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Abstract   Lightweight materials are essential for advanced green manufacturing and ecological sustainability because they reduce energy con-

sumption, minimize pollution, and improve resource utilization. Herein, a reinforcement strategy utilizing activated carbon (AC) as a functional

filler  to  enhance  the  foaming  behavior  of  thermoplastic  polyester  elastomer  (TPEE)  was  developed,  enabling  the  successful  fabrication  of

lightweight, high-strength, and elastic TPEE/AC foams with superior hydrophobic and thermally insulating performance using environmentally

friendly microcellular foaming technology. The uniform dispersion of AC enhanced the melt strength and the solubility of CO2, thereby signifi-

cantly improving the foaming behavior, resulting in refined cell structures and reduced shrinkage. The optimized T-A-5 foam achieved a high ex-

pansion  ratio  (16.0),  low  shrinkage  ratio  (70.0%),  and  high  recovery  ratio  (79.4%),  outperforming  the  pure  TPEE  foam  by  15.9%,  12.3%,  and

212.6%, respectively.  Moreover,  the viscoelastic properties of TPEE/AC composites tested under two different conditions revealed contrasting

trends in loss factor, indicating that the influence of fillers on TPEE viscoelasticity is highly temperature-dependent and state-sensitive. Further,

the lightness and blackness of TPEE/AC foams can be tailored by varying AC content and cellular morphology. Moreover, the TPEE/AC foams ex-

hibited improved compressive strength, low thermal conductivity (35.9 mW·m–1·K–1), and high hydrophobicity (122.5°). This study provides an ef-

fective strategy for designing high-performance TPEE foams with significant potential for energy-saving and environment-friendly applications.

Keywords   TPEE foam; Activated carbon; Microcellular foam; Blackness; Thermal insulation

Citation:  Sun, X. J.; Zhang, Y. R.; Ma, J. P.; Wang, X.; Cui, K. J.; Feng, T. T.; Wang, G. L. Activated carbon-derived polyester elastomer foams with tailored
structure and blackness for high-performance thermally insulating applications. Chinese J. Polym. Sci. 2026, 44, 2258–2268.

 

INTRODUCTION

Thermoplastic  polyester  elastomer  (TPEE)  is  a  novel  thermo-
plastic  material  that  typically  consists  of  crystalline  blocks  with
high  melting  points  and  amorphous  blocks  with  relatively  low
glass transition temperatures.[1,2] In this structure, the crystalline
polyester  segments  act  as  hard  blocks,  which  provide  physical
crosslinking sites for TPEE, enhancing the strength, temperature
resistance, and impact resistance of the material.[3,4] Additional-
ly,  the  soft  segments  are  primarily  composed  of  aliphatic
polyester  and  polyether,  imparting  superior  elasticity  and  en-
hanced  low-temperature  flexibility.[5] Due  to  these  excellent
properties, TPEE demonstrates a wide spectrum of applications,
including  telecommunications  equipment,  automotive  manu-

facturing, and aerospace.[6,7]

Research  on  lightweight,  functionalized,  and  high-perfor-
mance polymers has become a crucial driving force for mod-
ern  industrial  transformation.  Compared  to  solid  TPEE,  TPEE
microcellular  foam  exhibits  superior  characteristics  such  as
light weight, material efficiency, high resilience, high specific
strength,  thermal  insulation,  hydrophobicity,  and  sound  ab-
sorption.[8,9] These  characteristics  create  unique  application
prospects in impact absorption, vibration damping, biomedi-
cal devices, aerospace and military applications, positioning it
as  a  promising  replacement  for  conventional  foam
materials.[10] Microcellular foaming technology is an environ-
mentally  friendly  processing  method  with  low  cost  and  sim-
ple processing,  serving as  an attractive option for  producing
TPEE microcellular foams.[11−15] However,  TPEE exhibits a low
melt  strength,  which  results  in  poor  foaming  behavior,  ulti-
mately  limiting  the  progress  in  lightweight  and  functional
materials.  Furthermore,  the severe shrinkage behavior of  the
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TPEE foam also restricts its practical applications.[16,17]

