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Abstract: In this paper, the dynamic foaming process of micro-foaming polypropylene (PP) in
different foaming environments in real time was obtained via a visualization device. The relationship
curve between cell number (1) and foaming time (t) was plotted, and then the nucleation kinetics of
foam cells was analyzed. Results showed that the formation rate of cells changed obviously with
the variation of melt temperature and the content of the foaming agent. The n-t curves presented a
typical “S” shape, which indicated that the appearance of the cell number increased slowly in the
initial foaming period, then increased rapidly in a short time, and finally maintained a certain value.
When a certain pressure was applied to the PP melt, the external force had a great influence on the n-t
curve. With the increasing external force, the rate of cell formation increased rapidly, and the shape
of the n-t curve changed from “S” to “semi-S” without an obvious slow increase. The investigation of
the n-t relationship in the PP dynamic foaming process under different foaming environments could
provide effective bases for improving the foaming quality of injection molding foaming materials.

Keywords: polypropylene; foaming; dynamic foaming process; cell formation

1. Introduction

Microcellular foams possess many excellent properties such as light weight, high
strength, good thermal/sound insulation, and high cushioning performance, which en-
ables it to be applied to the materials in packaging, construction, aerospace, automotive
decoration, and medical equipment [1,2]. The cell size and distribution directly affect the
properties of materials, thus limiting their application in various fields [3]. Therefore, more
and more research is devoted to the development of foaming materials with higher cell
density and smaller cell size. As known, the formation of the cell structure generally goes
through three processes: the formation of cell nucleation, the growth of cell nucleation,
and the curing as well as shaping of cells [4-6]. Due to the different formation mechanisms
at each stage, the main influential parameters are also different. Among them, the cell
nucleation stage plays a decisive role in the cell density and distribution of foaming mate-
rials. If highly uniform distributed cell nucleation appears in the melt at the same time,
high-quality cells with uniform and fine size can be obtained. On the contrary, if the cell
nucleation does not occur at the same time in the melt, uneven cell size distribution and
small weight loss of the product will be obtained. Therefore, the cell nucleation period is a
key stage that affects the performance and quality of the foamed material directly [7-9]. The
stage of cell growth directly affects the geometry and structure of the cells. The diffusion
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velocity and penetration velocity of the gas in the melt are important parameters to control
the cell growth [10,11]. Whether the final cell can be consolidated or not depends directly
on the timing of the curing stage and the curing speed, in which the influence of temper-
ature on the curing speed is dominant [12]. At present, the vast majority of researchers
determined the cell nucleation process through the final cell structure [13-16]. In order to
further explore the law of cell formation in the foaming process, visualization technology
has been used at home and abroad to track the whole process of foaming nucleation [17-19].
This technology will also be the trend of regulating foaming quality in the future.

Remon et al. [20] designed hot-stage optical microscope computer digital imaging
visualization equipment to study the preparation of polymer foaming materials by chemi-
cal foaming method under low-pressure conditions. The results showed that the foaming
process of polypropylene (PP) experienced four different stages: pre-nucleation, nucleation,
cell growth, and cell shrinkage. Leung et al. [21] discussed the change in the critical nucle-
ation radius under different gas concentrations and the influence of these changes on the
cell stability during the foaming process of the low-density polyethylene (LDPE)/ Chemical
Blowing Agent (CBA) system with the aid of a visualization device. Those results showed
that the cell experienced two stages: cell growth and cell collapse. Kentaro et al. [22] ob-
served the effect of nano-fillers on cell nucleation and growth in the early stage of PP
foaming through a new high-pressure autoclave device, and found that nano-fillers greatly
increased the probability of cell nucleation, resulting in the decrease of CO, concentration
in the resin matrix. Anson Wong et al. [23] designed a visualization device with reversible
rotating rollers to study the effect of tensile strain and strain rate on the foaming behavior
of polystyrene-talc composites by physical foaming. It was found that with increasing
tensile strain and strain rate, the time required for the foaming process of cell formation and
growth was shortened, and the cell density increased significantly. Park et al. [24] success-
fully assembled a visualization system with precise program-controlled heating/cooling,
which has been used to study the influence of polymer crystal formation on cell formation
and growth. It was found that with decreasing temperature, the crystals gradually formed
and grew into spherulites. Because CO; did not gather in the front of the crystal growth,
the nucleation of the cell first appeared at the edge of the crystal. This system can be effec-
tively applied to study the relationship between crystallization kinetics and cell nucleation,
growth, and deterioration during the foaming process. Huang and Wu et al. [25-27] also
performed a lot of work on visualization of free foaming, exploring the process of cell
nucleation and growth under low pressure. By changing the experimental temperature,
adding nucleating agent, selecting a different matrix, and other process parameters, it was
found that there were “under foaming”, “balanced foaming”, and “over foaming” states
in the process of cell nucleation and growth. In this series of investigations, researchers
adopted new characterization techniques to more accurately describe the whole process of
cell nucleation and growth. Because the visualization device is able to accurately obtain
the number of cells at different times, it can quantitatively reflect the whole process of cell
formation in real time. However, the current research has not systematically analyzed the
influence of the foaming environment on the foaming process from the variation of cell
number and time.

