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(SCF) into a closed mold cavity with a 
short-shot, and the expandable melt/gas 
mixture generates a foam structure under 
low pressure.[12–18] However, it is known 
that the differences of shearing stress 
and temperature in both the direction of 
the flow and the direction perpendicular 
to the flow usually result in a nonuni-
form cell structure, which deteriorates 
the mechanical properties of the foamed 
products.[13,19–24] In this regard, the effects 
of processing parameters (e.g., injection 
speed, melt temperature, shot size, and 
the dosage of SCF) on the cell structure 
have been extensively researched.[25–28] 
Besides, the effect of the fillers on the 
cell nucleation was also studied.[25–27] 
For example, Lee et al.[29] optimized the 
processing parameters systematically, 
including the injection flow rate, blowing 
agent content, and melt temperature in 

CFIM, and achieved structural foams with a high void fraction 
and improved structure uniformity. By increasing the shot size, 
Wang et al.[23] observed the shift from elongated cells into cir-
cular cells in the direction parallel to the flow in the FIM. In 
addition, FIM can sometimes be accompanied by a controlled 
mold-opening step which is also termed as breathing or core-
back to increase the void fraction.[30–32] For example, Takeshi 
et al.[33] had experimentally confirmed the disappearance of 
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1. Introduction

Recently, faced with global energy crisis and environmental 
pollution, both industries and academics have made efforts to 
manufacture new-generation lightweight products by using 
less raw material and consuming less energy.[1–11] Conven-
tional foam injection molding (CFIM) technology is achieved 
by injecting the mixture of polymer melt and supercritical fluid 
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cells when the cavity was fully packed and the cell nucleation 
was observed again when the mold plate was moved and the 
cavity pressure dropped.

However, unlike the batch foam in a static condition, FIM 
contains a complex behavior of fountain flow, resulting in dif-
ferent cell nucleation time and then different melt conditions 
for cell growth under different shearing history. Hence, it is dif-
ficult for FIM to form a uniform and stable cell structure.[23,24] 
However, with a high packing pressure after a full-shot in the 
high-pressure foam injection molding (HPFIM), uniform and 
stable cell structures were formed with the cell nucleation and 
growth occurring during the shrinkage and solidification of 
polymer melt.[34,35] For example, Shaayegan et al.[36] studied the 
mechanism of cell nucleation and growth in HPFIM through 
in situ visualization. The packing pressure and packing time 
were found to be very important for re-dissolving the gate-
nucleated cells. However, due to the complexity of the melt flow 
and cell dynamics in FIM, the mechanisms of cell nucleation 
and growth still need to be investigated further.

For the CFIM technology which is foamed in low pressure, 
the homogeneous melt/gas mixture is injected into a closed 
cavity. As the mixture enters the mold cavity, the pressure drop 
of the polymer/gas mixture causes the nucleation. Then the 
expandable melt generates a foamed specimen as it is cooled 
down.[37,38] The nucleation mechanism strongly depends on 
the FIM process, such as the type and amount of the blowing 
agent and the nucleating agent, and the resistance of the 
gate.[36] In FIM, the cell nucleation generally occurs under a 
high pressure drop when the melt/gas mixture flows across 
the gate and fills in the closed mold cavity.[38] For example, Lee 
et al.[29] achieved a high void fraction up to 35% in the FIM 
process using a short-shot, but the cell structure suffered 
from a considerable nonuniformity at different locations of 
the foamed part. Although a full-shot was used in HPFIM, the 
cells still suffered from a considerable nonuniformity because 
of the strong shear in the filling stage (Figure 1a,b). Further, 
this phenomenon is associated with different nucleation rates, 
deformation, and coalescence of cells during the filling. First, 
it is challenging to maintain a constant cell nucleation rate. 
That is to say, because of the differences of nucleation time, 
pressure, and temperature history during their travel toward 
the end of the cavity, the cells with different sizes are con-
structed.[39–41] Due to large shearing and stretching involved in 
the filling process of FIM, severe deformation and even coa-
lescence of growing cells are observed.[22,39,41,42] Hence, short 

injection time by rapid filling may decrease the nucleation 
during the filling and results in a more uniform cell structure 
with less deformed cells in CFIM.

