
 

https://doi.org/10.1007/s10118-024-3088-6

Chinese J. Polym. Sci. 2024, 42, 739–750

Lightweight, Strong and High Heat-Resistant Poly(lactide acid) Foams
via Microcellular Injection Molding with Self-Assembly Nucleating
Agent

Xiao-Hu Binga,b, Wen-Yu Mab,c, Ming-Hui Wub, Peng Gaob, Xiao Zhoua,b, Hai-Bin Luob, Long Wangb,c*,
and Wen-Ge Zhengb,c*

a School of materials Science and Engineering, Shanghai University, Shanghai 200444, China
b Ningbo Key Lab of Polymer Materials, Ningbo Institute of Material Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China
c University of Chinese Academy of Sciences, Beijing 100049, China

Abstract   Poly(lactide acid) (PLA) foams have shown considerable promise as eco-friendly alternatives to nondegradable plastic foams, such as

polystyrene (PS) foams. Nevertheless, PLA foam typically suffers from low heat-resistance and poor cellular structure stemming from its inherent

slow  crystallization  rate  and  low  melt  strength.  In  this  study,  a  high-performance  PLA  foam  with  well-defined  cell  morphology,  exceptional

strength and enhanced heat-resistance was successfully  fabricated via a  core-back microcellular  injection molding (MIM)  process.  Differential

scanning calorimetry (DSC) results  revealed that  the added hydrazine-based nucleating agent (HNA) significantly  increased the crystallization

temperature and accelerated the crystallization process of PLA. Remarkably, the addition of a 1.5 wt% of HNA led to a significant reduction in

PLA’s cell size, from 43.5 μm to 2.87 μm, and a remarkable increase in cell density, from 1.08×107 cells/cm3 to 2.15×1010 cells/cm3. This enhance-

ment resulted in a final crystallinity of approximately 55.7% for the PLA blend foam, a marked improvement compared to the pure PLA foam. Fur-

thermore,  at  1.5  wt% HNA concentration,  the tensile  strength and tensile  toughness  of  PLA blend foams demonstrated remarkable improve-

ments  of  136%  and  463%,  respectively.  Additionally,  the  Vicat  softening  temperature  of  PLA  blend  foam  increased  significantly  to  134.8  °C,

whereas the pure PLA foam exhibited only about 59.7 °C. These findings underscore the potential for the preparation of lightweight injection-

molded PLA foam with enhanced toughness and heat-resistance, which offers a viable approach for the production of high-performance PLA

foams suitable for large-scale applications.

Keywords   Poly(lactide acid); Nucleating agent; Microcellular injection molding; Heat-resistance; Toughness

Citation:  Bing, X. H.; Ma, W. Y.; Wu, M. H.; Gao, P.; Zhou, X.; Luo, H. B.; Wang, L.; Zheng, W. G. Lightweight, strong and high heat-resistant poly(lactide
acid) foams via microcellular injection molding with self-assembly nucleating agent. Chinese J. Polym. Sci. 2024, 42, 739–750.

 
INTRODUCTION

Microcellular  polymeric  foam refers  to  a  polymer  foam charac-
terized by a cell density exceeding 109 cells/cm3 and cell diame-
ter  smaller  than  10  μm.[1] In  comparison  to  conventional  poly-
mer  foam,  it  offers  the  advantage  of  preserving  mechanical
strength to  the greatest  extent  possible.[2] The techniques em-
ployed  for  the  preparation  of  microcellular  polymer  foam  en-
compass  batch  foaming,  bead  foaming,  microcellular  injection
molding (MIM),  and extrusion foaming. Among these,  the MIM
process using supercritical fluid stands out due to its distinctive
attributes,  including  the  capacity  to  fabricate  products  with
higher precision and intricate geometries, reduced molding cy-
cle  times,  and  lower  energy  consumption.[3,4] Currently,  inten-
sive academic research and industrial applications are predomi-

nantly  centered  on  petroleum-based  polymer  foams,  most  of
them  are  non-biodegradable  plastics  that  pose  environmental
pollution  concerns.  Consequently,  there  is  an  immediate  and
imperative need for comprehensive research efforts in the realm
of bioplastics and biodegradable plastic foams, which could po-
tentially  relieve  the  serious  environmental  concerns  associated
with the prevalent use of petroleum-based polymer foams.[5]

Poly(lactic  acid)  (PLA),  a  biopolymer  derived  from  renew-
able  resources,  possesses  the  distinctive  property  of  rapid
degradation  under  specific  composting  conditions.[6,7] The
use  of  PLA  offers  a  promising  avenue  for  curtailing  energy
consumption  and  mitigating  environmental  pollution  issues.
Presently, several PLA products have been industrially manu-
factured for use as disposable plastics.  In addition,  PLA foam
exhibits  the  potential  to  replace  nondegradable  plastics
foams,  such  as  polypropylene  (PP),  polyethylene  (PE),  and
polystyrene (PS) in larger-scale applications, thanks to its high
strength and high modulus.[8−10] Nonetheless, the fabrication
of PLA foam through the MIM process faces substantial chal-
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lenge arising from the inherent low melt strength of PLA. Sev-
eral  methods,  including  branching  the  long  chains  by  reac-
tive  melt  blending  with  chain  extender,[11−13] incorporating
particles,  fibers[8,14−16] and  controlling  crystallization,[13,17,18]

have  been  demonstrated  to  effectively  enhance  the  melt
strength and foaming ability of PLA.

