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Abstract Micro injection molding presents many challenges
in the injection-molding community. When the dimensions
of the part (and thus the cavity of the mold) are small, micro-
scale factors such as mold surface roughness may play an
important role in the filling of polymer melt. This paper
investigates the effects of mold surface roughness on cavity
filling of polymer melt in micro injection molding. A disk
insert, which has two halves with different surface roughness
but with the same roughness mean lines, was used in the
investigations. The ratio of flow area of the rougher half with
the total flow area of the molded part is used to evaluate the
significance of surface roughness effect. The experimental
results revealed that mold surface roughness does resist the
cavity filling of polymer melt in micro injection molding.
For the limited range of injection rate investigated, it is not
significant on the surface roughness effects. The increase of
mold temperature will decrease surface roughness effects.
The change of melt temperature within the range allowed by
the process is insignificant for surface roughness effects.

Keywords Micro injection molding - Surface roughness -
Polymer filling
1 Introduction

Micro injection molding is a major process for cost-
effective mass production of micro plastic parts. Extensive
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investigations of micro injection molding have been carried
out on the optimization of the process parameters [1-4].
However, there are only a few investigations on the effects
of mold surface roughness. When the dimensions of a part
(and thus the cavity of the mold) are small, mold surface
roughness may play an important role in the flow of
polymer melt [5]. As the mold surface roughness increases,
the contact area between the polymer melt and the mold
wall will also increase. Heat transfer between the melt and
the wall is enhanced as the heat transfer rate is proportional
to the contact surface area [6]. Smialek and Simpson [7]
found that an increase of mold surface roughness can
prevent slippage during filling and lead to a more appealing
surface of the molded parts. Griffiths et al. [8] investigated
the flow behavior of polymer melt in micro cavities with
different surface roughness levels through experiment and
Taguchi technique. Polypropylene (PP), acrylonitrile buta-
diene styrene (ABS) and polycarbonate (PC) were used and
the experimental results showed that mold surface rough-
ness has an influence in the level of turbulence in the melt
flow, but its effect on the slip-stick phenomena was not
identified. Theilade et al. [6] performed experiment to study
the effects of mold surface roughness on linear part
shrinkage through injection molding of polystyrene (PS)
and polypropylene (PP). A two-cavity tool, with each cavity
having different surface topographies, was used. The exper-
imental results showed that a rough surface yields a lower
linear shrinkage for either PP or PS.

Previous research conducted on fluid flow in micro
channels, conduits and tubes [5, 9—14] indicates that surface
roughness may have significant effects on pressure gradi-
ent, friction factor and heat transfer. However, the fluids
used in these investigations were assumed to be Newtonian
and in steady state. These assumptions are not applicable to
micro injection molding.
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Fig. 4 The method to determine the difference of the mean lines
between the two halves

This paper investigates the effects of mold surface
roughness on the cavity filling of polymer melt (i.e.,
polyoxymethylene) at different injection rates with different
mold and melt temperature. A disk insert, which has two
halves with different surface roughness but with the same
roughness mean lines, was used. The two halves with different
roughness were machined on the bottom wall of the mold

Fig. 5 Surface feature of the
cavity insert machined using
EDM

cavity. The ratio of flow area of the rougher half with the total
flow area of the molded part is used to evaluate the significance
of surface roughness effects.

2 Experimental design

Figure 1 shows the design of the molded part. The upper
wall of the mold cavity is provided by a moving plate and is
very smooth. The lower wall is provided by a cavity insert.
The two halves of the cavity insert have different surface
roughness but with the same mean lines such that the two
halves of the mold cavity have the same volume. This is to
ensure that the filling of the two halves of the mold cavity
were under the same processing conditions, e.g., injection
pressure, injection rate, mold temperature (i.e., Tpoq) and
melt temperature (i.e., Tpey). Therefore, mold surface
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Fig. 6 Measured roughness
profile of the upper wall of the pm
mold cavity
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roughness effect can be investigated by comparing the
difference in flow area between the two halves of the molded
part. Moreover, the separating line between the two halves of
the mold insert was adjusted vertically in order that the gravity
has the same effect on the filling of the two halves of the
cavity.

The cavity insert was mounted onto an ejector pin. Figure 2
shows the installation of the cavity insert. The mold cavity
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Fig. 7 Procedure for determination of flow area of the small half of
molded parts: a Physical area to be determined. b Calculated area
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thickness was controlled using the same method as described
in [4], i.e., thin stainless-steel shims were placed in between
the height gauge and the ejector pin head in order to control
the thickness of the cavity, while the thickness of the ejector
washer was reduced to accommodate the dimensional increase.