In contrast, a uniform cell structure can be achieved in 
HPFIM. A HPFIM is schematically illustrated in Figure 1. 
Generally, the cell nucleation occurs during the whole filling 
stage, which is similar to CFIM. Ideally, these nucleated cells 
may completely dissolve back to melt under the high packing 
pressure of the mold cavity (Figure 1c). The driving force for 
cell nucleation in this process is provided by volume shrinkage 
during the melt solidification after injection. Then new foam 
process occurs, and a uniform cell structure can be achieved 
(Figure 1d).[36]

It was observed that the required packing pressure increased 
with increasing the injection speed, the resistance of the gate, 
and the content of the blowing agent. However, the applica-
tion of the packing pressure may cause heterogeneous struc-
tures in the direction of the flow, although the combination of 
packing pressure and packing time is sufficient to re-dissolve 
the cells.[43] Injection–compression molding is a technique 
which will cause a quick increase of cavity pressure after 
filling through a controlled mold compression in the injection 
molding.[44,45] In the normal core-back process, the cavity gen-
erally expands in the direction perpendicular to the flow for a 
certain distance at a set opening speed, once the filling stage 
is completed.[36,46,47] For the technology of core-back, a fast 
pressure drop in cavity can be achieved easily. For example, 
Huang et al.[48] obtained a more uniform cellular structure with 
smaller sizes using injection–compression molding. Besides, it 
is known that numerical simulation is an effective way to learn 
and analyze the injection molding process,[49,50] especially the 
foam injection molding.[22,51–53]

In this article, the process of injection–compression molding 
followed by a core back foaming (ICMCBF) technique was 
applied to realize HPFIM using polystyrene (PS) and N2 as an 
example. The foam fracture surfaces of CFIM and ICMCBF 
samples were observed to analyze the cell morphology. The 
cell density, diameter, diameter distribution, and thickness 
of foamed layer were counted. Generally, temperature and 
viscosity in the mold cavity are both crucial but hard to be 
obtained from experiments. Hence, the temperature and vis-
cosity distribution in the whole thickness were studied by simu-
lating the filling and cooling stages of CFIM process with the 
commercial software of Moldflow to match the real thickness 
of foamed layer. Meanwhile, the evolution of the cell in cavity 
was investigated using the temperature and pressure sensors. 
Finally, the tensile and impact properties were conducted to 
investigate the relationships between the cell structure and the 
mechanical performance.

2. Experimental Section

2.1. Equipment and Materials

A mold with a movable template was designed and manu-
factured, so that the thickness of the cavity could be changed 
to obtain a relatively high pressure inside the mold cavity by 
mold compression after filling. To capture the temperature and 
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Figure 1. Ideal HPFIM process: a) mold filling and the formation of gate-
nucleated cells due to pressure drop over the gate; b) full-shot; c) collapse 
and dissolution of gate-nucleated cells; d) nucleation and growth of new 
cells due to the melt shrinkage.
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pressure profiles inside the cavity, sensors from PRIAMUS 
were mounted in the mold. The pressure sensor was mounted 
at a third of the mold cavity close to the gate and the tempera-
ture sensor was mounted close to the end of the mold cavity. All 
the sensors were connected to a computer to record the pres-
sure and temperature during the whole molding cycles.

A 220-ton Arburg ALLROUNDER 570S injection molding 
machine equipped with a Trexel Mucell SCF delivery system was 
used to conduct the FIM experiments. A rectangular mold cavity 
with a nominal dimension of 160 mm × 100 mm × 3.5 mm 
(the thickness is variable), fed by a fan gate with a thickness of 
2 mm, was used.

PS (PG33, MFI = 7.9 g 10 min−1, 200 °C, 5 kg) purchased 
from Zhenjiang CHIMEI Chemistry was blown using indus-
trial nitrogen (N2) with a purity of 99.9%.

