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ABSTRACT: Microcellular polypropylene (PP) was pre-
pared through chemical microcellular injection under dif-
ferent processing parameters. The effects of cell structure
parameters on the mechanical properties of PP materials
were analyzed by the microsphere model. The results
show that the mechanical properties of microcellular PP
with a smaller cell size and more uniform size distribution

were enhanced. The relationship between the mechanical
properties and cell structure parameters correlated well
with the theoretical model. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 122: 2907–2914, 2011
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INTRODUCTION

Microcellular polymer materials have attracted much
attention because of their scientific interest and
potential applications as packaging, construction,
and insulation materials.1,2 However, the large and
nonuniform cells of the foams lead to obviously
decreased mechanical properties.3–6 Jacobs et al.7

reported the effects of some parameters, including
blowing agents and fillers, on the mechanical prop-
erties of plastics. Rachtanapun and coworkers8,9

reported the effect of the cell structures of foamed
polypropylene (PP)/polyethylene (PE) blends on the
material properties, which indicated that the small
and uniform cells resulted in improvements of the
comprehensive properties. Zhang et al.10 simulated
the compression process of elastic open-cell foams
by the Voronoi random model and found that the
geometrical properties of the cells had significant
influences on the mechanical behavior of the foams.
Shulmeister and coworkers11,12 found that the large-
strain mechanical behavior of foams is dependent on
the minimum effective cross section of the foam

using the Voronoi technique and finite element anal-
ysis. Lu and Zhang13 reported the numerical simula-
tion of the tensile deformation process of low-den-
sity, open-cell elastic foams, which indicated the
effect of the relative density of the foams on cell
shape irregularity and the mechanical behaviors.
These works focused on the relationship between
cell structure and mechanical behavior; however,
there are few reports of the relationship between cell
size distribution and mechanical properties. Herein,
we report a sphere model based on the virtual bear-
ing area of cells in different sections to exhibit the
influence of cell size and size distribution of foamed
PP material on the mechanical properties at the
same foaming ratio.

EXPERIMENTAL

Materials

PP T30S, a commercial product from Sinopec, was
selected for this study. A foaming masterbatch and
assistant masterbatch were prepared with the proce-
dure described in our previous report14 in a twin-
screw extruder.

Preparation of the blowing agent masterbatch

The blowing agent masterbatch was prepared by the
blending of azodicarbonamide and low-density PE
in a twin-screw extruder. An approximate azodicar-
bonamide/low-density PE ratio of 10 : 90 (w/w)
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was used. The masterbatch to be used was dried at
80�C for 12 h before melt processing.

Preparation of the additive masterbatch

The additive masterbatch was prepared by the mix-
ing of zinc oxide (ZnO) and zinc stearate
(C36H70O4Zn) into the PE matrix in a twin-screw
extruder. An approximate ZnO/C36H70O4Zn ratio of
75 : 25 (w/w) was used. The masterbatch to be used
was dried at 80�C for 12 h before melt processing.

Preparation of the microcellular PP materials

Foamed standard tensile test bars (200 �10 �4.4 mm3)
were molded through a two-step molding process
under various process conditions in an injection-
molding machine. In this study, the blowing agent
masterbatch and additive masterbatch were used at
15 and 5 wt % levels, respectively. The densities of
the samples were determined by a Mettler Toledo
balance. The density of the final foamed products
was in the range of 0.808–0.813 g/cm3, and the
density of corresponding unfoamed samples was
about 0.919 cm3. After foaming, the density decreased
by 12%.

Characterization

Determination of the cell size and size distribution

Scanning electron microscopy (SEM) was used to
determine foam morphology. The samples were
dipped in liquid nitrogen and then fractured to ex-
pose their cellular morphology, and the fracture
surfaces were contrasted with gold before the char-
acterization of foam structure. The SEM images of

foamed samples were analyzed with Image-Pro Plus
software (Media Cybernetic) to quantitatively assess
cell size. The area and number of cells in the SEM
images could be calculated by Image-Pro Plus soft-
ware to obtain the average size of the cells. At least
100 cells in the SEM micrographs for each sample
were used to evaluate the mean cell size and size
distribution. A dispersion coefficient (Sd) is used to
denote the distribution of cells in foamed material
and can be calculated according to the equation of
standard deviation, as follows:

Sd ¼
Xn
i¼1

ðRi � RÞ2=n
( )1=2

(1)

where n is the number of counted cells, Ri is the sin-
gle cell diameter, and R is the average diameter of
cells.

Mechanical measurement

Tensile strengths were determined according to Chi-
nese standard GB/T1040.1-2006 with a tensile test
machine (Instron 8510). Tests were performed at 24�C
with a constant crosshead speed of 50 mm/min.
Impact tests were conducted according to Chinese

Figure 1 Effect of the cell size and distribution on the
tensile strength of microcellular PP. The numbers in circles
are the dispersions of the cell sizes.

Figure 2 SEM images of the microcellular PP with differ-
ent cell sizes and distributions.
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standard GB/T1843-2008 at 24�C on different cell
size foam samples with a drop-weight impact test
machine.

