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ABSTRACT: A new process was used to prepare microcellular foams with supercritical carbon dioxide as the physical foaming agent in

a batch. The foaming temperature range of the new process was about five times broader than that of the conventional one. Charac-

terization of the cellular structure of the original polypropylene (PP) and PP/nano-CaCO3 (nanocomposites) foams was conducted to

reveal the effects of the blend composition and processing conditions. The results show that the cellular structure of the PP foams

was more sensitive to the foaming temperature and saturation pressure variations than that of the nanocomposite foams. Uniform

cells of PP foams are achieved only at a temperature of 154�C. Also, the low pressure of 20 MPa led to very small cells and a low cell

density. The competition between the cell growth and cell nucleation played important role in the foam density and was directly

related to the foaming temperature. Decreasing the infiltration temperature depressed the initial foaming temperature, and this

resulted in significantly larger cells and a lower cell density. A short foaming time led to a skin–core structure; this indicated that a

decrease in the cell size was found from skin to core, but the skin–core structure gradually disappeared with increasing foaming time.
VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3639–3651, 2013
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INTRODUCTION

Polymer microcellular foams usually refer to foams with an av-

erage cell diameter smaller than 10 lm and a cell density higher

than 109 cells/cm3.1,2 Because of its ultrasmall cell size and high

cell density, the microcellular foams have a light weight and can

provide a higher mechanical strength and better thermal insula-

tion and acoustic properties compared to conventional polymer

foams. Therefore, they are widely used as building materials,

auto parts, thermal insulation materials, and so on.

However, microcellular foams are very sensitive to cell size and

cell density. It is very difficult to obtain microcellular foams

through the foaming of pure polymer, especially a semicrystalline

polymer such as polypropylene (PP), because of its low melt

strength and inherently poor cell nucleation behavior.3–5 This is

why the foaming of polymers with modifiers has attracted a lot

of attention, and nanoparticles are effective modifiers because of

their very small sizes and large surface area.6–9

On the basis of the route of the induction of thermodynamic

instability and the initiation of the foaming process, the applica-

tion of supercritical carbon dioxide (SC-CO2) in producing

polymeric foams can be classified as temperature-induced or

pressure-induced phase separation. Both methods have many

disadvantages. In temperature-induced phase separation, the

samples must be put into high-temperature oil, and the surface

of the sample melts quickly while the interior of the sample

remains intact. This leads to nonuniform cells in the foams. In

pressure-induced phase separation, the samples are first satu-

rated at temperatures ranging from the glassy temperature to

the melting temperature (Tm); this range is very narrow for PP.3

PP melts easily during saturation, and this reduces its foamabil-

ity. Huang and Wang6 combined these two methods and created

a new process for foaming polymers. With this new process, PP

is saturated at a low temperature, and then, the temperature is

increased to the foaming temperature. PP cannot melt easily,

and smaller cells and a higher cell density are achieved.

In this study, we systematically examined this new process and

proposed two new concepts: infiltration temperature (the tem-

perature at which CO2 dissolves in a rubbery-state poly-

mer),10,11 and foaming time (the polymer softening time). Many

previous articles have proposed that only a little CO2 dissolves

in the PP in the rubbery state,10,11 so the temperature only has

a slight effect on cell morphology. However, to our surprise,

this study showed that the infiltration temperature had a
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significant effect on the morphology. The foaming time, different

from the cell growth time as other articles have proposed,3,12,13

made a lot of difference in the cell morphology between the sur-

face and interior of PP. Next, we explored the process conditions

suitable for obtaining uniform microcells in PP foams. Finally,

we compared the new process with the conventional one. Poly-

propylene/nano-Calcium Carbobnate (PP/nano-CaCO3) nano-

composites were prepared with the melt-blending method with a

twin-screw extruder (Nanjing, China). Then, the nanocomposites

were used to prepare foams by a batch process in a pressure ves-

sel with SC-CO2 as a blowing agent.

EXPERIMENTAL

Materials

The PP used was F401 (Sinopec Yangzi Petrochemical Co., Ltd.,

Sinopec, China) with a melt index of 2.3 g/10 min at 230�C.
This PP was injection grade. Nano-CaCO3, with an average di-

ameter of 80–120 nm, was provided by Nanjing Guanye Chemi-

cal Co., Ltd. (Nanjing, China). The silane coupling agent

(KH550) was purchased from Nanjing Xiangqian Chemical Co.,

Ltd. (Nanjing, China). Industrial CO2, purchased from Nanjing

Gas Company of 55th Institute (Nanjing, China) with a purity

of 99%, was used directly as a foaming agent.