2.2. Experimental Procedures and Processing Conditions

A series of CFIM and ICMCBF experiments were conducted 
under different conditions. Their pressure and temperature pro-
files in the mold cavity were recorded. The effects of injection 
temperature, injection speed, back pressure, shot size, and the 
dosage of SCF on the cell structure of CFIM were investigated 
first and the specific parameters are shown in Table 1. Consid-
ering the fine cell structure, samples with parameters labeled 
with “*” in Table 1 were chosen to be compared with HPFIM.

As shown in Figure 2, an almost full-shot (96%) was applied 
during the filling stage of ICMCBF. After that, mold compres-
sion under a certain pressure and a certain time was conducted 
after filling to re-dissolve the gate-nucleated cells. A fully filled 
mold cavity and a high melt pressure will be obtained by the 
compression pressure to achieve HPFIM. Then, the movable 

mold template went back to the pristine position to achieve new 
foam (Figure 2c). Using the aforementioned method, ICMCBF 
was successfully developed. Based on the process of CFIM, the 
parameters during melt mixing and filling stage were the same 
as the counterparts of CFIM. Meanwhile, the effects of com-
pression pressure and time on the cell structure and mechan-
ical performance were studied. Details of processing parame-
ters of ICMCBF are shown in Table 2.

2.3. Foam Structure Characterization

According to ASTM D854-02, the normalized density of the 
foamed sample and the density of the solid sample were meas-
ured using a density meter with Equation (1):

ρ ρ
=

−
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1 2
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m m
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where m1 is the mass of the sample in the air, m2 is the mass of 
the sample in the water, and ρ1 is the density of testing liquid. 
Both m1 and m2 were measured in gram. All the normalized den-
sities were measured with a square block of 30 × 30 mm cut from 
the injection molding part which was located in one third of the 
mold cavity (with respect to the location of pressure sensor).

The cell morphology of the foamed samples was analyzed 
by using scanning electron microscopy (SEM, Zeiss Supra 55). 
The image processing was carried out using Image-Pro Plus 
software. The cell density of samples in CFIM and ICMCBF 
was obtained from the calculation of the circular cells in the 
SEM pictures vertical to the direction of the melt flow. Then 
the magnification of SEM was adjusted to obtain a picture of 
the core region with about 150–300 cells. Note that all the cell 
densities and sizes are calculated from at least three pictures. 
The cell density of each sample was then measured from SEM 
micrographs by using Equation (2).[54]
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Table 1. Details of processing parameters in CFIM.

Parameters Values

Injection temperature [°C] 225, 230*, 235

Injection speed [cm3 s−1] 40, 60*, 80

Back pressure [bar] 80, 100*, 120

Shot size [%] 85, 91, 96*

Dosage of SCF [%] 0.5, 0.6*, 0.7

Mold temperature [°C] 50*

Note: the cell structure of CFIM sample with the parameters labeled with “*” are 
showen in Fig 3, 4, 5 and 6.

Figure 2. Ideal HPFIM process by ICMCBF: a) mold filling and the forma-
tion of gate-nucleated cells due to pressure drop over the gate; b) collapse 
and dissolution of gate-nucleated cells by mold compression; c) nuclea-
tion and growth of new cells by core-back.

Table 2. Details of processing parameters in ICMCBF.

Parameters Values

Injection temperature [°C] 230

Injection speed [cm3 s−1] 60

Back pressure (bar) 100

Shot size [%] 96

Dosage of SCF [%] 0.6

Mold temperature [°C] 50

Core-back speed [mm s−1] 2

Core-back amount [mm] 1

Compression pressure [bar] 0, 100, 200, 300

Compression time [s] 0, 3, 5, 7

Note: The compression pressure was calculated by dividing force by the projected 
area.
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where n is the number of cells in the micrograph, A and M are 
the area and magnification factor of the micrograph in cm2, ρs 
and ρf are the density of the solid and foamed samples.

