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Abstract

Surface defects impose bottlenecks on industrial applications of microcellular foam
injection molding. This study investigated the process starting from bubble nucleation
and ending with surface defect formation. Results confirmed that surface bubbles
trapped between injection parts and mold surfaces were the main cause of surface
defects. Surface roughness values were first obtained with an accurate numerical surface
roughness model. The surface roughness values calculated by numerical methods were
compared with experimental results. The compared values were approximately equal,
with a difference of 2.39 um. Hence the mathematical analysis method adopted in this
paper can accurately reflect actual processing conditions. Orthogonal methods were
also applied to calculate the effect of process parameter variance on surface roughness.

Keywords: Bubble nucleation; Surface roughness; Surface-bubbles; Process parameters.

Introduction

Microcellular foam injection molding was first proposed by Prof. Nam Suh in the
1980s to save material in plastics processing. This process use supercritical fluids (SCF) as
blowing agents without notably compromising the mechanical properties [1, 2].
Microcellular foam injection molding can be divided into four stages: (1) gas solution; (2)
bubble nucleation; (3) bubble growth; (4) solidification. Compared with traditional foam
injection molding, microcellular foam molding offers advantage in both physical part
properties and processing stage. Microcellular foam injection parts contain bubble-
population densities of 109~1012cells/cm3 and bubble size of 1~100um, in addition to
having excellent mechanical properties, dimensional stability, thermal stability and
dielectric properties. Microcellular foam injection molding also has many advantages
during processing: It reduces injection and packing pressure as well as processing cycle
time [3, 4]. Because of the noteworthy prospects of saving energy and resources,
microcellular foam injection molding has become an essential part of lightweight
industrial applications.

Surface quality of microcellular foam injection parts has been the pivotal barrier
limiting its industrial application, especially for exterior parts. Such surface quality defects
include swirl marks, silver streaks, surface blistering and post-blow. Traditional surface
finishing processes, such as grinding, polishing, and lapping, were difficult to eliminate
these defects. Figure 1 illustrates the four main categories of surface defects caused by
microcellular foam injection.
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(b)silver streak [5]

(c) Surface blistering [3] (d) post-blow [3]

Figure 1. Surface defects of parts fabricated through microcellular
foam injection

Cha and Yoon et al. indicated that swirl marks were caused
by gas that was trapped on the mold surface when the
polymer/gas solution began to solidify [6]. The bursting
surface bubbles formed surface grooves, then the grooves
combined and formed swirl marks. Michael and Cramer
reported that silver streaks were engendered by macroscopic
gas bubbles sheared against the cavity wall during the filling
phase [7]. Surface blistering was assumed to be caused by
macroscopic bubbles that did not burst (usually formed in the
thin wall portions), and post-blow was assumed to be caused
by high temperature at the hot spot [3]. All these surface
defects have been reported to be caused by bubbles emerging
onto surfaces after nucleation and then stretching to burst or
scattering into tiny bubbles under shear stress between melt
and mold surface. Morphological transformation of bubbles
on part surfaces is the key factor affecting surface quality.
Because of the positive correctlation between surface
roughness and surface defects, this study considers that
surface roughness can be used as a quantitative indicator of
surface defects, and the study assumed that the maximum
surface roughness is formed when surface bubbles expand to
their largest sizes and burst.

This article presents an accurate mathematical model of a
surface roughness formation mechanism. This model was
established and implemented in a simulation scheme with a
PC/N, system. First, nucleation density and critical bubble size
were simulated in MATLAB according to a modified
microcellular foam nucleation theory. Subsequently, the
injection molding process filling time and melt flow front
temperature of a flat part were calculated in MOLDFLOW by
using the former bubble data as a boundary condition. The
final bubble size on the part surface was calculated by solving
ordinary differential equations with a modified bubble growth
theory. Finally, the final bubbles size on the part surface were
converted into surface roughness values by a surface
roughness mathematical model, and the roughness value of

affecting surface roughness (melt temperature, mold
temperature, SCF content, melt pressure, injection time).
Studies of bubble burst mechanisms on part surfaces are
investigated in the next section.