Preparation of Nanocomposites

As previously reported,14–16 surface modification can improve

the adhesion between nanoparticles and a polymer and inhibit

nanoparticle aggregation. In this study, we used a silane cou-

pling agent (KH550) to modify the surface of nano-CaCO3. The

procedures were as follows: the nano-CaCO3 was dried under

vacuum at 60�C for 8 h and then mixed with the coupling

agent for 2 h in ethanol. The concentration of the coupling

agent was 2 wt % with respect to the nano-CaCO3. The modi-

fied nano-CaCO3 was dried again at 60�C until it reached a

constant weight.

The PP and nano-CaCO3 were dry-mixed thoroughly and then

fed into a twin-screw extruder with a screw diameter of 35.6

mm and a length-to-diameter ratio of 40:1. The compounding

was carried out with a temperature profile of 175–180–185–

185–180–175�C from the hopper to the strand die. The screw

speed was set to 150 rpm. The weight percentages of nano-

CaCO3 were 3, 5, 7, and 10 wt % (with respect to PP). The

extruded strands, with a diameter of about 2–3 mm, were

cooled in a water bath and collected.

Foaming Apparatus and Procedures

In this study, the PP and its nanocomposites were foamed with

a batch microcellular foaming apparatus, as shown in a previous

report.6 The foaming procedures were as follows:

1. Samples were placed in a high-pressure vessel (internal

volume ¼ 500 cm3) that was calibrated with distilled

water by a syringe pump

2. The vessel was slowly flushed with low-pressure CO2 gas

3. The vessel was heated to the infiltration temperature

within 20 min

4. The vessel was pressurized to the saturation pressure with

high-pressure CO2

5. The samples were saturated in the vessel for 24 h at the

saturation pressure.

6. The vessel was heated to the foaming temperature within

20 min, with the saturation pressure remaining unchanged

during the temperature increase and the temperature was

kept the same for some time (foaming time).

7. The vessel was depressurized to atmospheric pressure in

less than 10 s.

8. The foamed samples were injected out of the vessel and

cooled to the room temperature in the air.

The whole procedure is shown in Figure 1(a).

Characterization

The original and modified nano-CaCO3 were characterized by

X-ray diffraction (XRD) with a Bruker D8 Advance diffracto-

meter (Purkinje General Instrument Co., Ltd., China) with Cu

Ka radiation (35 kV, 20 mA) in the 2h interval from 10 to 60�.
The samples were prepared by the molding of the powders into

small compact plates at ambient temperature. PP and its

Figure 1. Schematic diagram of the pressure and temperature evolution versus the time in the foaming strategy. The processes were (a) the new process

and (b) the conventional process. Psaturation is the saturation pressure, Tinfiltration is the infiltration temperature, Tfoaming is the foaming temperature,

tsaturation is the saturetion time, tfoaming is the foaming time.
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nanocomposites were also characterized by XRD. We prepared

the samples by pressing the granular PP and nanocomposites

into small compact plates at 190�C.

The coupling agent and original and modified nano-CaCO3

were characterized by Fourier transform infrared (FTIR) spec-

troscopy (recorded on an IS10 FTIR spectrometer, Nicolet,

USA) to confirm the existence of the surface-modifying layer on

the nano-CaCO3.

An LEO1530VP scanning electron microscope (LEO, Germany)

at an acceleration voltage of 15 kV was used to characterize the

distribution of the nano-CaCO3 particles. The sample was cryo-

genically fractured perpendicular to the flow direction after it

was immersed in liquid nitrogen for 0.5 h, and the fractured

surface was then coated with a thin layer of gold before scan-

ning electron microcopy (SEM) characterization.

Differential scanning calorimetry (DSC) was conducted on PP

and its nanocomposites to determine crystallinity with a Met-

tler–Toledo DSC 823 E (Switzerland). Weighted samples were

sealed in aluminum hermetic pans and heated up to 220�C at a

rate of 20�C/min to determine the heat of fusion. All measure-

ments were carried out under a nitrogen atmosphere.

The foamed samples were immersed in liquid nitrogen for 30

min and then fractured. The fractured surfaces were coated with

gold and then examined with a JSM 6380 SEM instrument (Ja-

pan) at an acceleration voltage of 30 kV to observe the cellular

structures of the foamed samples. The average cell diameter was

obtained by the software Image Proplus (Image Proplus 6.0,

America). The number-average diameter (D) of all of the cells

in the micrograph was calculated with the following equation:3

D ¼
Pn

i¼1 di

n
(1)

where n is the number of cells in the micrograph and di is the

perimeter-equivalent diameter.