In  response  to  the  aforementioned  challenges,  numerous
researchers  have  made  extensive  efforts  to  improve  the
foaming  and  shrinkage  behavior  of  TPEE.  One  approach  in-
volves  optimizing  the  foaming  process.  Xu et  al.  developed
high expansion ratio TPEE foams with shrinkage resistant us-
ing  a  supercritical  carbon  dioxide  (scCO2)  and  nitrogen  (N2)
co-foaming  strategy.[17] Their  study  demonstrated  that  N2

could  reduce  the  influence  of  pressure  differentials  on  cell
morphology, thereby mitigating foam shrinkage. Other stud-
ies  have  shown  that  increasing  the  proportion  of  hard  seg-
ments  in  TPEE  molecular  chains  enhances  the  foam's  resis-
tance  to  shrinkage.  A  higher  hard  segment  proportion  can
strengthen  the  polymer  matrix,  enabling  it  to  better  with-
stand the negative pressure gradients, thereby preserving di-
mensional  stability.[9] Additionally,  the  incorporation  of  mi-
cro/nano fillers or a second polymer phase has proven effec-
tive  in  enhancing  the  foaming  and  shrinkage  behavior  of
TPEE.  Fillers  such  as  silica,  graphite  nanoplates  and  carbon
nanotubes  have  been  widely  studied  in  this  regard.[18−22] In
recent  years,  activated  carbon  (AC)  has  garnered  increasing
attention in both academia and industry due to its abundant
porous morphology, low cost, high specific surface area, and
excellent strength. These features make AC a promising can-
didate  for  improving  the  foam  structure  and  enhancing  the
overall performance of polymeric elastomer foams.

In  this  study,  lightweight,  highly  elastic,  shrinkage-resis-
tant,  thermally  insulating,  and  hydrophobic  TPEE/AC  foams
were successfully fabricated using a green, cost-effective, and
facile  microcellular  foaming  technology.  First,  the  dispersion
of AC in the TPEE matrix and its influence on the thermal be-
havior of TPEE were investigated. Second, the rheological and
dynamic  thermomechanical  properties  of  TPEE/AC  compos-
ites  were  systematically  investigated.  Subsequently,  the  ef-
fects  of  AC  content  on  the  foaming  behavior  and  shrinkage
recovery of the composites were systematically examined. Fi-
nally, the blackness, compressive mechanical properties, ther-
mal  insulation,  and  hydrophobicity  of  the  composite  foams

were evaluated, along with a comprehensive analysis of how
the  AC  content  and  cell  structure  influence  foam  perfor-
mance.  This  study  proposes  a  novel  strategy  for  fabricating
lightweight,  high-performance  materials,  which  is  of  great
significance for lightweight applications, lowering energy us-
age, and promoting environmental sustainability.

EXPERIMENTAL

Materials
Thermoplastic  polyester  elastomer  (TPEE)  pellets  were  4056
from DuPont, USA. Its density, melting temperature, and Shore
hardness  were 1.16 g·cm–3,  152 °C,  and 43D,  respectively.  Acti-
vated carbon (AC) was C829813 from the Shanghai McLean Bio-
chemical Technology Co., Ltd. The average particle size is 38 μm.

Fabrication of TPEE/AC Foams
Before blending, the TPEE pellets and AC were pre-dried at 90 °C
for  8  h  to  remove  any  absorbed  moisture. Fig.  1 presents  the
preparation  process  of  TPEE/AC  composites  and  foams.
TPEE/AC  mixtures  with  varying  AC  contents  (0  wt%,  1  wt%,  3
wt%, 5 wt%, and 10 wt%) were initially mixed with a glass rod.
Subsequently,  the  mixtures  were  added  into  an  internal  mixer
to  melt  blending.  The  operational  parameters  of  the  internal
mixer  were  as  follows:  a  rotational  speed  of  50  r·min–1,  a  tem-
perature of 165 °C, and a processing time of 8 min. The blends
were  subjected  to  hot  pressing  on  plates  with  a  thickness  of
4 mm.

To  investigate  the  effects  of  temperature  and  pressure  on
the experimental results, the foaming temperature was set in
the  range  of  115–140  °C,  applying  different  foaming  pres-
sures,  and maintaining a  saturation time of  50  min.  TPEE/AC
foams were labeled as T-A-a, where a denotes the weight per-
centage of AC in the composites.