Among  these  strategies,  the  controlling  of  crystallization
has  gained  recognition  as  a  straightforward  and  effective
method for improving the foaming ability of PLA. Crystalliza-
tion  behavior  imparts  several  benefits  on  the  foaming  pro-
cess.[19] Firstly,  the  formed  crystallization  regions  could  effi-
ciently provide numerous heterogeneous nucleation sites for
cell  formation.  Secondly,  the  dissolution  and  diffusion  of
physical foaming agent would be restrained in the crystalliza-
tion  regions,  leading  to  the  creation  of  smaller  cells  around
these  regions.  Thirdly,  the  crystals  would  impede  the  move-
ment  of  molecular  chains,  acting  as  physical  entanglement
sites,  thereby  enhancing  melt  strength  and  restricting  the
overgrowth  of  cells.  Consequently,  controlling  crystallization
proves effective in managing the cell  density,  cell  morpholo-
gy and cell size in PLA foam preparation. To promote crystal-
lization and accelerate the crystallization rate of  PLA,  adding
appropriate  nucleating  agent  is  usually  used  as  an  effective
method.  In  previous  studies,  various  micro-/nano-particles
have shown to effectively nucleate PLA crystallization, includ-
ing  talc,[20] modified  montmorillonite,[21] kaolinite,[22,23]

nanocellulose,[14,15,24,25] carbon  nanotubes[26,27] and  other  in-
organic powders. For instance, it was reported that the inclu-
sion  of  cellulose  nanofibers  (CNFs)  could  efficiently  improve
the  overall  crystallization  rate  and  the  foaming  behavior  of
PLA.[15,28] Additionally,  the  addition  of  modified  CNFs  could
enhance  the  mechanical  strength  of  foamed  PLA  due  to  the
refined  cellular  morphology  and  the  reinforcing  effect  of
CNFs.[14] However,  the  utilization  of  nanofillers  typically  en-
counters the challenge of dispersion within the polymer ma-
trix, with inadequate dispersion often leading to reduced nu-
cleation efficiency. Furthermore, selecting a suitable nanopar-
ticle can be complex due to the distinct promotion effects ex-
hibited by different fillers on PLA foaming behaviors.

Recently, researches showed that specialized crystal nucle-
ating  agents,  including  amide-based,[29,30] hydrazide-
based,[31−33] and other self-assembly nucleating agent,[34] ex-
hibited high efficiency in controlling the crystallization of PLA.
In contrast to the use of inorganic/organic nanoparticles,  hy-
drazide-based nucleating agent (HNA) can dissolve within the
PLA melt and achieve optimal dispersion in PLA matrix. It indi-
cated  that  the  imino  group  within  HNA  could  engage  in
dipole-dipole  interactions  with  the  carbonyl  group  in  PLA,
leading  to  conformational  alterations  in  PLA  molecular
chains.[35,36] Consequently,  PLA  can  initiate  crystal  formation
on the surface of self-assembled nucleating agent fibers with
a  lower  energy  barrier.  However,  there  are  exceedingly  few

reports  exploring  the  enhancement  of  PLA’s  foaming  ability
through  the  incorporation  of  self-assembled  nucleating
agent.[30,31] For  instance,  Tang et  al.[12] observed that  the cell
size  of  branched  PLA  foam  adding  with  HNA  could  be  re-
duced  to  10  μm.  Similarly,  Wu et  al.[19] improved  the  crystal-
lization  of  PLA  using  the  self-assembly  crystal  nucleating
agent TMC-306, resulting in a reduction in foam cell size from
50  μm  to  a  mere  360  nm,  but  limited  the  expansion  ratio.
However,  it  is  essential  to  emphasize  that  these  studies  pri-
marily  concentrated  on  PLA  foams  fabricated  through  batch
foaming process,  and comprehensive  investigations  into  the
mechanical  properties  and  heat  resistance  of  PLA  foams  re-
main relatively unexplored.

In this  study,  we successfully  prepared PLA foam products
with excellent heat resistance, well-defined cell structure and
high performance, which was achieved through the incorpo-
ration  of  a  hydrazide-based  nucleating  agent  (HNA),  specifi-
cally TMC-300,  and the utilization of supercritical  nitrogen as
a  physical  foaming  agent,  combined  with  a  core-back  MIM
process.  Firstly,  the  crystallization  behavior  and  complex  vis-
cosity of PLA/HNA blends were investigated employing differ-
ential  scanning  calorimetry  (DSC)  and  rotational  rheology
tests.  Subsequently,  the effects of varying HNA contents and
diverse holding pressures on the cell structure and crystallini-
ty  of  the  prepared  microcellular  foams  were  studied.  Lastly,
the  tensile  properties  and  heat  resistance  of  the  fabricated
microcellular  foams  were  assessed.  This  study  provides  a
straightforward and efficient approach for advancing the de-
velopment  and  utilization  of  high-performance  PLA  foam  in
industrial applications.

