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nucleating agent for polymer
foaming: effects of hollow molecular-sieve
particles on polypropylene supercritical CO2

microcellular foaming

Chenguang Yang, abc Mouhua Wang,a Zhe Xing,a Quan Zhao,a Minglei Wanga

and Guozhong Wu *ac

Because polypropylene (PP) foam normally exhibits nonuniform cell size and cracked cellular structure,

a narrow cell-size distribution and a well-defined morphology are always the focus of PP foaming

technology. In this work, hollow molecular-sieve (MS) particles were applied as a potential nucleating

agent in supercritical carbon dioxide (scCO2) foaming of PP. It was observed that the addition of MS

particles largely narrowed the cell-size distribution. The resultant PP/MS foams exhibited significant

concurrent enhancement in their cell density and mechanical properties: the cell density increased

remarkably, by approximately 10 times, and the tensile strength increased from 6.1 MPa to 12.6 MPa. The

hollow-structure MS particles resulted in a higher heterogeneous nucleation efficiency in the PP foaming

process. We believe that the trapping of CO2 in the hollow holes of MS particles largely increased the

solubility CO2 in PP and a number of gas cavities were formed. The existence of gas cavities reduced the

energy barrier of heterogeneous nucleation, favoring the formation of a well-defined cellular structure.

Additionally, the regular-hexagon shape of the cells might endow the PP foam with better mechanical

properties compared with a circular cell shape.
1. Introduction

Polymer foam has been widely used in various industrial
applications because of its good performance. Besides their
excellent properties, the reduction of raw material cost is
a signicant advantage in using these materials.1–3 Poly-
propylene (PP) foam is one of the most promising materials
because of its outstanding overall performance, such as high
toughness, low electrical conductivity, excellent chemical
resistance, easy recycling, and high thermal stability for
a variety of applications.4–10 However, owing to its weak melt
strength and melt elasticity, the properties of the resulting PP
foams are poor. The reason for this is that the foam structure
(cell walls) is not sufficiently strong to bear the extensional force
applied during cell growth and the cells are prone to coalescing
and collapsing during CO2 release from the melt PP matrix.
Consequently, the foam exhibits nonuniform cell distribution
and a high open-cell content,11–14 which are unfavorable for
practical applications.
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Foams with a uniform cell size and high closed-cell content
may have excellent mechanical properties. The foaming mech-
anism is a so-called phase separation process by supercritical
CO2 (scCO2), which is caused by a quick change in the
temperature and pressure of the homogeneous polymer/CO2

system.1,15 During the foaming process, the nucleation stage has
a signicant inuence on the morphology of the nal cells. To
obtain a better micropore structure, many nano-inorganic
materials, including clay,14,16 carbon nanotubes,17 carbon
nanobers,18 and nanosilica,19 which are efficient in heteroge-
neous nucleation, have been widely used in the foaming of
different polymers. Heterogeneous nucleation has a lower
energy barrier and can promote the simultaneous formation of
embryos, thereby reducing the average cell size and narrowing
the cell-size distribution.20 A small cell size, narrow cell-size
distribution, and high cell density indicate good tensile prop-
erties of foamed polymers.

The low energy barrier has been widely known to be a crit-
ical concern in the mechanism of heterogeneous nucleation,
and all parameters associated with this issue can affect
nucleation.1 Hollow molecular sieves (MSs) are inorganic
materials with many unique properties, such as hollow
structure, high surface area, large pore volume, and tunable
nanometer pore size.21–23 Owing to these properties, hollow
MSs have been widely applied in many elds, such as catalysis,
RSC Adv., 2018, 8, 20061–20067 | 20061
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View Article Online
separation and purication, adsorption, polymer modica-
tion, and antibacterial materials.21,23 Hollow MSs may be
excellent nucleating agents for the scCO2-assisted foaming
process, according to the principles of the heterogeneous
nucleation mechanism and the major factors affecting the
nucleation efficiency. The existence of a high specic area and
a large pore volume increases the solubility of the blowing
agent and the nanometer pores may trap CO2 to form gas
cavities during the foaming process, which can considerably
lower the critical free energy of nucleation. In this study,
microcellular foaming technology using scCO2 was applied to
PP foaming, and a hollow MS was selected as a nucleation
agent. Our target is to fabricate PP foams with small cell size,
high cell density, and uniform cell morphology, as well as
good mechanical properties. Additionally, the inuence of cell
density, cell size, local stress caused by hollow MS particles,
and cell shape on the tensile property was investigated in
detail.
2. Materials and methods
2.1 Materials