Characterizations
The  characterizations  and  measurements  are  shown  in  elec-
tronic supplementary information (ESI).
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Fig. 1    The preparation of TPEE/AC foams.
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RESULTS AND ANALYSIS

Phase Morphology and Thermal Behavior
The  effective  dispersion  of  fillers  throughout  the  polymer  ma-
trix  is  key  to  enhancing  mechanical  properties  and  controlling
the  foaming  behavior. Figs.  2(a)–2(f)  illustrate  the  phase  mor-
phology of AC and the dispersion of varying content of AC with-
in the TPEE matrix, respectively. It can be observed that due to
the electrostatic effect of the AC particles, their initial size ranges
from  1  μm  to  5  μm.  After  melt  blending,  under  strong  shear
forces  and  the  encapsulation  effect  of  TPEE  molecular  chains,
the AC particles undergo fragmentation and are uniformly dis-
persed within the TPEE matrix, with particle sizes reduced to ap-
proximately 40–200 nm. Moreover, increasing AC content leads
to higher apparent density and larger average size of AC in the
TPEE matrix, with minor agglomeration occurring. Nevertheless,
AC remains relatively well dispersed throughout the matrix. Fur-
thermore, no obvious interfacial separation between the AC and
TPEE  is  observed,  indicating  a  good  interfacial  adhesion  be-
tween  the  dispersed  AC  and  the  TPEE. Figs.  2(g)  and  2(h)
present  the  first  cooling  curves  and  second  heating  curves  of
the  TPEE/AC  composites  obtained  from  DSC,  respectively.  As
shown in Fig.  2(g),  the crystallization temperature of  TPEE dur-
ing the cooling process  is  87.8  °C.  With  increasing AC content,
the crystallization peak gradually shifts toward higher tempera-
tures,  indicating an accelerated crystallization process.  This  be-

havior  can  be  ascribed  to  the  high  specific  surface  area  of  AC,
which  provides  strong  adsorption  sites  for  TPEE  molecular
chains.[23,24] This  interaction restricts  the chain mobility  and re-
duces the nucleation energy barrier, thus facilitating earlier crys-
tallization. Moreover, as shown in Fig. 2(h), the melting point of
TPEE during heating process is  150.4 °C.  The melting tempera-
ture of TPEE/AC composites slightly increases as the AC content
increases. The increase may result from the porous structure of
AC,  which  exhibits  an  adsorption  effect  on  TPEE  molecular
chains,  restricting  their  mobility.  Such  restriction  promotes  the
crystallization of the hard segments, thereby leading to an ele-
vated melting temperature. The relevant DSC data are provided
in ESI.

Rheological Behavior and Dynamic Thermodynamic
Analysis
Rheological  behavior  is  one  of  the  key  factors  influencing  the
foaming  behavior  of  thermoplastic  polymers. Figs.  3(a)–3(c)
present the relationships between the storage modulus (G'), loss
modulus  (G''),  complex  viscosity  (η*),  and  loss  tangent  (tanδ)
with  angular  frequency  (ω)  for  TPEE/AC composites.  As  shown
in Fig. 3(a), both G' and G'' rise with increasing angular frequen-
cy.  AC  enhances  both  the  moduli  of  the  TPEE,  with  the  en-
hancement becoming more pronounced as the AC content in-
creases. This behavior is primarily due to the improved stiffness
of  the  matrix  caused  by  the  uniformly  dispersed  AC  particles,
which  impart  a  higher  load-bearing  capacity.  In  addition,  the
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Fig. 2    The phase morphology of (a) AC, (b) TPEE, (c) T-A-1, (d) T-A-3, (e) T-A-5, (f) T-A-10; (g) The first cooling curves, and (h) second heating curves
of the TPEE/AC composites.
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presence of physical adsorption and mechanical entanglement
between  AC  particles  and  TPEE  molecular  chains  increases  in-
terfacial  energy dissipation under external  forces.  Furthermore,
the porous structure of AC may allow partial penetration of flex-
ible  TPEE  chains  into  its  pore  network.  This  could  generate  a
mechanical  interlocking  effect,  effectively  anchoring  the  poly-
mer chains within the porous structure. Fig. 3(b) clearly demon-
strates that increasing the shear frequency leads to a reduction
in η*,  which is a characteristic feature of shear-thinning materi-
als.  Meanwhile,  the  progressive  incorporation  of  AC  limits  the
flexibility of the soft TPEE segments, thereby causing a notable
viscosity  increase.  As  illustrated  in Fig.  3(c),  the  tanδ decreases
significantly  with  increasing  angular  frequency,  with  a  more
pronounced decline observed at  low frequencies compared to
high  frequencies.  This  indicates  a  transition  tendency  of  the
composite's  rheological  behavior  from  liquid-like  to  solid-like.
Moreover, as the AC content increases, the loss tangent gradu-
ally decreases, suggesting that the addition of AC enhances the
melt  elasticity  of  TPEE and improves  its  resistance to  deforma-
tion at elevated temperatures.