EXPERIMENTAL

Materials
Commercial  PLA,  designated as  FY601,  was provided by Anhui
BBCA Biochemical & Futerro PLA Co., Ltd, China, possesses a D-
lactic acid content of less than 1%. Its number- and weight-aver-
age molecular weights were 0.95×105 and 1.44×105 g·mol−1, re-
spectively.  It  displays  a  melt  flow  rate  of  9.0  g/10min  (190
°C/2.16  kg).  The  self-assemble  nucleating  agent,  TMC-300,  was
purchased  from  Shanxi  Provincial  Institute  of  the  Chemical
Industry,  China.  The  physical  blowing  agent,  N2 (99%  purity),
was obtained from Ningbo Huayu Gas Inc, China. The chemical
structures of moleculars are shown in Fig. 1.

Blends Preparation
A co-rotational  twin-screw extruder  (AK 36,  Nanjing KY Chemi-
cal  Machinery  Co.,  Ltd,  China)  was  employed  to  prepare  the
PLA/HNA blends. The length/diameter ratio and screw diameter
of the extruder were 44 and 36 mm, respectively. The tempera-
tures from hopper to die were set to be from 165 °C to 185 °C.
The  extrusion  process  maintained  a  discharge  rate  of  15  kg/h
and  a  screw  speed  of  45  r/min.  A  master  batch  of  PLA  with  3
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Fig. 1    Chemical structures of (a) PLA and (b) TMC-300.
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wt% HNA was  first  produced through melt  blending and then
the  master  batch  was  diluted  with  neat  PLA  to  prepare  PLA
blends with varying nucleating agent content: 0.5 wt%, 1.0 wt%
and  1.5  wt%.  For  convenience,  PLA  blends  with  different  con-
tents  of  nucleating  agent  were  designated  as  PLA-x,  where  'x'
denotes  the  weight  percentage  of  HNA  incorporated  into  the
PLA  matrix.  For  instance,  PLA-1.5  indicated  the  addition  of  1.5
wt% HNA within the PLA matrix.  It  is  noted that PLA resin was
dried at 80 °C for 4 h before compounding and after pelletizing
for the next step experiments.

Core-back Microcellular Injection Molding (MIM)
Process
A  100-ton  injection  molding  machine  (Systec  100/420-310C,
Demag Plastics  Group,  Germany)  equipped with  a  35-mm dia-
meter screw, along with a MuCell supercritical fluid delivery sys-
tem (T100, Trexel Inc., USA) was employed to conduct the core-
back MIM experiments.  In contrast to conventional foam injec-
tion molding (FIM), one of the key features of the core-back MIM
technology is that the filling and foaming processes are separat-
ed.  In  the  core-back  MIM  process,  the  steps  are  as  follows.  Ini-
tially,  the  supercritical  N2 is  dissolved  into  the  polymer  melt
within  the  heated  cylinder,  resulting  in  the  formation  of  a  ho-
mogeneous  polymer/gas  mixture  before  injection  processing.
Subsequently, part of the dissolved gas would undergo cell nu-
cleate and grow due to the pressure drop at the gate during the
filling  stage.  During  the  dwelling  stage  of  core-back  MIM,  cells
could  resolve  back  into  the  matrix  with  appropriate  packing
pressure  and  packing  time.  The  subsequent  core-back  (mold-
opening) process ensures uniform pressure reduction within the
mold, facilitating the homogeneous foaming process.[37] In this
experiment, a standard tensile testing mold (GB/T 1040) with a
thickness of 3 mm was used. It is noteworthy that the void frac-
tion of the MIM foams was consistently maintained at 25%. The
melt and mold temperatures were set to be 195 and 70 °C,  re-
spectively. The packing pressure and packing time were careful-
ly  set  within  an  appropriate  range  based  on  a  series  of  pilot
tests. Table  1 shows  the  detailed  processing  conditions  in  this
experiment.
 
 

Table 1    Processing parameters used in the core-back MIM process.
 

Processing parameters Value

Melt temperature (°C) 195
Mold temperature (°C) 70
Injection speed (mm/s) 100
Packing pressure (MPa) 40

Packing time (s) 16, 18, 22
Cooling time (s) 60

Mold-opening distance (mm) 1
N2 dosage (wt%) 0.8

 

Thermal Analysis
A differential  scanning calorimetry  (DSC)  DSC3+ manufactured
by  Mettler  Toledo  Inc.,  was  used  to  characterize  the  non-
isothermal  crystallization  behaviors  of  neat  PLA  and  PLA/HNA
blends  under  a  nitrogen  atmosphere  with  a  flow  rate  of  20
mL/min.  Samples  weighing approximately  6  mg to 8  mg were
cut  from both solid  samples  and foamed specimens.  The sam-
ples were first heated to 200 °C, isothermally held at 200 °C for 5
min  to  remove  the  residual  thermal  histories,  subsequently

cooled to 25 °C at a cooling rate of 10 °C/min, and finally reheat-
ed them to 200 °C to obtain melting curves.

The  crystallinity  of  the  PLA (Xc)  can  be  obtained using the
following Eq. (1):

Xc =
ΔHm − ΔHc

φΔH0
m

(1)

Δ Δ ΔH0
m

ΔH0
m

where Hm, Hc, φ and  are the melting enthalpy, the cold
crystallization enthalpy, the weight fraction of PLA and the melt-
ing  enthalpy  of  a  perfectly  crystalline  PLLA,  respectively.  The

for 100% crystallites of PLLA was selected as 93.6 J/g.

