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Abstract

The need for ceramic materials in microelectromechanical systems (MEMS) is increasing quickly. A typical form of designed ceramic
micro parts involves the structuring of several micro columns and/or thin walls on a substrate. This work considers the use of a model mould
with a straight mould cavity and a step-contracted cross-section in the filling direction. The injection moulding of such of ceramic micro part
is experimentally simulated. The effect of the mould cavity contraction ratio, moulding conditions, and the solid loading of the ceramic/binder
mixture on the distribution of the transverse shrinkage of the moulding parts at moulded, debinded, and sintered stages, respectively, are
examined. Experimental results reveal that transverse shrinkage of the region downstream from the step-contracted cross-section clearly
exceeds that of the region upstream in all three stages. Furthermore, transverse shrinkage varies greatly in the plane of the step-contractec
cross-section. The magnitude of the variation in transverse shrinkage in the step-contracted cross-section increases with the contraction ratio
of the mould cavity. Appropriately increasing either the holding pressure or the filling pressure of the mould cavity reduces the variation in
the transverse shrinkage of the step-contracted cross-section. Moreover, using the ceramic/binder mixture with a composition similar to that
of critical solid loading can lower the internal stress caused by sintering in the vicinity of the step-contracted cross-section.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction elucidating the characteristics, with reference to moulding,
of the form of the micro parts and then investigating the
Microelectromechanical systems (MEMS), actively de- associated fundamental shrinkage properties are essential.
veloped in recent years, have increased the demand for The mould cavity used to fabricate ceramic micro parts
ceramic material§1—-4]. Normally, the designed ceramic with the aforementioned form can be broadly divided
micro part includes micro columns and/or thin walls built into two parts—the sub-cavity that allow the substrate to
upwardly from a ceramic substraie-3,5,6] The injection be formed and all the other sub-cavities that enable the
moulding of ceramic micro parts with such forms raises micro-structures to be generated on the substrate. Generally,
the following two main problems. (1) Micro-structures the moulding material fills the former part from the gate
(columns, walls, and others), especially those with higher and then flows into the latter part during the filling stage of
aspect ratios, crack and collapse from the foundations con-the injection moulding. Moreover, the cross-sectional area,
nected to the substrate, which may occur after moulding, through which the moulding material can flow, of the former
debinding or sintering. (2) The lateral dimensions (including part always far exceeds that of the latter part, in a practical
diameter, width, thickness) of fabricated micro-structures mould cavity, regardless of the location of the gate. Conse-
are difficult to control, raising difficulties in designing quently, the moulding material undergoes step-contraction
mould inserts[7—9]. One of the primary causes of these in the flow channel, while the micro-structures of a micro
problems is thought to be the unique material flow and part are being formed. The step-contraction due to flow
shrinkage properties due to the injection moulding of prod- channel is inevitable in micro injection moulding.
ucts with the form described aboyé]. Hence, accurately In this study, model mould cavities, with step-contracted
cross-sections in the filling direction, for ceramic micro
mspondmg author. Fax:886-3-572-0634. injectiqn moulding, are designed, as depictedFig. 1
E-mail address: chenrh@mail.nctu.edu.tw (R.-H. Chen). The wide part, to which the gate attached, represents the
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Table 2
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W1 Gnm) | W2 (mm) | R WI/W2) Compositions of the experimental materials (vol.%)
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aFrom product specifications of USI Far East Cp.=£ 0.91gcnt3,
melting temperature 11%).

b From product specifications of Showa Chemicals=(0.92gcnt3,
. melting temperature 60-6%).
¢ From product specifications of Showa Chemicals=(0.94gcnt3,
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i Table 3
1 X Conditions of the injection moulding experiments
]
I Parameter Values
4 Mould temperature°C) 40, 50, 60, 70
Fig. 1. Cavity dimensions of the mould inserts used in the experiments. Be_lrre_l temperature”C) 130, 150, 160, 170
o . . ) Injection pressure (MPa) 26.6
All the mould cavities are made with a uniform depth of 3 nfrnis the L . <
contraction ratio of the cross-sectional areacat 0 Injection plunger velocity (mm's’) 33, 50, 100
’ Holding pressure (MPa) 15.9, 21.3, 26.6
Holding time (s) 0,6

