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Abstract

A feedstock consisting of submicron alumina powder and a formulated binder, was developed to fabricate alumina micro-channel part by micro
powder injection moulding. During small scale-mixing, the mixing torques of feedstocks with four different powder loadings were used to establish
a suitable powder loading. The thermal and rheological properties of the selected feedstock were examined and used to establish conditions for
large scale mixing, debinding and injection moulding. The micro-channel parts were pressureless sintered at different temperatures. The results
showed that the moulded, debound and sintered micro-channel parts had good shape retention. The dimensions of the micro-channel part changed
with the different processing steps. High densification of the micro-channel parts was achieved at sintering temperatures of 1350 °C and above.
Above 1350 °C, the grain grew significantly with increasing the sintering temperatures and thus it led to a decrease in the microhardness.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Powder injection moulding (PIM) is an established mass-
production process for manufacturing complex metal and
ceramic parts. In the last few years ago, there is growing inter-
est in the micro PIM process for fabricating micro-components.
Micro-components can be classified into three categories: micro-
parts, microstructured components and micro-precision parts. !
Micro-parts are generally understood to be single or sepa-
rated components with outer dimensions in the range of a
few millimeters, but having details in the sub-millimeter range.
Microstructured components have outer dimensions of several
millimeters up to a few centimeters with three-dimensional
micro-structures being located on one or several surface areas.
There is great potential for metal and ceramic micro PIM parts
and microstructured components in various fields of application
and important market opportunities such as medical technol-
ogy, micro-system technology, micro-fluidics, micro-sensors
and micro-mechanics.?

As in PIM, the four main processing steps of micro PIM
are: mixing, injection moulding, debinding and sintering. In the
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mixing step, a binder is mixed with the metal or ceramic pow-
der to form a mixture known as the feedstock. The feedstock
is pelletized into suitable size for injection moulding. During
injection moulding, the feedstock is formed into the required
shape by the application of heat and pressure. After solidifica-
tion, the mould opens and demoulding takes place, that is, the
green micro structured component is ejected from the mould
cavity. The next step is debinding, where the binder is removed
progressively from the green microstructured component. After
debinding, the debound microstructured component is sintered
to give the required properties.

As the required part features or details of micro PIM are
down to the microns level, the binder, powder and associated
processings have stricter requirements than for PIM. One impor-
tant pre-requisite for successful micro PIM is a suitable binder
which has to be mixed with an appropriate amount of powder
(termed the powder loading) to form the feedstock. The binder
must provide low viscosity for easy filling of the micro-cavities
during injection moulding, high green strength for demould-
ing, as well as good shape retention and low shrinkage during
debinding and sintering.>~> There is a need to specially tai-
lored feedstock for micro PIM in order to exploit the full
capability of the process as feedstocks based on conventional
binder posed problems such as moulding limitations in filling
micro-size structures and high aspect ratio, and the micro-


dx.doi.org/10.1016/j.jeurceramsoc.2010.11.034
mailto:jhmeng521@yahoo.com.cn
dx.doi.org/10.1016/j.jeurceramsoc.2010.11.034

1050 J. Meng et al. / Journal of the European Ceramic Society 31 (2011) 1049-1056

size structures broke easily due to the relatively low green
strength. 340

To fabricate micro-components with small structural details,
high sintered density, good surface finish and mechanical prop-
erties, fine particle size is preferred. Metal powder with mean
particle size in the region of 1-5 wm seems suitable for many
applications although better surface finish is achieved with finer
particles.” In the case of ceramic powder where finer particle
size is more easily available, there is a need to develop feed-
stocks from powder of submicron or nano-particle size in order
to exploit the full potential of micro PIM. Processing such fine
particle size, especially nano-particles, poses problems because
of its large specific surface area and the associated tendency to
agglomerate. With the use of finer particle size more binder is
required to coat the surfaces of the particles and this can increase
the final shrinkage after sintering. In a survey of available pow-
ders, only some powders are available in submicron particle size
and some examples are copper, iron, tungsten, cobalt, zirconia,
alumina and tungsten carbide.® The general rule is that the mini-
mum feature that can be produced is ten times the particle size.’
Thus, to produce smaller features or structural details, finer par-
ticle size is required. Debinding has to be performed carefully
due to the use of finer particle size. This is because the spaces
between the particles are extremely small and can promote crack
formation during rapid debinding.'? Decreasing the particle size
by a factor of 100 from, for example, 20 um which is usual for
PIM to 200 nm, increases the sintering stresses by a factor of
100. Therefore, to avoid distorting the micro-components dur-
ing densification, sintering cycle includes long holding time at
critical densification temperatures to accommodate the induced
stresses and provide time for relaxation, before the temperature
is ramped up again and new stresses are induced.’