Therefore, in this paper, with the help of the hot-stage visualization device, the PP
foaming materials under different process conditions were prepared. By studying the
relationship between the number of cells (1) and the foaming time (¢), the influence of the
foaming environment on the change in cell number was analyzed theoretically, so as to
realize the regulation of cell structure parameters of foaming polyolefin materials. This
study provides a theoretical basis for obtaining high-quality foamed polymer composites.

2. Experimental Section
2.1. Experimental Materials

The polymer used for free foaming was a polypropylene resin (L5E89) from China
National Petroleum Corporation (Beijing, China). The chemical foaming agent was azodi-
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carbonamide (AC), with a gas output of 220 mL/g, acquired from Wuhan Hanhong
Chemical Plant (Wuhan, China). Low-density polyethylene (LDPE, 2426H) was used as the
matrix for foaming agent masterbatch preparation, with a density of 0.93 g/cm?® and a melt
flow rate of 1.9 g/10 min, from PetroChina Lanzhou Petrochemical Company (Lanzhou,
China). The foaming agent masterbatch was self-prepared [28].

2.2. Sample Preparation

PP and the foaming agent were mixed uniformly according to a certain ratio (Table 1),
and unfoamed splines with different foaming agent contents were prepared by a foaming
injection molding machine with a controllable cavity volume (EM120-V, Zhende Plastic
Machinery Co., Ltd., Guangdong, China). The thickness of the splines was controlled
within 0.65-0.7 mm, and the splines were cut into small splines of 4 x 4 mm.

Table 1. The proportion table of PP composite foam material.

Component PP Foaming Agent Masterbatch
1 99.5 wt.% 0.5 wt.%
2 99.4 wt.% 0.6 wt.%
3 99.3 wt.% 0.7 wt.%

The prepared samples were placed on a constant temperature heating stage for melt-
ing. However, the sample will shrink when heated, which was not conducive to visual
observation. Therefore, a 0.6 kg weight should be added to the up-slide to prevent melt
shrinkage. When the effect of different external forces on the PP foaming process was
observed, the external force changed from 0.6 to 3 kg and 5 kg. The schematic diagram is
shown in Figure 1.

High-speed

Video acquisition camera

system

7 (e ‘v Sample
220°C = e —
o0 00 Glass slide

Temperature control
system

Figure 1. Simple optical microscope visualization device model diagram.

2.3. Injection Molding Experiment

The matrix PP and foaming agent masterbatch were evenly mixed in a certain propor-
tion and added into the cavity volume controllable foaming injection molding machine
(TTI-205Ge, Donghua Machinery Co., Ltd., Dongguan, China). The device diagram is
shown in Figure 2 [29]. PP foaming materials were prepared by the core-back injection
process and the short-shot injection process. The process conditions are listed in Table 2.
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Figure 2. (a) Injection molding device diagram, (b) The visualization mold diagram.

Table 2. Process parameters in core-back injection and short-shot injection.