Dynamic mechanical analysis (DMA) is a technique used to
research  the  dynamic  thermodynamic  response  of  polymers
subjected to  stress. Figs.  3(d)–3(f)  illustrate  the  temperature-
dependent  variations  in  storage  modulus  (E'),  loss  modulus
(E′′),  and  tanδ for  TPEE/AC  composites.  According  to  the  fig-
ures,  an  elevated  temperature-induced  reduction  in  both E'
and E′′ is  observed  for  the  TPEE/AC  composites.  Notably,  all
composites  exhibit  a  higher  modulus  than  pure  TPEE  above
50 °C. The observed enhancement in TPEE modulus upon AC
incorporation  aligns  well  with  the  results  of  the  preceding
rheological  analysis.  Interestingly,  the  loss  factor  (tanδ)  ob-
tained  from  rheological  and  DMA  tests  exhibits  opposite

trends, revealing the differential influence of AC fillers on the
viscoelastic  properties  of  TPEE  under  distinct  testing  condi-
tions.  During  rheological  measurements  in  the  molten  state
at  180  °C,  the  TPEE  molecular  chains  possess  high  mobility.
The incorporation of AC increases the rigidity of the compos-
ite system and restricts the motion of chain segments, there-
by  significantly  enhancing  the  storage  modulus  and  reduc-
ing  the  tanδ.  In  contrast,  during  DMA  testing  within  the
30–130 °C range, where the material exists in a rubbery state
with  limited  chain  mobility  and  relatively  high  modulus,  the
interfacial  friction  and  energy  dissipation  between  AC  and
TPEE molecular chains become more pronounced. This leads
to  an  increased  loss  modulus  and  a  markedly  elevated  tanδ.
These findings demonstrate that the viscoelastic response of
polymer composites to filler addition is strongly temperature-
dependent and state-sensitive, offering theoretical insight for
the  rational  design  of  processing  conditions  and  perfor-
mance  optimization  in  practical  applications.  Furthermore,
the tanδ curve of pure TPEE crosses over and exceeds that of
the TPEE/AC composites at 120 °C, aligning well with the pri-
or analysis. It can be concluded that AC plays a crucial role in
reinforcing  the  melt  strength  of  TPEE.  This  enhancement  in
viscoelasticity  and  melt  strength  help  prevent  cellular  rup-
ture and gas escape during the foaming process, thereby en-
hancing the overall foaming performance.

Foaming Behavior
The diffusion and solubility of gas in thermoplastic polymers ex-
ert a direct influence on the nucleation and subsequent expan-
sion  of  foam  cells.[25,26] The  solubility  and  desorption  diffusion
coefficients  of  the  TPEE/AC  composites  were  investigated  as
functions  of  saturation  time  through  adsorption-desorption
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Fig. 3    The rheological behavior of TPEE/AC composites: (a) G′ and G′′, (b) η*, (c) tanδ, dynamic thermodynamic response of TPEE/AC composites:
(d) E′, (e) E′′ and (f) tanδ.
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tests  conducted  at  15  MPa  and  125  °C,  as  shown  in Fig.  4.  As
demonstrated  in Fig.  4(a),  the  CO2 solubility  initially  increased
rapidly with adsorption time and gradually reached equilibrium
after  50  min  of  saturation.  This  observation  suggests  that  gas
saturation in the polymer is achieved after 50 min of adsorption,
which facilitates the formation of TPEE foams with uniform cel-
lular  structures.  Consequently,  a  foaming  duration  of  50  min-
utes is selected. As shown in Fig. 4(b), the equilibrium solubility
of  CO2 initially  increases  with  rising  AC  content,  followed  by  a
subsequent decrease at higher content. The solubility of CO2 in
TPEE is  7.23%, while  that  in T-A-5 is  7.72%, representing an in-
crease of 6.8%. This phenomenon can be ascribed to the strong
CO2 adsorption  capability  of  AC,  which  stems  from  its  highly
porous  structure  and  large  specific  surface  area.  Nevertheless,
excessive AC content results  in elevated melt  strength,  hinder-
ing CO2 solubility and diffusivity. Moreover, as AC content rises,
the  diffusion  coefficient  of  the  composites  initially  increases
slightly  and  then  decreases.  At  low  AC  contents,  the  porous
structure of AC provides additional diffusion pathways for CO2.
However,  as  the  content  increases,  AC  begins  to  agglomerate
and the particle size grows, as previously described, which cre-
ates  macroscopic  barriers  to  CO2 diffusion.  In  addition,  the  en-
hancement of TPEE melt strength by AC further inhibits CO2 dif-
fusion.

