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ABSTRACT: A new process was used to foam polypropylene (PP) with batch foaming technique with supercritical carbon dioxide
(scCO,) as the blowing agent. Comparing with the conventional process, the new one takes less time to foam and the foaming tem-
perature range is much broader, which is about 2.5 h and 55°C, respectively. An activation model was established on the basis of
mass equilibrium, this model was combined with classical nucleation theory and S-L EOS model to explain foaming behaviors of PP
and simulate the cell nucleation and cell diameter. A satisfactory agreement between calculated and experimental values was obtained.
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INTRODUCTION

Recently, various supercritical fluid processing methods have
been developed for the production of polymer-based materials
such as foams, microparticles, membranes and fibers.! In this
direction, cellular polymers can be formed through the gas
foaming technique. Current processes producing microcellular
foams include batch, extrusion, injecting molding, extrusion
injecting molding, extrusion blow molding, and thermoform-
ing.>™ Batch foaming process is one of the most common proc-
esses, because it can produce foams with small size and high
cell density.”® In general, two batch foaming processes are used
to produce foams: temperature-induced and pressure-induced
phase separation. For the former one, samples must be put into
the oil bath just above the melting point after saturation, the
near-surface region melts quickly and stays molten, whereas the
interior remains intact, thus leading to nonuniform cells in
foams; for the latter one, samples are placed into the high-pres-
sure vessel in the polymer-softening temperature range, which is
narrow for many polymers especially polypropylene (PP),” any
variation in temperature will be enough to make them
unfoamed. Huang et al. combined these two processes and
developed a new one to foam PP.* Although PP foams with
small cells and high cell density are achieved, the saturation
time is too long (ca. 24 h) and cell morphology is apparently
affected by crystalline regions, which makes it difficult to estab-
lish model to predict cell morphology of PP.

© 2013 Wiley Periodicals, Inc.
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To reduce the crystalline effect and saturation time, a new
foaming process was proposed. First, samples were saturated
with supercritical carbon dioxide (scCO,) at high temperature
to disrupt crystalline regions completely. Then the temperature
was decreased to the foaming one, which was above the crystal-
lization point. Finally, the system was depressurized dramatically
to get PP foams. With this new process, PP foams with small
cells and high cell density were successfully obtained, the foam-
ing temperature range was largely widened, which could be rep-
resented by variations of expansion ratio with foaming
temperature.” Also, in this new process, the diffusion of CO,
into PP was quickly due to high kinetic energy of CO, and low
melt strength of PP matrix at high temperature, thus reducing
saturation time obviously. Therefore, the time producing foams
was much shorter than that of the pressure-induced or temper-
ature-induced phase separation process.

The classical nucleation theory is widely accepted and used to
describe the cell nucleation.'®™'* However, many other research-
ers indicate that it is not able to fully describe the nucleation
activity in the foaming process,'>™"> which is mainly because
the pressure inside the cell (P,) cannot be obtained accurately.
To solve this problem, an activation model was established on
the basis of previous researches.'®° However, the CO, solubil-
ity need to be accurately obtained in this activation model,
which can be calculated according to many theories, such as S-L
EOS,*"* Simha-Somcynsky (S-S) EOS® and perturbed chain
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Figure 1. Schematic diagrams of pressure and temperature evolution versus time in the foaming strategy. The processes are: (a) the new process; (b) the

conventional process.

statistical associating fluid theory (PC-SAFT) EOS.** Among
these models, the S-L EOS model is most usually used to
describe the P-V-T behavior of many polymer-supercritical fluid
systems.zs_29 Therefore, in this article, S-L EOS model was used
to calculate the CO, solubility. In previous researches, some
theories combining with classical nucleation theory and S-L
EOS model have been proposed to simulate cell nucleation
accurately of amorphous polymers,”®*' but they can not be
used to simulate cell nucleation of semicrystalline polymers
like PP. In fact, only few researchers have studied cell nucleation
of PP.

In this article, an activation model was established on the basis
of the mass equilibrium, and we combined it with classical
nucleation theory and S-L EOS model to simulate cell nuclea-
tion and cell diameter of PP foams. The experimental value was
used to be corrected with this theory. In addition, an improved
process was proposed, whose advantages were explored and
confirmed by Differential scanning calorimetry (DSC)
characterization.