The cell density (Nc) and the expansion ratio (RV) in the foam

were calculated on the basis of eqs. (2)17 and (3),3 in which qf
(g/cm3) is the foam density and qp (g/cm

3) is the density of the

PP and its nanocomposites. Both were measured according to

ASTMD 792-00:

Nc ¼ 1012 �
6½1� qf

qp
�

pD3
ðcells=cm3Þ (2)

RV ¼
qp
qf

(3)

RESULTS AND DISCUSSION

Characterization of Nano-CaCO3

The XRD patterns of the original and modified nano-CaCO3

are shown in Figure 2. The crystal phase of the original and the

modified nano-CaCO3 could be indexed as trigonal in struc-

ture.18 The main characteristic planes (012), (104), (110), (113),

(202), (018), (116), and (122), corresponding to 2h values of

23.2, 29.5, 36, 39.3, 43, 47.5, 48.4, and 57.3�, respectively, were
unambiguously assigned to the calcite structure.19 The pattern

of the modified nano-CaCO3 did not exhibit any characteristic

diffraction peak for the coupling agent, and the intensity of the

strongest diffraction (at 2h ¼ 29.5�) was weaker than that of

the original nano-CaCO3 (Figure 2); this demonstrated that the

coating of the coupling agent on the nano-CaCO3 surface suc-

ceeded. The decrease in intensity could have been due to the

increase in crystal defects that happened among the crystal par-

ticles.19 The nano-CaCO3 average diameter was quantitatively

evaluated from the XRD broadening with the Debye–Scherrer

equation.9 The equation is as follows:

D ¼ Kk
B cos h

where D is the average diameter of the nanoparticles (nm), K is

the Scherrer constant (K ¼ ¼ 0.89), B is the full width at half-

maximum (rad), h is the diffraction angle (�), and k is the

wavelength of the X-ray (nm; k ¼ 0.15406 nm in this study).

According to XRD of the original and modified nano-CaCO3,

the main diffraction peaks of the original and modified nano-

CaCO3 appeared at 2h values of 29.44 and 29.42�, and the cor-

responding B values were 1.39 � 10�3 and 1.33 � 10�3 rad,

respectively. The average diameters of the original and modified

nano-CaCO3 were estimated to be 102 and 107 nm,

respectively.

Figure 3 shows the FTIR spectra of the coupling agent and the

original and modified nano-CaCO3. The IR spectrum of the

original nano-CaCO3 showed three strong peaks at 1459, 872,

and 712 cm�1; these peaks corresponded to the antisymmetric

stretching, in-plane bending, and plane bending vibrations of

CO3
2�, respectively. The broad and weak vibrations at 3448

cm�1 were assigned to OAH stretching.14,20 The peaks at 1102

and 1027 cm�1, corresponding to the stretching vibrations of

CAN and SiAO, respectively, appeared in the modified nano-

CaCO3 spectrum, but the stretching and bending vibrations of

CH3A at 2950 and about 1500 cm�1 (as shown in the circles in

Figure 3) and the stretching vibrations of CAO at 1339 cm�1

were not found in the spectrum of the modified nano-CaCO3.

Figure 2. XRD patterns of the original and modified nano-CaCO3 (verti-

cal lines indicate PDF #05-0586).
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This indicated that the OAH groups on the surface of CaCO3

reacted with the coupling agent, and CH3CH2OASiA was sub-

stituted by AAOASiA, where A is the surface of CaCO3, so we

could not find the vibrations of CH3A and CAO. The peak at

3440 cm�1 did not disappear for the modified CaCO3 because

of the stretching of NAH of the coupling agent. Above all, this

indicated covalent bonding instead of physical absorption

between the coupling agent and the nano-CaCO3.

Dispersion of Nano-CaCO3 in the PP Matrix

It has been widely accepted that the distribution of nano-

CaCO3 is one of the most important factors in determining the

foamability of PP,6 especially for the use of nano-CaCO3

because of its large specific surface area and high surface

energy.21 The more homogeneous the distribution of nano-

CaCO3 is, the better the foamability of the nanocomposites will

be. Figure 4 shows the distribution of nano-CaCO3 in PP/5%

nano-CaCO3 and PP/10% nano-CaCO3 nanocomposites. In the

former nanocomposites, nano-CaCO3 tended to disperse singly

in the matrix. However, in the latter nanocomposites, nano-

CaCO3 tended to form large aggregates with 500–700 nm in

size, with aggregations of about 5–7 nano-CaCO3 particles. In

other words, a more homogeneous distribution of nano-CaCO3

was achieved in the PP/5% nano-CaCO3 nanocomposites.

Morphology and Properties of PP/Nano-CaCO3

Figure 5 shows the XRD patterns of PP and its nanocomposites.