Figs. 4(c) and 4(d) present the initial and final expansion ra-
tio  of  TPEE/AC composites  under 15 MPa.  It  is  observed that
while  the  initial  expansion  ratio  of  TPEE  is  reduced  by  the
presence of AC, a suitable AC content facilitates an increase in
the final expansion ratio. The adsorption effect of AC on poly-
mer chains restricts chain mobility and enhances TPEE’s melt
strength, suppressing bubble growth and thus decreases the
initial expansion ratio. On the other hand, this effect effective-
ly controls  TPEE’s  shrinkage,  thus contributing to a higher fi-
nal  expansion  ratio.  However,  this  same  effect  mitigates  the
shrinkage  behavior  of  TPEE,  thereby  improving  its  final  ex-
pansion ratio.  The maximum expansion ratio  of  pure TPEE is
13.8,  while  that  of  T-A-5  reaches  16.0,  representing  an  in-
crease of 15.9%. Fig. 4(e) shows TPEE/AC foams’ cell diameter
and cell density at a fixed expansion ratio of 13. With increas-
ing AC content, smaller cell sizes and higher cell densities are
observed,  suggesting  that  AC  enhances  cell  nucleation  and
refines the cellular morphology. Figs. 4(f)–4(i) present the cor-
responding cell morphology of the composite foams.

Shrinkage and Recovery Behavior
The shrinkage and recovery behaviors are inherent characteris-
tics  of  elastomeric  foams,  and  their  investigation  is  crucial  for
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the fabrication of ultralight, highly resilient, and multifunctional
TPEE  foams. Figs.  5(a)–5(c)  present  the  time-dependent  evolu-
tion  of  the  expansion  ratio  over  time  under  15  MPa.  A  shrink-
age-recovery  trend  is  observed,  where  the  expansion  ratio  ex-
hibits  an  initial  decline  followed  by  a  gradual  increase.  This
trend becomes more pronounced at  higher  foaming tempera-
tures.  In  addition,  TPEE/AC  foams’ expansion  ratio  initially  de-
creases, reaching a minimum after 5 h of standing, followed by a
gradual increase over the course of 14 days until reaching a sta-
ble state. To further quantify TPEE/AC foams’ shrinkage and re-
covery  characteristics, Figs.  5(d)–5(i)  illustrate  the  initial,  post-
shrinkage,  and  post-recovery  expansion  ratio,  corresponding
shrinkage rate (S) and recovery ratio (R) of the composite foams
fabricated  at  different  temperatures.  At  foaming  temperatures
below  135  °C,  the  pure  TPEE  foam  exhibits  a  relatively  lower
shrinkage rate and improved recovery compared to that at 135
°C. This behavior can be attributed to the dominant role of hard-
segment crystallization at lower temperatures. At low tempera-
tures, the hard-segment crystalline domains in neat TPEE act as
effective  physical  cross-linking  points,  providing  structural  sta-
bility  to  the  cell  walls  and  thereby  reducing  shrinkage.  As  the
foaming  temperature  increases,  the  hard-segment  crystalline
domains  gradually  melt,  leading  to  a  decrease  in  the  melt
strength  of  TPEE,  which  is  unfavorable  for  maintaining  struc-
tural  stability.  Moreover,  the  presence  of  hard-segment  crys-
talline  domains  at  low  temperatures  restrains  cell  growth,  re-

