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Abstract
According to the relationship model between the surface roughness and surface cell 

size of microcellular foam injection molding parts, this study investigated the effects of 
five process parameters (melt temperature, injection velocity, injection pressure, pre 
injection location, and supercritical fluid injection time) on surface roughness through 
the Taguchi design-of-experiment method. Variance analysis results revealed the 
significance and influence of each parameter on surface roughness. Comparing SEM 
micrographs under different injection conditions indicated that larger broken surface 
cells cause swirl marks and smaller oriented cells form sliver streaks. Thus, a smaller 
surface cell size indicates higher surface quality. Furthermore, cell deformation was 
examined and cells were controlled according to the SEM surface scanning results. 
Finally, the optimal process parameter combination and surface quality improvement 
method were proven through a confirmation injection test.

Keywords: Surface Roughness; Cell deformation; Cell size; Process parameters.

Introduction
The microcellular foam molding process was first developed by Prof. Nam Suh in the 

1980s to conserve material by using supercritical fluid (SCF) as a blowing agent without 
substantially compromising mechanical properties [1-2]. The microcellular foam injection 
molding process can be divided into four stages: (a) melt polymer-SCF single phase 
mixer generation,(b) bubble nucleation,(c) bubble growth,(d) product typing. Compared 
with the traditional foam molding process, the microcellular foam molding process is 
advantageous for part physical properties and at the processing stage. Microcellular 
foam injection parts contain bubble-population densities of 109–1012 cells/cm3 and 
bubble sizes of 1–100μm, and possess excellent mechanical properties such as dimension 
stability and thermal stability, as well as other dielectric properties. The microcellular 
foam injection molding process also has many advantages during processing, which 
involves decreasing injection and packing pressure and reducing the process cycle time 
[3-4]. Because of the valuable economic prospects of conserving energy and resources, 
the microcellular foam injection molding process has become crucial in lightweight 
industrial applications. It is widely used in the automobile, electronics, and home 
appliance industries.

However, lowered surface quality of microcellular foam injection parts has been a 
major barrier, limiting the industrial applications of such parts, especially in exterior 
parts. Such surface quality defects include swirl marks, silver streaks, surface blistering, 
and post blow defects. Furthermore, traditional surface finishing processes, such as 
grinding, polishing, and lapping, cannot eliminate these defects. 

https://doi.org/10.18689/mjnn-1000106
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Surface defects
Postblow defects

Postblow defects continually appear at part hotspots. In 
general, postblow defects are caused by two factors. First, the 
mold cooling system is not sufficient at the hotspots; and 
second, excessive gas enters certain bubbles because of the 
high SCF concentration, forming large bubbles. When the 
pressure inside the bubbles surpasses the tolerance of the 
solidified polymer, postblow defects occur. In general, methods 
for enhancing cooling at the hotspots and adjusting SCF 
concentration are effective for eliminating postblow defects [5].

Surface blistering
When numerous minuscule bubbles converge at athin 

part-wall, a thin polymer layer is produced, separated from 
the part body. This phenomenon is called surface blistering. 
Surface blistering most likely appears in parts that are injected 
with crystalline polymer, but without a filler such as POM. 
Surface blistering can also be eliminated by adjusting the 
microcellular foam injection process parameters and 
improving the mold design [6].

Swirl marks
Grooves on the part surface are caused by trapped gas on 

the mold surface when the melt polymer-SCF mixer begins to 
solidify. The groove surface area shows positive correlation. 
The groove shape is slender along the flow direction. The 
groove aspect ratio indicates the shear strength caused by the 
polymer-SCF mixer filling behavior in the mold cavity. Swirl 
marks are grooves whose shapes are curled (Figure 1a). Yoon 
proposed that the glass transition temperature (for the 
amorphous polymer) and melt temperature (for the crystalline 
polymer) are critical factors contributing to swirl mark 
formation [7]. Zhang indicated that swirl marks always appear 
near the gate [8]. While the polymer-SCF mixer is injected into 
the mold cavity, process parameters at different cavity areas 
varied. Near the gate, the temperature is generally higher, the 
viscosity of the polymer-SCF mixer is lower, and the melt 
strength is lower. Therefore, the gas near the gate easily 
diffuses to the cavity surface, and the bubbles near the surface 
break up easily [9].