Molding Melt Injection Injection Injection 0Me211ic111 AC
Process Temperature Speed Pressure  Volume P 8 Content
Distance
Core-back 200 °C 30% 40bars  2mm  06mm  0.6wt%
injection
Short-shot 200 °C 30%  40bars  22mm 0.6 wt.%
injection

2.4. Visualization Device

Figure 1 is a visualization device for observing the foaming process in a free foaming
environment. The equipment consists of a high-speed camera CCD system (TK-C1031EC,
Guangzhou, China), image processing system, transparent visualization mold (quartz
glass), hot-stage (WT-3000-12s, Shanghai, China), and light source. The high-speed camera
system is connected to the image processing system, and the hot-stage has a stable constant
temperature system [26]. The whole foaming process captured by the high-speed camera
system is transmitted to the image processing system. Finally, the number of cells in the
picture is counted by using nano-measurer software to obtain the change in the number of
cells at different times.

3. Results and Discussion
3.1. Effect of Melt Temperature on Cell Formation

The foaming process of PP at different temperatures was observed continuously by
the visualization equipment, and the temperature was set at 200-230 °C. The results were
as follows.

Figures 3 and 4 are the respective visual video screenshots of the melt temperature
at 200230 °C and the n-t curves of cell number with foaming time. It can be seen that
at different melt temperatures, the change in n with t presents three stages of “slow
increase (blue), rapid increase (red), and basic stability (purple)”, that is, the n-t curve
presents a typical “S” shape. In the slow increasing stage of the n value, the time is
gradually shortened from 6 to 2.5 s with the increasing temperature, which indicates that
the increasing foaming temperature effectively shortens the time of the cell number slowly
increasing stage, and the next stage begins earlier. In the stage of rapid cell formation,
with the rising temperature, the time of rapid cell formation is advanced, and the speed of
cell formation is also gradually accelerated. In the stage of cell stabilization, the n value is
stable at 200 °C after 18 s, while the stable time is shortened by 6 s at 230 °C, and the final n
value increases from 56 to 234.
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Figure 4. The n-t curves under different temperatures: (a) 200 °C, (b) 210 °C, (c) 220 °C, (d) 230 °C.

The influence of the melt temperature on cell formation mainly lies in two aspects:
firstly, formula (1) is a modified form of the logistic model to describe the relationship
between cell number # and time ¢ [29]. Through the establishment of the mathematical
model, the Gibbs free energy AG at different temperatures can be fitted (Table 3). With the
increased temperature, the AG values are 33.85, 29.6, 27.15, and 26.05 k]. The decrease in
AG indicates that the energy barrier of cell formation was lower, which is more conducive
to cell formation. Secondly, according to Henry’s law and the critical nucleation radius
formula [30] (formula (2), formula (3)), the cells will expand spontaneously only when the
cell size is larger than the critical nucleation radius (R¢) in formula (3); otherwise, the cells
will disappear. With the increasing temperature, the melt viscosity decreases (Figure 5b),
which will lead to an increase the free volume and the molecular spacing in the polymer
and will weaken the interaction between molecules. Therefore, when the temperature rises,
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the surface tension (0} ) and the critical nucleation radius of the cells decrease, which are
more beneficial to the cell nucleation, and the time of cell formation is advanced.

N =10x Ny x SR (=] exp(—AG> 1)

1+exp[n x (t—1)] kT
Pyyy = H-C ()
20'GL
Rc=—""">— 3
¢ Phub - Psys ( )

where 7 is the number of cells at time (t). The effective nucleation site Ny = 2000. 7 is the
bubble nucleation index. T is the foaming temperature, 7 is the delay time. AG is the critical
nucleation Gibbs energy. R? is the regression correlation coefficient. C is the solubility
of gas and melt. H is Henry’s constant. R. is the critical nucleation radius. Py, is the
pressure in the cell. Psys represents the system pressure, which equals the atmospheric
pressure. oy is the surface tension between gas and melt, and kp is Henry’s constant.

Table 3. Influence of melt temperature on the parameters.

Melt Temperature Nq T n T AG a R?
200 °C 2000 10.3 0.42 473 38.35 0 0.9945
210°C 2000 72 0.75 483 342 0 0.9961
220 °C 2000 6.4 0.9 493 31.25 0 0.9921
230 °C 2000 43 1.9 503 30.9 0 0.9963
ssol e —%}i S -
=210 °C 108k - "
@) —=9=220 °C (b) ¢ NS
200 ==—230°C S i ~
- | = \
Biso} 10°F : )
= — ® 1200 ¥
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Figure 5. (a) The n-t curve comparison chart at 200-230 °C; (b) The curve of viscosity change with
temperature.