EXPERIMENTAL

Materials

PP pellets (F401) with an average diameter of 3-4 mm were
supplied by Sinopec Yangzi Petrochemical Co., Lit., China. The
mass-average molar mass was 985,000 g/mol. The CO, (purity
99%) was purchased from Nanjing Gas Co. of 55th Institute
and used as received.

Preparation of the Porous Structures

In this work, PP was foamed with a batch foaming apparatus as
shown in previous report.”** The foaming procedures were as
follows: (1) placing samples in the high-pressure vessel with 100
cm’ internal volume; (2) slowly flushing the vessel with low
pressure CO,; (3) heating the vessel to the temperature of
170°C within 20 min; (4) pressurizing the vessel to the satura-
tion pressure with high-pressure CO,; (5) saturating samples in
the vessel for 30 min at the saturation pressure; (6) declining
the temperature to the foaming one within 30 min, remaining
the saturation pressure unchanged during temperature declining
and then keeping the temperature for 60 min; (7)
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depressurizing the vessel to the atmospheric pressure in less
than 10 s; (8) injecting foamed samples out of the vessel quickly
and immersing them into ice-water mixture to stabilize cell
nuclei. The whole procedures are shown in Figure 1(a).

The conventional process was mentioned in other article.” The
whole procedures are shown in Figure 1(b).

Characterization

DSC was conducted on the PP with a Mettler Toledo DSC 823E
(Mettler, Switzerland). Weighted sample was sealed in alumi-
num hermetic pans and heated up to 220°C at a rate of 10°C/
min, held at that temperature for 5 min, then cooled to 50°C at
a rate of 10°C/min. All measurements were carried out under
the CO, atmosphere environment. The mass of sample was 10—
20 mg.

The surface tension of PP at different temperatures was meas-
ured with pendant drop method descried in other articles.”*?*
Samples were molded to 10 X 2 X 2 mm. Then samples were
hang in the heating equipment with a window under the CO,
atmosphere, the sample melting process was recorded with a
digital camera.

Foamed samples were immersed in liquid nitrogen for 30 min
and then fractured. Fractured surfaces were coated with gold
and then examined with the JSM 6380 SEM (Japan Electron
Optics Laboratory Co., Ltd., Japan) at an acceleration voltage of
30 kV to observe cellular structures of foamed samples. The av-
erage cell diameter was obtained by the software image proplus.
The number average diameter of all the cells in the micrograph,
D, was calculated with the following equation:>*?

S

n

D= (1

where 7 is the number of cells in the micrograph and d; is the
perimeter-equivalent diameter.

The cell density N, and the expansion ratio R, in the foam were
calculated based on egs. (2)** and (3)° in which py is the foam
density, p, is the mass density of PP, both were measured
according to ASTMD 792-00:
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Nucleation Theory

According to the classical nucleation theory, the difference
of the free energy (AG) can be calculated by the following
equation:

31,35

4mr?

AG=fTAP+4nr2y. (4)

The critical radius (r,) and the maximum value of AG (AG*},,,)
are:>13°

2y
=0 5
e AP (5)
167r?

AG  =— 6

hom 3 A p2 ©

AP:Pg_Patm (7)

The nucleation rate (Np) and the total number of nuclei (N,)
areSl,SS

—-AGH

No=G ———tom. 8

0 ofoeXP ( kT ) (8)

)%=ZRimp(47trf) 9)

t,vitr pyvitr i
p
N= | Nydt= | N, 10
J ‘ J " dp/dt (1o
0 p,sat

where r is the radius of the cell, y is the interfacial tension of
polymer melt, AP is the pressure difference between two sides
of the interface between the nucleus and the mother phase, P,
is the pressure inside the cell, P,,, is the atmospherically pres-
sure, C, is the concentration of the dissolved fluid inside the
polymer matrix, k is the Boltzmann constant, Z is the Zeldovich
factor, Rjnp is the rate of impingement of gas molecules, the
parameter f; is a frequency factor for gas molecules, the sat and

vitr denote saturation and vitrification, respectively.

