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ABSTRACT: The miniaturization of components has been
progressing rapidly because of developments in microelec-
tronics, optoelectronics, and biotechnology. Recently, the
use of plastic materials with added fillers has become a
potential alternative because of their versatility and ease of
batch fabrication. This article investigates the formability
and accuracy of the polymer with added nanopowders
(10–30 nm diameter) during microinjection molding. One
mold with four cavities is used to illustrate the filling be-
havior and accuracy of the microparts. The integrated circuit
microfeature illustrates the formability of the polymer with
added nanopowders. Experiments show that the shrinkage
is significantly reduced when the nanopowder content is

increased. The polymer with 30% ZnO nanopowder content
shows 58.3% less shrinkage compared to pure polypro-
pylene. One mold with four parts and the microfeature are
successfully manufactured using a custom-made microinjec-
tion machine when nanopowders are added to the polymer.
However, the microfeature with added fillers, which had a
diameter of 10 �m and a length of 10–30 �m, cannot be
duplicated through microinjection molding. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 98: 1865–1874, 2005
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INTRODUCTION

Microsystem technology has been applied in the flu-
idic, medical, optical, and telecommunication fields.
To exploit the potential of microsystem technology,
economical mass production of microcomponents is
necessary.1,2 Most of the components for miniaturized
systems have been fabricated using silicon, glass, or
quartz. However, for many applications, these mate-
rials and the associated fabrication methods are too
expensive and complicated.3,4 Recently, the use of
plastic materials has become a potential alternative
because of their versatility and ease of batch fabrica-
tion.5,6 Among a variety of polymer processing meth-
ods, microinjection molding is one of the most suitable
processes for replicating microparts (even those with
microstructures) cheaply and with high precision.7–9

Kukla et al.10 defined microinjection molded parts
as parts with microweights, parts with microstruc-
tured regions, and parts with microprecision dimen-
sions. Parts with microweights are parts with masses
of a few milligrams, but their dimensions are not

necessarily on the micron scale. Parts with microstruc-
tured regions are characterized by local microfeatures
on the order of microns, such as the microhole and
slot. Parts with microprecision are parts of any dimen-
sion, but they have tolerances in the micron range.
This article focuses on the first and second categories.
That is, the molding of microparts with weights is on
the order of �3 mg and microregions are on the order
of a few microns.

A number of pure plastics, for example, liquid crys-
talline polymers, polycarbonate, polystyrene, polypro-
pylene (PP), poly(methyl methacrylate), and
polyoxymethylene, or, acetal (POM), have been suc-
cessfully processed through the micromolding pro-
cess.11–14 However, most microparts, such as gears
and fans, require high strength, wear resistance, and
accuracy. However, plastic materials cannot satisfy
these requirements. Some researchers15–19 have pro-
duced microparts through micropowder injection
molding. This technique includes blending, molding,
debinding, and sintering processes. In addition to tak-
ing time, cracks in and high shrinkage of microparts
easily occur with this technique, although high
strength and wear resistance can be obtained.

Schneider and Maier20 added fillers to plastics to
reinforce their structures and reduce shrinkage. How-
ever, these fillers cannot be used successfully in the
micromolding process. This is because the compound
component and the fillers, such as glass fibers with a
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typical diameter of 10 �m and a length of 100–500 �m,
are often as big as some of the microparts to be
molded. Thus, microparts with added nanomaterials
(10–30 nm diameter) could possibly be used in micro-
injection molding.

Strength, wear resistance, accuracy, and filling
properties are the key factors involved the manufac-
turing of quality microparts. This article mainly dis-
cusses the application of nanomaterials in microinjec-
tion molding. Nanomaterials were added into a poly-
mer to observe the filling properties of the parts.
Under batch production, high quality microparts can
be manufactured only when the filling parameters are
well controlled. Thus, this study focused on the filling
properties and accuracy of the microparts.