PP T03 (pellets, isotactic) with a density of 0.91 g cm�3 and
a melt ow index of 3.1 g/10 min (230 �C/2.16 kg) was purchased
from Sinopec Shanghai Chemical Co. MS particles (ZSM-5,
particle size: 100–400 nm) were purchased from Shanghai
Shen Tan Chemical New Material Co. Ltd. Carbon dioxide with
a purity of 99.95% was supplied by Xiangkun Special Gases of
Shanghai.
2.2 Composite sample preparation

The PP pellets and MS particles were vacuum-dried at 60 �C for
4 h before they were mixed. A series of blends of PP with MS
particles with contents of 0.5, 2.0, and 5.0 wt% were made using
two-screw extruder (Thermo Haake PolyDrive 7, Germany). PP/
MS sheets with 1 mm thickness were prepared by hot
pressing. These samples were coded as PP/MS(0.5%), PP/
MS(2.0%), and PP/MS(5.0%), respectively.
2.3 Foaming process

A PP/MS sheet sample (4–5 g) was placed in an autoclave and
then the autoclave was pressurized with CO2 using a high-
pressure liquid pump, the parameters of the foaming device
being previously described in the literature.7–10,24,25 The system
was kept at 154 �C and 20 MPa for 2 h. Then the vessel was
depressurized to vent CO2 in less than 10 s. Aer that, the
sample was removed from the vessel and allowed to cool to
room temperature.
2.4 Sample characterization

A NETZSCH STA 449 F3 Jupiter differential scanning calo-
rimeter (DSC) equipped with a data station was used for
scanning the melting transitions of the samples in aluminum
pans. The samples were heated from 25 to 200 �C at a heating
rate of 10 �C min�1 under an argon ow (20 ml min�1). The
20062 | RSC Adv., 2018, 8, 20061–20067
degree of crystallization was calculated using eqn (1), as
follows:

Xcð%Þ ¼ DHf

DHf0

� 100 (1)

where DHf is the melting enthalpy measured in the heating
experiments and DHf0 is the theoretical value of enthalpy of
100% crystalline PP, which has a value of 207.1 J g�1.26

X-ray diffraction patterns were collected by a Bruker D8
Discover apparatus (Bruker, Germany) with Cu Ka as the
radiation source (l¼ 1.5418 Å). It was operated at 40 kV and 40
mA and the scanning range was 10–50� at a scanning rate of
2� min�1.

The hollow structure and particle size of MSs were visual-
ized using a transmission electron microscope (TEM) with 200
kV eld emission (Tecnai G2 F20 S-TWIN, USA). For TEM
imaging, particle dispersions diluted in ethanol were depos-
ited on the carbon side of a carbon/copper grid.

The morphology of the PP/MS foams was examined using
a scanning electron microscope (SEM; Zeiss MERLIN Compact
14184, Germany). Samples were immersed in liquid nitrogen
for 2 min, fractured, and mounted on stubs. They were then
sputter-coated with gold to prevent charging during the test.
2.5 Morphology observation of the foams

Microstructural morphology of the PP/MS foams was charac-
terized by measuring the cell density and average cell size.
Image Pro-plus soware was used to analyze the SEM images.
The average diameter of the cells in the micrographs, D, was
calculated using eqn (2):

D ¼
P

diniP
ni

; (2)

where ni is the number of cells with a perimeter-equivalent
diameter of di. In order to ensure the accuracy of the average
pore size measurement, i is greater than 200.