Silver streak
Silver streaks are defects that display silver gloss under 

sunlight (Figure 1b). Silver streaks on a microcellular foam 
injection part have two appearances. One is called silver 
thread because its boundary resembles a thread. This defect is 
caused by broken bubbles at the surface. The other is called 
silver strip because it resembles a strip that parallels the flow 
direction. They differ according to whether broken bubbles 
occur at the surface. Michaeli and Cramer suggested that 
silver streaks were flow marks of the polymer-SCF mixer on 
the mold cavity surface. The shear deformation of the bubbles 
occurred near the surface. The depth of silver threads and part 
surface roughness differed because of differing bubble sizes. 
Compared with silver trips, silver threads caused greater 
surface roughness [10].

Figure 1. Surface defects of microcellular foam injection parts (a) 
swirl mark [6], (b) silver streak [6].

Both postblow defects and surface blistering are 
considerable size defects caused by poor part structure, 
injection mold design, or improper injection process 
parameter settings. However, such defects can be mitigated 
through design optimization. Swirl marks and silver streaks 
are more difficult to remove than other defects. These two 
defects are the main obstacles affecting industrial applications. 
To improve part surface quality, this study focused on 
analyzing microcellular foam injection part surface 
morphology, specifically concerning swirl marks and silver 
streaks. Both swirl marks and silver streaks are closely 
associated with bubble growth and breakdown on the surface. 
Thus, in this study, surface roughness was introduced to 
characterize the bubble growth and breakdown on part 
surfaces. Furthermore, cell deformation was examined and 
cells were controlled according to the SEM surface scanning 
results. Surface quality improvement suggestions are 
proposed here in.

Surface roughness model
According to the hypothesis that maximum surface 

roughness is formed when surface bubbles expand to their 
maximum size and burst, a surface roughness model can be 
used to establish the relationship between the final bubble 
size and surface roughness [11]. Two common simplified 
roughness mathematical models are introduced in Table 1 
[12].
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The height difference between the highest surface peak 
and the lowest valley was due to a complete breakdown 
caused by an entire bubble breakdown. The connection angle 
is generally considered to become passive after the bubbles 
burst. The crest portion and trough portion eventually form 
the two halves of a cell. Figure 2 shows the sketch map of 
surface roughness.

The maximum roughness Rz and the arithmetic average 
roughness Ra can be calculated as follows:

Maximumroughness:Rz = 2R (1)
Arithmetic average roughness: Ra = πR2/4πR = R/4 (2)
where R is the bubble radius near the melt surface. In this 

study, the maximum roughness Rz and arithmetic average 
roughness Ra were both used to analyze surface roughness.

Table 1. Surface Roughness Models
Type Symbol Method Scheme

Maximum 
roughness Rz

Selecting the datum 
length “l” from 

crude curve alone 
average line 

direction. Absolute 
value of peak height 

and depth in this 
section is the Rz R

z

l
x

Ra

Arithmetic 
average 

roughness
Ra

Selecting the datum 
length “l” from 

crude curve alone 
average line 

direction. If the 
crude curve is 

represented by the 
function y=f(x), Ra 

can be obtained by 
the Equation: 

a 0

1 ( )
l

R f x dx
l

= ∫

Figure 2. Surface roughness sketch map.

Furthermore, this study employs the orthogonal 
experimental method to arrange the experimental process 
parameters. Each group of experimental specimen surface 
roughness is measured. The effects of process parameters on 
the microcellular foam injection molding part surface 
roughness were analyzed. The optimization of surface quality 
was performed using a Taguchi design-of-experiment (DOE) 
with the signal-to-noise ratio (SNR) and variance analysis. In 
addition, according to the optimization results, comparison 
experiments were performed. According to the surface 
morphology analysis (through SEM) of the comparative trials’ 
specimens, a method for improving the surface quality is 
proposed.