One mold with four cavities and an integrated cir-
cuit (IC) chip with microregions were used as to study
filling behavior and accuracy in microinjection mold-
ing. Nanomaterials (10–30 nm diameter), such as SiO2,
TiO2, and ZnO, were introduced into PP polymer to
reduce shrinkage and observe the filling behavior of
the microparts during microinjection molding. All
tests were conducted in a custom-made microinjection
machine.

EXPERIMENTAL

Custom-made injection machine and processing
window

The parts tested in this study were formed using a
custom-made microinjection machine. Figure 1 shows
the custom-made impact type microinjection machine,
which cost only U.S. $2,000 to construct. In addition to
saving money, it also has many functions, making it
suitable for various kinds of tests.

This machine mainly includes clamping, melting,
and injection units. The movable and fixing plates are
fixed on the clamping device; therefore, it can move
forward and backward under pressure exerted by ro-
tating a hand wheel on the device. The mold is locked
on a fixing plate with bolts. The melt unit mainly uses
a hot runner to provide plastic melting energy. Inside
the hot runner, there is an injection sleeve with a 2-mm
diameter hole, which serves as the barrel of the micro-
injection machine. The injection unit mainly includes
the injection plunger and an air cylinder. The injection
plunger is used to push the molten polymer into the
mold cavity. A vacuum pump is used to remove air or
waste gas during forming. The maximum shot and
injection pressure of this machine are 120 mm3 and 7
bar, respectively. The permissible mold and melt tem-
peratures are 200 and 300°C, respectively. The clamp-
ing force of the mold is 750 N.

The processing window is an effective tool for find-
ing the range of processing parameters for quality
parts. In this experiment, the injection pressure and
the mold temperature are significant processing pa-
rameters. The melt temperature is a minor factor in the
production of small parts when compared to the other
two parameters.21,22 Thus, we kept the melt tempera-
ture at a constant 220°C to find the processing win-
dow. The injection pressure and the mold temperature
were varied point by point to find the processing
window. Short-shot or flash in parts is located outside
the boundary of the processing window. The permis-
sible injection pressure, called the mechanical ability,
cannot exceed 7 bar in this window.

Materials and methods

Materials and specimens

The raw materials used in the study included nanoc-
eramic materials (NCM), PP, and stearic acid (SA).
Three kinds of NCMs (SiO2, TiO2, and ZnO) with
diameters of 10–30 nm were used as parts fillers and
were made by the Z-Tech Co. PP (Formosa Plastic)
was used as a backbone polymer matrix. SA (Nacalai
Tesque) acted as a surfactant for the ceramic and
polymeric ingredients. The polymeric ingredients had
NCM/PP/SA weight ratios of 10 : 89 : 1, 20 : 78 : 2,
and 30 : 67 : 3.

One mold with four cavities of slightly varying
dimensions was used to study the filling behavior and
accuracy in batch fabrication tests, as shown in Figure
2. Following duplication, the dimensions of each part
and its corresponding cavity were compared. To un-
derstand the formability of the microfeatures with
added nanopowders, the boundaries of a weld spot
(8.54 � 18.75 �m) in an IC chip, which was taken from
a scraped computer, were duplicated, as shown in
Figure 3. Residual adhesive was deposited in the cen-

Figure 1 The custom-made microinjection machine.
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ter of the weld spot because it was difficult to clean
out. In addition, the formability of the duplicated fea-
ture made from POM (acetal) polymer with 20%
added lead micropowders was compared to that of PP
polymer with added nanopowders.

Kneading and granulation

A Z-blade kneader (Ray-E Manufacture Co., Tainan,
Taiwan) operating at 35 rpm was used with a 650-mL
mixing bowl. At the beginning of the kneading pro-
cess, pure nanoceramic powders (SiO2, TiO2, and
ZnO, with 10, 20, and 30%, respectively, of the total
weight content of the polymer compound) were pre-
heated to 175°C for 0.5 h in the kneader. PP plastic
pellets were then added to the powders and kept at
175°C in the kneader. After kneading continued for
1 h, SA surfactant was added and the temperature of
the kneader was reduced to 160°C and held for 30 min.
The dough-type mixture was then granulated in the
mixing bowl as the temperature of the bowl was re-
duced to 70°C for 24 h.