2.4. Tensile and Impact Property Testing

According to the GB/T 1040.2-2006 and GB/T 1043-93, the dog-
bone and strip-shaped specimens were cut from the middle 
part of the injection-molded part to conduct the mechanical 
property testing. The tensile samples with a gauge length of 
25 mm and a width of 5 mm were conducted with a crosshead 
speed of 1 mm min−1 using a universal testing instrument 
(SHIMADZU AG-IC 50 kN) at room temperature. The impact 
samples with a length of 80 mm and a width of 10 mm were 
tested using the impact testing machine (MST Systems) at 
room temperature.

Different CFIM and ICMCBF products were conducted for 
tensile and impact property testing, respectively. The foamed 
specimens were placed in an atmospheric environment to dif-
fuse gas for more than 1 month before the mechanical testing. 
For each sample, the average value reported was derived from 
at least five specimens.

3. Results and Discussion

3.1. Cell Structure of CFIM and ICMCBF Foam

CFIM experiments under different melt temperature, injection 
speed, backpressure, shot size, and SCF dosage were conducted 
to obtain a fine cell structure. Based on the parameters for 
CFIM, ICMCBF experiments were also investigated. The cell 
structures of CFIM and ICMCBF samples were studied system-
atically. Despite the same shot size (96%), the cell structures of 
CFIM and ICMCBF showed obvious differences.

As shown in Figures 3 and 4, the morphologies of the cross 
section vertical and parallel to the direction of the flow were 

observed to get a total understanding of the cell structure of 
CFIM and ICMCBF samples. The cells exhibit round shape 
in the vertical direction (Figure 3b), but many deformed cells 
(Figure 4b) are found due to the characteristic of shear flow of 
polymer melt in the cavity. According to this phenomenon, it 
can be concluded that most of the cells are extremely stretched 
and sheared during the filling stage in CFIM. As discussed 
above, the gate-nucleated cells nucleate and grow in a dynamic 
condition while a relatively static condition can be achieved 
during the nucleating and growing of new cells after the re-dis-
solution of gate-nucleated cells. Wang et al.[23] proposed that the 
gas separation from polymer in stationary state will induce a 
perfect spherical structure due to isotropic characteristics after 
the filling stage or in the cooling stage. Consequently, under the 
static melt, cells with little deformation exist in the ICMCBF 
samples instead of the deformed ones in CFIM. Thus, the cells 
look nearly the same in the cross sections from both the vertical 
and parallel directions as shown in Figures 3d and 4d.

To further reveal the distinction of cell structure between 
CFIM and ICMCBF, the cell density and average cell diameter 
were counted. Their cell size distribution is shown in Figure 5. 
Notable high cell density and small average cell diameter were 
obtained for ICMCBF compared to CFIM. For instance, the cell 
density of ICMCBF sample is 1.59 × 107 cells cm−3, which is 
about one order of magnitude higher than that of the CFIM 
sample (1.72 × 106 cells cm−3). Meanwhile, the average cell 
diameter is significantly reduced from 60 to 15 µm. In addi-
tion, remarkable stable size distribution can also be observed 
for the ICMCBF sample compared to CFIM sample (Figure 5). 
For example, the average cell diameter of CFIM sample is 
60 µm, but with a decentralized distribution ranging from 10 
to 100 µm. However, the ICMCBF sample exhibited a small 
average diameter with a centralized distribution ranging from 
5 to 20 µm. In short, higher density, smaller average size, 
and more uniform cells were obtained for ICMCBF samples. 
This can be explained on the basis of researches of Shaayegan 
et al.[36] and Sun et al.[55,56]: the nucleation rate showed a close 
relationship with the pressure drop rate. In CFIM, the melt 
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Figure 3. SEM images of samples for: a) CFIM-V and b) its high magni-
fication-V (their parameters are labeled with “*” in Table 1); c) ICMCBF-
V and d) its high magnification-V (compression pressure and time are 
200 bar and 5 s) (V indicates the cross section which is vertical to the 
direction of the melt flow).