According to egs. (4-10), to apply the nucleation theory, the
pressure inside cells, the amount of the dissolved fluid and the
interfacial tension are required. Consequently, in the absence of
extended experimental value there is a need of an appropriate
model.
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Activation Model

To obtain the pressure inside cells, we combined some well-
know cell models,’>**® and an idealized cell nucleation is
constructed in Figure 2. The following assumptions are used in
this model:

The system is isothermal;

The cell is spherically symmetric;

The polymer melt is incompressible;

The inertial forces and gravity are neglected;

The gas concentration in the polymer-gas solution and the

pressure inside the cell obeys Henry’s law. The concentration

of CO, in the volume of PP from which the cell can draw

its gas is symmetric;

6. The volume and mass of PP from which the cell can draw
its gas is almost the same for each cell;

7. There is no loss of gas to the surroundings.

Vi N =

With this model, one can write the expression according to
mass equilibrium and previous assumptions. The mass of CO,
in the cell is:

(1)

4
Mpubble = gnr3pcoz (T, Py)

Where p(TpP,) is the mass density of CO, at the pressure of P,
and the temperature of T For this article, the CO, solubility
can be obtained:

ml

S(T,P)=—<
(1.p)="

(12)

Where 11 o, is the mass of CO, in the polymer at the weight
of m,. The gas available in the polymer before the foaming
event is:

mSupply:S(PS7 TF)mp (13)

Where m,, is the mass of polymer from which the cell can draw
its gas.

According to the seventh assumption, the amount of gas
remaining in the polymer (#polymer) by subtracting the mass of
gas added to the cell (1) from the mass of gas initially in the
polymer (iguppiy):

Mpolymer = Msupply — Meell ( 14)

According to the definition of the solubility, #7,51ymer can be
rewritten to yield:

mPolymer:S(Pga TF) mp (15)
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According to the fifth assumption, the CO, solubility around
cells is:

S(Pg, Tr) =0.044K;, P, (16)

K, is the Henry’s constant, K, =3.0 X 1077 mol-kg '-Pa”"
according to ref. 1.

Finally, egs. (11), (13), (15) and (16) are substituted into eq.
(14) to yield:

4
0.044K;, Pymp=S(Ps, Tr)mp— gm3pcoz (Pg, Tr) (17)

According to the fifth and sixth assumptions, 1, in this article,
can be defined as follows:

4nr’ P,
= Pp _4mr Py (18)
N 3 Pp~—Pr
Substituting egs. (2) and (17) into eq. (18):
0.044K,P,p%  S(Ps, Tr)p?
2P _ S(Ps, Tr)pp ~pcos(Pe, Tr) (19)

Pp— Py Pp— Py
This equation is then solved to yield P, The solubility and
mass density of CO, are solved based on S-L EOS model in the

next section.

Calculation of Solubility

The densities of CO, in the headspace of the autoclave were cal-
culated by BWR.* The CO, solubility can be calculated by S-L
EOS model:*

meor— (Vi Veo) Xpcon | Pcos 1000X p(T,P)

Sco2 =

mp p(T.P)| "~ 1000Xp(T.P)=pcos

(20)
Where Sco, is the CO, solubility in the polymer, p, is the mass
density of the polymer, and p(T,P) is the mass density of poly-
mer/CO, estimated by S-L EOS at each condition. The mass
fraction of CO, (wco2) and polymer (wp,) are:
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Figure 3. Variations of expansion ratio of PP foams with foaming temper-
ature in the new process. The saturation pressure is 25 MPa.

Calculation of Surface Tension
The interfacial tension was calculated with the following empiri-
cal equation:*

Vmix:(l_wcoz)r“/poz (23)

Where 7., and 7, is the surface tension of the mixture and
7 7p
pure polymer, respectively. r is the empirical coefficient.

RESULTS AND DISCUSSION

Advantages of the New Process

Figure 3 shows the foaming temperature range of two processes.
Error bars represent the standard deviation for each value of
repeated experiments. From Figure 3, the foaming temperature
range of the new process is about 12 times broader than that of
the conventional one, indicating that the foamability of PP has
been largely improved with the new process. At the temperature
of 170°C, CO, in the PP matrix can get equilibrium within very
short time due to the low melt strength of PP and high CO,