sulting  in  a  lower  initial  expansion  ratio,  which  further  con-
tributes  to  the  reduced  shrinkage  behavior  of  TPEE  foam.  The
incorporation of AC effectively reduces shrinkage and enhances
the  recovery  performance  of  TPEE  foams.  Under  the  foaming
condition of 135 °C, the pure TPEE foam exhibits a final expan-
sion ratio of 8.0, an S of 79.8%, and a R of 25.4%. In contrast, the
T-A-5 foam achieves a final expansion ratio of 16.0, with an S of
70.0%  (a  12.3%  reduction),  and  a R of  79.4%,  representing  a
212.6% improvement. Furthermore, the T-A-10 foam shows a fi-
nal  expansion  ratio  of  15.0,  an S of  47.0%  (a  41.1%  improve-
ment),  and  a R of  89.0%,  corresponding  to  a  250.4%  increase
over  pure  TPEE  foams.  For  pure  TPEE  foams,  the  molecular
chains  possess  high mobility,  making it  easy  to  achieve a  high
initial expansion ratio. This typically results in large cells and thin
walls. Owing to the insufficient mechanical stability of the bub-
ble walls and the continuous diffusion of CO2 to the surround-
ings,  the  foams  tend  to  shrink.[27] Moreover,  during  the  evolu-
tion of  cellular  structure,  the  bubble  walls  undergo multidirec-
tional  stretching,  which  disrupts  physical  entanglements  of
molecular  chains  and  leads  to  severe  relaxation,  thereby  limit-
ing the increase in expansion ratio during the recovery process.
In contrast, incorporating AC into the TPEE induces a heteroge-
neous  nucleation  mechanism,  leading  to  the  generation  of
smaller  and  more  uniformly  distributed  cells,  thereby  enhanc-
ing  the  robustness  of  the  cellular  framework.  Additionally,  the
adsorption  of  AC  on  TPEE  molecular  chains  provides  physical
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support, enhancing the resistance of the chains to deformation
and  improving  their  recovery  ability.  Consequently,  TPEE/AC
foams exhibit a lower shrinkage rate and an enhanced recovery
rate. The mechanism diagram is provided in Fig. 6.

Blackness and Compressive Properties
In  foam  applications  and  manufacturing  industries,  color  con-
trol is a critical parameter, with the blackness value being a vital
indicator  for  evaluating  color  quality. Figs.  7(a)–7(c)  show  the
apparent  color  band  images,  lightness  values,  and  blackness
values of TPEE/AC composites and their foams with various ex-
pansion ratio. With increasing expansion ratio, the foams exhib-
it  lighter  coloration,  higher  lightness  values,  and  lower  black-
ness values. As the expansion ratio increases, the content of AC
per  unit  volume  decreases.  The  excessively  dispersed  AC  re-
duces  the  visible  light  absorption  and  scattering  capability  of
the polymer, thereby leading to a decrease in blackness. As AC
content increases,  TPEE/AC foams appear darker,  with reduced
lightness and increased blackness values.

Cyclic  compressive  performance  is  a  crucial  parameter  for
assessing  the  practical  applicability  of  elastomeric  foams.
Compressive strength is  indicative of  the material’s  ability to
withstand  external  forces,  while  energy  loss  coefficient
(ΔU/U) serves as a measure of elastic recovery performance. A
low energy loss coefficient implies superior elasticity, indicat-
ing that  the foam can rapidly recover its  original  shape after
deformation. As illustrated in Figs. 7(d)–7(f), the 20-cycle com-
pressive  curves  of  TPEE/AC  foams  exhibit  considerable  over-
lap,  indicating  exceptional  toughness  and  elasticity.  Further-
more, the addition of AC significantly enhances the compos-
ite  foams’ resistance  to  external  compression  compared  to
pure TPEE foam. Fig. 7(g) presents the specific data on maxi-
mum  compressive  stress  (σmax)  and  ΔU/U of  TPEE/AC  foams.
Compared to the pure TPEE foam, the addition of AC endows
the  composite  foams  with  higher σmax and  lower  ΔU/U.  The
average maximum stress of pure TPEE foam is 0.17 MPa with
an  energy  loss  coefficient  of  0.153.  For  the  T-A-1  foam,  the

 

Microstucture Gas exchange Cell stabilization

T
P

E
E

T
P

E
E

/A
C

Foaming
CO2

CO2

C
O

2

C
O

2

A
ir

Air Air

A
ir

Shrinking

Recovering

Shrinking

Recovering

Foaming

Soft segment Hard segment Activated carbon 
Fig. 6    Mechanism diagram of shrinkage and recovery behavior.