We recall that PP is mainly present in two crystalline forms: a
and b.21,22 For PP, the presence of the a form is revealed by

peaks at 14.1, 16.9, 18.5, 21.1, and 21.9�, corresponding to the

(110), (040), (130), (111), and (131) planes, respectively. The

presence of the b form is revealed by the intense peak at 16.0�,
which corresponds to the (300) plane. For the nanocomposites,

the intensity of the b-crystalline-phase peak was largely reduced;

this showed that nanocomposites had much less b-crystalline-
phase polypropylene (b-PP). The decrease of b-PP was attrib-

uted to b,a-recrystallization during the melt-blending process;

this indicated that b-PP was converted into a-PP. Lei et al.23

reported that the melting process of b-PP was comprised of

three stages: the melting of b-PP, b,a-recrystallization, and the

melting of recrystallized a-PP. The relative amount of the

b-phase (K value) was determined with the following relation:24

K ¼ Ib

Ia1 þ Ia2 þ Ia3 þ Ib
(4)

where Ib is the intensity of the peak for the (300) diffracting

plane of the b phase and Ia1, Ia2, and Ia3 are the intensities of

the (110), (040), and (130) planes of the a-phase, respectively.
On the basis of eq. (4), the content of b-PP in the PP was

about 24%, and those of the nanocomposites were all less than

8%. The peak at 29.0� in the XRD patterns of nanocomposites

was the nano-CaCO3. As the content of nano-CaCO3 increased,

the intensity of the nano-CaCO3 peak increased apparently.

Melting Behavior of the Nanocomposites

The DSC thermograms of the melting process for PP and its

nanocomposites at a heating rate of 20�C/min are shown in Fig-

ure 6. For PP/3% nano-CaCO3 and PP/10% nano-CaCO3 nano-

composites, a single melting peak was observed, but the PP, PP/

5%nano-CaCO3, and PP/7% nano-CaCO3 had a small melting

Figure 3. FTIR spectra of the original nano-CaCO3, modified nano-

CaCO3, and coupling agent.

Figure 4. SEM images showing the distribution of nano-CaCO3 in (a) PP/5% nano-CaCO3 and (b) PP/10% nano-CaCO3.
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peak at about 150�C in the low-temperature region of the main

melting peak. We attributed this small peak to the melting of b-
PP. From Figure 5, we observed the b-crystalline-phase peak in

the PP, PP/5% nano-CaCO3, and PP/7% nano-CaCO3, corre-

sponding to their melting behavior in DSC thermograms. How-

ever, in PP/3% nano-CaCO3 and PP/10% nano-CaCO3, the same

peak was not found. Many previous researchers also found a sim-

ilar small peak; they all attributed it to the melting of b-PP.25,26

The thermodynamic parameters resulting from the DSC study

are summarized in Table I. Table I indicates that PP and its

nanocomposites seemed to have almost the same value of Tm.

On the basis of the area of the heating curves shown in Figure

6, the degree of crystallinity (Xc) values of PP and its nanocom-

posites were calculated with the following equation:22

Xc ¼
DH

ð1� jÞDH0

� 100%

where DH is the endothermic enthalpy of the sample, DH0 is

the endothermic enthalpy of PP when it crystallizes completely

(the value was set as 209.0 J/g), and j is the mass fraction of the

filler. Xc for the nanocomposites was lower than that of PP. Lin

et al.27 also found the decrease in crystallinity in PP/modified

nano-CaCO3, which they attributed to the coating of modifiers

on the nano-CaCO3.

Effect of the Nano-CaCO3 Content

Figure 7 displays the SEM micrographs of the PP and its nano-

composite foams. Figure 8 quantitatively shows the average cell

diameter and cell density distributions for the PP and its nano-

composite foams. In comparison with PP, the nanocomposites

exhibited dramatically improved foamability and showed signifi-

cantly improved cell structures and properties, including the cell

diameter and the cell density. They had an average cell diameter

in the range of 6.2–12.1 lm, which was smaller than that

observed for the PP foam. Many other researchers have reported

that blending nanoparticles into PP can improve the

foamability.6,17,27

It can be seen from Figure 8 that the cell diameter increased

and the cell density decreased, both in a nearly linear manner,

with increasing nano-CaCO3 content up to 5 wt %. A further

increase in the nano-CaCO3 content to 10 wt % led to a sharp

increase in the cell diameter and a significant decrease in the

cell density. The nanoparticles had large surface areas and could

serve as heterogeneous nucleation sites at which embryos are

formed at lower free energy during the foaming of the nano-

composites. In this study, the presence of the nano-CaCO3 led

to an increase in the nucleation rate; this increased the cell den-

sity and decreased the cell diameter. However, when too much

nano-CaCO3 was blended into PP, the nano-CaCO3 aggregated,

and the surface area and heterogeneous sites decreased; this led

to larger cells and a lower cell density.