Experimental
Materials

The experimental parts were molded using a PP/N2 
foaming system. PP (PP-R200, Kingfa Polymer) is widely used 
in the auto industry. Prior to processing, PP was dried for 4h 
at 70°C because of wet weather conditions. N2 (purity: 99.9%, 
w/w) was purchased from Wuhan Gas Inc. (Wuhan, China). 
The properties of PP and N2 are listed in Tables 2 and 3. 

Table 2. Properties of PP
Melt density

Kg/m3
Solid Density

Kg/m3
Interfacial energy

Dynes/cm
Melt point

°C
Max. Shear stress 

MPa
749.43 912.52 47.2 167 0.25

Table 3. Properties of N2
Density

g/L
Gas constant

J/(mol·K)
Molar volume

L/mol
Solubility

cm3(STP)/(g·atm)
1.25 8.3145 22.4 0.032×10-2

Experimental model and injection machine
A dumbbell model with 180mm × 40mm × 5mm 

dimensions was used as the experimental sample. To analyze 
surface roughness, three measurement points (A, B, C) were 
applied. Figure 3 shows the experimental model and the 
position details of the three measurement points.

Figure 3. Schematic of the part dimensions and three measurement 
points.

The injection machine used was an HDX50 (Haida 
Machinery) with a 30 mm screw diameter and an 18screw 
aspect ratio. The maximum screw speed is 250rpm and the 
maximum clamp force is 500KN. The maximum plasticity 
capacity is 9.6g/s and the maximum injection volume is 75cm3. 
The microcellular foam system was manufactured by Beijing 
Zhongtuo Co. The SCF output was controlled according to 
time; the minimum time was 1s. The injection machine and 
microcellular foam control system are shown in Figure 4.

(a) (b)

Figure 4. Microcellular foam injection molding device: 
(a) injection machine, (b) microcellular foam console.

Experimental design
A full factorial DOE was conducted to arrange the 

experiments. The five parameters studied in the DOE were the 
melt temperature, injection velocity, injection pressure, 
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preinjection location, and SCF injection time. All process 
parameters varied according to four levels. However, the 
preconditions of each parameter level value setting require 
the cavity to be filled. The combination of the control 
parameters provides a total of 16 experiments, as shown in 
Table 4.

Table 4. Process Parameter Level Settings

Level
Melt 

temperature 
(°C) /A

Injection 
velocity  
(g/s) /B

Injection 
pressure 
(MPa) /C

Pre-injection 
location  
(mm) /D

SCF  
injection time  

(s) /E
1 210 5 60 63 1
2 220 7.5 70 65 1.5
3 230 10 80 67 2
4 240 12.5 90 69 2.5

Surface roughness measurement
In this study, a mobile roughness measuring instrument 

(MarSurf M300C, Mahr) was employed to measure specimen 
surface roughness. The Marsurf M 300C has favorable 
measurement accuracy (0.001μm) and a measurement error 
rate of approximately 0.5%. The sampling length was set at 
0.8mm and the evaluation length at 4mm. Moreover, to 
guarantee measurement accuracy, five specimens of each 
experimental parameter combination were measured; the 
average measurement value is addressed in the results and 
discussion section. 

Surface characterization by using SEM
SEM (FEI XL30 FEG, Philips) was employed to further 

characterize part surface morphology and quality. Before 
scanning, each specimen was gilded. The specimen section 
near the surface and Point A on the surface morphology were 
scanned, as described in the results and discussion section.

Results and Discussion
According to the L16 (45) orthogonal table and process 

parameter settings shown in Table 4, 16 group experiments 
were conducted. The MarSurf M 300C was used to measure 
the surface roughness at Point A of each specimen. To 
minimize the test error, every group comprised five specimens 
that were tested and recorded. Further more, both Ra and Rz 
were measured to ensure the accuracy of the subsequent 
discussion and conclusion. The collected data are listed in 
Table 5.