3.2. Effect of Foaming Agent Content on Cell Formation

Figures 6 and 7 are visual video screenshots and corresponding n-t curves under
different foaming agent contents, respectively. It can be seen that the change in the foaming
agent content does not significantly change the process of cell formation, that is, increasing
cell number still includes slow growth, rapid growth, and the final stable period, and
the n-t curves still maintain the typical “S” shape. When the content of foaming agent is
0.5 wt.%, the cell number slowly increases to 4.5 s, while when the content of foaming agent
is 0.7 wt.%, it is shortened to 2 s, which indicates that the increasing foaming agent content
can effectively shorten the time of cell formation and improve the rate of cell formation. In
the stage of rapid cell formation, the angle 6 of the n-t curve represents the cell formation
rate, and the value increases with increasing foaming agent content. The higher the 6 value,
the higher the cell formation rate. In the stage of cell stabilization, the final cell number
(Np) increases from 79 to 203 with increasing foaming agent content, and the time to enter
the stable stage is shortened from 9 to 5.5 s.
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Figure 6. Video screenshots at different times: (a) 0.5 wt.%, (b) 0.6 wt.%, (c) 0.7 wt.%.
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Figure 7. The n-t curves under different foaming agent contents: (a) 0.5 wt.%, (b) 0.6 wt.%, (c) 0.7 wt.%.

There are two effects of the foaming agent content on cell formation: firstly, in the free
foaming process, the cell formation and growth process are regarded as a constant pressure
process, and Py, — Psys represents the driving force of nucleation. In the case where
other conditions remain the same, when the percentage of dissolved gas in the system
increases, the pressure in the cell will be also enhanced, which increases the pressure
difference inside and outside the cell, resulting in the decline in the critical nucleation
radius (formula (3)) [31]. Secondly, when the foaming agent is added to the matrix, the gas
generated by heating will disperse in the melt, which leads to the decrease of melt viscosity
(Figure 8b). The relationship between o and melt viscosity is a positive correlation; thus,
the resistance in the process of cell formation is reduced, and the cell formation rate is
increased, so more cells are formed. This is obtained by fitting formula (1); as the content
of the foaming agent increases, AG decreases to 32.9, 31.25, and 31.05 k] (Table 4).

Table 4. Influence of the content of the foaming agent on the parameters.

Content of Foaming Agent Ny T n AG a R?
0.5 wt.% 2000 6.6 0.7 493 329 0 0.9970
0.6 wt.% 2000 6.4 0.9 493 31.25 0 0.9921
0.7 wt.% 2000 3.5 14 493 31.25 0 0.9954
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Figure 8. (a) Comparison of n-t curves with different foaming agent contents; (b) Curves of viscosity
of pure PP and PP/AC with changing temperature.

3.3. Effect of Melt Pressure on Cell Formation

Figures 9 and 10 display the video screenshots and n-t curves under different external
forces. By comparison, it was found that when the external force was 6 1, the cell formation
process still contained the above three stages. It took 4.5 s for the cell number to slowly
increase, but with the increase in external force, the stage in which slow cell formation
occurred disappeared, and the shape characteristics of the n-t curve changed from a typical
“S” shape to a “semi-S” shape. In addition, the rate of cell formation increased with an
increase in the external force. The time for the stage of cell stabilization decreased from 8.2
to 1s, and the maximum cell number increased from 185 to 598. A series of experimental
results showed that increasing melt pressure effectively reduced the cell nucleation barrier
and accelerated cell nucleation.

In the atmospheric pressure foaming process, the foaming agent in the melt is decom-
posed by heating and applying a certain external force. Then, when the external force is
removed, the pressure of the polymer/gas single-phase system decreases rapidly. The
saturated polymer/gas system gradually turns into an unsaturated system and enters into
a thermodynamic unstable state. The separation of gas and PP begins to form cells to
reduce the free energy of the system. The faster the PP melt decreases from a high pressure
to a certain stable pressure, the greater the driving force for cell nucleation. Therefore, in
this process, the magnitude of the external force has a great influence on the melt pressure,
that is, the higher the applied force, the greater the pressure of the polymer melt. When
the external force is removed, the pressure drop rate increases, and the system quickly
reaches the thermodynamic instability state, which leads to a rapid rise in cell number and
a short time for cell stabilization, thus improving the efficiency of cell formation [32,33].
According to formula (1), with the increase in melt pressure, AG decreased obviously
(Table 5). This means that the increase in melt pressure effectively reduced the resistance of
the cell formation process, thereby increasing the cell formation rate.
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Figure 9. Video screenshots and the n-t curve at different times with different external forces.
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Figure 10. The n-t curves under different external forces.