The volume expansion ratio for each sample was calculated
as the ratio of the density of the original sample rs to the
measured density of the foam sample rf. The densities (rf) of
foamed samples were determined using the Archimedes law
involving weighing polymer foam in water with a sinker using
an electronic analytical balance (HANG-PING FA2104), calcu-
lated using eqn (3):

rf ¼
�

a

aþ b� c

�
rw; (3)

where a, b and c are the weight of the specimen in air without
sinker, the totally immersed sinker and the specimen immersed
in water with sinker, respectively, and rw is the density of
water.

The cell density (N) was determined by the number of cells
per unit volume of the foam, calculated using eqn (4):

N ¼
�n
A

�3=2 rs

rf
; (4)

where n and A are the number of cells in the micrograph and the
area of the micrograph (cm2), respectively.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 TEM micrographs of the MS particles (a–c); SEM images
showing fractured surfaces of the PP (d) and PP/MS (2.0%) (e) samples,
and the dispersion of Si in the PP matrix.
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2.6 Tensile testing

Tensile tests of the foams were carried out using a universal
testing machine (Instron 5943, USA). The foam samples were
cut into specimens of dimensions 2 mm � 4 mm � 22 mm,
and the specimens were measured at room temperature in
accordance with ASTM D-638 at a speed of 50 mm min�1.

3. Results and discussion

The MS particles were compounded with PP viamelt-processing
at 220 �C using a twin-screw extruder. First, the MS particle size
and MS dispersion in the PP matrix before foaming were char-
acterized. Then, the effect of the MS particles on the cell
morphology of the PP/MS foams was investigated based on the
change of the crystallinity of the PP/MS composites.

3.1 MS particle dispersion in PP matrix

Fig. 1 shows images of the MS particles, and the fracture
surfaces of pure PP and the resultant PP/MS (2.0%) composites.
Fig. 2 SEMmicrographs and cell-size distributions of foamed PP (a), PP/M
and foamed at 154 �C.

This journal is © The Royal Society of Chemistry 2018
First, a nanometer-size (�200 nm) hollow hole can be observed
in the MS particle. It is also evident that PP/MS (2.0%) has many
well-scattered multi-MS particles and MS aggregates in the PP
matrix aer melt compounding. The dispersion of Si from the
MS is observed in the energy-dispersive spectrometry image.
There is a uniform dispersion of Si in the PP matrix, which also
indicates a good dispersion of MS particles in the PP matrix.
3.2 Inuence of MS on the scCO2 foaming behavior of PP

Fig. 2 shows the inuence of MS addition on the cell
morphologies and cell-size distributions of PP and PP/MS
foams. The samples were saturated at 20 MPa and foamed at
154 �C for 10 s. As expected, the pure PP foam presented poor
cellular structure and obvious cracked cells.27 In contrast, PP/
MS (0.5%), PP/MS (2.0%), and PP/MS (5.0%) foams exhibited
more uniform cell distribution, smaller cell size, a regular-
polygon cell shape, and well-dened cell walls. The cells were
strongly contacted by the junction regions of three contacting
cells of the different-content PP/MS foams. The outstanding
structural parameters of PP/MS foams indicate good mechan-
ical properties for many applications.8,10,27 It can be clearly seen
in Fig. 2 that the cell-size distribution of the PP/MS foam
becomes narrower than that of the pure PP foam, which indi-
cates that the presence of MS particles improves the cellular
structure of PP/MS foams greatly, resulting in a uniform cell size
in the obtained foams. The nanometer-size hollow holes in an
MS may trap CO2 to form gas cavities during the foaming
process, which can lower the critical free energy of nucleation,
thus helping to stabilize the cell size. Moreover, the cell-size
distribution becomes narrower as the MS loading increases.
We believe that the presence of MS particles also suppressed the
cell growth during the foaming process.