Table 5. Surface Roughness of Each Group at Point A
Exp.
No.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz

1 3.26 21.89 3.18 24.10 3.23 21.10 3.06 24.30 3.26 24.60
2 1.82 19.03 1.60 15.42 1.14 19.17 1.92 16.77 1.92 18.22 
3 1.34 11.35 1.08 9.71 1.19 12.04 1.37 9.60 1.65 14.50 
4 1.04 7.61 0.94 6.55 1.16 8.46 0.96 8.90 0.81 5.46 
5 2.27 17.25 1.56 14.43 2.91 17.76 2.54 18.35 2.99 19.62 
6 2.64 19.29 3.83 21.94 2.95 20.96 2.03 16.56 2.23 19.38 
7 3.18 17.38 3.36 21.97 2.21 16.29 3.11 19.12 2.81 19.69
8 1.49 12.41 1.83 12.42 1.84 14.84 1.33 9.19 1.46 10.51
9 2.93 18.82 1.66 19.04 2.18 17.25 2.02 21.26 2.72 21.36 
10 2.48 20.95 2.58 21.42 2.87 22.46 2.48 22.28 2.79 20.56 
11 1.86 10.14 1.22 11.25 1.58 13.78 1.81 12.79 1.49 9.07 

12 2.57 16.94 2.24 17.85 3.34 18.33 1.96 12.19 1.41 13.87 
13 1.77 9.89 1.15 12.87 1.71 12.01 2.78 16.15 1.93 13.94 
14 1.15 8.89 1.83 10.35 1.34 9.82 1.56 10.64 1.18 9.17
15 3.02 21.46 3.92 26.55 4.31 24.68 3.14 27.27 3.50 22.21 
16 1.55 12.22 1.16 15.15 1.40 10.94 1.45 13.97 1.71 14.74

Effects of process parameters on surface roughness
The SNR was used to determine the performance of the 

measurements from the Taguchi method. This method 
reduces various noise factors such as environmental and 
equipment conditions. To determine the part quality and 
optimize the process parameters, the Taguchi method 
contains several SNR functions according to the type of 
characteristic present. The most frequently used functions are 
smaller-the-better, nominal-the-better, and larger-the-better. 
The smaller-the-better function indicates that the desired 
response is the minimum. The SNR can be calculated using 
Equation 3 [13].

 (3)

where n and yi are the number of tests in a trial and the 
experimental measurement value, respectively. The SNR unit 
is the decibel (DB). In this study, two surface morphological 
characterizations were considered as the responses (surface 
roughnesses Ra and Rz).

Furthermore, the only positive surface quality criterion in 
this study is that the lower surface roughness value is higher. 
This criterion was applied to understand more clearly the 
effects of process parameters on surface quality. A series of 
experiments were performed to identify this relationship. The 
smaller-the-better quality characteristics were considered to 
determine the significance of process parameters and to 
minimize Ra and Rz through standard deviation. Additionally, 
five experimental observations were conducted for each trial 
(n = 5). The average and SNR values for each experimental trial 
are reported in Table 6. The effect of each process parameter 
on surface roughness is discussed as follows.

Table 6. Average Surface Roughness and SNR Values of Each 
Experimental Trial

Exp.No.
Average surface roughness SNR

Ra Rz Ra Rz

1 3.20 23.20 -10.10 -27.31
2 1.68 17.72 -4.51 -24.97
3 1.33 11.44 -2.48 -21.17
4 0.98 7.40 0.18 -17.38
5 2.45 17.48 -7.78 -24.85
6 2.74 19.63 -8.76 -25.86
7 2.93 18.89 -9.34 -25.52
8 1.59 11.87 -4.03 -21.49
9 2.30 19.55 -7.23 -25.82
10 2.64 21.53 -8.43 -26.66
11 1.59 11.41 -4.03 -21.15
12 2.30 15.84 -7.23 -24.00
13 1.87 12.97 -5.44 -22.26
14 1.41 9.77 -2.98 -19.80
15 3.58 24.43 -11.08 -27.76
16 1.45 13.60 -3.23 -22.67

Average SNR -6.03 -23.67



Madridge Journal of Nanotechnology & Nanoscience

18Madridge J Nanotechnol Nanosci
ISSN: 2638-2075

Volume 1 • Issue 1 • 1000106

The influence degree that each process parameter has on 
surface roughness (Ra and Rz) was sorted according to the 
range analysis. The range analysis values are listed in Table 7. 
Thus, the influential tendency diagrams were constructed 
(Figure5). According to Table 7 and Figure 5, the effect trends 
of process parameters on surface roughnesses Ra and Rz are 
nearly identical. Furthermore, Figure 5 indicates that the 
sequence of parameters for surface roughness from large to 
small is the SCF injection time, injection velocity, injection 
pressure, preinjection location, and melt temperature. 