Dynamic Rheological Test
Rheological  behaviors  of  the  neat  PLA  and  PLA/HNA  blends
were  measured  with  an  ARES  rotational  rheometer  (HR-3,  TA,
USA).  The  testing  specimens  with  a  diameter  of  25  mm  and
thickness of 1 mm were prepared by a hot press at 10 MPa and
190 °C for 10 min. The temperature sweep was performed in the
temperature range of 80−190 °C at 1 rad/s, with a fixed strain of
1%. Then, the frequency sweep was performed in the frequen-
cy  range  of  0.01−100  rad/s  at  a  temperature  of  190  °C,  with  a
strain of 1%.

Foam Morphology Characterization
A  scanning  electron  microscope  (SEM)  (EVO  18,  Zeiss  Group,
Germany)  was  employed  to  investigate  the  microstructures  of
injection-molded  foams  at  a  voltage  of  20  kV.  The  specimens
underwent  cryogenic  treatment  in  liquid  nitrogen  for  30  min,
and  then  were  cryogenically  fractured  perpendicular  to  the
mold opening direction. Prior to observation, the surface of the
specimens was coated with a thin layer of platinum.

The  average  cell  size  and  cell  density  were  determined
based on the SEM micrographs. The number-averaged cell di-
ameter (d) was calculated using Eq. (2):

d =
∑ dini

∑ ni
(2)

where ni is the number of bubbles with a dimeter of di,  assum-
ing  a  spherical  bubble  shape.  The  cell  nucleation  density  (N0)
was calculated using Eq. (3):

N0 = (n
A
)3/2 ρp

ρf
(3)

where n is the number of bubbles, A represents the area of the
SEM micrograph, ρp and ρf denote the density of the solid speci-
mens  and  the  foam,  respectively.  These  densities  were  deter-
mined using a water displacement method.

Crystal Morphology Characterization
The  crystal  morphologies  were  assessed  using  a  SEM  (S-4800,
Hitachi, Japan) operating at 4 kV. Small specimens, obtained by
cutting sections perpendicular or parallel to the flow direction of
the  injection-molded  samples,  were  cryogenically  fractured  in
liquid  nitrogen.  Subsequently,  the  fracture  surface  was  etched
with  a  water-methanol-sodium  hydroxide  mixture  solution  (13
mL:27 mL:40 mg) for 12 h at 25 °C.[36] Prior to SEM observation,
the specimen surfaces were sputtered a layer of platinum.

Mechanical Properties
Tensile testing of PLA specimens was carried out using a tensile
testing  equipment  (Instron  5567,  Instron,  USA)  in  accordance
with  GB/T  1040.2-2006.  The  crosshead  speed  was  set  to  50
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mm/min, and the reported values represent the average of mul-
tiple tests.

Heat Resistance Test
The  heat  resistance  properties  of  the  neat  PLA  and  PLA/HNA
blend foams were evaluated using the Vicat softening tempera-
ture  (VST)  testing  method,  in  accordance  with  GB/T1633-2000.
Specimens were extracted from the injection-molded part.  The
testing specimens were placed on the test bench and the pierc-
ing  needle  was  rested  on  the  surface  at  least  1  mm  from  the
edge.  The  specimen  was  then  immersed  in  a  silicone  oil  bath
with a  load of  10 N for  10 min.  Subsequently,  the oil  tempera-
ture was increased at a rate of 120 °C/h until the piercing needle
penetrated the specimen by 1 mm.

RESULTS AND DISCUSSION

Thermal Behaviors
Figs.  2(a)  and  2(b)  illustrate  the  non-isothermal  crystallization
curves  for  both  neat  PLA  and  PLA/HNA  blends,  which  were
recorded during the first cooling and the second heating stages,
respectively.  As  depicted in Fig.  2(a),  it  could be observed that
the  crystallization  peak  temperature, Tc,  of  PLA  blends  with  a
nucleating  agent  content  exceeding  0.5  wt%  is  much  higher
than that of neat PLA. Table 2 shows that the specific Tc values
of the PLA-0.5, PLA-1.0, PLA-1.5, PLA-3.0 and neat PLA, register-
ing  at  105.9,  117.7,  126.2,  130.9  and  98.3  °C,  respectively.  No-
tably,  PLA-3.0  specimen  exhibits  a  remarkable Tc elevation  of
32.6 °C compares to the neat PLA, revealing that the added nu-
cleating  agent  could  effectively  improve  the  crystallization  ca-
pacity of PLA. Furthermore, it is noteworthy that PLA-3.0 speci-
men displays a distinct cold crystallization peak at approximate-
ly 156 °C,  attributed to the crystallization of the self-assembled
nucleating  agent.[36] As  shown  in Fig.  2(b),  it  can  be  observed
that the cold crystallization peak temperature, Tcc, of PLA-0.5 re-

duces from 100.7 °C to 88.5 °C, while the degree of crystallinity
(Xc)  increases  from  26.2%  to  45.8%.  This  change  underscored
the pronounced nucleating effect  of  HNA in PLA.  Moreover,  as
the content of HNA increases from 0.5 wt% to 3.0 wt%, the Xc of
PLA/HNA blends slightly increased from 45.8% to 50.8%.