RESULTS AND DISCUSSION

Dependence of the mechanical properties on the
cell size and distribution

Figure 1 illustrates the effect of the cell size and dis-
tribution on the mechanical properties, and the

corresponding microstructures are shown in Figure
2. The tensile strength decreased with increasing cell
size, whereas the difference of Sd’s led to the nonlin-
ear drop. This implied that the tensile strength was
affected by both the cell size and distribution.
In Figure 3, the tensile strength is plotted versus

cell Sd at the same average cell size, and the corre-
sponding microstructures are shown in Figure 4.
Figure 3 shows the linear drop in tensile strength

Figure 3 Effect of the cell distribution on the tensile
strength of the microcellular PP with the same cell size.

Figure 4 SEM images of the microcellular PP with differ-
ent cell size Sd’s.

Figure 5 Effect of the cell size on the tensile strength of
the microcellular PP with the same cell size Sd.

Figure 6 SEM images of the microcellular PP with differ-
ent cell sizes.
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with Sd, which indicates the strong dependence of
tensile strength on Sd.

Figure 5 shows the dependence of tensile strength
on cell size at the same cell Sd, and the correspond-
ing microstructures are shown in Figure 6. The ten-
sile strength decreased with increasing cell size.
Compared to cell distribution, cell size showed a
stronger effect on the tensile strength; this indicated
that fine cells facilitated the improvement of the ten-
sile strength of microcellular PP.

Impact strength is the most important mechanical
property index for characterizing polymers; it is
used to measure the energy absorption of deforma-
tion and fracture when subjected to impact load-
ing.15–17 The effects of cell size and distribution on
the impact strength of microcellular PP are shown in
Figure 7. The trend observed was similar to that of
tensile strength, which implied the dual effects of
cell size and distribution on the impact strength.

As shown in Figure 8(a,b), respectively, the impact
strength dropped with increasing average cell size
or distribution.

Microsphere model

Model for microspheres with the same Sd
and different Rs

Cells are modeled as spheres. The basic unit is
assumed to be an ideal cube with the side length of
50t, where t is designed as a proportional constant
to represent the size of the cells. Several assumptions
were made in this work for simplicity:18–22 (1) all of
the cells were spheres with a fixed diameter, (2) the
cells were isotropic under stress, and (3) the cell
walls were elastoplastic bodies.

As shown in Figure 9(a), the microspheres formed
a body-centered cubic structure, and R was equal to
12t. On the basis of the calculating formula of atoms

in the body-centered cubic structure, the number of
spheres in a basic unit (L) can be expressed as

L ¼ 8� 1

8
þ 1 ¼ 2 (2)

and

Vsphere ¼ 2� 4

3
pR3 ¼ 2� 4

3
pð12tÞ3 � 15; 000t3 (3)

Vcube ¼ a3 ¼ ð50tÞ3 ¼ 125; 000t3 (4)

where R is the radius of the microspheres and t is
the proportional constant.
It is known by eqs. (3) and (4) that the volume of

the spheres was 12% of that of basic cube. This

Figure 7 Effect of the cell size on the impact strength of
the microcellular PP.

Figure 8 Effect of the cell dispersion on the impact
strength of microcellular PP, where (a) R ¼ 22.5 lm, dif-
ferent cell dispersion, and (b) Sd ¼ 1.55, different cell size.
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volume was consistent with the 12% reduction in
the density of the foamed PP.

In the case of Figure 9(b), R ¼ 6t, the basic cube
was divided into eight small body-centered cubic
structures by the spheres. Each small cube contained
two spheres, and thus, each basic cube was com-
posed of 16 spheres. In this case

Vsphere ¼ 16� 4

3
pR3 ¼ 16� 4

3
pð6tÞ3 � 15; 000t3 (5)

It could be easily calculated by eqs. (4) and (5)
that the volume of spheres was still 12% of that of
basic cube.

To validate the tensile and impact test results,
five cross sections in the direction givens in Figure 9,
A–A, B–B, C–C, D–D, and E–E, were obtained, and
then, the cross sections shown in Figure 10 were
intercepted, respectively, in the previous five cross
sections at 3t intervals from the centerline. Accord-
ing to aforementioned method, five cross sections,
including A–a–a, A–b–b, A–c–c, A–d–d, and a cen-
tered cross section vertical to A–A cross section,
were obtained. Likewise, 1 vertical to B–B, 10 verti-
cal to C–C, 1 vertical to D–D, and 5 vertical to E–E
in Figure 9(a) were obtained, and in addition, 3

vertical to A–A, 1 vertical to B–B, 6 vertical to C–C,
1 vertical to D–D, and 3 vertical to E–E in Figure
9(b) were obtained. The section schematics of the
microspheres shown in Figure 9(a,b) are presented
in Figure 10(a,b), respectively.
The cross-sectional area of the sphere in each cross

section was calculated, and the corresponding area
curve is given in Figure 11. Herein, t was assigned a
value of 1 to simplify the calculation. The virtual
areas of the spheres in different cross sections could
be calculated through the integration of the curves
in Figure 11 and are presented in Table I.
For the larger spheres, the distribution of the vir-

tual area in different directions is more nonuniform
than that of the smaller spheres, which leads to
stress concentration and, subsequently, initiates
crack or even fracture. The relationship between the
cell size and mechanical properties could be eluci-
dated by the previous analysis.