sub-cavity for forming the substrate and the narrow part,
which is far from the gate, represents the sub-cavity for
creating a single micro-structure. Using the model mould mental materials, respectively. The critical solid loading of
cavities, ceramic injection moulding experiments are per- Materials in this work is 63vol.%. The green pellets, just
formed to simulate the filling of the cavity during the injec- Pefore moulding, were dried at 5 for 12h to remove
tion moulding of the ceramic micro parts. The variations in the moisture.
width in the filling direction of the moulded, debinded, and A plunger type injection-moulding machine (Shinko Sell-
sintered bodies, respectively are plotted and compared withbic Co., Tokyo, Japan) is used to pack the experimental
the corresponding dimensions of the model mould cavity, Mmaterial into the mould cavity that is illustrated ig. 1
to elucidate the transverse shrinkage of the working part in Table 3summarise the experimental conditions used in this
each stage of the injection moulding process. study. After moulding, the widths at various positions along
the filling direction of each moulded green part were mea-
sured using a CCD microscope (Model CV-950, JAI Corp.,
2. Experimental procedure Kanagawa, Japan) which was with a stage withxanpo-
sitioning resolution of Jum.

Polymeric binder was kneaded with alumina powder Here, solvent debinding was conducted. The moulded
(Model AL-45-1, Showa Denko K.K., Tokyo, Japan) witha 9réen parts were immersed in gasoline, which was used as
solid loading of 57, 61, 63 and 65%, for 3 h, to prepare the & Solvent, at 25C for 72h to remove almost all of the
material used in injection moulding experiments. The poly- Pinder in the moulded green parts, excluding the LDPE.
meric binder includes low-density polyethylene (LDPE) Then, sintering was performed inan electric furnace (Model
(US| Far East Co., Taipei, Taiwan), paraffin wax (PW) HT-16/17, Naberthgrm GmbH, L|I|entha.l, Germany) up to
(Showa Chemicals, Tokyo, Japan), and stearic acid (SA) 1_6000C.Also, the widths of both the debl_nd_ed parts qnd the
(Showa Chemicals, Tokyo, Japarfables 1 and 2how smtered_ parts were measured after debinding and sintering,
the powder characteristics and the compositions of experi- "€SPectively.

Table 1
Characteristics of the alumina powder uded 3. Results and discussion

Model Specific Mean particle Bulk density BET specific . . -
gravity  size (um) (genmrd) surface area Transverse shrinkages of the moulded parts in the filling

direction are calculated from measured width data of the
model mould cavities and the moulded paFgy. 2 shows

a typical distribution of transverse shrinkage in the filling

aFrom product specification of Showa Denko, Ltd. direction, of a ceramic injection moulded green part with

_— 2 —1
Loosed Tapped (m*g™)

AL-45-1 3.94 1.8 0.8 1.4 1.8
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Fig. 2. Transverse shrinkage variations, measured in the material filling contraction ratio

direction, of the moulded green parts when the mould insert, that includes
a cavity, as illustrated irfrig. 1, was used for the injection moulding:(
contraction ratio). Mould temperature 80, barrel temperature 15C,
injection plunger velocity 50 mnTd and solid loading 61 vol.%.

Fig. 3. Effect of contraction ratio on the difference in transverse shrinkage
measured at the step-contracted section=(0) for various injection
plunger velocities \(;: injection plunger velocity). Mould temperature
60°C, barrel temperature 15C and solid loading 61 vol.%.