Rheological Behaviors
Fig.  3(a)  presents  the  complex  viscosity  (η*)  of  neat  PLA  and
PLA/HNA blends over a temperature range of 200−100 °C. This
revealed that the complex viscosity of PLA exhibited a linear in-
crease  with  temperature  from  200  °C  to  120  °C.  An  abrupt  in-
crease in viscosity was observed for PLA at about 120 °C, which
was  attributed  to  the  onset  crystallization  of  PLA.  Compared
with  the  neat  PLA,  the  addition  of  HNA  significantly  increased
the  onset  crystallization  temperature.  Moreover,  with  the  in-
creasing of HNA content, the temperature corresponding to the
sharp  viscosity  increase  rise  gradually  shifted,  reflecting  the
heightened  crystallization  temperature  achieved.  Intriguingly,
for  HNA contents exceeding 1.0 wt%, the two steps increment
of  complex  viscosity  emerged.  Specifically,  in  the  case  of  PLA-
1.5, the initial  viscosity increment appeared at 150 °C, followed
by  a  secondary  increment  occurring  in  the  vicinity  of  140  °C.
That phenomenon arises from the differential crystallization of a
higher proportion of TMC-300 from the PLA/HNA blends, occur-
ring prior to the initiation of PLA crystallization during the cool-
ing process. Additionally, Fig. 3(b) displays the complex viscosi-
ty  curve  as  a  function  of  frequency  for  PLA/HNA  blends  at  a
temperature of 190 °C. Generally, it illustrated that the addition
of HNA could enhance the melt strength of PLA. That was due
to  propensity  of  the  self-assembled  nucleating  agent,  when
separated  from  the  PLA  melt,  could  form  a  network
framework.[38,39] Consequently,  this  network  structures  restrict-
ed the free movement of  polymer molecular  chains within the
blend.[39] Notably, in comparison to other blends, PLA-3.0 speci-
men exhibites  a  substantial  enhancement in  complex viscosity
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Fig. 2    DSC curves of PLA blends with different contents of TMC-300: (a) the first cooling runs from the melt to room temperature at a
rate of 10 °C/min, and (b) the second heating runs to 200 °C at a rate of 10 °C/min.

 

Table 2    Thermal parameters of PLA/HNA blends obtained from DSC curves.
 

Sample Tc (°C) Tcc (°C) Xcc (%) Tm (°C) Xm (%) Xc (%)

PLA 98.3 100.7 18.3 175.4 44.5 26.2
PLA-0.5 105.9 88.5 3.2 174.8 49.0 45.8
PLA-1.0 117.7 / / 170.8, 176.8 49.5 49.5
PLA-1.5 126.2 / / 172.3 49.5 49.5
PLA-3.0 130.9 / / 171.5 50.8 50.8
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within the higher frequency range.

Effect of HNA on Cellular Morphologies
Fig.  4 shows  the  SEM  micrographs  of  PLA/HNA  blends  foams
with  different  content  of  nucleating  agent  prepared  under  an
optimized packing time of  22  s.  In  general,  the  neat  PLA foam
prepared by MIM process with core-back technology usually ex-
hibited a relatively poor morphology,  which could be found in
Fig. 4(a). In contrast, with the introduction of self-assembled nu-
cleating agent, much finer cellular structures were achieved for
the PLA/HNA blends. Furthermore, with the increase of nucleat-
ing  agent  content,  cell  density  of  the  core  layer  of  PLA  blends
foams  gradually  increased.  Especially,  as  demonstrated  in Figs.
5(a) and 5(b), the cell densities for PLA-1.5 and PLA-3.0 foams in-
crease  significantly  to  2.15×1010 and  5.90×1010 cells/cm3,  re-
spectively. Meanwhile, a significant reduction in cell size was ev-
ident in PLA/HNA blends foams. Specifically, the corresponding
average  cell  diameter  decreased  from  43.5  μm  to  2.67  μm.
These  results  clearly  indicated  that  the  addition  of  HNA  could

significantly  improve  the  foaming  behavior  of  PLA.  This  im-
provement  in  foaming  process  was  probably  attributed  to  the
provision of a greater number of heterogeneous cell nucleation
sites  at  elevated  nucleating  agent  contents,  predominantly  at
the  interface  between  crystalline  and  amorphous  regions.[13]

Additionally, the subsequent cell growth process is another cru-
cial  step  for  the  final  cell  structures,  in  addition  to  cell  nucle-
ation.  The cell  growth is  closely related to the extensional  flow
behavior  of  the  polymer/gas  mixture.[40,41] Therefore,  the  in-
creased presence of microcrystals results in higher melt viscosi-
ty,  which  hinders  cell  coalescence  and  the  expansion  of  cell
walls, ultimately leading to smaller cell sizes.

Furthermore,  the  influence  of  packing  time  on  cell  struc-
ture was studied. Packing time is the time when polymer melt
experiences  from  the  beginning  of  injection  to  the  foaming
process.[13] In these experiments, we selected a relatively long
packing time to serve a dual purpose: not only did it facilitate
the  effective  re-dissolution  of  the  gate-nucleated  bubbles,
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Fig. 3    Complex viscosity (η*) of neat PLA and PLA/HNA blends measured as a function of (a) temperature and (b) frequency.