Figure 9 Model for microspheres with the same Sd and
different Rs. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 10 Section schematics of the microspheres. Figure 11 Area curve of the sphere in each cross section.
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Model for microspheres with the same R
and different Sd’s

The three groups of microspheres shown in Figure
12 had the same average diameter. The condition of
the model is consistent with that in Figure 9. The
volume and cross-sectional area of the microspheres
could be calculated according to eqs. (2)–(4), and the
formula for the area of a circle is S ¼ pR2.

As shown in Figure 12(a), the microspheres
formed a body-centered cubic structure, and R could
be calculated on the basis of the number of micro-
spheres in the cube at 12% of void fraction; namely,
R1 and R2 were equal to 10t and 13.72t, respectively.
When the previous values are substituted into Eq.
(1), Sd is equal to 18.59t. The number of micro-
spheres in the cubes is as follows:

L1 ¼ 8� 1

8
¼ 1

L2 ¼ 1

L ¼ L1 þ L2 ¼ 2 (6)

Vsphere ¼
X2
i¼1

4

3
pR3

i ¼
4

3
p½ð10tÞ3 þ ð13:72tÞ3� � 15; 000t3

(7)

For the spheres in Figure 12(b), R1, R2, and Sd
were equal to15t, 5.92t, and 45.4, respectively:

L ¼ L1 þ L2 ¼ 2

Vsphere ¼
X2
i¼1

4

3
pR3

i ¼
4

3
p½ð15tÞ3 þ ð5:92tÞ3� � 15; 000t3

(8)

For the spheres in Figure 12(c), R1, R2, and Sd
were equal to 2t, 15.289t, and 93.97, respectively:

L ¼ L1 þ L2 ¼ 2

Vsphere ¼
X2
i¼1

4

3
pR3

i ¼
4

3
p½ð2tÞ3 þ ð15:289Þ3� � 15; 000t3

(9)

It was known from eqs. (3), (7), (8), and 9 that the
volume of the spheres was 12% of that of the basic
cube. This volume was consistent with the 12%
reduction in the density of the foamed PP.
To analyze the dependence of the mechanical

properties on the cell size distribution, five cross
sections in the directions given in Figure 12(a), A–A,
B–B, C–C, D–D, and E–E, were obtained and are
given in Figure 13. Similar cross sections obtained
from Figure 12(b,c) are shown in Figures 14 and 15,
respectively.
The virtual cross-sectional areas of the spheres for

different cross sections are given in Table II, where
we can see that there was no sphere or cell on the
cross sections B–B and D–D. The virtual cross-sec-
tional areas of spheres first increased with Sd up to a
maximum and then decreased for A–A and E–E,
whereas for C–C, it was just the opposite. The larg-
est value of the virtual cross-sectional area of
spheres occurred on C–C when Sd was equal to
93.97 and where it was more prone to crack initia-
tion because of the reduced bearing area. Therefore,
we concluded that increased Sd resulted in more
deteriorated mechanical properties.

TABLE I
Virtual Area of Spheres with the Same Sd and Different Rs for Different Cross

Sections

R

Virtual area of the microspheres

A–A B–B C–C D–D E–E

12t 1865.16t2 0 3730.32t2 0 1865.16t2

6t 1017.36t2 2034.72t2 2034.72t2 2034.72t2 1017.36t2

Figure 12 Model for microspheres with the same R and
different Sd’s. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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For the theoretical model, when the total cross-sec-
tional area is invariant, the virtual cross-sectional
areas of spheres with small size or narrow size dis-
persion at different cross sections are relatively
small, or the remainder of the total cross-sectional
area are relatively large. Correspondingly, for the
foams, the reduced cell size or narrow size disper-
sion resulted in the increased virtual bearing area of
foams for the case of constant void fraction and,
sequentially, more favorable mechanical properties.

CONCLUSIONS

Microcellular PP with 12% of void fraction was pre-
pared through chemical microcellular injection. A
microsphere model was built on the basis of a fixed
void fraction to predict the dependence of the me-

chanical properties on the cell size and distribution.
The tensile and impact strengths of the foams with
the same average cell size increased with diminish-
ing cell size Sd, whereas those of the foams with the
same cell size Sd increased with decreasing average
cell size. For the theoretical model, when the total
cross-sectional area is invariant, the virtual cross-sec-
tional areas of spheres with small size or narrow
size dispersion at different cross sections are rela-
tively small, or the remainder of the total cross-sec-
tional area is relatively large. The relationship
between the mechanical properties and cell structure
parameters correlated well with the theoretical
model.
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