3 Machining of cavity inserts

To machine the two halves of the cavity with different
roughness but the same mean lines, an electronic-discharge-
machine (EDM) was used. One half is first machined using
a specific cut depth (i.e., AH) and a high surface roughness
level identified by the expected R ,,x and R,. Subsequently,
the second half is machined using a low roughness level
identified by the expected R',,.x and R’,, and the cut depth
of (AH+R,.x —R'max). The surface profile of the cavity
insert is then measured using a Talyscan 150 dual gauge
system to ensure that the mean lines of the two halves are at
the same level. If not, the process is repeated until the mean
lines of both halves are almost at the same level. Figure 3
illustrates the procedure of machining the surface of the
cavity insert. Figure 4 shows the method to determine the
difference of the mean lines between the two halves based
on the measured surface profile. The distance from the
mean line of the rougher half (i.e., 1;) to that of the
smoother half (i.e., 1,) can be expressed as

Ad =H; — (H; — H,) (1)

where H; is the distance from point P; to the mean line of
the rougher half (i.e., 1;), H, is the distance from point P, to
the mean line of the smoother half (i.e., 1,), and H, is the
vertical distance from point P; to point P,. Thus, Ad=0
means the mean lines of the two halves are at the same
level, Ad>0 means the mean line of the rougher half is
higher than that of the smoother half, and Ad<0 means that
mean line of the rougher half is lower than that of the
smoother half.
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Fig. 10 Images of molded parts of different sizes at different injection
rates with: a T,=453 K and T.,,q=323 K. b T,c;=453 K and
Tinola=383 K. ¢ Tpe;r=473 K and Tp,01¢=323 K. d Tei=473 K and
Tmold:383 K

Figure 5 shows a microscopic image of the surface of
the machined cavity insert and its roughness profile
measured along the A-B direction. It can be observed that
although the two halves are of different surface roughness
(i.e., the rougher half has Ra of 5.1 um, and the smoother
half has Ra of 1.6 um) they have almost the same mean
lines. Based on the measurement, the mean line of the
rougher half is 1 um higher than that of the smoother half,
which was not taken into consideration in the experimental
analysis.

Figure 6 shows the measured roughness profile of the
upper wall of the mold cavity. It can be observed that the
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upper wall is very smooth (i.e., Ra=0.037 pum) and its
surface roughness can be neglected as compared to the
lower wall.

4 Determination of flow area

Mold surface roughness effect is investigated through the
analysis of the difference of flow area between the two
halves of the molded part. Therefore, it is very important to
determine the flow area of the two halves accurately.
However, the shape of the molded part is usually not very
regular, and the flow area of the molded part is not easy to
obtain from direct measurement. Figure 7a shows a typical
pattern of the molded part. Using a ROI OMIS 1I series
optical microscope, the flow area of the smaller half is
determined with the following procedure:

1. Five points are selected, evenly distributed along the
edge of the smaller half. Two of the points must be
located on the separator line, e.g., the points 1 and 5 as
shown in Fig. 7b.

2. A fitted circle is generated using the five points, and the
center point of the circle, o, and the radius, r, are
obtained.

3. Two lines are drawn from the center, o, to point 1 and 2.

4. The angle between the two lines, o is obtained.

5. The area of the small half is calculated using

Area = m® - 360 r? cos% s1n% (2)

Similarly, the area of the larger half can be obtained. The
total area of the molded part is the sum of area of the two
halves.

5 Experimental procedure

In the experiment, the height of the mold cavity is adjusted
to 250 um. The material used is polyoxymethylene (POM),
Ultraform W2320 003. Four cartridge heaters were used to
heat up the micro mold and the mold temperature was
monitored using two thermocouples. Figure 8 shows the
schematic diagram on connection of the temperature control
system. Partially filled parts of different sizes were obtained
by varying the injection rates ranging from 2.5 to 3.0 mm?/s.
Mold temperature and melt temperature were varied to
investigate their significance for the surface roughness
investigated. For every change in the parameter setting, five
specimens were collected only after 10 cycles of the injection
process. This was to stabilize the parameter setting and to
obtain consistent plastic parts.



Int J Adv Manuf Technol (2008) 37:1105-1112

1111

a
14

NE QO Experimental data with R;,=2.7 mm’/s
g 121 O Experimental data with R;,=2.8 mm’/s
<(" /A Experimental data with ij=3.0 mm’/s
< 101 — Fittedline
©
<
I
= 8 1
=l
3
o
o 61 = 2
o A=0.468A, (R"=0.989)
<
=
—
o O
© 4
@
=
©
3 2
2
w

) T T T T T
0 5 10 15 20 25 30

Total flow area of the molded part, A, (mm?)

(7]

16

O Experimental data with R ;=2.5 mm’/s
L O Experimental data with R ;=2.7 mm°/s A
A Experimental data with R, ,;=2.8 mm°/s

= Fitted line

O,

A,=0.458A, (R?=0.966)

Flow area of the rougher half, A, (mm2)

0 T T T T T T
0 5 10 15 20 25 30 35

Total flow area of the molded part, A, (mm?)