Effect of the Foaming Temperature

Figure 9 shows the variations of the cell diameter, cell density,

and foam density with the foaming temperature for PP and its

nanocomposite foams. We found that with increasing tempera-

ture, the PP foams showed an apparent increase in cell size,

whereas the nanocomposite foams first exhibited an apparent

increase in the cell size versus the foaming temperature and

then varied very slightly. In the case of the temperature depend-

ence of the cell density, a significant decrease was observed, and

then, the change was much lower for the PP foams, whereas the

nanocomposite foams had the same tendency but more appa-

rently. This behavior was due to the slight decrease in SC-CO2

Figure 6. DSC melting curves of the original PP and PP/5% nano-CaCO3

composites. The heating rate was 20�C/min.

Table I. Tm, DH, and Xc Values of the PP and the Nanocomposites

Sample DH (J/g�1) Tm (�C) Xc (%)

PP 100.08 165.94 47.89

PP/3% nano-CaCO3 91.59 166.70 45.18

PP/5% nano-CaCO3 91.64 166.37 46.15

PP/7% nano-CaCO3 90.33 165.23 46.47

PP/10% nano-CaCO3 87.30 166.59 46.41

DH, heat of fusion.

Figure 5. XRD patterns of the original PP and PP/nano-CaCO3 compo-

sites (the vertical lines indicate PDF #50-2397).
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dissolved in the matrix for PP and the action of the heterogene-

ous sites (nano-CaCO3) in cell nucleation for nanocomposites

as the prominent factor decreasing the foaming temperature.

Both the cell density and cell size affected the foam density.

Here, the foam density decreased with increasing temperature

from 150 to 152�C and then remained almost constant. From

the previous results, we can say that the behavior of foam den-

sity was mainly due to the competition between cell nucleation

and cell growth. Cell growth played a dominant role in the

determination of the foam density at low temperatures (from

150 to 152�C). Although the cells grew slightly, the foam den-

sity decreased dramatically. However, at high temperatures, both

the cell diameter and cell density hardly influenced the foam

density. This may have been because the solubility of CO2

remained almost constant with increasing temperature at high

temperatures. These phenomena were a little different from

Nam’s achievements.7

As shown in Figure 10, an interesting phenomenon was

observed. For the PP foams, small and large cells were apparent

at the low (152�C) and high (158�C) temperatures, but at the

moderate temperature (154�C), all of the cells were uniform.

For the nanocomposite foams, this phenomenon was not

observed. The mechanisms of the similar phenomena at low

and high temperatures were different. At low temperature, this

may have been due to the influence of the crystalline regions. It

has been reported that when the depressurization rate was high

enough at low temperature, cell nucleation in the crystalline

region became possible.3 Once cell nuclei were formed, more

CO2 molecules were inclined to diffuse into them instead of

generating new cell nuclei. Moreover, the amorphous region was

much less rigid than the crystalline region. Thus, cells in the

amorphous region grew bigger and bigger in size than those in

the crystalline region. At a temperature of 154�C, most of the

crystalline regions were disrupted, and there was no difference

Figure 7. SEM micrographs of the original PP and PP/5% nano-CaCO3 foams at a foaming temperature of 150�C, an infiltration temperature of 80�C,

a saturation pressure of 25 MPa, and a foaming time of 10 min. The contents of the nano-CaCO3 were (a) 0, (b) 3, (c) 5, (d) 7, and (e) 10 wt %.

Figure 8. Average cell diameter and cell density of the original PP and PP/5% nano-CaCO3 foams as influenced by the nano-CaCO3 loading.
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between crystalline and amorphous regions, so all of the cells

were uniform. At high temperature, cell coalescence led to irreg-

ular cells. However, in the nanocomposites, the nucleation effect

and the decrease in crystallinity reduced the difference between

the crystalline and amorphous regions, and all of the cells were

uniform.

Effect of the Saturation Pressure

Figure 11 shows that the cell diameter and cell density of the

PP and its nanocomposite foams varied with the saturation

pressure. The pressure ranged from 20 to 28 MPa. At the lowest

pressure of 20 MPa, the cell diameter and cell density of the PP

and its nanocomposite foams were very low. When the pressure

increased from 22 to 28 MPa, the cell diameter of PP decreased,

and the cell density increased. However, the nanocomposite

foams exhibited a constant cell diameter and density versus sat-

uration pressure. When the saturation pressure was very low,

the extent of the CO2-induced Tm depression was low and so

was the amount of CO2 dissolved in PP and its nanocomposites.