a s_tep-con_tracted section. The amount of the ransVerse; o< to cause most of the material that passes through this
shrlr)kage n the.reglon upstream from th.e step—contractedsection to exhibit the behaviours described as (1)—(3) be-
tsr? ct|fo N C'ea.”y dlffelrls from dtr:ﬁt |r; ttrt1e r§g||on downstrel?m. fore, when the contraction ratio increases to a relatively high
the orme; IS ST“? er'anth te atter 1 r;l]rgekr, resuf Thg value. Notably, for a fixed contraction ratio, the difference
"1 an actu c tvgrla |(:p mThe rgn?y ersef ts rinkage Oh . E between the transverse shrinkages in the step-contracted sec-
s epTC(;E ra(; € Se(f[ |ont. d € vtz_;\rlatlondo ¢ ransverse S.tmh'tion decreases as the speed of the injection plunger increases.
age in the step-contracted section tends fo increase wi ®This result implies that the material undergoes less shearing
contraction ratioR. These results imply that the linear den- and more pressure-packing as the injection plunger speed is

sity of the binders in the transverse direction downstream increased, although a higher injection speed increases both

from the step-cgntracted sephon of the green part exceedsthe shear on the material that flows through the contracting
that upstream since the shrinkage of the ceramic green partSection and the pressure in the cavity.

results mainly from the cooling and solidifying shrinkage Fig. 4 presents the effect of barrel temperature (material

;)fllbaners in the mi”'_?;]ng matledrn[alO], ?rqb?blﬁffor the temperature) on the difference in the transverse shrinkage
ollowing reasons. (1) The moulding material suffers a very in the step-contracted section. As the temperature of the

large shear action as it flows through the SteF)'(:ontr"’thdmoulding material increases, the difference in the shrink-

sectt_loln, ar]:d the su ddendlncrtea;e m_shteadr _strte;]ss Ociz_austgs ﬂ}:l e in the step-contracted section increases only slightly.
particies of ceramic powder fo be oriented in the direction Clearly, increasing the temperature of the material does not

of shear. (2) The sudden increase in shear stress causes t ?npact the mechanism of shrinkage of the ceramic green

packing of the ceramic powder in the mpuldmg material to parts which have a step-contracted cross-section in the filling
change from close to loose as the material flows through thedirection

step-contracted section, causing “binder absorbing” like that
of dilatant fluid[11,12] (3) Both of these effects occur. The
conditions of transverse shrinkage variation in the filling 5.0
direction are critical in designing a mould insert and con-
trolling the dimensions and the shape of the final ceramic
products. In particular, the rapid variation in transverse
shrinkage in the step-contracted section widely distributes
internal stress in the material near the step-contracted sec-
tion, often causing cracking at the connection between the
wide and the narrow parts.

3.0

2.0F

Difference of shrinkage (%6)

1.0f
Fig. 3 shows the effect of the contraction ratio on the
difference between the transverse shrinkage of the wide 0.0 - - : : :
and that of the narrow side of the step-contracted section 120 130 140 150 160 170 180
at various injection plunger speeds. Typically, the differ- Barrel temperature ('C )

ence between the transverse shrinkage of each side of the _ _ _
step-contracted section increases with the contraction ratio.Fi9- 4 Effect of barrel temperature on the ghfference |n.transvers'e shrink-
However, its rate of increase declines as the contraction ratioo. measured at the step-contracted section @) following moulding.

. ! . The line represents the trend in the experimental data. Cavity contraction
increases, because the amount of material that flows throughtatio 6, mould temperature 6@, injection plunger velocity 100 mn$,

the step-contracted section is finite and the shear action sufsolid loading 61 vol.%.
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Fig. 5. Effect of mould temperature on the difference in transverse shrink- Fig. 7. variations in transverse shrinkage in the material filling direction

age measured at the step-contracted sectioa Q) following moulding. in a ceramic part, measured following moulding, debinding, and sintering,
The line represents the trend in the experimental data. Cavity contraction respectively. This part is injection moulded using a mould insert with a
ratio 6, barrel temperature 15@, injection plunger velocity 100 mn1$, cavity, as shown irFig. 1. Cavity contraction ratio 6, mould temperature

solid loading 61 vol.%. 60°C, barrel temperature 15C, injection plunger velocity 100 mnT$,

solid loading 61 vol.%.