Table 5. Influence of the melt pressure on the parameters.

Melt Pressure N1 T (s) n T (K) G (k) a R?
6N 2000 1.8 2.8 493 329 0 0.9897
30N 2000 0.7 44 493 28.7 0.006 0.9890

50N 2000 0.5 6.5 493 23.65 0.01 0.9703
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3.4. Effect of Melt Pressure on Cell Formation in the Actual Injection Molding Process

In the actual injection molding process, the core-back injection process (Figure 11A)
and the short-shot injection process (Figure 11B) are the two most commonly used molding
processes for preparing foaming materials, and the greatest difference between the two
processes is the melt pressure in the cavity [4]. In the core-back injection process, the cells
are in a uniform pressure environment (Figure 12a), and the short-range migration of
resin is driven by the instantaneous gas expansion, and each cell is in the same pressure
environment [34,35]. On the contrary, the short-shot injection process is a foaming process
in which melt filling and cell growth occur simultaneously, and the pressures on the
different parts of PP melt are different [36] (Figure 12b). In the front part of the melt flow,
the melt has no cavity constraint in one direction, but near the end part of PP melt flow,
there are constraints of the melt and cavity around the cells, where the pressure in the melt
is greater than that in the front part.

Mobile mold Mobile mold Mobile mold
L— Fixed o ‘ Fixed == Fixed

mold

mol Foaming s Flnal Cell

—_— _—
morphology

(a) Filled the cavity (b) Relieve pressure (c) Foaming

(A) Core-back injection process

Mobile mold

Fixed Fixed

EOU Foaming RREN  Final cell
—_—
morphology

(a) Filled the cavity (b) Foaming
(B) Short-shot injection process

Figure 11. Schematic of the foam material process forming of (A) the core-back injection process and (B) the short-shot
injection process.
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Figure 12. Schematic diagram of the pressure release force of melt in (a) the core-back injection process, (b) the short-shot
injection process.

In order to compare the injection molding process with the free foaming process, the
influence of melt pressure on cell nucleation in the core-back injection process and the
short-shot injection process were investigated by visualization means and a pressure sensor
device. The specific process parameters are presented in Table 2.

Figure 13 shows the video screenshots of foaming materials prepared by the core-back
injection process and the short-shot injection process, and the n-t curves were drawn by
the video screenshots. It can be clearly observed that in the core-back injection process,
the time to the stage of cell stabilization is only 1 s, and the maximum number of cells
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is 48. There are only two stages of cell nucleation in the core-back injection process, that
is, the stage of rapid cell formation and the stage with a stable cell number. However, in
the process of short-shot injection foaming, the time to the stage of cell stabilization is
close to 7 s, and the value of 0 is smaller than that of core-back molding, which indicates
that the rate of cell formation is slower. The most obvious characteristic of the core-back
injection process is that no slowly rising cell number stage can be observed, and the n-t
curve changes from an “S” shape to a “semi-5” shape.

Cells number
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©
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Figure 13. Change in cell number with time in the core-back injection process and the short-shot injection process.
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As shown in Figure 14a, it was found that from point B to point A in the core-back
injection process, a melt filling process takes place, and the cavity pressure increases
rapidly at this stage until the completion of filling at point A. The cavity pressure reaches
the maximum value of 180.02 bar. On the contrary, for the short-shot injection process
shown in Figure 14b, the process of pressure reduction from point A to point C is 2.51 s,
which is about ten times that of the core-back injection process, indicating that the slower
pressure drop rate cannot provide enough driving force for the formation of cells, which
reduces the number of cells and slows down the cell growth.
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Figure 14. Diagram of the cavity pressure change in (a) the core-back injection process and (b) the short-shot injection

process.
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4. Conclusions

(1) In the free foaming environment, the change in n with ¢ presents three stages: slow
increase, rapid increase, and basic stability, irrespective of whether the melt tempera-
ture and contents of the foaming agent changed. With the increase in temperature
and the foaming agent content, the time of the slow growth stage of the cell number
was gradually shortened, and the latter two stages were advanced.