Table 7. Range Analysis of the Taguchi Method

Para.
Melt 

temperature /A
Injection 

velocity /B
Injection 

pressure /C
Pre-injection 
location /D

SCF injection 
time /E

Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz

I1 -4.23 -22.71 -7.64 -25.06 -6.53 -24.25 -7.41 -24.16 -8.41 -25.80
I2 -7.48 -24.43 -6.17 -24.32 -7.65 -25.39 -4.50 -22.47 -6.08 -24.75
I3 -6.73 -24.40 -6.73 -23.90 -4.18 -22.07 -5.78 -23.84 -5.98 -23.32
I4 -5.68 -23.12 -3.58 -21.38 -5.76 -22.96 -6.72 -24.21 -3.66 -20.79
Rr 3.25 1.72 4.06 3.68 3.47 3.32 2.91 1.74 4.75 5.01

Where Ii is the mean value of the SNR sum of i level, and 
Rr is the range value.

(a) Ra

(b) Rz

Figure 5. SNR response of process parameters to surface roughness.

As mentioned, the morphology of SCF on part surface 
was the most critical factor contributing to the poor injection 
part surface quality. In general, cell growth and breakdown is 
the cause of high surface roughness. To analyze the effects of 
process parameters on surface quality, the cell radius on the 
part surface was calculated according to the surface roughness 
value as measured using Equation 1 and 2. The results are 

shown in Figure 6 According to Figure 6, the relationship 
models between surface roughness and cell radius are 
accurate. The effect results of process parameters on the cell 
size can be applied to determine the relationship between 
process conditions and surface roughness.

Figure 6. Cell radius calculated using Ra and Rz.

Increasing the SCF injection time engenders an increase in 
the amount of SCF fraction in the melt polymer–SCF mixer. 
Thus, more nucleation sites occur and the cell number increases 
in the parts. The higher number of cells contributes to the 
more rapid consumption of the available gas, which results in 
smaller cells. Further more, the crystallization inside the bulk 
polymer increased because of the biaxial deformations 
resulting from cell growth when SCF exited the melt mixer. 
Because crystallization is endothermic, local temperatures 
decrease faster, enabling the foam to stabilize more rapidly; 
that is, to reach a point of sufficient solidification to prevent 
further cell growth [14]. This effect results in smaller cells. 
However, excessive SCF causes cell coalescence, which 
generates a lower number of nucleation sites and larger cells. 
According to Figure 6 and Equations 1 and 2, a lower cell size 
contributes to lower surface roughness, and vice versa. 
Furthermore, Figure 5 and Table 7 indicate that the injection 
velocity and injection pressure are the significant factors 
influencing surface roughness (cell size). A higher injection 
velocity reduces the possibility of premature cell formation in 
the runner system [15]. Furthermore, because of the higher 
injection pressure, cell formation starts inside the mold cavity, 
leading to smaller cells. Additionally, higher injection pressure 
increases the elasticity of the polymer through melt 
compressibility so that the cell requires more energy to grow, 
and therefore, the cell size decreases. However, the melt 
temperature affects the melt viscosity, surface tension, and 
SCF concentration that influences the final size of a cell [16] 
(16). As shown in Figure 5, the cell size increases when the melt 
temperature increases because of greater SCF diffusion into 
the cells. Evidently, a higher melt temperature also reduces the 
melt strength and surface tension of the melt mixer. Therefore, 
the cell splits into smaller cells, causing the final size of the cell 
to become smaller. This previously mentioned relationship 
between the surface cell size and surface roughness is indicated 
in Figure 5, which displays the reasonable effects of the process 
parameters on surface quality.

Analysis of variance
Analysis variance (ANOVA) was used to evaluate the 

relative importance of each factor to determine the optimal 
process parameter combination [17]. Additionally, by using 
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ANOVA, the contribution significance of each process 
parameter on the surface roughnesses (Ra and Rz) can be 
determined. Table 8 shows the ANOVA results. 