 

 
Fig. 4    SEM micrographs of PLA/HNA blend foams fabricated at a packing time of 22 s: (a) PLA, (b) PLA-0.5, (c) PLA-1.0, (d) PLA-1.5, and
(e) PLA-3.0.
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but it also reflected the influence of PLA crystallization nucle-
ation rates  on cell  morphology. Fig.  6 shows the SEM micro-
graphs  illustrating  the  cell  morphologies  of  both  neat  PLA
and  PLA-1.5  foams.  These  foams  were  fabricated  under  the
conditions  of  packing  pressure  of  40  MPa,  while  varying  the
packing time between 16, 18 and 22 s, respectively. As shown
in Figs. 6(a)−6(c) and 7, neat PLA foams, regardless of packing
times,  consistently  displayed  a  notable  larger  cell  size  and
lower  cell  density,  with  negligible  alterations  in  the  overall
cell morphology. This could be resulting from that the crystal-
lization nucleation rate of neat PLA was so slow that the crys-
tallization  did  not  change  significantly  within  the  setting
time. Conversely,  as revealed in Figs.  6(d)−6(f)  and 7,  by pro-
longing the packing time from 16 s to 22 s, the cell density of
PLA-1.5  foam  exhibited  a  remarkable  two-order-of-magni-
tude increase in cell density, accompanied by an 83.6% reduc-
tion in the average cell diameter. This notable transformation

was  closely  related  to  the  expedited  crystallization  nucle-
ation rate of PLA-1.5.

Crystalline Structures of PLA/HNA Blends
Figs.  8(a)−8(c)  show  the  first  heating  curves  and  the  corre-
sponding crystallinity results for the injection-molded solid PLA
blends  and  their  foams  with  different  nucleating  agent  con-
tents. The solid PLA/HNA blends were prepared under the same
heating condition as the foams, resulting in a discernible reduc-
tion  in  the  cold  crystallization  peak  temperatures  (Tcc)  from
100.8  °C  to  85.6  °C.  This  observation  indicated  that  the  amor-
phous phase within the solid PLA/HNA blends tended to form a
pre-ordered  structure  with  the  increasing  of  TMC-300  content.
In contrast, the PLA/HNA blend foams prepared by MIM process
not only exhibit  reduced cold crystallization peak temperature,
but  also  display  a  reduction  in  the  area  of  the  cold  crystalliza-
tion  peak  on  the  curve.  For  instance,  the  cold  crystallization
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Fig. 5    Variation in (a) cell density and (b) average cell diameter as a function of HNA content for PLA/HNA blend foams fabricated at a
fix packing time of 22 s.

 

 
Fig. 6    SEM micrographs of neat PLA foam (a−c) and PLA-1.5 foam (d−f) fabricated using different packing time: (a, d) 16 s, (b, e) 18 s,
and (c, f) 22 s.
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peak  almost  disappeared  for  the  PLA-1.5  foam,  ultimately  re-
sulting in a crystallinity of approximately 56%. These findings re-
vealed  that  a  higher  nucleating  agent  content  not  only  aug-
mented  crystallization  capacity  of  PLA  but  also  enhanced  the
foaming  capacity  of  PLA.  Specifically,  during  the  cell  growth
process,  the  biaxial  stretching  behavior  exerted  upon  the  sur-
rounding cell walls would improve the orientation of molecular
chains,  thereby promoting PLA crystallization.[42,43] However,  in
comparison  to  PLA-1.5  foam,  the  crystallinity  of  PLA-3.0  foam
decreased.  Although  the  increase  of  nucleating  agent  content
could greatly promote PLA crystal nucleation, excessive content
would  lead  to  nucleating  agent  accumulation  during  the  pre-
cipitation  process,  impeding  the  growth  of  PLA  crystals  and
eventually resulting in a decrease in crystallinity.

Figs.  8(d)  and 8(e)  display the first  heating curve and crys-

tallinity results  for  the pure PLA foam and PLA-1.5 foam pre-
pared  under  different  packing  time.  It  was  illustrated  that
with the increase in packing time, the crystallinity both of the
foams  decreased  slightly.  It  could  be  attributed  to  the  fact
that  PLA  crystal  nucleation  could  be  promoted  and  the
growth could be impeded, resulting a lower crystallinity for a
longer packing time.

Furthermore,  the  injection-molded  PLA/HNA  blends  were
etched  to  remove  the  HNA  and  the  amorphous  regions  of
PLA  matrix,  and  the  cross-section  perpendicular  to  the  flow
direction  was  observed,  as  shown  in Fig.  9. Fig.  9(a)  reveals
that the neat injection-molded PLA did not form a complete
spherulite  structure.  Similarly,  both  PLA-0.5  and  PLA-1.0
blends only exhibit holes created by the removal of TMC-300
fibers and the crystal morphology could not be observed, re-
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Fig. 7    Variation in (a) cell density and (b) average cell diameter with different packing time for neat PLA and PLA-1.5 foams.
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Fig. 8    DSC curves of non-isothermal behavior of PLA blends with varying HNA: (a) solid specimens, (b) foams, and (c) crystallinity for both solid
and foamed samples fabricated at a packing time of 22 s; (d) DSC curves of non-isothermal behavior, and (e) crystallinity of neat PLA and PLA-1.5
foams under different packing time.
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sulting from the lower crystallization ability.  In contrast,  PLA-
1.5 and PLA-3.0 blends display a notable retention of numer-
ous voids on the etched surface due to their elevated crystal-
lization capacity  and crystallinity.  It  was noteworthy that  nu-
cleating agents within the PLA-1.5 blend were uniformly dis-
tributed in the PLA matrix, whereas nucleating agents in PLA-
3.0 accumulat during the precipitation process,  which would
significantly  affect  the  subsequent  mechanical  properties  of
the  material.  According  to  the  DSC  results  discussed  in  the
previous  section,  the  crystallinity  of  injection-molded  PLA
products  could be enhanced with the increase of  nucleating
agent content,  yet the crystallinity of solid samples prepared
directly through injection molding was at a low level. Conse-
quently,  a  relatively  clear  crystal  structure  could  not  be  ob-
served after etching the nucleating agent and amorphous re-
gions.  To  address  this,  the  prepared  samples  were  annealed
to  further  refine  their  crystal  structure  and  then  treated  un-
der uniform etching conditions. The outcomes are presented
in Fig.  9(f).  In  comparison  to  the  incompletely  crystallized
PLA-1.5  sample,  the  annealed  specimen  revealed  a  more
complete crystal structure, showing clear crystal morphology
of lamellar string arrangement surrounding the etched TMC-
300.  This  result  indicated  that  suitable  etching  conditions
were  applied  in  this  experiment  context.  Moreover,  due  to
the  orientation  of  the  precipitated  fibrous  nucleating  agent
related to the flow field during the injection process, the ob-
served cavity was mostly in the shape of depth.[31]