(2) The melt pressure had a significant effect on the process of cell formation. With
increasing melt pressure, the n-t curve changed from a complete “S” shape to a “semi-
S” shape. This change presented two stages of “rapid increase and basic stability”,
the absence of a slow increase in cell number, and the rate of cell formation increased
significantly. With increasing melt pressure, the cell can form in advance.

(3) In the actual dynamic foaming process of injection molding, under the condition of a
short-shot injection process, the n-t curve exhibited a typical “S” shape. Under the
condition of the core-back injection process, the n-t curve changed from the complete
“S” shape to the “semi-S” shape. This meant the cell formation presented only two
stages; there was the absence of a slow formation stage, and the formation rate of
new cells increased significantly. The cell formation laws of the actual injection
dynamic foaming process were consistent with the influential law in the free foaming
environment.

Author Contributions: R.D., B.L. and J.Y. performed the experiments; R.D., C.Z., W.G. and L.H.
conceived and designed the experiments; R.D., ].G. analyzed the data; T.J., S.L. and X.Z. designed the
mold; R.D. wrote the paper; C.Z., W.G. and T]J. revised the paper. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
51863003, No. 52063008), Foundation of Guizhou Scientific Research Institute (No. [2018]4010),
the Natural Science Foundation Funding Projects of Guizhou Province (No. [2019]1176, No. ZK
[2021]050) and the Hundred Talents Project of Guizhou Province (No. [2016]5673).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Wang, G.; Wang, L.; Mark, L.H.; Shaayegan, V.; Wang, G.; Li, H.; Zhao, G.; Park, C.B. Ultralow-Threshold and lightweight
biodegradable porous PLA/MWCNT with segregated conductive networks for high-performance thermal insulation and
electromagnetic interference shielding applications. ACS Appl. Mater. Interfaces 2018, 10, 1195-1203. [CrossRef] [PubMed]
Wang, G.; Zhao, ].; Wang, G.; Mark, L.H.; Park, C.B.; Zhao, G. Low-density and structure-tunable microcellular PMMA foams
with improved thermal-insulation and compressive mechanical properties. Eur. Polym. J. 2017, 95, 382-393. [CrossRef]
Hajibabazadeh, S.; Palahang, M.; Razavi Aghjeh, M.K. Effect of morphology development on mechanical properties and fracture
behavior of PP/EPDM/SiO, blend-nanocomposites. Polym. Test. 2019, 73, 124-134. [CrossRef]

Gong, W.; Zhang, C; Yu, J.; He, Y.; He, L. Injection Processing and Foaming Behaviors of Polypropylene Composite Foams.
Wuhan Univ. J. Nat. Sci. 2014, 19, 123-128. [CrossRef]

Raps, D.; Hossieny, N.; Park, C.B.; Altstadt, V. Past and present developments in polymer bead foams and bead foaming
technology. Polymer 2015, 56, 5-19. [CrossRef]

Zhang, C. Preparation of High-Quality Chemical Foaming Polyolefin Materials and Research on the Fracture Mechanical Behavior.
PhD Thesis, Shanghai University, Shanghai, China, 2009.

Shimoda, M.; Tsujimura, I.; Tanigaki, M.; Ohshima, M. Polymeric foaming simulation for extrusion processes. J. Cell. Plast. 2001,
37,517-536. [CrossRef]

Ameli, A.; Nofar, M.; Wang, S.; Park, C.B. Lightweight polypropylene/stainless-steel fiber composite foams with low percolation
for efficient electromagnetic interference shielding. ACS Appl. Mater. Interfaces 2014, 6, 11091. [CrossRef] [PubMed]