Micro-channel parts are used in many micro-systems such
as micro-reactor, micro-transducer, micro-fluidic device and
micro-optics.''!? This paper covered the fabrication of alumina
micro-channel part using submicron particle size of 170 nm. A
specially formulated binder to accommodate the high specific
surface area of the submicron powder was used. Different pow-
der loadings were used in the study and a suitable powder loading
was selected. Injection moulding, debinding and sintering of
the micro-channel parts, and characterizations of the sintered
micro-channel parts were conducted.

2. Experimental works
2.1. Materials

The submicron powder used in this work was high purity o-
alumina powder (TM-DAR) supplied by Taimei Chemicals Co.

Table 1
Thermal characteristics of binder components.

IMRE SE 50KV X30000 100nm WD 6.2mm

Fig. 1. FESEM micrograph of submicron alumina powder.

Ltd of Japan. The powder was irregular in shape as shown in the
micrograph (see Fig. 1) obtained from a field emission scanning
electron microscope (JEOL FESEM JSM6700F). The average
particle size was about 170 nm. The BET specific surface was
measured using a BET Surface area analyser NOVA 1200 (Quan-
tachrome) was 14.4 m?/g. The density of the powder measured
using an AccuPyc II 1340 pycnometer was 3.96 g/cm?.

A multi-component binder, consisting of the following com-
ponents was used: low density polyethylene (LDPE LL6201,
ExxonMobil), ethylene vinyl acetate (EVA460, DuPont), paraf-
fin wax (PW, MegaChem) and stearic acid (SA, Sigma—Aldrich).
The composition of the binder in terms of weight ratio for
LDPE:EVA:PW:SA is 35:30:25:10. The LDPE served as the
backbone component. Thermal characterizations of the binder
components were conducted to facilitate selection of suitable
mixing conditions. Table 1 shows the thermal characteristics
of the binder components. The highest melting temperature of
the binder components measured on a Perkin-Elmer differential
scanning calorimeter (DSC) model 7 was 126 °C for LDPE. The
lowest start degradation temperature of the binder measured on
a Perkin-Elmer thermogravimetric analyser (TGA) model 7 was
155°C for SA.

2.2. Preparation of feedstock

Small-scale mixing of powder and binder components to form
the feedstock was conducted on a Haake Rheocord 90 torque
rheometer. From this small-scale mixing, the mixing behaviour
and suitable powder loading can be established. The mixing
of the feedstock was studied with 2 vol.% incremental powder

Component Melting temperature (°C) Recrystallization temperature (°C) Degradation temperature range (°C)
LDPE 126 102 410-520
EVA 85 64 290-520
PW 62 47 185-340
SA 77 55 155-302
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loading, from 50 vol.% to 56 vol.%. Accordingly, the ratio of
the weight of stearic acid (mg) to the surface area of the alu-
mina powder (m?), changed from 1.63 mg/m? to 1.28 mg/m?.
Based on the thermal characterizations of the binder compo-
nents, the mixing temperature was set at 150 °C, above the
highest melting temperature of 126 °C and below the lowest start
degradation temperature of 155 °C. This would facilitate com-
plete melting and prevent binder degradation. A mixing speed of
50rpm was used. During mixing, the binder components were
first fed in followed by the addition of one spoonful of powder
per minute. Based on the mixing behaviour of the feedstocks for
different powder loadings, a suitable powder loading of 52 vol.%
(corresponding to 1.51 mg/m?) was selected. Thermal character-
izations and rheological testing were conducted on the selected
feedstock.