Figure 4. SEM images of samples for: a) CFIM-P and b) its high magni-
fication-P (their parameters are labeled with “*” in Table 1); c) ICMCBF-
P and d) its high magnification-P (compression pressure and time are 
200 bar and 5 s) (P indicates the cross section which is parallel to the 
direction of the melt flow).
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pressure decreases gradually along the cavity and eventually 
goes below the gas solubility pressure. Hence, a low pressure 
drop rate results in a small cell nucleation rate. In ICMCBF, a 
high melt pressure was endowed by mold compression and the 
pressure was unloaded at a very short time. Thus, a high pres-
sure drop rate induced a high cell nucleation rate. Meanwhile, 
the competition between numerous nucleated cells, which grew 
at the same time, resulted in small cells. Besides, the relatively 
static condition and a high nucleation rate induced a more uni-
form cell size distribution when compared with the CFIM and 
ICMCBF samples.

In addition, different cell structures of CFIM and ICMCBF 
resulted in different densities for the foam parts. The shot sizes 
for CFIM and ICMCBF are both 96%. That is to say, the weight 
reduction of the foamed parts (including the runner and sprue 
system) fabricated by different processes is almost the same. 
Despite that, the normalized density for CFIM and ICMCBF 
measured by density meter showed that the density of CFIM 
samples (about 0.85 g cm−3) was lighter than that of ICMCBF 
(about 0.99 g cm−3). The reason for this mismatch between 
weight reduction and foam density may be related to the cell 
density, cell size, and inhomogeneity in the whole sample.

3.2. Thickness of the Foamed Layer of CFIM and ICMCBF

As shown in Figure 6, samples with typical sandwich structure 
were achieved in both CFIM and ICMCBF samples, which con-
sisted of foamed core layer and nonfoamed skin layers.[[24]] The 
thickness of foamed layer was calculated from micrographs, 
and the ratios of thickness of foamed layer to the whole thick-
ness were calculated in average. The results indicated that the 
foamed layer was about 45% in ICMCBF, which was lower than 
that in CFIM (81%). Generally, the formation of the compact 
skin layer was attributed to the instantaneous solidification of 
the polymer melt when it contacted the cavity wall. While Wang 
et al. proposed that the formation of final compact skin layer 
can be divided into two stages, that is, the filling stage and the 
cooling stage.[23] In the filling stage, the extremely deformed 
cells or filamentous cells have large interfaces between the gas 
and the polymer melt than the spherical cells, which is easy 
to re-dissolve the gas into polymer melt. In the cooling stage, 
because of the pressure drop of the material system caused 

by the shrinkage of polymer melt, the re-dissolved gas in the 
compact skin layer foamed during the filling stage may be sepa-
rated from the polymer melt again. This phenomenon will pro-
duce spherical cells in the compact skin layer, which decrease 
the thickness of the skin layer forming in the filling stage. In 
Figure 6a,b , the dotted arrows indicate the spherical cells in 
both the vertical and parallel directions of the flow. These new 
cells expanded the foamed layer and reduced the skin layer. All 
these resulted in a thick foamed layer for the samples of CFIM.

Meanwhile, it can be seen from Figure 6c,d, that the coun-
terpart of ICMCBF has a thinner foamed layer and thicker skin 
layers compared with the sample of CFIM. The differences 
of cell structures are mainly caused by the variation of pres-
sure and temperature in the mold cavity. For cavity pressure, a 
proper time of high pressure caused by mold compression re-
dissolved most filling cells into polymer melt and the following 
fast pressure drop drove the gas separated out from the melt. 
However, the temperature in the mold decreased rapidly during 
the mold compression.