Theories

Nucleation Theory

Classical nucleation theory was established by Gibbs in
the twentieth century. It pointed out that nucleation was due
to changes in external conditions that place the system into a
thermodynamically unstable situation. When a bubble radius
exceeds the critical radius of nuclear R*, the cell core can
continue to expand steadily, eventually producing a bubble.
In microcellular foam injection molding, the main reason for
nucleation is the pressure drop from microcellular process
pressure to flow front pressure. Microcellular foam nucleation
processing can be described as homogeneous nucleation. On
the basis of the classical microcellular foam nucleation theory
established by Colton and Suh [8], some improvements have
been made in the nucleation theory [3, 9, 10]. For the
microcellular case, the modified Gibbs free energy of a single
bubble can be characterized as follows [3].
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where y is the surface tension at the interface of the melt
and the gas, ng"is mole of gas inside the bubbles in each mole
of solution, ng* is mole of gas in the polymer in each mole of
solution, ngnand ng* are the total moles of gas ineach mole of
solution, Xgsat is the mole fraction of gas under saturation
pressure, R, is the ideal gas constant, N is the number of
bubbles in each mole of solution, Tis the absolute temperature
(in K); this assumes the gas follows the ideal gas law.

At the critical point, the bubble system achieves a state of
dynamic equilibrium in which the pressure inside the bubble
Py is the same as the initial saturation pressure P, and
Py=P,+, where P, is the melt pressure outside the bubble.
Hence,

. 2y
R= P, —P 2)

sat

If the pressure release rate is considered to be
approximately constant, the quantity of nucleation per unit
volume can be expressed as the integral of the nucleation rate
per unit Ny times the pressure, resulting in

t P,
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N=|Nydt=| —2—dP
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The nucleation rate formula can be expressed as

rf referen in roxim he experimentall
surface refere cg point approximated the expe .e. tally —cofoeXp( num) )
observed value with an error of less than 3 pm. In addition, a
series of orthogonal experiments were performed to
demonstrate the effects of five processing parameters
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where ¢;is the number of gas molecules per volume, fy is
the frequency value of homogeneous nucleation, and K is the
Boltzmann constant. Using the pure polymer interface tension
y to calculate the nucleation rate and the initial nucleation
radius in microcellular foam would be inappropriate. The
interface tension after modified can be expressed as [11, 12]

4

_Pmix (1 ~w,, )4 (5)

polymer

7/ mix 7 polymer

where 7 poymer is the surface tension of pure polymer, ©;
is the Moore density of i, and @, is the weight fraction of
gas. The nucleation rate can be obtained by solving equations
1,3, 4.

Bubble Growth Theory

The unit cell model established by Amon and Denson [13]
describes bubble growth in microcellular foam. Figure 2 shows
the schematic of the unit cell model.

Polymer+Gas

is the pressure of the melt at the outer boundary of the cell.
The internal gas pressure (Pg) is determined by diffusion,
whereas the pressure at the outer boundary of the cell (P) is
determined by the macroscopic pressure equation governing
the molding process; p is the density of the gas in the bubble,
D is the diffusion coefficient of the gas in the polymer melt,
and Ry is the universal gas constant (8.31451 J mol -1K-1).
Solving equations 6 yields data on bubble size and gas
pressure inside bubbles.

The previous sections describe the cell nucleation and
growth theory. Using the physical properties of a pure gas or
pure polymer physical properties to represent the physical
properties of a single-phase mixed solution would clearly be
inappropriate. Therefore, other physical properties such as
the diffusion coefficient and melt viscosity model were
modified to improve the accuracy of the bubble nucleation
and growth theory for the simulation.

Surface Roughness Model

The surface roughness model can describe the relationship
between the final bubble size and surface roughness [15, 16].
According to the hypothesis that the maximum surface
roughness is formed when surface bubbles expand to their
largest extent and burst, two simplified mathematical models
of roughness can be formulated are listed in Table 1.

