enthalpy ΔHm all decrease
and the semicrystallization time t1/2 extends, indicating that the
crystallization performance decreases. The result is that the
chain extension reaction increased the molecular weight of
TPAE and the degree of molecular chain branching made the
rearrangement movement of macromolecules and segment
crystallization difficult, which will inhibit the crystallization
process. When the chain extenders SMA and PA6 are added at
the same time, the crystallization temperature TC and the
initial crystallization temperature Ton increase significantly. It is
mainly because the −NH2 in PA6 provides TPAE with higher
hydrogen bond density and stronger intermolecular force,

which will promote crystallization of hard segment.22 However,
a long-chain branched or microcross-linked structure will be
formed due to the simultaneous chain extension reaction of
TPAE/SMA/PA6 blending, which can reduce the mobility of
macromolecular chains.32 It can also be seen from the melting
curve in Figure 11 that the melting point has increased and the
melting peak is significantly broadened, showing that PA6
promotes nucleation and forms a more compact and regular
crystalline structure. In the meantime, long branched or
microcross-linked structure hinders the crystal growth and
leads the formation of an imperfect crystalline structure. Both
the crystallinity of the polymer and the morphology of the
crystals (such as the ratio of crystal width to thickness) will
reduce the gas permeability and improve the barrier property
of polymer.33−35 Therefore, the reduced crystallinity of the
modified TPAE may be more conducive to the volume
recovery of the foam after shrinkage.
3.4. Dynamic Mechanical Thermal Analysis (DMTA).

The application of dynamic mechanical thermal analysis can
determine the viscoelastic characteristic parameters of polymer
materials, such as storage modulus, loss modulus, mechanical
damping, etc. It can also provide much information about
molecular chain structure and interface.36,37 Storage modulus
(G′) is an important indicator to measure the rigidity and
elastic properties of polymer materials.38Figure 12 shows the

storage modulus (G′) of TPAE and its modified samples as a
function of temperature. It can be clearly seen that the storage
modulus (G′) of all samples decreases with the increase of
temperature, which is because polymer chains can move more

Figure 10. Crystallization curve.

Figure 11. Melting curve.

Table 1. Crystal Melting Parameter Table

samples ΔHm(J/g) TC (°C) Ton (°C) Tm (°C) t1/2 (min)

PA6 59.96 168.67 187.24 221.71 1.857
TPAE 27.86 152.06 155.84 207.73 0.378
TPAE + 1%SMA 27.65 151.40 155.37 207.42 0.397
TPAE + 1%SMA + 5%PA6 27.22 165.66 170.02 208.87 0.436
TPAE + 1%SMA + 10%PA6 26.03 168.37 173.08 209.60 0.471
TPAE + 1%SMA + 15%PA6 24.32 170.18 175.30 209.75 0.512

Figure 12. Storage modulus (G′) obtained by DMA as a function of
temperature.
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easily at high temperature.39 From room temperature to the
glass transition temperature of the hard segment, the soft
segment is in a highly elastic state, while the hard segment is in
a glassy state. The glass transition temperature of the hard
segment appears at around 100 °C. After the glass transition
temperature, the hard segment also becomes a highly elastic
state. TPAE begins to transform into a viscous flow, and the
material enters a viscous flow state with a significant drop in
storage modulus at around 175 °C. The modified TPAE forms
long-chain branched or microcross-linked structures, which
improves the rigidity and entanglement of molecular chains
and increases the viscous flow transition temperature.40 The
storage modulus (G′) of modified TPAE is higher than that of
pure TPAE at any temperature, and the value of storage
modulus (G′) is higher with the increasing content of PA6,
which is consistent with the rheological properties. It can be
shown that the TPAE material greatly improves the rigidity
and elasticity of the material after chain extension and blending
due to the formation of a long-chain branched or microcross-
linked structure. When deformed by force, it can resist and
recover better, which may be beneficial for the recovery of
foam materials after shrinkage.
3.5. Foaming Properties. TPAE and its modified sample

foams were prepared by using the pressure-quench method in
a batch foaming system. As shown in Table 2, the optimal
foaming temperature of different samples is different. The
foaming temperature of the samples added with SMA and PA6
increases, while the initial foaming ratio decreases. It can be
seen from the crystallization properties that the crystallization
and melting temperature of modified TPAE are greatly
improved compared with TPAE, resulting in a great change
in the foaming temperature zone. Furthermore, long-chain

branched or microcross-linked structure and high melt
viscoelasticity can affect the foaming temperature and
expansion ratio.41