The thermal degradation of the feedstock was evaluated by a
Perkin-Elmer thermogravimetric analyzer (TGA) from 30 °C to
600 °C. The melting and re-crystallization temperatures of the
feedstock were examined by a Perkin-Elmer differential scan-
ning calorimetry (DSC) from 30 °C to 300 °C. For the TGA and
DSC tests, the purging gas was nitrogen and a heating rate of
10 °C/min was used. A capillary rheometer (Gottfert 6000) was
used to study the rheological behaviour of the selected feedstock.
A die with 40 mm length and 1 mm diameter was used. Four tem-
peratures, 130 °C, 140 °C, 150 °C and 160 °C, were selected for
the rheological testings. The temperatures used were below the
start degradation temperature of the feedstock.

2.3. Large-scale mixing

Based on the suitable powder loading established from small-
batch mixing in a Haake Rheocord 90 torque rheometer and the
resulting rheological results discussed in Section 3.3, large-scale
mixing (to produce the feedstock for injection moulding) was
conducted in a Hermann Linden Z-blade mixer. The powder
and binder components were mixed at a temperature of 130 °C

Table 2

Suitable injection moulding parameters for the micro-channel part.

Moulding parameters Value

Injection stroke (mm) 17/13/12/10
Injection speed (%) 41/41/41/41/41
Injection pressure (MPa) 9.5

Follow-up pressure (MPa) 4

Melting temperature (°C) 160/160/160/150
Mould temperature (°C) 80

and mixing speed of 40rpm. The binder components LDPE,
EVA, PW, and SA were added into the mixer in the order indi-
cated, followed by the addition of two spoonfuls of powder per
minute. Finally, the feedstock was granulated into small pellets
to facilitate injection moulding.

2.4. Injection moulding

The granulated feedstock was injection moulded into alumina
micro-channel part on a Battenfeld 250 CDC horizontal injec-
tion moulding machine with a reciprocating screw. A two-plate
mould with edge gate was used. A silicon mould insert with
eleven micro-channels was used to mould the micro-channel
part. A set of suitable injection moulding parameters used is
shown in Table 2.

A (100) oriented silicon wafer was used to fabricate the
silicon mould insert. The micro-channels were fabricated in a
standard 8-in. silicon wafer by deep reactive ion etching (DRIE).
The etched silicon wafer was then cut into smaller square dimen-
sions of 6 mm x 6 mm where each cut square area has eleven
micro-channels. The dimensions of each micro-channel as mea-
sured by a PLu confocal profiler were a width of 200 wm and a
depth of 135 wm. The length was 4 mm. The cut square silicon,
namely the silicon mould insert, was mounted onto the circular
cavity of the movable mould half. Fig. 2 shows the photograph
of the movable mould half on the injection moulding machine

Micro-structure Micro-channel

AN

Lmm

Fig. 2. (a) Photograph of the injection moulding machine and (b) SEM micrograph of the silicon mould insert.
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and the micrograph of the silicon mould insert viewed under a
JSM-5600LV scanning electron microscope (SEM).

2.5. Debinding and sintering

The moulded micro-channel parts were thermally debound
in a Lindberg tube furnace with a mixture gas consisting of
95% argon and 5% hydrogen. Compared with the debinding
atmosphere of air or oxygen, the mixture gas of argon and
hydrogen can ensure a slower binder removal rate, which is
beneficial to obtain defect-free and high strength part.!>14 The
thermal debinding was conducted according to a suitable debind-
ing profile indicating temperature, time and heating rate. The
debinding profile was based on earlier work for the 316L stain-
less steel feedstock.!> The highest debinding temperature was
set to 600°C to ensure that all the binder components are
removed and to facilitate handling. After debinding, pressureless
sintering was conducted in a high temperature CM box furnace
for five different sintering temperatures. A 5 °C/min heating rate
to the sintering temperature and 60 min holding time at that
temperature were used.