Table 1. Surface roughness model

Method
Selecting the
datum length
“l" from crude
curve alone o/ ‘*f\fﬂl] AW AT
average line L S VY
direction. - .
Absolute value
of peak height
and depth in
this section is
the R,

Type |Symbol Scheme

Maximum |R
roughness

Yy

oC
or

Cw=KP,

Figure 2. Schematic of the bubble growth cell model

Bubble expansion can be caused by either of the two following
mechanisms [14]:

1. Hydro dynamically controlled growth

2. Diffusion-controlled growth

These two control cell growth mechanisms can be combined
to yield the following differential equations [14]:

4nR/R=(P,—P)-2y/R
d( PR 6p’DkRT(P,-P) R ©)

. 3 3
dt RgT PgR —PgOR0

Where is the melt viscosity, R is the rate of change of the
radius, kj is the Henry's law constant(solubility), Py, is the
initial gas pressure inside the bubble during nucleation, and P

Arithmetic
average
roughness

X
o

Selecting the
datum length
“[" from crude
curve alone
average line
direction. If the
crude curve is
represented by
the function
y=f(x),R, can
be obtained by
the Equation:

R = % J'(If(x)dx

Height difference between the adjacent surface of the
highest peak and the lowest valley is attributed to a complete
breakdown caused by the bursting of an entire bubble. After
the bubble bursts, the angle became passivation. The crest
portion and trough portion eventually formed a both half of a
cell size. Figure 3 shows a sketch of surface roughness.
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Figure 3. Surface roughness sketch

Thus, the maximum roughness R, and the arithmetic
average roughness R, can be calculated as follows:

Maximum roughness: R,=2R (7)
Arithmetic average roughness: R,=tR?2/4R=1tR/4 (8)

Where R is the bubble radius nearby the melt surface,
which can be calculated by the former nucleation theory and
bubble growth theory. In this study, the arithmetic average
roughness was used to calculate the surface roughness.

Experimental Section

Materials

Moldings were prepared using a PC/ N, foaming system.
The properties of PC and N, are listed in Table 2 and 3.

Table 2. Properties of PC

Relative Density |Interfacial Bulk Volume expansion
molecular g/cm3  |energy modulus N/ |coefficient cm3/
mass (Dynes/cm) cmz2 mol-K
200000 1.20 (340 8.16x107 0.0575
Table 3. Properties of N,

Density g/L Gas constant Molar volume Vg (Solubility

J/(mol-K) L/mol cm3(STP)/(g-atm)
1.25 8.3145 224 0.032x10-2

Experimental Model

A rectangular plate mold with dimensions of 100 mm
(length) x 100 mm (width) x 2 mm (thickness) was designed
and constructed according to the procedures of Chen et al. [17]
and the applied apparatus is shown in Figure 4. Nine reference
points were set for measurement of the average surface bubble
data. Using a fan gate for this flat model can lower its internal
stress, reduce the possibility of air involvement, and effectively
eliminate any defects near the gate.

pe

b
3=
Meaguning poaitions & |"3—
(measuring area 1.7 mm®). ]\
\\\\ Gate \ 20
p \\
1. 2. 3
-‘_
4 o &
Fr B

Unit: mm..,

Figure 4. Schematic of the plate mold [17]

Numerical Investigations

According to the microcellular foam nucleation theory,
the nucleation process parameters the must be considered
including: saturation pressure, melt temperature, gas
concentration, and pressure relief time. These parameters
were set, and bubble quantities under different conditions are
listed in Table 4. For numerical simulation, on the basis of the
single phase viscosity characteristics, appropriate amendments
were made to the rheological curves of PC as shown in Figure 5.