Table 8. ANOVA Results

Factors
Ra Rz

S F-R P (%) S F-R P (%)
Melt temperature /A 17.86 0.1182 15.76% 7.04 0.0542 7.23%
Injection velocity /B 27.33 0.1808 24.11% 22.9 0.1764 23.52%
Injection pressure /C 19.1 0.1264 16.85% 19.11 0.1472 19.62%

Pre-injection location /D 15.13 0.1001 13.35% 6.01 0.0463 6.17%
SCF injection time /E 33.93 0.2245 29.93% 42.32 0.3259 43.46%

Where S is the sum of square, F-R is the F ratio and P is the 
contribution of factor.

Table 8 reports the contribution of each process parameter 
to the surface roughnesses (Ra and Rz) for evaluating the 
importance of each process parameter on the response. The 
results indicated that the SCF injection time has the most 
significant impact on the objective function values. The effects of 
injection velocity and injection pressure are also crucial. However, 
the contributions of the melt temperature and preinjection 
location are lower than those of the other parameters.

According to Figure 5 and Table 8, the optimal process 
parameter combination is a melt temperature of 210°C, an 
injection velocity of 12.5g/s, an injection pressure of 80MPa, a 
preinjection location of 65mm, and an SCF injection time of 
2.5s. Because the optimal combination is not in L16 experiments, 
the confirmation injection was performed and the surface 
roughness at Point A was also analyzed. The scanning result 
indicated a roughness of 6.78μm. The SEM micrograph near 
Point A on the specimen injected under optimal conditions is 
shown in Figure 7d. The SEM photo also illustrates that the 
cell size results were consistent with the surface roughness 
test values. For determining the effects of process parameters 
on surface quality, the SEM micrographs of the No.15 (the 
poorest roughness; Table 6), No.4 (the greatest), and No.11 
(moderate) specimens are compared in Figure 7.

(a)

(c)

(b)

(d)

Figure 7. SEM micrographs near Point A of the specimen injected 
under different conditions: 

(a) No.15 specimen, (b) No. 11 specimen, (c) No. 4 specimen, (d) 
specimen under optimal conditions.

Surface quality improvement methods
Evidently, the injection part surface quality is determined 

by not only surface roughness but also surface morphology. 
Figure 8a shows the SEM micrograph of the No.1 experimental 
specimen surface at Point A. It indicates that such surface 
morphology is formed because of surface cell deformation. In 
addition, when the surface cell size is smaller, cell deformation 
characterization is lower, and surface roughness is lower. 
Furthermore, lower cell deformation and lower surface 
roughness indicates surface quality evaluation. Figure 8b,c,d 
show the SEM micrographs of the Nos.2–4 experimental 
specimen surfaces at Point A. The photos are consistent with 
this conclusion.

(a)

(c)

(b)

(d)

Figure 8. SEM micrographs of experimental specimen surfaces at Point 
A: 

(a) No.1 specimen, average Rz = 23.20μm; (b) No.2 specimen, 
average Rz = 17.72μm;

(c) No.3 specimen, average Rz = 11.44μm; (d) No.4 specimen, 
average Rz = 7.40μm

From a microcosmic viewpoint, Figure 8a shows a swirl 
mark view and Figure 8b, c show silver streaks. However, 
Figure 8d shows higher surface quality. Thus, the cell size 
ostensibly determines the surface defect type. Large surface 
cell deformation causes swirl marks and small cells cause sliver 
streaks. 

Therefore, cell deformation is the additional factor that 
influences surface quality. From a macrocosmic viewpoint, a 
silver streak is the surface cell deformation coinciding with the 
polymer melt filling direction. Thus, cell deformation force is 
evidently shear stress between the mold cavity and part 
surface, because shear stress and the filling direction are 
equivalent to tensile force. In general, with an increase in 
shear stress, the magnitude of cell deformation and degree of 
breakdown should increase and the surface quality should 
decrease. However, when the shear stress becomes sufficiently 
large, which should be less than the polymer maximum shear 
stress criterion, the cell can split into smaller cells. 