2.6. Characterization

The dimensions of the moulded, debound and sintered micro-
channel parts were measured by a PLw confocal profiler with
an objective lens of 20x magnification. Measurements were
conducted in six different locations on the micro-channels and
micro-structures of the micro-channel part as shown in Fig. 3,
and the average reported in this work. The diameter of the
circular disc was measured. The densities of the sintered micro-
channel parts were determined by using Archimedes’s principle.
The moulded and sintered micro-channel parts were examined
under a JSM-5600LV scanning electron microscope. The sin-
tered micro-channel parts were sectioned and then mounted in
epoxy for the polishing of the cross-sections. The polished cross-
sections were subjected to microhardness measurements. The
Vickers microharness test with a load of 300 g was conducted on
the base of the micro-channel part. The polished cross sections
of the micro-channel parts were thermally etched in air, below

Circular disc
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Fig. 4. Torque value versus mixing time for different powder loadings.

the respective sintering temperatures, for 15-30 min. The etched
cross-sections were observed using a field emission scanning
electron microscope (LEO 1550).

3. Results and discussions
3.1. Determination of suitable powder loading

During small batch mixing in a Haake mixer, the stability of
the mixing torque with the mixing time is an indication of the
homogeneity of the feedstock. Fig. 4 shows the torque versus
mixing time for different powder loadings. In the first 10 min,
all the binder components were added into the mixer. When
powder was added into the mixer in small consecutive loadings,
in the time duration between 10 and 20 min, the torque value
increased significantly. After about 25 min of mixing, the torque
reached a stable state, except for 56 vol.% powder loading. For
56 vol.% powder loading, the torque value increased signifi-
cantly with the mixing time, indicating that the powder was not
uniformly distributed within the binder. This was because the
binder could not fill completely the voids between the particles
and de-agglomeration of the powder took place during mixing.
In the case of 54 vol.% powder loading, the torque stabilized

Micro-structure Micro-channel

\ oo
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g 3 /

Fig. 3. (a) Top view and (b) cross section of locations of dimensional measurements for the micro-channel part.
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initially but then increased slightly after 90 min of mixing. For
52 vol.% and 50 vol.% powder loadings, the torques were sta-
ble during mixing. However, lower powder loading can cause
powder-binder separation during injection moulding and higher
shrinkage during sintering. Hence, powder loading of 52 vol.%
(corresponding to 1.51 mg/m?) rather than 50 vol.% was selected
to produce the feedstock for injection moulding.

3.2. Thermal properties

Fig. 5a shows the TGA curves of the multi-component
binder and the individual binder components. From the TGA
curves, one degradation step was found for LDPE, PW and
SA. However, EVA degraded in two distinguishable steps,
which was attributed to the elimination of side acetate group
in vinyl acetate units followed by the chain scission of
ethylene—acetylene copolymer at higher temperatures.'® Sim-
ilarly, the multi-component binder, which resulted from the
mixing of the individual binder components, had also two dis-
tinct degradation steps. By comparison of the TGA curves, it
was reasonable that the full degradation of PW and SA as well
as the first degradation of EVA occurred in the first degrada-
tion temperature range (164-390 °C), whereas the degradation
of LDPE and the subsequent degradation of EVA were at higher

a
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0 100 200 300 400 500 600 700
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5+ 100°C
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Fig. 5. (a) TGA curve of the binder and the binder components and (b) DSC
curve of the feedstock.

temperatures (425-520 °C). Above 520 °C, all the binder com-
ponents were burned off. Based on the TGA result, a multi-step
debinding profile was established to remove progressively the
four binder components. The progressive debinding over a wide
temperature range can help to retain the integrity of the micro-
structures and prevent the formation of debinding defects, such
as blister, cracking and slumping. The TGA result also indicated
that the temperatures for rheological testing and the feedstock
temperature during injection moulding should be below the low-
est degradation temperature of the binder components (that is,
164 °C) so as to prevent binder degradation.