The profiles of temperature and viscosity distribution in 
the direction of thickness were obtained from the filling and 
cooling simulation of Moldflow, and the material and pro-
cessing conditions were almost the same as the real condi-
tion for CFIM (Figure 7). Among these two pictures, Figure 7a 
reflects the temperature and viscosity distribution at the filling 
end in the CFIM cycle. It is observed that the temperature 
in the center is a little higher than the injection temperature 
(230 °C) due to the gate shear effect. In addition, a wide high-
temperature (higher than 150 °C) area appeared due to the 
short injection time. As we know, higher temperatures induce 
a lower viscosity (lower than 104 Pa·s) of the melt. The wide 
high-temperature and low-viscosity region (almost 80%) con-
tributed to the thick foamed layer (almost 81%) in the CFIM. 
Figure 7b reflects the temperature and viscosity distribution in 
the whole thickness at the time after mold compression. Con-
trary to CFIM, a notably narrower high temperature and low 
viscosity region existed at the moment after mold compres-
sion, with large quantity of heat being dissipated. As discussed 
earlier, nucleation was triggered by the pressure drop after 
compression, but the low temperature at this time depressed 
the nucleation of cells. As a result, the narrow high tempera-
ture and low viscosity region (about 50%) induced the forma-
tion of thin foamed layer (45%). In short, different temperature 
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Figure 5. Distribution of cell diameters of a) CFIM (their parameters are labeled with “*” in Table 1) and b) ICMCBF samples (compression pressure 
and time are 200 bar and 5 s).
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and viscosity distribution in the thickness after compression 
in ICMCBF are the key factors for the formation of a narrow-
foamed layer compared to CFIM.

3.3. Effects of Compression Pressure and Time on Cell Structure

According to the investigation above, it can be concluded that 
an appropriate pressure after filling could induce uniform fine 

cells in the ICMCBF. Then, the influences of compression 
pressure and time on the foam structure were investigated 
systematically. Figure 8 shows the ICMCBF cell structures 
under different compression pressure and 5 s compression 
time, including the images of cross section vertical and parallel 
to the direction of the melt flow. Figure 9 shows their corre-
sponding cell density and cell size. From the SEM images of 
the cell density and size, the cell structures of ICMCBF under 
different compression pressures were investigated. When 
the compression pressure was set as 100 bar, the deformed 
cells and obvious flow mask still exist in the final structure. 
Thus, 100 bar is insufficient to re-dissolve the gate-nucleated 
cells, resulting in a lower cell density and a smaller cell size 
than CFIM. When the compression pressure was increased to 
200 bar, most of the deformed cells were absent and replaced 
by numerous new cells, indicating that the 200 bar compres-
sion pressure was enough to re-dissolve the gate-nucleated cells 
into the melt. After that, core-back process caused a fast pres-
sure drop, which induced a high nucleation rate, thus a large 
number of cells nucleated and grew at the same time. These 
cells could not grow as large as the ones in the CFIM because of 
the competition between them. Similarly, a much higher com-
pression pressure of 300 bar could effectively re-dissolve the 
gate-nucleated cells as new un-deformed cells were observed in 
the SEM images as well.

Figure 10 shows the ICMCBF cell structures under a com-
pression pressure of 300 bar (which was proved to be high 
enough to re-dissolve the filling cells) and different compres-
sion time. Figure 11 statistically shows the cell density and cell 
structure. The effects of compression time on the cell density 
and size of ICMCBF were analyzed by SEM. Similarly, when 
the compression time was 3 s, the deformed cells were diffi-
cult to be re-dissolved in the melt and the obvious flow mask 
still existed in the final structure. As the compression time was 
increased to 5 s, new cells and more nucleation occurred in a 
relatively static condition. However, the cell density and size 
showed a decreasing tendency when the compression time was 
further increased.

3.4. The Cavity Pressure and Temperature During 
Injection Molding

Figure 12 shows the evolution of pressure and temperature in 
the mold cavity during the whole injection molding cycle. As 
discussed in Section 2, the pressure sensor was mounted at 
a third of the mold cavity close to the gate and the tempera-
ture sensor was mounted close to the end of the mold cavity. 
In each cycle, the sensors began to record the pressure and 
temperature according to the signal of proximity switch. After 
the complete close of mold and the open of nozzle, the filling 
stage began. When the front of polymer melt arrived at the 
position of the pressure sensor, a high pressure was tested by 
the pressure sensor. The pressure grew fast to a high pressure 
and then descended quickly during the filling stage. After that, 
the temperature increased sharply once the melt reached the 
end of the cavity and then decreased slowly with the prolonga-
tion of time. Consequently, the pressure profiles grew fast to a 
high pressure from 0 to about 4 s during each cycle, indicating 
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Figure 6. SEM images of sandwich structure in a) CFIM-V, b) CFIM-P 
(parameters are labeled with “*” in Table 1), c) ICMCBF-V, d) ICMCBF-P 
(compression pressure and time are 200 bar and 5 s), e) thickness of 
foamed layer for CFIM and ICMCBF sample (V and P indicate the cross 
sections which are vertical and parallel to the direction of the melt flow).
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that the melt flow had passed the scope of the pressure sensor. 
The observed temperature peak indicated the end of the filling 
stage. According to the changes in temperature curves, the 
pressure curves are divided into different stages, that is, the 
filling and cooling process.