Table 4. Properties of microcellular injection nucleation

Satu- Gas concen- Bubble  [Tem- |Frequency|Unloading|Boltzmann
ration tration /cm3 |density/ |pera- (factor fo/ [time/s constant
pressure/ mol ture/K |(/s) /J/K
MPa
4.14 3.70x1017 |1.05x109 383 |1x10-5 |30 1.38x10-23
6.89 6.16x1017 |5.34x109 383 |1x10-5 |30 1.38x10-23
1034  9.24x1017 [1.49x1010383 |1x10-5 |30 1.38x10-23
13.79 1.23x1018 |9.88x1010383  [1x10-5 |30 1.38x10-23
10000. A T=260[C]
W T=267.3[C]
# T=274.7]C]
* T=282[C]
2 0001
& y
z
g
= 0.0 7
-
10.00 ' . . . .
1.000 10.00 100.0 1000.0 10000. 1.000E+05%
Shear rate (1/s)

Figure 5. Rheological curves

The filling process was simulated by MOLDFLOW and the
numerical analysis model was established as Figure 6. On the
principle of that the mesh side length must be one times
thickness of the product model, the side length was set to
2mm with a chord height of 0.Tmm. Moreover, IGES tolerance
was set to 0.1 mm to control mesh quality

Figure 6. MOLDFLOW analysis model
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The foregoing analysis of surface roughness indicated
that process parameters affecting surface quality include:
mold temperature, melt temperature, SCF prefil volume,
injection time, and injection pressure. Herein the five
parameters were studied to investigate their effect on
microcellular foam injection molding. Experimental processing
parameters were set as shown in Table 5.

Table 5. Microcellular injection processing parameters

parameters values
mold temperature /°C 82
melt temperature /°C 282
SCF prefill volume /% 0.3
injection time /s 0.3
injection pressure /MPa 7.014
injection flow rate( cm3/s) 20

Experimental Investigations

Experimental data obtained by S.C, Chen et al. with a PC/
N, system were used to demonstrate the accuracy of this
research. The PC resin was dried at 120°C for 3 h before
processing. And the dissolving N, level was set at 0.3 wt% and
the volume expansion ratio was set at 5% [17]. The experiment
equipment and main processing parameters are listed in
Table 6.

Table 6. Experimental equipment and parameters
Property
Arburg 420C Allrounder 1000-350

A 3D color laser microscope (VK850, KEYENCE
Corp., Japan).

Resin material PC (HF-1130)
Supercutical fluid N, (the dissolving N2 level for 0.3%)
Volume expansion ratio  |5%

When the physical processing parameters were set as the
corresponding parameters had been set in the simulation, the
average surface roughness of the nine positions was measured
to be 26 um, and visual inspection revealed notable flow
marks on the surface, as shown in Figure 7 [17].

Injection machine
Measuring instrument

Figure 7. Surface of a part molded at mold temperature 60°C

Results and Discussion

Numerical Calculations of Foaming Process

The foaming process started when the melt was injected
into the cavity, and lasted throughout the injection process.
Considering that the pressure relief was at a steady velocity,
the unloading time was counted from when melt was emitted
from the gate to when the melt was cooled to its glass
transition temperature, resulting in a constant t=30 s.
According to the mentioned modified microcellular foam
nucleation theory, the bubble density and critical bubble size
in the foaming process can be obtained by calculating
differential equations under different conditions as shown in

Table 7.
Table 7. Bubble density and critical bubble size

Saturation pressure /MPa|Bubble density /cm3 |Critical bubble size/m
3.502 4.679x1010 2.4x10-8

7.014 9.403x 1010 1.18x10-9

10.226 1.371x1011 8.04x10-9

13.806 1.851x1011 5.39x10-9

When the saturation pressure changed from 3.502MPa to
13.806MPa, the bubble density correspondingly changed
from 4.679x1010 /cm3to 1.851x1011/cm3.Compared with the
classical nucleation theory of microcellular foaming, nucleation
as described by the modified theory was more reasonable and
smoother in terms of quantity change.