Quality evaluation

To illustrate the batch production process, one mold
with four parts was manufactured using the custom-
made microinjection machine. To study the filling be-
havior, the four cavities had to be completely filled
with plastic compound during injection molding. The
length (x) and width (y) of the cavities and parts
denoted a, b, c, and d were measured with a coordinate
measurement machine (Poli, Italy). The precision level
of the measurements was 1 �m. The shrinkage (�a) in
part a could be calculated in terms of the average
cavity length (la) and average part length (la�) as fol-
lows:

�a � �xa � ya�/2

��a � �x�a � y�a�/2

�a �
�a � ��a

�a
� 100% (1)

Figure 2 The measured lengths of the mold with four
cavities.

Figure 3 An SEM image of a weld spot in an integrated circuit chip.
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where xa, ya are the respective length and width of
cavity a and xa�, ya� are the respective length and width
of part a. The shrinkage in parts b, c, and d was also
obtained using eq. (1). The average shrinkage in each
part was obtained from 10 specimens for every tested
part.

RESULTS AND DISCUSSION

Filling behavior of one mold with multicavities

The processing window of the polymer with added
nanopowders is shown in Figure 4. The formability of
the polymer compound is better when the processing
window is larger. The quality of the microparts is
degraded when the processing parameters are out of
the range of the window. Short-shot is produced in
parts when processing is out of the leftward boundary
of the window. Flash occurs in parts when processing
exceeds the rightward boundary of the window. In
addition, the mechanical ability of the custom-made
machine is exceeded when processing jumps out of
the top boundary of the window.

A photograph of the parts with 10% added ZnO
nanopowder, using the above processing window, is
shown in Figure 5. The photograph shows that the
mold with four parts could be successfully manufac-
tured by the custom-made injection machine. The av-
erage part weight is only 2.2 mg. The operating zone
was shifted to the right when the weight content of the
nanomaterials was increased. In other words, the in-
jection pressure and mold temperature increased as
the weight content of the nanomaterials increased.

Parts with short-shot were formed when the forming
pressure and mold temperature were low. The pro-
cessing window of the polymer with 10% nanopowder
was close to that of pure PP.

In the window, when the mold temperature was
low, the forming pressure had to be increased to pro-
duce high quality parts. Theoretically, when the mold
temperature is lower than the polymer melting tem-

Figure 5 A photograph of the parts with 10% added ZnO
nanopowders.

TABLE I
Shrinkage of Polymer PP with Different Added

Nanopowders

Powders SiO2 (%) TiO2 (%) ZnO (%)

10%
a 0.313 0.355 0.391
b 0.339 0.371 0.42
c 0.311 0.34 0.385
d 0.329 0.36 0.40
Ave. 0.323 (33.3) 0.358 (26) 0.399 (17.6)

20%
a 0.249 0.261 0.289
b 0.264 0.291 0.301
c 0.242 0.236 0.27
d 0.253 0.28 0.292
Ave. 0.252 (47.9) 0.267 (44.8) 0.288 (40.5)

30%
a 0.20 0.238 0.277
b 0.216 0.25 0.30
c 0.183 0.218 0.25
d 0.209 0.242 0.281
Ave. 0.202 (58.3) 0.237 (51) 0.277 (42.8)

The shrinkage of PP: a � 0.482, b � 0.511, c � 0.441, d
� 0.502, Ave. � 0.484; a, b, c, d, cavity and part number of
mold. The values in parentheses are the differences from
polymer PP, e.g., 10%, SiO2 � (0.484 � 0.323)/0.484 � 100%
� 33.3%.