Weor= Sco2 (21)  diffusion rate. When the temperature is decreased to the foam-
1+Sco2 ing one, the PP matrix remains low melt strength, which is easy
©por =1~ 002 (22) .for CO, to reach equilibri}lm .again, the time.producing foa.ms
is decreased to 2.5 h, which is the shortest in batch foaming
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Figure 4. Variations of the cell diameter, cell density and foam density of PP foams with foaming temperature in the new process. The saturation pres-

sure is 25 MPa.
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Figure 5. Variations of the mass density of CO, with saturation pressure
at different temperatures.

processes as far as we know. As previous articles reported that if
PP matrix melted, it would become hard at very low tempera-
ture.*>*! Therefore, the lower limit of foaming temperature
declines. In the conventional process, PP begins to be foamed at
the near-melting temperature, thus increasing the lower limit of
foaming temperature.

The upper limit of foaming temperature for the new process
should be the same as that for the conventional one. However,
the phenomenon we observed is different, which needs to be
further investigated in the near future.

Effect of Foaming Temperature

Figure 4 shows variations of the cell diameter, cell density and
foam density with the foaming temperature at the saturation
pressure of 25 MPa. As presented in this figure, the cell diame-
ter increases, whereas the foam density and cell density decrease
with foaming temperature rising. Error bars in Figure 4(a,b),
respectively represent the standard deviation for the size and
the cell density of each cell, which is calculated by substituting
each cell size into eq. (2). According to eq. (19), under constant
saturation pressure, Py can be solved as follows:

ARTICLE
0.351 m 10MPa
e 15MPa
0.30+ A 20MPa

& 25MPa
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Figure 7. Solubility of CO, in molten state PP at different pressures. Ex-
perimental results (symbols)45 and calculation results (lines) via S-L EOS
with k;, = 5.45-0.0365T.

— S(PS7 TF) _ pCOZ(Pg, TF) (pP_pf)
£ 0.044K;, 0.044p2

(24)

pp Is about 939 kg~m73, pf is more than 150 kg~m73, K, is
3.0 X 1077 kg-molfl-Pafl. The precoefficients of S(TpPs) and
Pco2(PgTr) are estimated as 7.58 X 107 kg-molflPaf1 and
0.02 kg-m >, respectively. The variation of pco, with the tem-
perature remains small although the pressure or temperature
varies apparently as shown in Figure 5. Therefore, pcos(PgTF)
almost has no effect on P, comparing with the S(Ps,TF).

According to eq. (4), AG increases with increase of 9 and
decrease of AP. The y of PP melt decreases with the temperature
rising as shown in Figure 6(a). Nevertheless, as predicted from
eq. (23), this happens only at low pressures, where the CO,
solution is not very high. At high pressures the decrease of the
CO, solubility caused by the temperature increase is pro-
nounced and y increases with the temperature rising as shown
in Figure 6(b), which is the same as the results of refs. 33,34,
and 44. The CO, solubility in the PP decreases with
temperature rising and almost shows linear relationship as
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8 -2 25
7 30 a2
5 )
= = 20
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Figure 6. Variations of surface tension of PP melt with temperature at (a) atmosphere pressure and (b) different pressures: Experimental results

(symbols) and calculation results (lines).
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Figure 9. SEM micrographs of PP foams at different foaming temperatures. The foaming temperatures are (a) 120°C, (b) 135°C, (c) 150°C. The satura-

tion pressure is 25 MPa.

shown in Figure 7, other articles also have reported the same
results. 2% According to eq. (24), P, decreases with foaming
temperature rising. Therefore, AG and r, increase with foaming
temperature rising according to eq. (4) and eq. (5) as shown in
Figure 8. Therefore, fewer cells can be nucleated in a given vol-
ume at higher foaming temperature, thus leading to lower cell
density and larger cells with reduced bulk density.

Figure 9 shows SEM micrographs of PP at different foaming
temperatures. It can be found that low temperature leads to
small and uniform cells, whereas high temperature results in

500

large and irregular cells. At high temperature, cell coalescence
becomes apparent because of the low melt strength, thus leading
to large and irregular cells. Some unfoamed regions are
observed at the temperature of 135°C as shown in circles in
Figure 9(b), but this phenomenon could not be found at the
temperature of 150°C. As we know, high temperature benefits
both gas diffusion and cell coalescence. Maybe at the tempera-
ture of 135°C, gas diffusion plays the dominant role, gas dif-
fuses into surrounding cells, resulting in unfoamed regions.
Although at the temperature of 150°C, cell coalescence leads to
all regions being foamed.
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Figure 10. Variations of cell diameter, cell density and foam density of PP foams with saturation pressure. The foaming temperature is 145°C.
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Figure 11. SEM micrographs of PP foams at different saturation pressures. The saturation pressures are (a) 15 MPa, (b) 20 MPa, (c) 25 MPa. The foam-

ing temperature is 145°C.