Filling process

According to the previous nucleation data, when the
injection pressure was 7.014MPa, the critical nucleation
bubble size was 1.18e-9m.When the initial foam volume ratio
was 95%, the bubble density was 9.403x 1010 /cm3. These data
were set as boundary conditions in MOLDFLOW. The filling
process was then simulated and the surface injection time and
melt temperature were obtained. The simulation results of the
fifth reference point were as shown in Figure 8 and 9.

Fill time
= 0.3988(s)

Is]
0.3968 I

0.2991

Point 5

0.1994

0.0997

0.0000

)

Figure 8. Fill time of the fifth point
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Melt temperature
= 283.3C]

]
2033 l

282.9

Point §

2826

Figure 9. Temperature at the flow front of the fifth point

The injection time of melt flowing to the fifth reference
point was t = 0.1214 s, and the melt temperature at the flow
front was T = 282.1°C. The results for all reference points’
results were shown in Table 8.

Table 8. Fill times and temperatures of flow front
at nine reference points

Point number 1 2 3 4 5
Injection time (s) 0.0873 |0.0542 |0.0867 |0.1535 |0.1214
Melt temperature (O) 282.2 282.2 282.2 282.1 282.1
Point number 6 7 8 9
Injection time (s) 0.1550 ]0.2390 |0.2326 |0.2396
Melt temperature (O) 282.1 282.0 282.0 282.0

Bubbles’ Growth Profiles and Calculation of Surface Roughness

This part was thin-walled, and as shown in Table 8, the
temperature difference were negligible, therefore the melt
temperature during the filling process can be considered
constant until the melt fills the whole model. Thus, the viscosity
of the melt can also be considered to be constant. At a definite
shear rate, the viscosity of the pure melt along with the change
of temperature can be expressed by the Arrhenius Equation.
Subsequently, through the modification of the viscosity
equation, the formula of melt viscosity under a shear rate of
100/s was obtained as follows:

1.002¢5

n=1.6505x10" xe AT

The flow front temperature of the fifth reference point is
282.1°C. Through substitution into eq. 9, the viscosity of the
melt can be calculated as n = 440.74 Paes. The boundary
conditions at bubble growth of the fifth reference point are
listed in Table 9.

Table 9. Boundary conditions of calculation for surface bubble
radius at the fifth reference point

Fill time/s |Critical |Injection |Molding Gas diffusion|Viscosity/
bubble |pressure/ [temperature/°C|coefficient D |Pa's
size/m |MPa

12e-9 [7.014

0.1214
4

282.1 2.4258e-9  |440.74

Through the use of Runge-Kutta single-step programming
algorithm in MATLAB, bubble profile data can be obtained by

solving the ordinary differential equations of eq.1 and eq.6.
The surface bubble size of the fifth reference point was
calculated as 27.20 um. The relationship of bubble radius
versus time is shown in Figure 10 and the relationship of
pressure inside the bubble versus time is shown in Figure 11.

Figure 10. Bubble radius versus time (/s) during the fill time at fifth
reference point

Figure 11. Pressure inside the bubble versus time during the fill time
at fifth reference point

As shown in Figure 10 and 11, the pressure inside the
bubble dropped rapidly and the bubble radius grew slowly.
This conformed to the rule that pressure transmission in
polymer is in the form of mechanical waves. Thus, the pressure
inside the bubble rapidly reached equilibrium with the
pressure outside. The nucleation process can be considered
mainly complete at the pressure relief stage, thus, as the
pressure stabilized, the main driving force of bubble growth
was the SCF concentration gradient between the solution and
the bubble. The surface bubble size for all the nine reference
points were obtained (Table 10) through the same analysis
methods as in previous calculation.

Table 10. Bubble radii at reference points

Point number 1 2 3 4 5
Bubble size (um) 20.05 12.68 19.93 31.47 27.20
Point number 6 7 8 9

Bubble size (um) 31.69 42.73 41.97 42.80

As presented in Table 10, three points of each set
conformed to a progressive increase in bubble size, and
differences in bubble size between the nine points were not
large, Thus confirming that the farther the bubble was from
the gate, the larger the bubble size was. The average bubble
size for all nine reference points in the model was R = 30.06
um. According to the mentioned surface roughness model,
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the arithmetic average roughness was calculated by

Ra :%j;f(x)dx — 7R* /4R =R/ 4=23.61um

The average surface roughness calculated by numerical
analysis, namely Ra = 23.61 um was closely approximated the
experimental result of Ra = 26 um. The numerically simulated
roughness results for all points were close to the experimental
volatility results. This approximate equality shows that this
investigation could depict the surface roughness behaviors
with considerable accuracy.