Fig. 3 summarizes the properties (average cell size and cell
density) of the cellular structure of the PP/MS composite foams
as a function of MS content. The gure shows that the average
cell size decreased greatly from 86.3 mm, the size of the PP foam,
to 30.7 mm, the size of the PP/MS (0.5%) foam. There was a slight
S (0.5%) (b), PP/MS (2.0%) (c), and PP/MS (5.0%) (d) saturated at 20 MPa

RSC Adv., 2018, 8, 20061–20067 | 20063

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03071e


Fig. 3 Average cell size and cell density of PP and PP/MS nano-
composite foams saturated at 20 MPa and foamed at 154 �C for 10 s.

Fig. 4 DSC curves and X-ray diffraction patterns of PP and PP/MS
samples with different MS content.
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decrease in the average cell size of the PP/MS foams as the MS
particle content increased from 0.5% to 5.0%. On the other
hand, the cell density increased remarkably from 6.9 � 106 cells
per cm3 in the pure PP foam to 5.2� 107 cells per cm3 in the PP/
MS (5.0%) foam, indicating that the addition of MSs enhanced
the nucleation of PP during the foaming process. The addition
of MSs into PP signicantly increases the storage modulus of
PP/MS, which improves the stiffness of the compounding
materials,28 whereas the existence of gas cavities caused by the
holes in the MS particles may considerably lower the free energy
of heterogeneous nucleation. The obtained high stiffness
restricted cell growth, led to an obvious decrease in cell size,
and combined with the enhanced heterogeneous nucleation
during the saturation and foaming process, which greatly
increased the cell density of PP/MS foams with different MS
contents.
Table 1 Melting points and crystallinities of the PP and PP/MS samples
with different MS contents

Sample PP
PP/MS
(0.5%)

PP/MS
(2.0%)

PP/MS
(5.0%)

Melting point (�C) 168.4 167.7 165.9 164.5
Crystallinity (%) 46.1 43.3 42.5 40.7
3.3 Inuence of crystallite size on the foaming behavior of
PP/MS

Fig. 4(a) shows the DSC curves of unfoamed PP and PP/MS. It
can be seen that the melting point of the samples decreases as
the MS loading increases from 0% to 5.0%. Moreover, the
melting point and crystallinity are shown in Table 1. All these
data were collected in the second scan. The melting points
decreased with an increase of the MS content from 0% to 5.0%
and the melting point of PP/MS (5.0%) was 164.5 �C. The ob-
tained crystallinity of PP/MS decreased from 46.1% to 40.7% as
the MS loading increased. The reason for this is that the
introduction of MSs reduced the crystal size of PP, and an
increase in the MS content tended to reduce the crystal size of
PP gradually. Additionally, the MSs might also destroy the
crystal integrity of PP in the crystalline regions during the heat-
treatment process. The X-ray diffraction patterns of PP, PP/MS
(0.5%), PP/MS (2.0%), and PP/MS (5.0%) are shown in
Fig. 4(b). All four curves show the typical diffraction pattern for
pure a-PP.29 The peaks at 2q ¼ 14.1�, 17.1�, 18.6�, 21.3�, and
22.3� correspond to the primary diffraction of the (1 1 0), (0 4 0),
20064 | RSC Adv., 2018, 8, 20061–20067
(1 3 0), (1 1 1), and (1 3 1) crystal planes of the a-crystal,
respectively.

In the patterns of all the samples, a small peak at 2q ¼ 20.2�,
corresponding to the (1 1 7) plane of the g-crystal of PP, can also
be seen, indicating that pure PP contains a small amount of the
g-phase. It can be clearly seen that the intensity of the diffrac-
tion peaks corresponding to the (1 1 0), (0 4 0), (1 3 0), (1 1 1),
and (1 3 1) planes decreases as the MS loading in the PP matrix
increases, which indicates a decrease in the crystal size of PP. In
previous studies, a small crystal size and low crystallinity
enhanced the formation of a uniform cellular structure.8,10,28

Furthermore, previous studies have demonstrated that the
energy barrier mainly determines the nucleation rate in
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Schematic showing the nucleation process during foaming for
pure PP and PP/MS composites.