As shown in Fig. 5b, three endothermic peaks at 56 °C, 70 °C
and 119°C and three exothermic peaks at 50°C, 57°C and
100 °C were present due to the melting and re-crystallization of
the binder components. The peak at 56 °C was due to the overlap-
ping melting of PW and SA. The peaks at 70 °C and 119 °C were
due to the melting of EVA and LDPE, respectively. The melting
temperatures of all binder components decreased after mixing
with the alumina powder. This was probably due to the interfa-
cial reactions between the powder and the binder components. '
The mixing temperature, feedstock temperature during injection
moulding and rheological test temperatures should be set higher
than the highest melting temperature of 119 °C.

3.3. Rheological properties

Injection moulding depends on the feedstock (melt) viscous
flow into the mould cavity, and this requires suitable rheolog-
ical characteristic. The rheological testing temperatures were
set higher than the highest melting temperature of 119 °C.
Fig. 6 shows the apparent viscosity of the feedstock versus the
shear rate for four testing temperatures: 130°C, 140°C, 150°C
and 160 °C. The apparent viscosity decreased with increasing
temperature. This was attributed to powder loading volume
reduction from larger expansion and disentanglement of the
molecular chain during heating.!” The feedstock exhibited pseu-
doplastic behaviour, that is, the apparent viscosity decreased
with increasing shear rate. In practice, the maximum useful vis-
cosity for a feedstock is 10% Pas in the shear rate range between

1000
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& —e— 140°C
Z
z —a— 150°C
3
= —v— 160°C
£
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100

100 1000 10000
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Fig. 6. Apparent viscosity of feedstock versus shear rate for different tempera-
tures.
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1]

Fig. 7. Photograph of the micro-channel parts after different processing steps.

10% and 105 s~1.18 From Fig. 6, the feedstock is suitable for
injection moulding.

3.4. Dimensional change and shrinkage

During thermal debinding and sintering, binder elimination
and subsequent particles bonding take place, resulting in dimen-
sional change of the PIM parts. The linear shrinkage of many
PIM parts is in the range of 10% to 20%. However, for micro
PIM parts, it can be above 20%.'? Consequently, precise dimen-
sional control of micro PIM parts will be more difficult as
compared with PIM parts. Fig. 7 shows the photograph of the
micro-channel parts after undergoing different processing steps.
Compared with the moulded part, the dimensional change after
debinding was not noticeable whilst the dimensional change

a 16
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12 L Il Il Il Il Il Il
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Sintering temperature, °C
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Sintering temperature, °C

Fig. 8. Dimensions of (a) circular disc and (b) micro-channels as well as micro-
structures after different processing steps.

after sintering was clearly evident. This was in agreement with
the diameter change for the circular disc as shown in Fig. 8a.
It can be seen that the apparent decrease in the diameter of the
circular disc occurred after sintering.

Fig. 8b shows the average dimensions of the micro-channels
and micro-structures of the micro-channel part after undergoing
different processing steps. The dimensional changes in width
and height of the micro-structures showed similar trend. Com-
pared with the silicon mould insert, the width and height of the
moulded micro-structures increased slightly. This was because
the volumetric expansion due to cavity pressure decrement pre-
vailed the volumetric shrinkage from cooling.?’ However, the
width and height of the micro-structures tended to decrease
slightly after debinding. The width and height of the micro-
structures decreased gradually from sintering temperature of
1250°C to 1350°C. Above 1350 °C, the width and height of
the micro-structures were relatively close. The width of the
moulded micro-channels was smaller than that of the silicon
mould insert. After debinding, the width of the micro-channels
increased slightly. The width of the micro-channels decreased
at sintering temperature 1250 °C, and then increased abruptly at
1350°C.

The linear shrinkages (AL/Lo) of the circular disc, the micro-
channels and micro-structures of the micro-channel part at

L}

g

Micro-strlicture

Micro-channel,

X188 188mm

K198 18Bmm

Fig. 9. SEM micrographs of the (a) moulded and (b) sintered micro-channel
parts.
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Table 3
Linear shrinkages of micro-channels, micro-structures and circular disc for dif-
ferent sintering temperatures.