In ceramic injection moulding, the set mould tempera-
ture affects the rate at which the mould cools the moulding reducing the probability of generating defects during mould-
material, which strongly influences the flow of the mate- ing and later processes. However, this method does not
rial in the filling stage.Fig. 5 shows the effect of mould completely eliminate the difference in transverse shrinkage
temperature on the difference in transverse shrinkage in thethat results from the step-contraction of the flow channel in
step-contracted section. Although the highest mould tem- the mould. Notably, excessive holding pressure causes unso-
perature in this work exceeds the melting temperatures of lidified liquid binders to seep out, causing further problems.
the binders PW and SA that are contained in the material, The moulded ceramic green part must still be debinded
the experimental result shows that the mould temperature@nd sintered into the final produdtig. 7 displays the vari-
does not impact the difference in transverse shrinkage in theation in transverse shrinkage, measured in the filling direc-
step-contracted section. tion after the moulding, debinding and sintering, of ceramic

Fig. 6 presents the effect of holding pressure on the injection moulding parts that include a step-contracted sec-
difference in transverse shrinkage in the step-contractedtion. Clearly, the transverse shrinkage measured after de-
section. Clearly, an appropriate holding pressure reducesbinding is smaller than that measured after moulding in
the difference in transverse shrinkage in the step-contractedthe region downstream from the step-contracted section,
section, because increasing the holding pressure reduced thglightly reducing the difference in transverse shrinkage in
transverse shrinkage downstream from the step-contractedhe step-contracted section to about 83% of that obtained af-
section more than that upstream. Reducing the differenceter moulding. The swelling of moulded ceramic green part
in transverse shrinkage in the step-contracted section byafter debinding is considered to be due to residual LDPE,
increasing the holding pressure is one effective means ofwhich is one of the constituents of the binders, and is insol-

uble in the debinding solveiit3]. However, the transverse
shrinkage in all positions in the filling direction is greatly in-

S0 creased by sintering. In particular, the increasing range in the
s transverse shrinkage downstream from the step-contracted
& a.or section exceeds that upstream, increasing the difference in
E 30'_ transverse shrinkage in the step-contracted section to ap-

E | proximately 37% over that obtained after debinding. The
e sol decrease and increase in the difference in transverse shrink-

g I \—\, age in the step-contracted section during debinding and sin-

g 10k tering, respectively, are such that the stress field near the

a - step-contracted section must be varying at that time. The

00— ——t——t variation in stress may increase the probability of warping

12 14 16 18 20 22 24 26 28 30 and cracking.
Holding Pressure (MPa) Fig. 8 plots the effect of the solid loading of the mould-
, , , , . ing material on the difference in the transverse shrinkage
Fig. 6. Effect of holding pressure on the difference in transverse shrink- . .

age measured at the step-contracted sectiea Q) after moulding. Cav- n the_ Step'con_traCted section. For the moulded green parts,”
ity contraction 6, mould temperature 80, barrel temperature 15C, the difference in the transverse shrinkage reaches a maxi-

injection plunger velocity 100 mnT$, solid loading 61 vol.%. mum when a material with a composition close to that of
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5.0 a potential cause of the collapse of micro-structures
53 —— sintered from the substrate.
& 40r —+— molded (2) A smaller contraction ratio, a higher injection plunger
e speed (increasing the internal pressure within the
2 3.0 T . .
£ mould cavity in filling), and a higher holding pressure
°‘§ sol A—m—m— promote the decrease in the variation in transverse
g v/_’_;_:\ﬁ’ shrinkage in the step-contracted section.
& 10} (3) The difference between the transverse shrinkage
a downstream and that upstream of the step-contracted
0.0 T S section increases during sintering.
56 58 60 62 64 66 (4) Although using a material with a composition similar
Solid loading (vol. %) to the critical solid loading increases the difference

in the transverse shrinkage in the step-contracted sec-
tion after moulding. However, using such a material
minimises the enlargement of the difference of trans-

Fig. 8. Effect of the solid loading of the moulding material on the
difference in transverse shrinkage measured at the step-contracted section
(x = 0) following moulding and sintering. Cavity contraction 6, mould

temperature 60C, barrel temperature 15, injection plunger velocity verse shrinkage during sintering, reducing the sin-
100mms?. tering stress and the probability of the formation of
defects.

the critical solid loading is used. Such a result is considered

to follow from the two following reasons. (1) A higher solid
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