Table I. Characteristic Parameters for S-L EOS™

Substance T K P* MPa o*, kg/m® M, g/mol T, K P, MPa Ref.
CO> 300 630 1515 44 e
PP 692 297.5 882.8 197,000 303-589 0-200 13

Effect of Saturation Pressure

Figure 10 shows variations of the cell diameter, cell density and
foam density with the saturation pressure. The cell diameter
and foam density decrease, whereas the cell density increases

with increase of saturation pressure. This is caused by the
increase of P, and the decrease of ynix. S(Ps,Tr) increases with
increase in Figure 7,
other articles have also got the same results.*>*"** According to

of saturation pressure as shown
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Figure 12. Variations of average cell diameter and cell density of PP foams with foaming temperature at the saturation pressure of 25 MPa and satura-
tion pressure at the foaming temperature of 145°C. Cell density (symbols) and cell nucleation (lines).
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eq. (24), under constant foaming temperature, P, increases with
increase of S(Ps,Tr), thus leading to the decrease of AG and r..
Higher S(Ps,Tr) leads to larger wco,, which results samller i
as shown in Figure 6(b), AG and r, further decrease according
to egs. (4) and (5). Therefore, AG and r, decreases with increase
of saturation pressure as shown in Figure 8. More cells can be
nucleated in a given volume at higher saturation pressure, small
cells and high cell density are produced.

Figure 11 shows SEM micrographs of PP at different saturation
pressures. At low saturation pressure, large and discrete cells
appear in PP foams, unfoamed regions are apparently observed,
whereas at high saturation pressure, small and combining cells
are found. This is because low pressure leads to low CO, solu-
bility and low cell nucleation, but the CO, diffusion is high
because of the low melt strength after high temperature treat-
ment, unfoamed regions are formed.

Theoretical Corrections

According to eq. (23), the parameter r was estimated to be 3 by
fitting the experimental value from other ref. 45, as shown in
Figure 6(b). In this article, PP was first melted at high tempera-
ture and then the temperature was decreased to the foaming
one, which was lower than the melting temperature. Because
the CO, solution without crystalline regions at low temperature
could not be found in other articles, so it only could be calcu-
lated with S-L EOS model. The results are illustrated in Figure
6. The S-L EOS pure fluid scaling parameters are presented in
Table 1.%*

In this study, the nucleation theory, combines with the activa-
tion model and S-L EOS model, is used to predict both the cell
nucleation and cell diameter of PP foams, ZR;y,;, is used as a fit-
ted parameter. Results are summarized in Figure 12. As
observed, a good agreement between experimental and calcu-
lated values is obtained. However, we have observed some lim-
ited nucleation activity at saturation pressures as low as 20
MPa, a phenomenon that is not predicted by this theory. This
may be because of the limitation of Henry’s law and the fifth
assumption is not successful at low pressure. It can be found
from Figure 12 that large unfoamed regions are apparently
observed at low pressure, which means the volume of PP from
which the cell can draw its gas is very large and the CO, con-
centration is not symmetric. However, in Figure 9, these phe-
nomena are not found at different foaming temperatures.

CONCLUSIONS

In this work, a new process was used to produce PP foams with
scCO, as the blowing agent. Results revealed that the foaming
temperature range was 12 times broader than that of the
conventional one and the time producing foams was only 2.5 h.
The cell diameter decreased and the cell density increased
with increase of saturation pressure, or decrease of foaming
temperature.

The results were corrected by classical nucleation theory com-
bining with S-L EOS and activation model, which was estab-
lished on the basis of the mass equilibrium. A satisfactory
agreement between corrections and experimental values was
obtained indicating that this activation theory could accurately
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simulate the cell nucleation and cell diameter of PP. In addition,
this model was used to explain foaming behaviors of PP.
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