Ameli, A.; Nofar, M.; Jahani, D.; Rizvi, G.; Park, C.B. Development of high void fraction polylactide composite foams using
injection molding: Crystallization and foaming behaviors. Chem. Eng. J. 2015, 262, 78-87. [CrossRef]


http://doi.org/10.1021/acsami.7b14111
http://www.ncbi.nlm.nih.gov/pubmed/29206437
http://doi.org/10.1016/j.eurpolymj.2017.08.025
http://doi.org/10.1016/j.polymertesting.2018.11.029
http://doi.org/10.1007/s11859-014-0988-2
http://doi.org/10.1016/j.polymer.2014.10.078
http://doi.org/10.1106/W4C0-CAG6-H3FM-LTJP
http://doi.org/10.1021/am500445g
http://www.ncbi.nlm.nih.gov/pubmed/24964159
http://doi.org/10.1016/j.cej.2014.09.087

Polymers 2021, 13, 1468 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Han, C.D.; Villamizar, C.A. Studies on structural foam processing I. The rheology of foam extrusion. Polym. Eng. Sci. 2004, 18,
687-698. [CrossRef]

Lee, J.; Turng, L.S.; Dougherty, E.; Gorton, P. A novel method for improving the surface quality of microcellular injection molded
parts. Polymer 2011, 52, 1436-1446. [CrossRef]

Ramesh, N.S.; Malwitz, N. Non-isothermal model to study the influence of blowing agent concentration on polymer viscosity
and gas diffusivity in thermoplastic foam extrusion. J. Cell. Plast. 1999, 35, 199-209. [CrossRef]

Rachtanapun, P; Selke, S.E.M.; Matuana, L.M. Effect of the high-density polyethylene melt index on the microcellular foaming of
high-density polyethylene/polypropylene blends. J. Appl. Polym. Sci. 2010, 93, 364-371. [CrossRef]

Yang, W.; Zou, W.; Du, Z,; Li, H.; Zhang, C. Enhanced conductive polymer nanocomposite by foam structure and polyelectrolyte
encapsulated on carbon nanotubes. Compos. Sci. Technol. 2016, 123, 106-114. [CrossRef]

Liu, S.; Duvigneau, J.; Vancso, G.J. Nanocellular polymer foams as promising high performance thermal insulation materials. Eur.
Polym. ]. 2015, 65, 33—45. [CrossRef]

Duan, HD,; He, L,; Jiang, T.; Zhang, C.; Gong, W. Effect of pressure field on micro-foaming behavior of PP Composites. Plast. Sci.
Technol. 2014, 42, 44-47.

Pan, L.Y.; Shen, Y.X.; Zhan, M.S.; Wang, K.; Gao, D.L. Visualization study of foaming process for polyimide foams and its
reinforced foams. Polym. Compos. 2010, 31, 43-50. [CrossRef]

Chen, L.; Wang, X.; Straff, R.; Blizard, K. Shear stress nucleation in microcellular foaming process. Polym. Eng. Sci. 2002, 42,
1151-1158. [CrossRef]

Mahmoodi, M.; Behravesh, A.H.; Rezavand, S.A.M.; Pashaei, A. Visualization of bubble dynamics in foam injection molding. J.
Appl. Polym. Sci. 2010, 116, 3346-3355. [CrossRef]

Pop-Iliev, R.; Dong, N.; Xu, D.; Park, C.B. Visualization of the foaming mechanism of polyethylene blown by chemical blowing
agents under ambient pressure. Adv. Polym. Technol. 2010, 26, 213-222. [CrossRef]

Leung, S.N.; Wong, A.; Guo, Q.; Park, C.B.; Zong, ].H. Change in the critical nucleation radius and its impact on cell stability
during polymeric foaming processes. Chem. Eng. Sci. 2009, 64, 4899—4907. [CrossRef]

Taki, K.; Yanagimoto, T.; Funami, E.; Okamoto, M.; Ohshima, M. Visual observation of CO2 foaming of polypropylene-clay
nanocomposites. Polym. Eng. Sci. 2004, 44, 1004-1011. [CrossRef]

Wong, A.; Chu, RK,; Leung, S.N.; Park, C.B.; Zong, ].H. A batch foaming visualization system with extensional stress-inducing
ability. Chem. Eng. Sci. 2011, 66, 55-63. [CrossRef]

Wong, A.; Guo, Y.; Park, C.B.; Zhou, N.Q. A polymer visualization system with accurate heating and cooling control and
high-speed imaging. Int. J. Mol. Sci. 2015, 16, 9196-9216. [CrossRef]

Huang, B. Study on the Dynamic Foaming Process of Polypropylene with the Visualization Method. Master’s Thesis, Guizhou
University, Guizhou, China, 2017.