Thus, PP and its nanocomposite foams were stiff, and their

deformability and foamability were limited. Figure 12(a,b)

shows the SEM micrographs of the PP and its nanocomposite

foams at a pressure of 20 MPa. As indicated in these micro-

graphs, only a small amount of discrete cells were formed on

the samples, and large unfoamed regions were apparent.

When the pressure ranged from 22 to 28 MPa, both the amount

of CO2 dissolved in PP and the CO2-induced Tm depression

were higher than those at 20 MPa; the samples became soft

enough, and the cells were nucleated and expanded easily. Thus,

a higher pressure led to more cells being nucleated within a

given volume, which led to smaller cells and a higher cell den-

sity for the PP foams. Although the constant cell diameter and

cell density for the nanocomposite foams was due to the hetero-

geneous effect of nano-CaCO3, nano-CaCO3, as a kind of heter-

ogeneous site, benefited nucleation, but it could also inhibit gas

expansion and cell growth. Figure 12(c,d) shows the SEM

micrographs of the PP and its nanocomposite foams at a pres-

sure of 22 MPa. It can be seen that the foamability of PP and

its nanocomposites improved dramatically because there were

no large unfoamed regions observed in the samples.

Effect of the Infiltration Temperature

The effect of the infiltration temperature on the cell morphol-

ogy of PP and its nanocomposite foams was studied at a foam-

ing temperature of 154�C, a saturation pressure of 25 MPa, and

a foaming time of 30 min. Figure 13 shows that a lower infiltra-

tion temperature led to larger cells and a lower cell density. This

was because a lower infiltration temperature decreased the ini-

tial foaming temperature (Tinitial), which was the temperature at

which samples were apparently foamed. Figure 14 shows the

foam density variation with the foaming temperature at differ-

ent infiltration temperatures. Tinitial decreased with decreasing

infiltration temperature. Although at an infiltration temperature

of 80�C, the samples foamed at 150�C, we refer Tinitial to 151�C,
because the foam density did not decline dramatically; this

means that the samples were only partially foamed, not appa-

rently foamed. The reasons for this partial foaming is evidenced

in the next section.

Figure 9. Average cell diameter, cell density, and foam density of the orig-

inal PP and PP/5% nano-CaCO3 foams as influenced by the foaming tem-

perature. The infiltration temperature was 80�C, the saturation pressure

was 25 MPa, and the foaming time was 30 min.
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In Figure 15, it can be seen that the cell walls became thinner

with decreasing infiltration temperature and were finally dis-

rupted at an infiltration temperature of 40�C. The cells coa-

lesced, which was the reason why the cell diameter increased

dramatically with decreasing infiltration temperature at a low

infiltration temperature.

Effect of the Foaming Time

With the method described in Figure 1(a), cells could form at

the increasing temperature or depressurization stage. To deter-

mine at which stage cells were formed, an experiment was con-

ducted as follows: PP and its nanocomposites were dipped at 25

MPa and 80�C for 24 h. Then, the temperature was raised to

154�C within 20 min and kept there for 30 min. The system

was cooled to room temperature without a change in pressure,

and the vessel was depressurized to atmospheric pressure.

Finally, the samples were injected out and examined with SEM.

No cells were observed. However, as shown in Figure 10(b,e),

when the samples were foamed in the same foaming conditions

with the process described in Figure 1(a), lots of cells were

formed; this indicated that cells were formed in the depressuri-

zation stage.

When the infiltration temperature increased to the foaming

temperature, it took some time to transfer heat from the surface

to the interior. When the time was very short, the surface and

Figure 10. SEM micrographs of the original PP and PP/5% nano-CaCO3 foams at different foaming temperatures at a saturation pressure of 25 MPa,

an infiltration temperature of 80�C, and a foaming time of 30 min. The foams were (a–c) the original PP foams and (d–f) the PP/5% nano-CaCO3

foams. The foaming temperatures were (a,d) 152, (b,e) 154, and (c,f) 158�C.

Figure 11. Average cell diameter and cell density of the original PP and PP/5% nano-CaCO3 foams as influenced by the saturation pressure. The foam-

ing temperature was 152�C, the infiltration temperature was 80�C, and the foaming time was 30 min.
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interior of the polymer were soft and intact, respectively. The

surface was more advantageous for cell growth. Therefore, cells

were different between the surface and interior. Figure 16(a)

shows the SEM micrographs of the cell structure of PP when

the foaming time was only 10 min. As shown in Figure 16(a), a

decrease in the cell diameter from the surface to the interior of

PP was apparent. We refer this structure as the skin–core struc-

ture. When the foaming time was prolonged to 45 min, the cel-

lular structures of the surface and interior became similar, as

shown in Figure 16(b). The cellular structure hardly changed

when the foaming time ranged from 45 to 60 min. This was

because the polymer became completely soft when the foaming

time was 45 min. A longer foaming time hardly caused any

change, so the samples were partially foamed at 30 min. Figure

17 shows the variations in the cell diameter and cell density

with foaming time. We observed that the cell diameter

Figure 12. SEM micrographs of the original PP and PP/5% nano-CaCO3 foams at different saturation pressures at a foaming temperature of 152�C, an

infiltration temperature of 80�C, and a foaming time of 30 min. The foams were the (a,b) original PP and (c,d) PP/5% nano-CaCO3 foams. The pres-

sures were (a,c) 20 and (b,d) 22 MPa.