Figure 4 The processing window of the polymer with
added nanopowders.
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perature, a frozen layer will form as molten polymer
flows into the cavities. In other words, high pressure
will be needed to accelerate filling of the cavities with

molten polymer before the polymer freezes. Thus, in
micropart molding, high pressure and high mold tem-
perature are needed to produce high quality parts.

In our experiments, optimum parameters, which
were a 5.5-bar injection pressure, 150°C mold temper-
ature, and 220°C melt temperature, were adopted in
the tests described later.

Experimental observation in fabricating microparts

As shown in Table I, the amount of shrinkage of the
four microparts in a mold varied slightly for each
tested specimen. However, the shrinkage of the parts
was always in the order b � d � a � c for any powder.
To further understand the reason for these results,
short-shot experiments were conducted. A quantity of
molten polymer PP from 90 to 100% was injected into

Figure 6 Short-shot tests with (a) 90, (b) 96, and (c) 100%
molten polymers.

Figure 7 The shrinkage of polymer PP with different
added nanopowders.

Figure 8 A diagram showing the activity and volume ex-
pansion of the molecules are retarded when nanopowders
are added.
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the cavities of the mold, as shown in Figure 6. Inter-
estingly, the filled areas in the 90 and 96% molten
polymer tests were in the order b � d � a � c, which
was the opposite of the order of the shrinkage. The
cavities were fully filled when 100% molten polymer
was injected. The amount of shrinkage was lowest in

part c, which exhibited the fastest formability during
the short-shot tests. However, the amount of shrink-
age was highest in part b, which exhibited the slowest
formability during the short-shot tests.

The runner lengths for a, b, c, and d were 4.943,
4.991, 4.925, and 4.960 mm, respectively, as measured
by means of the coordinate measurement machine.
When the runner length was longer, the frozen layer

Figure 9 The error deviation of the shrinkage of polymer
PP with different added nanopowders.

Figure 10 TEM micrographs for pure nanoparticles in the
bright field image. The insert is a diffraction pattern and the
centered dark fields are nanopowder images for (a) SiO2, (b)
TiO2, and (c) ZnO nanoparticles.
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formed earlier than it did when the runner length was
shorter. A longer runner length with a frozen layer
caused the cavity to fill more slowly with molten
polymer. Then, the temperature difference between
the mold and molten polymer increased, resulting in
the largest amount of shrinkage in part b, which had
the longest runner length. The runners and cavities of
the mold were manufactured by means of electric
discharge machining with a precision of 10 �m, result-
ing in slight variations in their dimensions. Thus, we
suggest that microelectric discharge machining with a
precision of 1 �m or the lithography (LIGA) process
can be used to manufacture very accurate molds when
precision microparts are formed.

Polymer shrinkage with varied percentages of
nanoparticles added

The shrinkage results for polymer PP with different
added nanopowders are shown in Figure 7 and Table
I. The shrinkage was significantly reduced when the
nanopowder weight content was increased for any
powder. The polymer with 30% SiO2 weight content
exhibited the least shrinkage. The shrinkage of this
polymer was decreased by 58.3% compared to pure
PP. This clearly showed that the polymer with added
nanoparticles effectively reduced the shrinkage. When
the polymer was in the melting stage, nanoparticles
reduced the activity of the molecules, resulting in
significantly lower volume expansion of molecules, as
shown in Figure 8. Then, crystallization of the mole-
cules was retarded by nanoparticles during the frozen
stage. Therefore, the shrinkage was reduced when
nanoparticles were added to the polymer. The greater
the powder content was, the less the shrinkage.