Generally speaking, increasing the initial expansion ratio will
exacerbate the shrinkage of elastomer foam.11 In order to
evaluate the dimensional stability of TPAE foaming samples,
the change of the foaming samples’ expansion ratio with time
within 24 h was recorded and the shrinkage rate and recovery
rate were defined. The shrinkage rate is the ratio of the
shrinkage of the foaming sample to the initial expansion rate,
while the recovery ratio is the expansion ratio recovered by the
foamed sample to the expansion ratio after stabilization.
As shown in Figure 13, the initial surface of each foaming

sample is smooth without wrinkles and full in shape. After
about 20 min, the foam reaches the maximum shrinkage state,
the foam obviously shrinks and deforms, and the volume
decreases. One week later, the recovery of foam is completed.
It can be seen that the recovery degree of pure TPAE is low,
and the volume is almost the same as that of full shrinkage. On
the contrary, the recovery degree of modified TPAE is higher,
and the recovery is larger than that of full shrinkage. As shown
in Figures 14 and 16, the initial expansion ratio of TPAE could
reach 16.21 times, but it rapidly shrank to 5.17 times after 5
min with a shrinkage rate as high as 68.1%. After adding chain
extenders SMA and PA6, the shrinkage rate decreased and the
shrinkage of samples with 15% PA6 addition dropped to about
50%. The TPAE foam entered a recovery phase after complete
shrinkage. Figure 15 shows variation of recovery rate with time
within 24 h. The recovery performance of TPAE foam is poor
with a recovery rate of 28%. The recovery rate of the TPAE +
SMA foam sample improved, but its recovery degree is still
poor. Interestingly, the foam recovery rate increased to more

Table 2. Intermittent Foaming Process Condition Table

samples pressure(MPa) melting temperature (°C) foaming temperature (°C) initial expansion ratio

TPAE 12 230 180 16.21
TPAE + 1%SMA 12 230 205 12.15
TPAE + 1%SMA + 5%PA6 12 230 215 12.39
TPAE + 1%SMA + 10%PA6 12 230 220 13.63
TPAE + 1%SMA + 15%PA6 12 230 220 13.72

Figure 13. Apparent morphology of each sample in different states.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06285
ACS Omega 2023, 8, 9832−9842

9838

https://pubs.acs.org/doi/10.1021/acsomega.2c06285?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06285?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06285?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06285?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


than 45% with the increasing content of PA6 for the TPAE
sample modified by SMA + PA6. After recovery, the expansion
ratio reached 11−12 times and the shrinkage rate dropped to
below 10%. Finally, the foam could be completely recovered.
The reasons for the above results may be as below. First, the

pressure difference inside and outside of cells is the main
reason for the shrinkage of TPAE foam. The blowing agent
quickly escapes from the cell after foaming, while the air
diffusion rate in the environment is slow, resulting in a higher
ambient pressure than the pressure inside the cells. Due to the
low melt strength and low elastic modulus of TPAE, it cannot
resist the pressure difference inside and outside the cell,
resulting in serious volume shrinkage.11 Second, the molecular
chain orientation on the cell wall caused by cell growth will
recover elastically, which will also cause the foam to shrink. It
can be seen from Figure 16 that the addition of SMA and PA6
reduces the shrinkage rate of TPAE foam and the shrinkage
rate gradually decreases with the increase of PA6 content. The
performance is related to the increase of the high elastic
storage modulus of modified TPAE, as can be seen in Figure
12. The microcross-linked structure formed by PA6, SMA, and
TPAE increases the modulus of the modified TPAE and
improves the resistance to the pressure difference inside and
outside the cell deformation, leading to the shrinkage rate
decreases.
After foam shrinkage, as the air diffuses into the inside of the

cell, the pressure difference between the inside and outside
decreases. The foam volume will gradually increase, and the