Moreover, because of the difference in position, the 
surface cell nucleation and growth conditions differ within the 
same cavity. In addition to Points A, B, and C (Figure 4), 
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experimental specimensNos.1–4 were also tested as research 
points. The surface roughness values at Points B and C are 
listed in Tables 9 and 10.

Table 9. Surface Roughness of Experimental GroupNos.1–4 at Point B
Exp.
No.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Average
Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz

1 3.94 25.12 2.80 29.20 3.90 25.60 2.43 23.70 3.58 26.40 3.33 26.00
2 2.35 14.27 2.58 13.41 3.55 20.21 1.89 14.07 2.27 18.26 2.53 16.04
3 3.80 25.62 1.56 10.50 1.61 12.54 1.21 10.20 1.32 12.31 1.90 14.23
4 2.10 10.85 1.26 10.55 1.33 9.72 2.58 8.88 1.76 5.16 1.81 9.03

Table 10. Surface Roughness of Experimental Group Nos.1–4at Point C
Exp.
No.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Average
Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz Ra Rz

1 4.39 33.68 3.62 26.22 4.63 25.05 4.88 32.73 3.89 26.94 4.28 28.92
2 1.42 17.29 1.31 16.36 1.24 15.60 1.65 18.56 1.95 19.27 1.51 17.42
3 2.16 12.28 2.67 16.91 1.98 14.59 2.15 13.76 1.59 14.58 2.2 14.42
4 1.67 12.37 1.03 8.67 1.67 11.94 0.93 10.12 1.24 11.19 1.31 10.86

According to Tables 6, 9, and 10, the surface roughness 
values for a single specimen at different points are compared 
(Figure 9). Figure 9 indicates that the surface roughness 
(except for theNo.2 experimental result) increases with the 
position distance from the gate location. This is because when 
the flow path becomes longer, cells have more time to grow 
before they reach the part surface or are solidified. Thus, the 
cells become larger. The larger cells were cracked by the shear 
stress, causing high surface roughness. 

Figure 9. Surface roughness comparison for a single specimen at 
different points.

The first step toward improving surface quality involves 
controlling the surface cell size. According to cell growth 
theory, cell radius R can be controlled using Equation 4 [18]:

 (4)

Where η is the melt viscosity, Pg is the gas pressure in the 
microcell, σ is the surface tension at the interface of the melt 
and the gas, and P is the pressure of the melt mixer at the 
outer boundary of the cell. Here, P can be determined by the 
mold cavity inner pressure. Thus, when the mold cavity inner 
pressure increases, the cell size R can be decreased. Second, 
reducing the cell deformation is also crucial, meaning that the 
shear stress between the mold cavity and part surface should 
be controlled and decreased. In general, applying a higher 
mold temperature is effective for reducing shear stress.

Conclusion
According to the relationship model between surface 

roughness and cell size, this study examined the effects of 

microcellular foam injection molding process parameters on 
part surface morphology. The melt temperature, injection 
velocity, injection pressure, preinjection location, and SCF 
injection time varied according to the Taguchi DOE method 
of evaluating surface quality. According to ANOVA, the SCF 
injection time was the most critical factor influencing surface 
roughness. Injection velocity and injection pressure also had 
significant effects. However, the melt temperature and 
preinjection location had weaker effects on surface roughness. 
Furthermore, the SNR results were applied to determine the 
optimal process parameter combination. Furthermore, the 
confirmation injection parts configured to optimal conditions 
had the highest surface roughness.

After the SEM micrographs of different experimental 
conditions were compared, the accuracy of the relationship 
model between the surface roughness and cell size was further 
verified. The larger broken surface cells caused swirl marks, 
and the smaller oriented cells formed sliver streaks. Thus, for 
improving surface roughness, smaller surface cells are more 
effective. This study also investigated the effect of surface cell 
deformation on surface quality through SEM analysis of 
different specimen surface morphologies. Cell deformation 
was controlled by the shear stress between the mold cavity 
and the part surface.

The surface roughness at different cavity locations was 
then tested. Surface roughness increased with the position 
distance from the gate location. Finally, increasing the cavity 
pressure was determined to be a useful method for reducing 
the entire part surface cell size and improving surface quality. 
Additionally, reducing shear stress could effectively control 
surface cell deformation. 
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