Tensile Properties of PLA/HNA Blend Foams
Typically, the injection-molded polymeric foam consists of a sol-
id  skin  layer  and  the  foamed  core-layer,  with  the  foamed  core
layer  being  the  dominant  portions  within  the  specimen.  The
core  layer  of  microcellular  injection-molded  foams  usually  ex-
hibited distinct mechanical characteristics compared to the out-
er  solid  skin  layers.[9] To  explore  the  influence  of  cell  structure
and crystallization on the mechanical property of PLA foams, we
removed the skin layer surrounding the foams while preserving
the core layer, which maintained uniform cell structure for sub-

sequent testing. Fig. 10 presents the tensile mechanical proper-
ties  and the  typical  stress-strain  curves  for  PLA foams with  dif-
ferent nucleating agent contents,  with the skin layer intention-
ally  removed.  Compare  with  the  pure  PLA  foam,  the  tensile
modulus of PLA blend foams increased obviously with the addi-
tion of HNA. Specifically,  the inclusion of 1.5 wt% HNA led to a
remarkable  93%  enhancement  in  the  tensile  modulus  of  PLA
foam.  This  enhancement  could  be  primarily  attributed  to  the
higher crystallinity for the PLA blend foam, as higher crystallini-
ty  always  corresponded  to  a  higher  tensile  modulus.  Further-
more, in comparison to the pure PLA foam, the tensile strength
of the PLA blend foam with the introduction of 1.5 wt% HNA ex-
perienced  a  notable  136%  increase.  It  can  be  found  that  the
trends in tensile strength of foams are positively related to the
enhanced  crystallization  and  the  refined  cell  morphology  with
different content nucleating agent. PLA foams characterized by
smaller  cell  size  and higher  cell  densities  tended to  display  su-
perior tensile strength. Fig. 10(c) shows the tensile toughness of
PLA/HNA  blend  foams.  Notably,  compare  with  the  pure  PLA
foam,  the  tensile  toughness  of  PLA-1.5  foam  is  significantly  in-
creased  by  463%,  particularly  when  PLA-1.5  foam  has  a  crys-
tallinity of about 56%. This significant enhancement could be at-
tributed  to  the  presence  of  more  uniform  and  fine  cell  struc-
tures,  as  well  as  uniform  nucleating  agent  dispersion,  both  of
which played pivotal roles in the toughening of PLA.[14,31] How-
ever,  an  excessive  content  of  nucleating  agent  led  to  a  reduc-
tion in tensile toughness,  primarily attributed to stress concen-
tration caused by the aggregation of the nucleating agent.

Fig.  11 shows  the  tensile  properties  of  PLA  blend  foams
with  different  packing  time.  As  discussed  in  Section Crys-
talline Structures of PLA/HNA Blends,  PLA foams prepared
with the same HNA content but different packing time exhib-
ited little changes in crystallinity. Consequently, the observed
differences in the subsequent part of the test primarily arose
from variations in the cell structure. Fig. 11 illustrates that un-
der different packing time, neat PLA foam exhibited relatively
low and largely  insignificant  changes  in  tensile  strength and
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Fig.  9    SEM micrographs of  PLA/HNA blends containing different HNA contents:  (a)  neat  PLA,  (b)  PLA-0.5,  (c)  PLA-1.0,  (d)  PLA-1.5,  (e)
PLA-3.0, and (f) annealed PLA-1.5.
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modulus. Conversely, in the case of PLA-1.5 foam, an extend-
ed  packing  time  led  to  a  significant  enhancement  in  tensile
strength,  tensile  modulus,  and  toughness  by  39%,  19%  and
126%, respectively. This enhancement could be attributed to
the conspicuous improvement in cell morphology within the
PLA-1.5 foam compared to the neat PLA foam. It was indicat-
ed that the reduction in cell size and the increase in cell densi-
ty contributed to a more uniform distribution of stress within
the material under tension, thereby mitigating the stress con-
centration resulting from larger cells.