 

T-A-5

T-A-1

T-A-3

T-A-10

Expansion ratio increase

a

d

0 10 20 30 40 50
0

0.05

0.10

0.15

0.20

0.25

S
tr

e
ss

 (
M

P
a

)

Strain (%)

TPEE- 9.4cb

0

40

80

120

160

B
la

ck
n

e
ss

0 6 12 18
0

0.2

0.4

0.6

0.8

1.0

L
ig

h
tn

e
ss

Expansion ratio

0 6 12 18

Expansion ratio

TPEE
T-A-1

T-A-3

T-A-5
T-A-10

TPEE
T-A-1

T-A-3

T-A-5
T-A-10

 

2264 Sun, X. J. et al. / Chinese J. Polym. Sci. 2026, 44, 2258–2268  

 
https://doi.org/10.1007/s10118-026-3641-6

 

https://doi.org/10.1007/s10118-026-3641-6
https://doi.org/10.1007/s10118-026-3641-6
https://doi.org/10.1007/s10118-026-3641-6
https://doi.org/10.1007/s10118-026-3641-6
https://doi.org/10.1007/s10118-026-3641-6
https://doi.org/10.1007/s10118-026-3641-6
https://doi.org/10.1007/s10118-026-3641-6


maximum stress reaches 0.18 MPa and the energy loss coeffi-

cient  drops  to  0.144,  representing  an  8.2%  increase  in

strength  and  a  5.9%  decrease  in  energy  dissipation,  respec-

tively.  The  T-A-5  foam  exhibits  an  even  higher  maximum
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Fig. 8    TPEE/AC composites and their foams with maximum foaming ratio: (a) infrared thermal images, (b) thermal conductivity, (c) the comparison
with other thermal insulating materials, (d) hydrophobic pictures, water contact angle values of (e) TPEE/AC composites, and (f) TPEE/AC foams with
an expansion ratio of 7.
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stress of 0.19 MPa, corresponding to an 11.8% improvement.
In addition, the expansion ratio of all tested composite foams
is slightly higher than pure TPEE foam, further confirming the
significant  enhancement  in  compressive  performance  in-
duced by AC addition. As a rigid filler with high modulus, AC
can  serve  as  an  effective  stress-bearing  site  within  the  TPEE
matrix. Moreover, the adsorption of TPEE molecular chains by
AC  reduces  chain  yielding  and  relaxation,  which  contributes
to improved stability of the foam cell walls.