Figure 7 also shows that the polymer with added
SiO2 nanopowder exhibited the least shrinkage com-
pared to the others. The polymer with added ZnO
nanopowder exhibited the greatest shrinkage. SiO2
(0.2 g/cm3) had the lowest density, TiO2 (0.25 g/cm3)
was next, and ZnO (0.3 g/cm3) had the highest den-
sity. Under the same weight composition, the volume
content of SiO2 with the lowest density in the PP
polymer was larger than that of the other two pow-
ders. In other words, more of the SiO2 powder was
distributed in the PP polymer. As explained in the
previous paragraph, the SiO2 with higher volume con-
tent exhibited the least shrinkage.

Micrograph analysis of nanoparticles distributed in
polymer compound

Figure 9 shows the shrinkage deviations among 10
specimens for different nanomaterials. Large error de-
viations occurred in SiO2 and TiO2 nanopowders, as
shown in Figure 9(a,b), but they were small in ZnO
nanopowders, as shown in Figure 9(c). A possible

Figure 11 SEM images of the PP polymer with 20 wt % (a)
SiO2, (b) TiO2, and (c) ZnO nanoparticles.
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reason could be that the nanoparticles were not uni-
formly distributed in the polymer compounds con-
taining SiO2 and TiO2 nanopowders. In order to un-
derstand the reason, a Jeol transmission electron mi-
croscopy (TEM) microscope was used to analyze the
morphologies of the pure nanoparticles. The micro-
graphs for different nanoparticles are shown in Figure
10. The bright field image with an inserted diffraction
pattern is shown in the left-top corner, and the dark
center field in each micrograph is the nanopowder
image.

The SiO2 nanoparticles were heavily agglomerated
[Fig. 10(a)]. The primary particles with sizes �10 nm
formed connections to the neighboring particles at the
neck area. The dark center field image of the nanopar-
ticles showed uniform contrast through every SiO2
particle. In addition, the ring diffraction pattern re-
vealed amorphous characteristics (see the insert dif-
fraction pattern). Similar to SiO2 particles, the TiO2
nanoparticles revealed amorphous characteristics and
had some degree of agglomeration, as shown in Fig-
ure 10(b). The size of the primary particles was about
20–30 nm. They strongly showed that both SiO2 and
TiO2 nanoparticles were difficult to blend with poly-
mers, resulting in the agglomeration that existed in the
polymer compound. The effect was greater for SiO2
than for TiO2. Large error deviations between speci-
mens were thus induced because the nanoparticles
were not uniformly distributed in the polymer com-
pound.

On the contrary, the ZnO nanoparticles with slight
agglomeration, as shown in Figure 10(c), consisted of
10–20 nm primary particles that were crystalline, as
shown by the electron diffraction pattern. The error
deviations between the specimens were small because
the nanoparticles were easily distributed in the poly-
mer compound. Furthermore, the ZnO nanoparticles
with higher density and better crystals than the other
two powders thus exhibited greater shrinkage because
there was less agglomeration. The higher the density
was, the greater the shrinkage and the better the pow-
der dispersion.

To further understand the reason for these results,
scanning EM (SEM, JSM-6500F) images of the polymer
compound with 20% of the total weight being added
SiO2, TiO2, and ZnO are shown in Figure 11. The SiO2
nanoparticles with 20% added weight content created
the most serious agglomeration in the polymer com-
pound, as shown in Figure 11(a), with the TiO2 nano-
particles being next, as shown in Figure 11(b). Con-
versely, the ZnO nanoparticles with 20% weight con-

Figure 12 SEM images of a microfeature for one mold with
one cavity: (a) PP with 20% ZnO nanopowder, (b) PP with
30% ZnO nanopowder, and (c) POM with 20% Pb mi-
cropowder.
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tent were uniformly distributed in the polymer
compound, as shown in Figure 11(c). These results
were similar to the previous TEM analyses.

In addition, in a previous study23 we conducted a
wear test with a polymer compound with SiO2, TiO2,
and ZnO nanoparticles. The experiments showed that
the weight loss of the polymer with 20% ZnO nano-
particles was only 0.8% because the particles were
uniformly distributed in the polymer compound.
However, the weight losses of the polymer compound
with 20% SiO2 and 20% TiO2 nanoparticles were 12
and 3%, respectively, because the particles agglomer-
ated extensively in the polymer compound.