Wu, S.; He, L.; Zhang, C.; Gong, W.; He, Y,; Luo, Y. Visualization observation of cells growth in low-density polyethylene foaming
processes. Polym. Test. 2017, 63, 367-374. [CrossRef]

Gao, P. Study on the Cell Formation and Growth Process of Polymer Foam. Master’s Thesis, Guizhou University, Guizhou, China,
2016.

He, Y; Jiang, T.H.; Liu, Y.F. Influence of rubber powders on foaming behavior and mechanical properties of foamed polypropylene
composites. Mater. Eng. 2017, 45, 80-87.

Yang, J.; Jiang, T.; Liu, B.; Zhang, C.; Zeng, X.; He, L.; Gong, W. Experimental and numerical analysis of bubble nucleation in
foaming polymer. Mater. Des. 2021, 203, 109577. [CrossRef]

Li, C.; Feng, L.F; Gu, X.P; Cao, K.; Zhang, C.L. In situ visualization on formation mechanism of bi-modal foam via a two-step
depressurization approach. J. Supercrit. Fluids 2017, 135, 8-16. [CrossRef]

Shaayegan, V.; Wang, G.; Park, C.B. Study of the bubble nucleation and growth mechanisms in high-pressure foam injection
molding through in-situ visualization. Eur. Polym. J. 2016, 76, 2-13. [CrossRef]

Shaayegan, V.; Mark, L.H.; Park, C.B.; Wang, G. Identification of cell-nucleation mechanism in foam injection molding with
gas-counter pressure via mold visualization. AIChE ]. 2016, 62, 4035-4046. [CrossRef]

Guo, Q.; Wang, |.; Park, C.B.; Ohshima, M. A microcellular foaming simulation system with a high pressure-drop rate. Ind. Eng.
Chem. Res. 2006, 45, 6153-6161. [CrossRef]

Ishikawa, T.; Ohshima, M. Visual observation and numerical studies of polymer foaming behavior of polypropylene/carbon
dioxide system in a core-back injection molding process. Polym. Eng. Sci. 2011, 51, 1617-1625. [CrossRef]

Ishikawa, T.; Taki, K.; Ohshima, M. Visual observation and numerical studies of N; vs. CO, foaming behavior in core-back foam
injection molding. Polym. Eng. Sci. 2012. [CrossRef]

Yamada, T.; Murata, Y.; Yokoi, H. Visualization analysis of a multilayer foam development process in microcellular injection
molding. Int. Polym. Process. ]. Polym. Process. Soc. 2012, 27, 299-309. [CrossRef]


http://doi.org/10.1002/pen.760180904
http://doi.org/10.1016/j.polymer.2011.01.026
http://doi.org/10.1177/0021955X9903500302
http://doi.org/10.1002/app.20428
http://doi.org/10.1016/j.compscitech.2015.12.009
http://doi.org/10.1016/j.eurpolymj.2015.01.039
http://doi.org/10.1002/pc.20764
http://doi.org/10.1002/pen.11019
http://doi.org/10.1002/app.31839
http://doi.org/10.1002/adv.20102
http://doi.org/10.1016/j.ces.2009.07.025
http://doi.org/10.1002/pen.20093
http://doi.org/10.1016/j.ces.2010.09.038
http://doi.org/10.3390/ijms16059196
http://doi.org/10.1016/j.polymertesting.2017.08.039
http://doi.org/10.1016/j.matdes.2021.109577
http://doi.org/10.1016/j.supflu.2017.12.005
http://doi.org/10.1016/j.eurpolymj.2015.11.021
http://doi.org/10.1002/aic.15433
http://doi.org/10.1021/ie060105w
http://doi.org/10.1002/pen.21945
http://doi.org/10.1002/pen.22154
http://doi.org/10.3139/217.2443

	Introduction 
	Experimental Section 
	Experimental Materials 
	Sample Preparation 
	Injection Molding Experiment 
	Visualization Device 

	Results and Discussion 
	Effect of Melt Temperature on Cell Formation 
	Effect of Foaming Agent Content on Cell Formation 
	Effect of Melt Pressure on Cell Formation 
	Effect of Melt Pressure on Cell Formation in the Actual Injection Molding Process 

	Conclusions 
	References