As shown in Figure 12a, a pressure peak in the packing stage 
is observed to be lower than that in the filling stage in a con-
ventional injection molding (CIM) cycle. After that, a noticeable 
negative pressure is observed due to the melt shrinkage at the 

cooling stage. As shown in Figure 12b, after the filling stage, 
the expansion of foamed mixture causes a sustained low pres-
sure in cavity, which is much lower than that in the filling stage. 
The pressure profile in ICMCBF (Figure 12c) is obviously dif-
ferent from others. At the filling stage, the same pressure peak 
as CIM and CFIM is observed. After the filling stage, however, 
an extremely high-pressure peak (about 120 bar) is achieved by 
mold compression and a fast pressure drop is obtained by core-
back. These results further verified the expectation that mold 
compression increased the cavity pressure effectively and core-
back induced a fast pressure drop. Based on the analyses in the 
introduction part, the cell structures have a strong relationship 
with high cavity pressure and fast pressure drop. During the 
cooling stage, the expanded mixture of melt and gas induced a 
pressure in cavity, which was decreased slowly as the melt was 
cooled down until the mold was open.

Figure 12d shows the highest pressure in the pressure pro-
files caused by different mold compressions. It can be obvi-
ously found that the melt pressure increases with increasing 
the compression pressure. When the compression pressure is 
100 bar, the real pressure in cavity (50.7 bar) cannot re-dissolve 
the gate-nucleated cells. But when the cavity pressure is up 
to 110 or 120 bar with the compression pressure of 200 and 
300 bar, the fine cell structure can be obtained. In summary, 
sufficiently high pressure and fast pressure drop contributed to 
a fine cell structure.

3.5. Mechanical Properties of the CFIM and ICMCBF Foam

Since the fine cell structure and the mechanism of ICMCBF 
were discussed earlier, the question is whether different cell 
structures could lead to any difference in the mechanical prop-
erties. To answer this question, solid samples and foamed 
samples under different compression pressures (0, 100, 200, 
300 bar) were cut from the injection-molded parts and tested. 
As shown in Figure 13, the mechanical properties of CFIM and 
ICMCBF samples are closely related to their cell structures, 
and the tensile and impact strength of ICMCBF are remark-
ably enhanced than those of CFIM samples. Under loading, 
a large number of deformed cells and their coalescence in 
CFIM may become the origination of crack and induce a poor 
tensile strength than the solid parts. On the contrary, the little 
un-deformed cells may serve as the function of inactivation 
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Figure 7. Temperature and viscosity in whole thickness: a) before compression and b) after compression (the parameters are almost the same as the 
real condition: injection temperature is 230 °C, the dosage of SCF is 0.6%, injection speed is 60 cm3 s−1, and the shot size is 96%).

Figure 8. SEM images of ICMCBF samples with compression pressure of 
a) 0 bar-V, b) 0 bar-P, c) 100 bar-V, d) 100 bar-P, e) 200 bar-V, f) 200 bar-P, 
g) 300 bar-V, and h) 300 bar-P (V and P indicate the cross sections which 
are vertical and parallel to the direction of the melt flow) and the com-
pression time is 5 s.
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of crack tips which benefits a high mechanical performance. 
Moreover, the reduced thickness of foamed layer is also impor-
tant for the increased mechanical strength. On the other hand, 
higher cell density enhanced the absorption of energy when the 

samples were under impact. Above all, the structure 
of ICMCBF with higher cell density, smaller size, uni-
form size, and reduced foamed layer contributed to a 
better mechanical performance compared with CFIM. 
As discussed earlier, when the compression pressure 
was 100 bar, the foamed layer was much thinner than 
that in CFIM. This increases the tensile strength. The 
compression pressure was too low for the re-dissolu-
tion of the gate-nucleated cells, and the cells were not 
as uniform as the samples under 200 and 300 bar. 
The transformed cells acted as the defects in the part 
and as stress concentrator.[57] As a result, the impact 
strength under 100 bar was lower than that under 
200 and 300 bar.