phenomenon of recovering the expansion rate occurs. It can be
seen from Figures 14 and 15 that the pure TPAE foam has a
longer recovery time and a lower recovery rate, while the SMA
chain-extended modified TPAE has a faster recovery rate, and
the recovery ratio is also higher than that of pure TPAE. The
TPAE foam after adding PA6 and SMA has a higher recovery
rate. The recovery of the expansion ratio during foam aging is
related to the diffusion rate of air into the cells. The greater the
diffusion rate, the faster the pressure different between the
inside and outside of the cells reached, and the greater the
recovery rate. Meanwhile, the strain recovery of the elastomer
is also related to the degree of microcross-linking. The
chemical microcross-linking or hard phase microcrystals in
TPAE are similar to the physical cross-linking points, which are
beneficial to elastic strain recovery.13,42 The more microcross-
linking, the better the elasticity of the material, which is more
conducive to strain recovery. As shown in Table 1, the
difference in in melting enthalpy between TPAE + SMA and
TPAE is intensely small, indicating that the diffusion rate of air
in the two samples differs very little. The difference in the
recovery rate is mainly due to the microcross-linked structure
formed in SMA chain-extended modified TPAE, which
increases the elasticity of the material. The reason for the
low recovery rate of pure TPAE is that the hard phase
microdomain was destroyed and the physical entanglement
and interaction between macromolecular chains were
weakened under large deformation in the process of cell
growth. On the contrary, TPAE modified by SMA chain
extension forms long-chain branches or chemical microcross-
links, which enhances the entanglement between macro-
molecules and has a higher recovery rate under large
deformation. For TPAE modified by PA6 + SMA, the melting
enthalpy of modified TPAE decreased with the increase of PA6
content, implying that the crystallinity of the hard phase of the
system was reduced. The reduction of crystallinity was
conducive to improving the penetration of gas and reducing
the effect of the pressure difference inside and outside the cell.
On the other hand, the microcross-linked structure formed
with the increase of PA6 content increased the elasticity of
modified TPAE, which could accelerate the recovery of strain.
The combined results of the two improved the recovery rate of
PA-modified TPAE foam.

Figure 14. Variation curve of the expansion ratio with time.

Figure 15. Variation of the recovery rate with time.

Figure 16. Comparison of the expansion ratio and shrinkage ratio of
different samples.
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Figure 17 shows the structure of the TPAE cell prepared at
different processing temperatures. The foaming temperature of
pure TPAE is low, and the foaming temperature zone is
narrow. With the increase of temperature, the cell shape of
pure TPAE is irregular and there are phenomena such as
merging, rupture, and unevenness. Due to the low melt
strength of TPAE, the cell wall ruptures under the tensile
action of foaming, resulting in the merging of cells and a
decrease in the expansion ratio. The foaming temperature of
modified TPAE increased, and the foaming temperature zone
widened. The cells of the modified TPAE changed from
irregular shapes to polygons, and the cells did not merge and
burst and were very uniform. The reason was that the modified
TPAE had a higher degree of branching, which increased the
yield strain and melt strength,43,44 so that the cell wall could
withstand tensile strain and deform uniformly during the cell
expansion process, resulting in a more uniform and complete
cell structure at different temperatures.
3.6. Instantaneous Resilience Property Analysis. In

order to characterize the potential application of TPAE foams
on the super-elastic sneakers, the instantaneous resilience of
foams is investigated by the drop ball resilience tests. Figure 18
shows the rebound performance of different foam samples after
full recovery. It can be seen from the figure that the rebound
rate of pure TPAE foam material after full recovery is 46.178%,
and after adding chain extender SMA, the rebound rate
increases to 52.300%. With the increase of PA6, the rebound
rate continues to increase. At 10% PA6, the highest rebound
rate is 58.168%. First, the analysis may be due to the fact that
the modified TPAE foam has better recovery properties and a
more uniform and complete pore structure after shrinkage,
which gives the foam better resilience properties. Second, as
shown in Figure 12, the storage modulus of the modified
TPAE is increased after PA6 is added, which improves the

resilience of the material. However, the resilience of foam
decreases when 15% PA6 is added. This is because foam with
higher storage modulus has a thicker cell wall and has
significant deformation resistance at the moment of impact of
the falling ball, which means that the falling ball under the
same potential energy reduces the deformation of foam, thus
reducing the resilience of foam.45,46 Therefore, the improve-
ment of the resilience of the modified TPAE is based on the
appropriate storage modulus of the material.

Figure 17. Cell structure of different samples.

Figure 18. Resilience of different foamed samples after complete
recovery.
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4. CONCLUSIONS
In conclusion, we have developed a method to effectively
reduce the shrinkage of thermoplastic polyamide elastomer
foam. Thermoplastic polyamide elastomer (TPAE) and
polyamide 6 (PA6) were modified by chain extension blending
under the action of anhydride chain extender (SMA). The
foaming temperature zone of the modified TPAE is
significantly widened; the recovery performance is significantly
improved; the overall shrinkage rate is reduced to less than
10%; the maximum expansion ratio can reach 11−13 times;
the cell structure is more uniform and complete; and the
resilience was improved by about 12%. There are two main
reasons for the above results: first, for TPAE modified by PA6
+ SMA, the melting enthalpy of modified TPAE decreased
with the increase of PA6 content, implying that the crystallinity
of the hard phase of the system was reduced. The reduction of
crystallinity was conducive to improving the penetration of gas
and reducing the effect of negative pressure on foam shrinkage.
On the other hand, the microcross-linked structure formed
with the increase of PA6 content increased the elasticity of
modified TPAE, which could accelerate the recovery of strain.
The combined results of the two improved the recovery rate of
PA-modified TPAE foam.
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