Heat Resistance of PLA/HNA Foams
Neat  PLA,  fabricated  through  common  thermoplastic  process-
ing methods such as injection molding and extrusion,  typically

exhibits poor heat resistance, which seriously constrains the ap-
plication range of PLA. This limitation arises from the inherently
low  crystallinity  of  PLA  foams.  Moreover,  conventional  anneal-
ing process tend to distort and expand the structural integrity of
PLA  foam,  primarily  due  to  the  secondary  foaming  process  of
bubbles  at  a  high-temperature  atmosphere.[44] In  the  present
experiment,  injection-molded PLA/HNA blend foams with high
heat  resistance  were  successfully  prepared  directly  using  the
MIM  with  the  core-back  operation.  The  heat  resistance  related
results are depicted in Fig. 12. Comparatively, PLA-1.5 foam ex-
hibits  a  substantial  improvement  in  average  Vicat  softening
temperature  (VST),  increasing  from  59.7  °C  to  134.8  °C  when
compared  to  neat  PLA  foam.  However,  PLA  blend  foams  con-
taining  less  than  1.5  wt%  content  of  TMC-300  display  only
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Fig. 10    Tensile properties of PLA/HNA blend foams with different nucleating agent contents: (a) tensile strength, (b) tensile modulus,
(c) toughness, and (d) stress-strain curves.

 

16 18 22
0

5

10

15

20

25

30

Te
ns

ile
 s

tr
en

gt
h 

(M
Pa

)

Packing time (s)

PLA foam
PLA-1.5 foam

a

16 18 22
Packing time (s)

PLA foam
PLA-1.5 foam

0

500

1000

1500

2000

2500

Te
ns

ile
 m

od
ul

us
 (M

Pa
) b

16 18 22
Packing time (s)

PLA foam
PLA-1.5 foam

0

500

1000

To
ug

hn
es

s 
(k

Pa
·m

−3
)

c

 
Fig.  11    Tensile  properties  of  neat  PLA  and  PLA-1.5  foams  with  different  packing  time:  (a)  tensile  strength,  (b)  tensile  modulus,  and
(c) toughness.      
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marginal deviations from the heat resistance of PLA foam. That
phenomenon was attributed to that the heat resistance of PLA
was often positively correlated with its crystallinity. It should be
noted  that  significant  enhancements  in  heat  resistance  were
typically observed when crystallinity surpassed a critical thresh-
old.[45]

The  VST  serves  as  a  valuable  indicator  for  assessing  the
shape stability of  polymers when subjected at  elevated tem-
peratures.[46] Consequently,  we conducted an experiment in-
volving the PLA-1.5 foam and the pure PLA foam by subject-
ing  them  to  an  oven  at  110  °C  to  observe  the  evolution  of
shape and structure, as shown in Figs. 12(b) and 12(c). The ob-
servations show a marked distinction between the two mate-
rials. It revealed that the neat PLA foam exhibited rapid bend-
ing  and  deformation  upon  heating,  while  the  structure  and
shape of the PLA-1.5 foam remained remarkably unchanged.
Further analysis of the size changes before and after the ther-
mal  deformation  process  displayed  that  the  dimensions  of
the PLA-1.5 foam samples remained unaffected at 110 °C. This
implied  that  the  prepared  injection-molded  PLA/HNA  blend
foams  possess  the  capability  to  undergo  high-temperature
annealing  treatments  while  maintaining  their  structural  in-
tegrity.

CONCLUSIONS

In  this  study,  PLA foams with well-defined cell  structure,  excel-
lent mechanical  properties,  and thermal  stability  were success-
fully prepared with the incorporation of the self-assembled nu-
cleating  agent  HNA  using  core-back  microcellular  injection
molding  process.  Differential  scanning  calorimetry  results
demonstrated  that  the  added  HNA  significantly  increased  the
crystallization temperature and crystallization rate of  PLA. Con-
sequently,  the  crystallization  process  leads  to  a  marked  rise  in
PLA  viscosity,  effectively  preventing  cell  coalescence  and  re-
stricting cell growth. Notably, when the HNA content exceeded
1.5 wt%, the final PLA foam exhibited an impressive cell density
exceeding 1010 cells/cm3 and an average cell diameter below 3
μm. Furthermore, we observed a direct correlation between the
cell  structure  of  PLA-1.5  foam  and  the  packing  pressure  time.
The  foaming  process  additionally  enhanced  the  crystallization
of  PLA.  The  as-prepared  PLA-1.5  foam  exhibited  a  remarkable
crystallinity  of  56%,  as  opposed  to  37%  and  27%  exhibited  by

neat PLA foam and solid PLA-1.5 blends, respectively. Tensile re-
sults  revealed  that  significant  enhancements,  with  approxi-
mately  136%  and  463%  improvements  in  tensile  strength  and
toughness,  respectively,  for  PLA-1.5  foam  when  compared  to
neat PLA foam. These notable improvements could be attribut-
ed to the blend foam’s high crystallinity, well-defined cell struc-
ture,  and effective  dispersion of  nucleating agent  fibers.  More-
over,  the Vicat softening temperature of PLA-1.5 foam reached
an impressive 134.8 °C, approximately 75 °C higher than that of
pure  PLA  foam,  demonstrating  its  resistance  to  deformation
even at temperatures as high as 110 °C. Therefore, this work of-
fers  a  viable  approach for  the production of  high-performance
PLA foams.
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