Figure 13. Average cell diameter and cell density of the original PP and PP/5% nano-CaCO3 foams as influenced by the infiltration temperature. The

foaming temperature was 154�C, the saturation temperature was 25 MPa, and the foaming time was 30 min.
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decreased and the cell density increased apparently when the

foaming time was increased from 10 to 45 min but hardly any

change was observed from 45 to 60 min.

Orthogonal Experimental Design

Orthogonal experimental design is a mathematical method used

for planning multifactor tests. In this case, we used this method

to further explore the effects of the previous five factors. Each

of the previous five factors could be changed at four levels, and

an L16(4
5) orthogonal array was used to arrange the tests. The

effects of each of these five factors on the expansion ratio and

cell diameter were then examined. Details of the four levels for

each factor are shown in Table II. Equations (2) and (3) show

that both the expansion ratio and cell diameter influenced the

cell density. The cell diameter and cell density are very impor-

tant parameters in characterizing cell morphologies. Therefore,

in this study, we investigated the influence of various factors on

the expansion ratio and cell diameter.

Sixteen experiments in accordance with the L16(4
5) orthogonal

array were performed. The results of the effects of the five fac-

tors on the cell diameter are presented in Table III. As shown,

K1j and M1j represent the sum of the results of row j when the

level was 1. Kj and Mj represent the difference in the largest and

smallest Kij and Mij values of row j. A large value of Kj or Mj

indicates that the effect of factor j on the expansion ratio or cell

diameter was significant. Meanwhile, K and M correspond to

the sums of the total results. From the Kj values in Table III,

one can see that 4.99 > 4.55 > 4.03 > 2.84 > 2.82. The effects

of the five factors on the expansion ratio can consequently be

Figure 14. Foam density variation with the foaming temperature at different infiltration temperatures. The samples were (a) the original PP and (b) the

PP/5% nano-CaCO3.

Figure 15. Cell structures at different infiltration temperatures at a foaming temperature of 154�C, a saturation pressure of 25 MPa, and a foaming time

of 30 min. The foams were (a–c) the original PP foams and (d–f) PP/5% nano-CaCO3 foams. The infiltration temperatures were (a,d) 120, (b,e) 80,

and (c,f) 40�C.

ARTICLE

3648 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38416 WILEYONLINELIBRARY.COM/APP



listed in the following order: Saturation pressure > Infiltration

temperature > Nano-CaCO3 loading > Foaming temperature >

Foaming time. From the Mj values, 108.33 > 69.34 > 58.36 >

56.04 > 41.06, the effect of the five factors on the cell diameter

can consequently be listed in the following order: Foaming tem-

perature > Saturation pressure > Infiltration temperature >

Nano-CaCO3 loading > Foaming time.

From previous results, we observed that the foaming tempera-

ture influenced the cell diameter significantly, but its effect on

the expansion ratio was very weak because of the apparent

increase in the gas diffusion rate and the slight decrease in the

amount of SC-CO2 dissolved in the PP matrix with increasing

foaming temperature. The saturation pressure was an important

factor influencing the cell diameter and expansion ratio; this

was caused by the increasing solubility of SC-CO2 with increas-

ing pressure. Therefore, it is an effective method for obtaining

microcellular foams through variation of the saturation pres-

sure. The infiltration temperature significantly influenced the

expansion ratio and cell diameters of PP and its nanocompo-

sites. Its effect on the expansion ratio and cell diameter was

even more significant than that of nano-CaCO3 loading. Nano-

CaCO3 loading dramatically decreased the cell diameters of the

Figure 16. SEM micrographs of the original PP foams at different foaming times and at a foaming temperature of 150�C, a saturation pressure of 25

MPa, and an infiltration temperature of 80�C. The foaming times were (a) 10 and (b) 45 min.

Figure 17. Average cell diameter and cell density values of the original PP and PP/5% nano-CaCO3 foams as influenced by the foaming time. The foam-

ing temperature was 150�C, the saturation pressure was 25 MPa, and the infiltration temperature was 80�C.