25
o O Experimental data with Ri=2.7 mm’/s
E O Experimental data with R;,=2.8 mm’/s
< 201 A Experimental data with R;,=3.0 mm’/s
- e Fitted line
]
=
5 151
<
=)
3
o
=
2 104 A =0.489A, (R*=0.999)
-
o
©
2
® 51
3
2
w
0 T T T T
0 10 20 30 40 50

Total flow area of the molded part, A (mmz)

25
o O Experimental data with R,nj=2.5 mm%/s
g O Experimental data with R;,=2.6 mms 4
:{- 20 A\ Experimental data with R,m=2.7 mm®/s
o = Fitted line
2
5 15 O
<
k=g
S
9 2
2 1 A =0.484A, (R?=0.966)
—
o
©
2
& 51
2
2
w
0 T T T T
0 10 20 30 40 50

Total flow area of the molded part, A, (m m?)

Fig. 11 Fitted lines for the measured data with: a T ;=453 K and T,,03=323 K. b T};,c;;=453 K and T,,5;g=383 K. ¢ Tpe;=473 K and T,,,014=

323 K. d Tpper=473 K and Ty,09=383 K

6 Results and discussion

Figure 9a shows a microscopic image of a molded part that
is molded with injection rate of 2.7 mm?®/s, mold
temperature of 323 K and melt temperature of 453 K. It
can be observed that the rougher half of the cavity insert
results in higher surface roughness of the molded part, and
smoother half results in lower surface roughness of the
molded part. Figure 9b shows the measured roughness
profile of the molded part along the A-B direction. It gives a
value of Ra=4.4 um and Ra=1.4 um for the rougher and
smoother halves respectively. Comparing with the value of
Ra=5.1 um and Ra=1.6 um for the rougher and smoother
halves of the cavity insert, the molded part has good
replication of mold surface roughness.

Figure 10a—d show the molded parts of different sizes at
different injection rates with different mold and melt
temperature levels. It can be observed that the flow area
of the rougher half is smaller than that of the smoother half.

This indicates that the rougher the surface, the more the
resistance to the flow of the polymer melt during cavity
filling.

To investigate the significance of injection rate, melt
temperature and mold temperature for the surface roughness
investigated, an impact factor, i.e., the ratio of flow area of the
rougher half with the flow area of the whole molded part, is
defined. The ratio is determined from the slope of the line
obtained through curve-fitting the experimental data using the
linear function:

A = kA, (3)

where, A, stands for flow area of the rougher half, A; stands
for total flow area of the molded part, and k is the ratio. The
value of k is bounded between 0 and 1. There will be
negligible roughness effect if k=0.5, indicating that there is
similar flow area for both halves with different roughness.
The larger the difference in the value of k from 0.5, the more
significant is the roughness effect. As the ratio, k, is defined
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using the rougher half, it is expected that the value of k is
less than 0.5.

Figure 11a—d shows the fitted lines with the coefficients
of determination (R?) for the experimental data at different
injection rates with different mold temperature and melt
temperature. It can be observed that although the short shot
obtained with a larger injection rate will result in larger
flow area, it will not result in significant difference in the
value of k (i.e., the roughness effect) as the experimental
data at different injection rates are close to the fitted line.

From Fig. 1la—b, when the melt temperature is kept
constant at 453 K and the mold temperature is increased
from 323 to 383 K, the value of k increases from 0.469 to
0.489, namely, an increase of 4.5%. From Fig. 11c—d, when
the melt temperate is kept constant at 473 K and the mold
temperature is increased from 323 to 383 K, the value of k
increases from 0.458 to 0.484, namely, an increase of 5.7%.
It can be observed that the value of k is significantly
dependent on the mold temperature used in the experiment.
When the melt temperature is kept constant, an increase in
the mold temperature will decrease the effects of surface
roughness.

From Fig. 11a and ¢, when the mold temperature is kept
constant at 323 K, an increase in the melt temperature from
453 to 473 K decreases the value of k from 0.468 to 0.458,
namely, a decrease of 2.1%. From Fig. 11b and d, when the
mold temperature is kept constant at 383 K, an increase in
melt temperature from 453 to 473 K will decrease the value
of k from 0.489 to 0.484, namely, a decrease of 1.0%. It can
be observed that the change of melt temperature within the
range allowed by the process has no significant effect on
the value of k. Furthermore, considering the fact that the
quality of the linear fit in Fig. 11c and d is not high enough
(i.e., R?=0.963 and 0.9644, respectively) as compared to
that in Fig. 1la and b (i.e., R*=0.988 and 0.999,
respectively). The values of k obtained in Fig. 11c and d
have larger fitting errors. Therefore, it is not safe to state
that an increase in melt temperature will increase the effects
of surface roughness when the mold temperature is kept
constant. To clarify the effect of the melt temperature,
further experiments using different cavity inserts should be
performed from a statistical point of view.

7 Conclusions

Mold surface roughness effects on the cavity filling of
polymer melt were investigated experimentally. With the
same process parameters, the mold cavity that has a higher
surface roughness will result in a smaller molded part with
higher surface roughness. This is due to the higher resistance
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to the flow of polymer melt during cavity filling. For the
limited range of injection rate investigated, it is not
significant on the surface roughness effects. When the melt
temperature is kept constant, an increase in mold temperature
will decrease the effects of surface roughness. When the
mold temperature is kept constant, the change of melt
temperature within the range allowed by the process is not
significant for the surface roughness effect.
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