Fig. 6 Strain–stress curves of foamed pure PP and foamed PP/MS
with different MS contents at 154 �C and 20 MPa.
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polymer foaming by scCO2. It is known that nanometer-particle-
induced heterogeneous cell nucleation has a lower energy
barrier than homogeneous nucleation during the foaming
process. Therefore, we speculate that the addition of hollow MS
particles caused a different cell nucleation mechanism in pure
PP foam and PP/MS composite foams, based on the cell
nucleation mechanism recently proposed by Leung et al.30 and
Wong et al.31 Owing to the lower energy barrier needed for
heterogeneous nucleation than homogeneous nucleation in the
PP foaming process, the addition of a nucleating agent, such as
hollow MS particles, lowers the free energy barrier, and the
nanoparticles act as heterogeneous nucleation sites during the
foaming process. Furthermore, the introduction of MSs signif-
icantly decreases the crystal growth rate of PP under saturated
CO2. Therefore, the tiny crystal domains induced cell nucleation
of PP/MS during the foaming process. We believe that both the
decreased energy barrier and the enhanced cell nucleation
endow PP/MS foams with well-dened cellular structure. Thus,
the average cell diameter decreases and the cell density
increases in the presence of these particles. It is interesting to
note that the existence of nanometer-sized hollow holes in
particles may result in a lower free energy barrier in the gas
cavities, favoring heterogeneous nucleation. This is demon-
strated in the schematic of Fig. 5.
Table 2 Foam bulk density of PP, PP/MS (0.5%), PP/MS (2.0%), and PP/
MS (5.0%) foams prepared at 154 �C and 20 MPa

Foam sample PP
PP/MS
(0.5%)

PP/MS
(2.0%)

PP/MS
(5.0%)

Cell wall
thickness (mm)

1.61 2.40 2.73 2.81

Bulk density (g cm�3) 0.10 0.16 0.18 0.22
3.4 Inuence of cellular structure of foams on their
mechanical properties

PP foam is considered as one of the most attractive polymer
foams, and the mechanical properties of a material determine
the applications of the material. The stress–strain curves for the
pure PP foam and PP/MS foams prepared at 154 �C and 20 MPa
are shown in Fig. 6. The stress strength of the PP/MS foam
improved signicantly from 6.1 MPa to 12.6 MPa, and the
tensile strains of the PP/MS foams also increased substantially,
reaching 260%. With an increase in cell density, neighboring
cell walls begin to touch each other, which decreases the stress
concentrations on cell walls,27 and a higher tensile stress is
obtained.

It is well known that well-dened cellular structures are
favorable in terms of the mechanical properties of polymer
This journal is © The Royal Society of Chemistry 2018
foams.10,32 According to the results mentioned above, the addi-
tion of MS improved the morphology of the PP/MS foams
greatly. Therefore, the resultant good mechanical properties
further proved that better microstructure signicantly increases
the tensile stress and tensile strain at break, which is preferred
for potential applications.33,34

However, the tensile results of the PP foam and PP/MS foams
showed that the PP/MS (2.0%) and PP/MS (5.0%) foams had
lower tensile stress and tensile strain compared to the PP/MS
(0.5%) foam, which were prepared under the same foaming
conditions. The PP/MS (2.0%) and PP/MS (5.0%) foams had
a higher cell density and smaller cell size than PP/MS (0.5%),
whereas the measured mechanical properties exhibited the
opposite behavior. Further measurements of the foam param-
eters were conducted to explain this interesting phenomenon.
The cell wall thickness and foam bulk density (Table 2)
increased as the loading of MS particles increased. In previous
studies,8,10,27,35,36 thick cell walls and large bulk density of the
foam indicated better mechanical properties. Therefore, these
results cannot explain this behavior.