Table II. Contents of Orthogonal Factors and Levels

Factor level
A: Foaming
temperature (�C)

B: Saturation
pressure (MPa)

C: Infiltration
temperature (�C)

D: Foaming
time (min)

E: Nano-CaCO3

loading (%)

1 152 20 40 10 0

2 154 22 60 20 3

3 156 25 80 30 5

4 158 28 120 60 10
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nanocomposites compared with those of the original PP foams.

However, the cell diameters of the nanocomposites containing

3, 5, and 10% nano-CaCO3 varied very slightly with the nano-

CaCO3 loading.

Comparison to the Conventional Process

It has been reported that the foaming temperature range of PP

with the conventional process described in Figure 1(b) was very

narrow; this makes it difficult for PP to foam, and the cell

Table III. Effect of the Five Factors on the Cell Diameter

Experiment
A: Foaming
temperature (�C)

B: Saturation
pressure (MPa)

C: Infiltration
temperature (�C)

D: Foaming
time (min)

E: Nano-CaCO3

loading (%)
Expansion
ratio

Average cell
diameter (lm)

1 1 1 1 1 1 1.43 28.35

2 1 2 2 2 2 3.55 31.30

3 1 3 3 3 3 4.51 27.10

4 1 4 4 4 4 4.42 32.62

5 2 1 2 3 4 3.42 40.16

6 2 2 1 4 3 4.12 38.95

7 2 3 4 1 2 3.98 34.58

8 2 4 3 2 1 5.23 30.32

9 3 1 3 4 2 4.11 45.22

10 3 2 4 3 1 3.50 87.15

11 3 3 1 2 4 3.72 48.99

12 3 4 2 1 3 4.36 40.30

13 4 1 4 2 3 4.31 60.35

14 4 2 3 1 4 4.22 57.34

15 4 3 2 4 1 3.11 67.85

16 4 4 1 3 2 4.25 42.16

K1j 13.91 13.27 13.52 13.99 13.27 K ¼ 61.76

K2j 16.75 15.39 14.44 16.81 15.89

K3j 15.29 15.32 18.07 15.68 17.30

K4j 15.81 18.26 16.21 15.76 15.78

Kj 2.84 4.99 4.55 2.82 4.03

M1j 119.37 174.08 158.45 160.57 213.67 M ¼ 712.74

M2j 144.01 214.74 179.61 170.96 157.63

M3j 221.66 174.62 216.81 201.63 176.74

M4j 227.70 145.40 214.70 184.64 179.11

Mj 108.33 69.34 58.36 41.06 56.04

Figure 18. Expansion ratios of the original PP and PP/5% nano-CaCO3 foams with the foaming temperature with different processes. The saturation

pressure was 25 MPa, the foaming time was 30 min, and the infiltration temperature was 80�C. The foams were (a) the original PP and (b) PP/5%

nano-CaCO3 foams.
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morphologies difficult to control. Therefore, the narrow foam-

ing temperature range has become one of the critical obstruc-

tions to the foaming of PP.

Figure 18 shows the variations of the expansion ratio with the

foaming temperature in two processes: one is the new process

described in Figure 1(a), and the other is the conventional one

described in Figure 1(b). As shown in Figure 18, the foaming

temperature range of the new process was about five times

broader than that of the conventional one; this improved upon

the difficulties in the foaming of PP. This might have been due

to the plasticization effect of SC-CO2 for PP in the infiltration

stage. The plasticization effect increased the ability of PP to resist

temperature variation. However, this must be investigated further.

CONCLUSIONS

In this work, we systematically studied a new foaming process

and compared it with the conventional one. The experimental

results reveal that the nanocomposites largely had decreased cell

diameters and, hence, increased cell density compared to the PP

foams. The cellular structures of the PP foams were more sensi-

tive to the foaming temperature and saturation pressure varia-

tions than those of the nanocomposites. Uniform cells were

only observed at the moderate temperature for PP, whereas the

cells of the nanocomposites were always uniform. The foam

density was dependent on the competition between cell growth

and cell nucleation. At a very low saturation pressure, the cell

density was low, and the cell diameter was small because of the

low CO2-induced Tm depression. A lower infiltration tempera-

ture decreased Tinitial and thus led to larger cells and a lower

cell density. The foaming time influenced the heat transfer from

the surface to the interior of the polymer. Therefore, a short

foaming time led to a skin–core structure, but when the foam-

ing time was increased, the skin–core structure disappeared, the

cell diameter increased, and the cell density decreased. When

the foaming time was greater than 45 min, the cell structures

were hardly changed. From the results of the orthogonal experi-

ments, we determined that the infiltration temperature was a

significant factor affecting the cell diameter. Compared with the

conventional process, the new process had a much broader

foaming temperature range.
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