Formability of microfeatures

Four parts in a mold were successfully manufactured
using a custom-made microinjection machine when
nanopowders were added to the polymer. This proved
that in batch production manufacturing with microin-
jection molding, polymers with added nanoparticles
can be used to produce parts from multiple-cavity
molds.

To further understand how the microfeatures
with added nanopowders were formed, the bound-
aries of an 8.54 � 18.75 �m weld spot in an IC chip,
which was taken from a scrapped computer, were
selected for duplication, as shown in Figure 3. The
required injection pressure and mold temperature
were lower because only one micropart was formed
in a mold.

SEM images of duplicated microparts with 20 and
30% ZnO nanopowder are shown in Figure 12(a,b).
The edges of the duplicated microfeatures were well
defined. In other words, the plastic compound with
added nanopowders easily filled the microcavity.
However, nanoparticles agglomerated in the PP poly-
mer, similar to the previous results obtained when the
powder content exceeded 20%. The dimensions of the
plastic compound with 20 and 30% powder content
were 6.46 � 7.92 and 7.92 � 18.33 �m compared to
those of the IC chip, which were 8.54 � 18.75 �m.
Shrinkage of the duplicated feature with 30% nanop-
owder was less than that of the duplicated part with
20% nanopowder. This result was similar to that dis-
cussed previously. Thus, microfeatures were success-
fully manufactured when a plastic compound with
nanopowder was added during the microinjection
molding process.

The SEM image in Figure 12(c) shows a duplicated
feature made from POM polymer with 20% added Pb
micropowder. The image shows that the cavity was
not successfully filled with polymer compound. This
is because the Pb fillers with a diameter of 10 �m and
a length of 10 to 30 �m were as large as the microfea-
ture that was molded in this study. These results agree
with those of Schneider and Maier.20 Thus, nanodiam-

eter fillers are the best choice for microinjection mold-
ing.

CONCLUSION

Based on this study on the applications of nanomate-
rials in microinjection molding, the following conclu-
sions can be drawn:

1. One mold with four parts and microfeatures
were successfully manufactured using a cus-
tom-made injection machine when nanopow-
ders were added to the polymer.

2. The injection pressure and mold temperature
had to be increased as the nanopowder weight
content increased. Short-shot formed in parts
when the forming pressure and mold tempera-
ture were too low. The formability of the poly-
mer with 10% nanopowder was similar to that
of pure PP.

3. Shrinkage was significantly reduced when the
nanopowder content was increased. The poly-
mer with 30% SiO2 weight content exhibited the
least shrinkage. When nanopowders were
added, the activity and volume expansion of the
molecules were retarded during the melting
and frozen stages, thus reducing shrinkage.

4. The ZnO nanoparticles with higher density and
better crystals than the other two powders thus
exhibited greater shrinkage because there was
less agglomeration. The higher the density was,
the greater the shrinkage and the better the
powder dispersion.

5. TEM and SEM showed SiO2 and TiO2 nanopar-
ticles were heavily agglomerated in the polymer
compound, resulting in large shrinkage devia-
tions between specimens and a decrease in wear
abrasion. However, ZnO nanoparticles were
uniformly distributed in the polymer com-
pound, resulting in small shrinkage deviations
and increasing wear abrasion.

6. The edges of the duplicated IC microfeatures
with 20 and 30% powder content were well
defined. The plastic compound with added
nanopowders easily filled the microcavity.
However, in the case of the part duplicated
using the POM polymer with 20% Pb, the
cavity was not successfully filled with poly-
mer compound. This is because the Pb fillers
with a diameter of 10 �m and a length of
10 –30 �m were as large as the micropart that
was molded in this study.
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