We turn our attention to the effect of MS particles on the
mechanical properties of the PP foams. Fig. 7 shows SEM
micrographs of PP/MS foams with different MS contents ob-
tained at 154 �C and 20 MPa. It can be clearly seen in the
magnied micrographs that many MS aggregates appear in the
cell walls and junction regions of three contacting cells, as
noted by the arrows in Fig. 7. Moreover, the number of MS
RSC Adv., 2018, 8, 20061–20067 | 20065
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Fig. 7 SEM micrographs of the dispersion of MS particles in the foamed samples, (a) PP/MS (0.5%), (b) PP/MS (2.0%), and (c) PP/MS (5.0%).
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aggregates increased as the loading of MS particles increased.
Given the interface bonding between the PP matrix and the MS
aggregates, it may be easy to form local stress around the
aggregate region during the stretching process, which is easier
to break, leading to a poor tensile strength. We believe that the
amount of added inorganic particles had a signicant inuence
on the prepared polymer foams using scCO2, i.e., on their cell
size, cell density, and mechanical properties. Therefore, deter-
mining the best amount of additives is necessary to improve
polymer foams, and 0.5 wt% was found to be the optimum MS
particle content to improve the cellular structure of PP foams
with good mechanical properties in this study.

It must be noted that the cell shape of the polymer foammay
also have an inuence on its tensile strength. Fig. 8 shows SEM
micrographs of PP, PP/MS (0.5%), PP/MS (2.0%), and PP/MS
Fig. 8 SEM micrographs of PP (a), PP/MS (0.5%) (b), PP/MS (2.0%) (c),
and PP/MS (5.0%) (d) with different cell shapes.

20066 | RSC Adv., 2018, 8, 20061–20067
(5.0%) foams. Interestingly, we found that the PP/MS (0.5%)
foam had a regular-hexagon cell shape, while the cell shapes of
the PP/MS (2.0%) and PP/MS (5.0%) foams were approximate
elliptical shapes. The difference in cell shape may have
a considerable inuence on the tensile strength during the
stretching process. Fig. 9 depicts a schematic of the cellular
deformation during the tensile testing process. The blue parts
are the contact parts between cells in the non-stretched stage. It
can be clearly seen that hexagonal cells have larger contact areas
than circular cells. In the stretching stage, the hexagonal cells
had reduced stress concentrations between cells because of the
large contact areas, resulting in a uniform deformation in the
stretching direction. Neighboring cell walls begin to touch each
other and the foams are able to undergo plastic deformation so
that uniform variations in stress are achieved during the
stretching process. However, the stress concentrations on the
junction regions of three contacting cells may be enhanced for
the small contact parts between elliptical cells and they become
“egg-like” at an intermediate deformation before fracture,
combining with the local stress variation around the MS
Fig. 9 Schematic diagram of cell stretching during tensile testing: I,
hexagonal cell; II, circular cell.

This journal is © The Royal Society of Chemistry 2018
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aggregates during the stretching process, leading to cell wall
fracture with a decrease in tensile strength. Therefore, the PP/
MS (0.5%) foam with regular cell shapes had better mechan-
ical properties than the pure PP, PP/MS (2.0%), and PP/MS
(5.0%) foams.

4. Conclusions

In summary, the microcellular foaming behavior of PP and PP/
MS samples was investigated using scCO2 as the physical
blowing agent. The prepared pure PP foam had poor cellular
structure and tensile strength. However, the PP/MS foams had
small cell sizes and high cell densities with narrow cell-size
distributions, which greatly improved their mechanical prop-
erties. The presence of MS particles decreased the crystal size of
PP, and gas cavities caused by the hollow MS structure reduced
the free energy barrier of heterogeneous nucleation, which
endowed PP/MS foams with well-dened cellular structure. The
results showed that the cell size decreased and the cell density
increased greatly as the MS loading increased, and the optimum
MS addition amount was 0.5%. The local stress around the
aggregate region in the foams reduced the tensile strength
during the stretching process. Furthermore, the regular-
hexagon cell shape of the PP foam might provide better
mechanical properties than a circular cell shape.
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