Range Analysis and Variance Analysis of Orthogonal
Experimental Method

According to the orthogonal experimental method,
surface roughness was considered as an objective function, of
which the influencing factors were the melt temperature,
mold temperature, SCF content, melt pressure, and injection
time. Because of the difficulity of achieving a high mold
temperature condition in actual production, the mold
temperature was set to a low temperature range. The levels of
these five parameters were set as shown in Table 11.

Table 11. Process parameters list

Parameters 1 2 3 4

Melt temperature°C 262 268 274 280
Mold temperature°C 60 66 72 78
SCF content (%) 0.1 0.3 0.5 0.7
Melt pressure (MPa) 3.502 7.014 10.226 13.806
Injection time (S) 0.15 0.2 0.25 0.3

An Ly (45) orthogonal array was applied for this orthogonal
analysis. A total of 16 groups of tests were conducted. The
average surface roughness values of all test groups, obtained by
numerical calculation, are shown in Figure 12.

Figure 12. Average surface roughness values of all test
groups

Results derived from analysis of the range R and variance
S of single factors are shown in tables 12 and 13 respectively.

Table 12. Results of range analysis and
variance analysis of each process parameter

Melt Mold SCF Melt Injection
temperature [temperature |content pressure time
I4 20.25 25.21 25.45 7.83 17.05
l» 241 22.23 22.81 18.9 22.05
I3 23.35 22.82 22.08 28.22 25.53
Ig 24.19 22.11 22.02 37.42 27.74
R; 3.94 3.09 343 29.59 10.69
Table 13. Variance analysis of each process parameter
Melt Mold SCF Melt Injection
temperature temperature|content pressure |time
St 10.36 6.27 7.81 482.09 65.14
F; 0.00455 0.00275 0.00343 0.21172 0.02861
G 1.81% 1.10% 1.37% 84.33% 11.39%

where F; is the degree of influence of each parameter on
the experimental results, C; is the contribution ratio of each
parameter.

As presented in tables 12 and 13, the process parameters
that exerted the greatest effect on the roughness (in
descending order) were melt pressure, injection time, melt

temperature, SCF content, and mold temperature. These
results were consistent with the intuitive analysis:

1. The melt viscosity decreased as the melt temperature
rose, thus, the bubble growth resistance force
decreased and the final bubble size increased.

2. The decline in SCF content resulted in a concentration
difference and a decline in the driving force of bubble
growth, therefore, the final bubble size decreased.

3. As the melt pressure decreased, the cavity pressure
decreased, hence, the final bubble size decreased.

4. As the injection time decreased, the bubble growth
time decreased, therefore, the final bubble size
decreased.

5. When the mold temperature was set in a low
temperature range, the effect of mold temperature
on surface roughness was not obvious.

Conclusion

This study demonstrated bubble nucleation and growth
processes in microcellular foam injection part, and part surface
roughness values were calculated by a numerical scheme. On
the basis of nucleation theory and bubble growth theory,
nucleation density, and critical bubble size of bubble nucleation
as well as the subsequent bubbles’ growth profiles were given.
According to the surface roughness calculation model, the
average surface roughness value was calculated as R,=
23.61um, which was comparable to the experimental value of
R, = 26um .This close fit indicates that the proposed method
could characterize and predict surface roughness formation
and that the proposed method can guide further research
regarding surface bubble burst mechanisms. This study
provides a complete theoretical model of surface roughness in
microcellular foam injection molding, and the effect of process
parameters on surface roughness were analyzed.
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