In addition, the weight reduction of foam is 
important when discussing the mechanical prop-
erty. As discussed earlier, the shot sizes of the CFIM 
and ICMCBF samples in this article are 96%. This 
means that the weight reduction of the foamed parts 
fabricated by different processes is almost the same 
(including the runner and sprue system). According 

to the results of the normalized density, the foamed blocks 
which were cut from CFIM parts showed a smaller density of 
about 0.85 g cm−3 while those cut from ICMCBF parts showed 
a larger density of about 0.99 g cm−3. Compared with the den-
sity of solid PS parts (1.05 g cm−3), the CFIM foam showed a 
higher weight reduction than ICMCBF. Although lower weight 
reduction of ICMCBF contributed to the improved mechanical 
performance than CFIM, the mechanical performance showed 
a close relationship with the cell structure under the same 
shot size.

4. Conclusion

High-pressure foam injection molding of PS/N2 was conducted 
by a new method of combining injection-compression molding 
with core-back foaming (ICMCBF) technique. The cell struc-
ture of ICMCBF, that is, higher density, smaller size, more uni-
form size distribution, and thinner foamed layer was obviously 
different from that of the CFIM. The cell structure with various 

Macromol. Mater. Eng. 2018, 303, 1800110

Figure 9. Cell density and cell diameter of ICMCBF samples with different compres-
sion pressure (0 bar indicates the CFIM foam) when the compression time is 5 s.

Figure 10. SEM images of ICMCBF samples with compression time of 
a) 0 s-V, b) 0 s-P, c) 3 s-V, d) 3 s-P, e) 5 s-V, f) 5 s-P, g) 7 s-V, and 
h) 7 s-P (V and P indicate the cross sections which are vertical and parallel 
to the direction of the melt flow) and the compression pressure is 300 bar.

Figure 11. Cell density and cell diameter of ICMCBF samples with 
different compression times (0 s indicates the CFIM foam) when the 
compression pressure is 300 bar.
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compression pressures (0, 100, 200, and 300 bar) and var-
ious compression times (0, 3, 5, and 7s) was investigated. When 
the compression pressure was 200 bar and the compression 
time was 5 s, the cell density was the highest (1.59 × 107 cells 
cm−3) and the cell size was the smallest (15 µm). With the 
help of sensors, the evolution of temperature and pressure in 
the mold cavity under different injection molding processes 
was elaborated. The results showed that a high pressure was 
achieved by mold compression and a quick pressure drop was 
achieved by core-back technique. In addition, a high cavity pres-
sure and faster pressure drop contributed to the formation of 
the fine cell structure. Moreover, a close relationship was found 
between the mechanical property and cell structure. The ten-
sile strength and impact strength of ICMCBF were enhanced 

by about 60% (from 22.3 to 35.6 MPa) and 80% (from 3.6 to 
6.8 MPa), respectively. Although many more studies need to be 
done, the evolution of cells in HPFIM contributes to the under-
standing of the nucleation and growth mechanism in the foam 
injection molding and a new strategy for the fabrication of 
foam with uniform cell structure is provided. With the addition 
of unique nanofillers, this process can be potentially used for 
producing multifunctional polymer nanocomposites to satisfy 
various applications including energy storage, environmental 
remediation, electromagnetic interference (EMI) shielding, and 
sensing.[58–80]
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Figure 12. Profiles of temperature and pressure in cavity in a) CIM, b) CFIM, and c) ICMCBF cycles and d) the cavity pressure peak induced by different 
compression pressures.

Figure 13. Tensile strength and impact strength for solid and ICMCBF 
samples with different compression pressures (0 bar indicates the CFIM 
foam).
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