Location Sintering temperature (°C)

1250 1300 1350 1400 1450

Diameter of circular disc (%) 17.6 18.8 18.9 19.1 19.2
Width of micro-structure (%) 13.8 17.0 224 22.8 22.0
Height of micro-structure (%) 17.5 19.4 19.2 19.4 19.1
Width of micro-channel (%) 18.1 18.9 9.9 11.2 12.8

different sintering temperature are shown in Table 3. The shrink-
age of the diameter of the circular disc was 17.6% at 1250 °C. In
the temperature range between 1300 °C and 1450 °C, the shrink-
ages of the diameter were close, around 19%. The shrinkages
of the width and the height of the micro-structure increased
with sintering temperatures below 1350°C. At 1350°C and
above, the shrinkages of the width and the height were inde-
pendent of the sintering temperatures, and were about 22% and
19%, respectively. Noticeably, the shrinkages of the width of the

WD= 7mm  EHT= 500 kY

micro-channels at 1350 °C and above decreased significantly
compared with those at 1250°C and 1300°C. Actually, the
shrinkages of the micro-channels were affected by the shrink-
ages of the micro-structures and the base. It was assumed that
the shrinkage of the base was equivalent to that of the circular
disc. Hence, the shrinkages of the micro-structures were higher
than that of the base at 1350 °C and above, which led to the
decrease in the shrinkages of the micro-channels.

3.5. Microstructure

Fig. 9 shows the SEM micrograph of the typical moulded
and sintered micro-channel parts. Good shape retention with-
out warpage and crack was achieved but the corners were
slightly rounded. Fig. 10 shows the FESEM micrographs of
the sintered micro-channel parts (at the base) at different sin-
tering temperatures. Some pores between the alumina grains
occurred below 1300 °C. At 1350 °C and above, the microstruc-
tures become denser and fewer tiny pores were found. The etched
surfaces also revealed that the microstructures below 1300 °C

Fig. 10. FESEM micrographs of the sintered micro-channel parts for different sintering temperatures ((a) 1250 °C, (b) 1300 °C, (c) 1350°C, (d) 1400 °C and (e)

1450°C).
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Fig. 11. Densities and microhardness of the sintered micro-channel parts for
different sintering temperatures.

consisted mainly of equiaxed alumina grains. However, the
microstructures at 1350 °C and above were inhomogeneous and
some grains grew abnormally. Moreover, the microstructures
consisted of equiaxed grains together with elongated grains,
especially at 1400 °C and 1450 °C.

Fig. 11 shows the densities and microhardness (at the base)
of the sintered micro-channel parts at different temperatures.
No significant density change was observed for sintering tem-
peratures of 1350 °C and above, which was in agreement with
the result of the dimensional change discussed in section 3.4.
The TM-DAR submicron alumina powder showed excellent
sinterability because of its high specific surface area.?! The
TM-DAR alumina powder was easily densified at relatively low
temperatures, and the relative densities of the sintered micro-
channel parts were above 99% theoretical density at 1350 °C
and above. The microhardness of the micro-channel parts at
1300°C and 1350°C were very close, which were the high-
est among all sintering temperatures. At higher temperatures of
1400 °C and 1500 °C, the microhardness decreased. According
to the Hall-Petch relation, the larger grain sizes at 1400 °C and
1500 °C led to the decrease of the microhardness as compared
to that for 1350 °C.

4. Conclusions

For the submicron alumina powder and binder components
used, a suitable powder loading of 52 vol.% was established
based on steady-state mixing torque and augmented by suitable
rheological characteristics. Thermal and rheological character-
izations of the feedstock enable the establishment of suitable
processing conditions for the moulding and debinding of an
alumina micro-channel part. Sintering was conducted at five
different sintering temperatures. The micro-channel parts (after
moulding, debinding and sintering processing steps) by micro
PIM had good shape retention, without visible defects, such as
warpage, incomplete filling and crack. The dimensions of the
micro-channel parts changed with the different processing steps.
High densification was achieved at 1350°C and above. The

microhardness of the micro-channel parts obeyed the Hall-Petch
relation.
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