Thermal Insulation and Hydrophobicity
Given the importance of thermal insulation in reducing energy
consumption and emissions, Fig. 8(a) displays the infrared ther-
mography  of  TPEE/AC  composites  and  their  corresponding
foams  with  the  highest  expansion  ratios  to  provide  a  visual
comparison of their insulation performance. It can be observed
that upon heating on an 80 °C platform for 5 min, the tempera-
tures of  TPEE/AC foams are significantly lower than that of  the
unfoamed TPEE/AC composites. The surface temperature of the
solid TPEE reaches 67.9 °C, whereas that of the T-A-1 foam is on-
ly 38.5 °C, showing a 50.7% reduction. To provide a more quan-
titative evaluation of heating insulation properties, the thermal
conductivity  (Kt)  values  of  aforementioned  materials  are  illus-
trated  in Fig.  8(b).  The  unfoamed  TPEE  exhibits  a Kt of  236.7
mW·m–1·K–1,  which  decreases  to  41.8  mW·m–1·K–1 upon  foam-
ing. Further incorporation of AC leads to a reduction in Kt of the
T-A-1  foam  to  35.9  mW·m–1·K–1,  reflecting  an  84.8%  reduction
relative to the TPEE solid and a 14.1% decrease compared to the
TPEE foam.  The significant  reduction in Kt highlights  the  effec-
tive role of AC in improving the TPEE foams’ heating insulation
properties. This improvement can be attributed to the introduc-
tion of a large amount air with low thermal conductivity into the
TPEE matrix during foaming. The rise in expansion ratio results
in  a  noticeable  decline  in  the  solid-phase  thermal
conductivity.[28] Furthermore,  the  carbon-based  filler  AC  en-
hances the infrared radiation attenuation capability of the poly-
mer  matrix,  which  is  conductive  to  reducing  radiative  conduc-
tivity  of  TPEE  foam.  Compared  with  previously  reported  ther-
mal  insulating  materials,  the  TPEE/AC  foams  developed  in  this
study  exhibit  lower  thermal  conductivity  and  excellent  insula-
tion  performance,  greatly  enhancing  their  potential  applica-
tions in heat preservation, as depicted in Fig. 8(c). [29−32] The hy-
drophobicity of foams plays a crucial role in reducing moisture-
induced  degradation  of  thermal  insulation  performance  and
prolonging service life. Fig.  8(d) presents the water contact an-
gle (WCA) images of TPEE/AC composites and their correspond-
ing foams (with a  foaming ratio  of  7),  while  the specific  values
are shown in Figs. 8(e) and 8(f). The data clearly indicate a signif-
icant  enhancement  in  hydrophobicity  of  TPEE/AC  composites
following  the  foaming  process.  The  WCA  of  the  solid  TPEE  is
81.6°, while that of the T-A-5 foam reaches 122.5°, representing
a 50.2% increase compared to the solid TPEE. Moreover, as the
AC content increases, the WCA of TPEE/AC foams also gradually
increases. This enhancement mainly results from the cell size re-
finement  effect  induced  by  AC.  The  reduction  in  cell  size  im-
proves the material’s ability to resist water droplet penetration,
making it more difficult for water to infiltrate the foam, thereby
exhibiting superior hydrophobic performance.

CONCLUSIONS

In  summary,  lightweight,  high-strength  and  elastic  TPEE/AC
foams  with  excellent  hydrophobicity  and  heating  insulation
were successfully prepared using a simple and environmentally
friendly  microcellular  foaming  technology.  AC  demonstrated
good dispersion within the TPEE matrix and exhibited favorable
interfacial  compatibility.  Its  incorporation  increased  both  the
melting  and  crystallization  temperatures  of  TPEE.  Viscoelastic
properties  of  TPEE/AC  composites  tested  under  two  different
conditions revealed contrasting trends in loss factor,  indicating
that  the  influence  of  fillers  on  polymer  viscoelasticity  is  highly
temperature-dependent  and  state-sensitive.  The  porous  struc-
ture  and  large  specific  surface  area  of  AC  facilitate  strong  CO2

adsorption,  thereby  enhancing  the  CO2 solubility  in  TPEE.  Fur-
thermore,  the  interaction  between  AC  and  TPEE  molecular
chains increased the melt  strength of  TPEE,  improved foaming
behavior,  and  contributed  to  a  more  refined  cellular  structure.
AC  also  effectively  reduced  the  shrinkage  ratio  and  enhanced
the recovery ratio of  TPEE.  The T-A-5 foam achieved a final  ex-
pansion ratio of 16.0, a shrinkage ratio of 70.0%, and a recovery
ratio of 79.4%, representing improvements of 15.9%, 12.3%, and
212.6%,  respectively,  compared  to  pure  TPEE  foam,  demon-
strating  excellent  application  potential.  Further,  it  was  demon-
strated that both lightness and blackness of the TPEE/AC com-
posite foams can be tailored by varying AC content and manip-
ulating  cellular  morphology.  Additionally,  the  addition  of  AC
contributed  to  a  substantial  enhancement  in  the  mechanical
properties  of  TPEE  foam,  characterized  by  higher  maximum
compressive  stress  and  lower  energy  loss  coefficient.  The  pre-
pared TPEE/AC foams also exhibited outstanding thermal insu-
lation and hydrophobic properties, with a low thermal conduc-
tivity  of  35.9  mW·m–1·K–1 and  a  water  contact  angle  of  122.5°.
This research offers a promising strategy for the development of
high-performance  thermoplastic  polyester  elastomer  foams,
providing new insights into lightweight, multifunctional materi-
als  for  energy  efficient  and  environmental  protection  applica-
tions.
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A green microcellular foaming strategy with activated carbon produces lightweight TPEE foams featuring refined cells, re-
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