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BENCHAWAN INPANYA : POWDER INJECTION MOLDING OF
SILICON CARBIDE PARTICULATE-REINFORCED ALUMINIUM ALLOY.

THESIS ADVISOR : TAPANY PATCHARAWIT, Ph.D., 133 PP.

POWDER INJECTION MOLDING/ALUMINIUM COMPOSITE /SINTERING

This research studied Powder Injection Molding (PIM) of silicon carbide
particulate-reinforced aluminium alloy. The objective of this research is to investigate
the effects of powder injection molding and sintering parameters, which are i) % solid
loading, ii) sintering temperature iii) nitrogen gas flow rate on microstructure and
mechanical properties of the composite. The composite comprised 90 vol.%
aluminium powder (commercial grade Alumix 123) and 10 vol.% silicon carbide
particulate with average particle sizes of 87.6 and 19.8 um respectively. The PIM
process started with ball mill mixing of silicon carbide particulate and aluminium
powder for 2 hrs using a speed of 280 rpm before mixing with multi-component
binder (polypropylene, stearic acid and paraffin wax). Powder injection molding was
operated via a small vertical injection machine at 170 °C and mold temperature at 90 °C
using mixed powder of 52, 55 and 58 vol.% solid loading. The green samples were
sintered in a nitrogen atmosphere at 660-700 °C using gas flow rates of 0.5 and 1.0
I/min. The green and sintered samples were assessed via analysis on microstructure,
elements and compounds, bulk density and hardness testing. It was found that
increasing % solid loading made injection molding more difficult. Critical % solid
loading are 55 vol.% to provide uniform composite microstructure, showing good
distribution of silicon carbide particulate in the aluminium matrix. Densification of

samples, bulk density and hardness increased with increasing sintering temperature



while porosity decreased. Aluminium nitride (AIN) formation was observed when
sintering was operated at 680 and 700°C. However the reduction of nitrogen gas flow

rate from 1.0 to 0.5 I/min produced inferior microstructure and properties.
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3 58 42 65:30:5 660,680,700 1.0
4 55 45 65:30:5 660,700 0.5

% 1IN ONT1AIUTTNINE TN @ UAO Paraffin wax, PW : Polypropylene, PP :

Stearic acid, SA
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2.1 ﬂ@!%ﬂﬂ‘izﬂﬂ‘u (Composites materials)

[ a

A o w 1 B a A o £
Jaqralszneunannmsthigauinnvinytiannaunsolsznouny Suilunis
vAa [ 1 a A‘ I Y vAa ld’9} [ 9
sawnuantavesiaquaazyila e 19 laquauialviidesnmsmunzdums l4au 919
U 1w Aa I @ i o . . y o [
nanlainiagslsznoudluiagigninIilinaremld (Multiphase material) tivo1i1 1% 1d Jerg
dld 2= | % =)
eutiaagldannTaqau
w a2 4 d
211 msuisdszanvesYaqiialsznen ansonvseenlaaldimlaninilunam
A Y d’ U & d v é’
wselyannszaneauihupam aa
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{ a ! 0911 a o a { a
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o Y A wvAa Y o Ay dy 1 A o =R 1 ..
MmliiuauiaualsemsTdnuiony wu iunegaadandy (Modulus of elasticity) 7213
<3
LU (Tensile strength) mmu,ﬁu@@ﬂim (Yield strength) LAZAMINAUMUANUAY (Creep
I~
resistance) iy
Y
FaauFasznouiiulang (Metal Matrix Composites, MMCs) 1agdaunnazil
v A d A A A A < < .
wlanszoreaiMiulanerTos 10NN NAINIYY (Hardness)  AMLLUGLLSS (Tensile
9 A . Yo dy dy A g
strength) LAZAITNATUNIUAIUAD (Creep resistance) leﬂmuawumﬂuiam

Y] a

k2 ¥ 9
TereuFa52noUN U5 11n (Ceremic Matrix Composites, CMCs) 11849101110
2 v
A 9 a

k4 9 v
Wwssuniinnulszgunizasiuansznedndeonninaunuiagiudoununu

a

Y Y
1039 (Fracture toughness) Winuiionu'ld (Learn online, www, 2012)

U

Faqialsznevulfiaiinszareduihanaa annsasuunlaiy

Taqu3elsznoudSuus w189y n1a (Particle-reinforced composites)

Y 1
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Y dy I dy ~ T A ] ~ =y A wvaq Y o dy dy 9
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9
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o a a Y 9 1 A =y %] I =~
TaquralsgnouaTuusadrataulouvuasiiienazisesdniusziioy
. . . I 9 9 [ [ ¢£y zﬂy ]
(Continuous fiber-reinforced composites) Humswaudulelnnszarearogluiony wu ms
9 Aaa o o dy dy Y A A [ 3 9
wadu leusaganauas lug o fuuo WA ANDINNANULNTI 11 UAY

Y 1
Taauralsznouasuussddedulodu (Short fiber-reinforced composites) ¥4

A

[ a a 9 9) ogj =S LY~ = = Y A 9 [
’Jﬁ’ﬂl%\‘iﬂizﬂ’f)‘]JL’d'iiJLLﬁ\‘]ﬂ’JfJLﬁuGlEJﬁHLL‘U‘]JLiﬂﬂﬁ’)&ﬂuizmﬂ‘u UAUUANWNNANALUDADITU
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Traaluianumsiaisssdveuduls uaz YaaslsenouasuusedraduloduiSsaduuy

=

du itesnndulenlfdumaiGoadwnugy lutimsdaGoada luiianalai i aq

a

[

wad 1 a 1 Yo a <3
autanunnulunniiena lunag a5y Tnaaludianelanaw
[ a 1 a I [ a
FaquFalsznounnuTnsaad1a (Structural composite) 141 a1ktuA 1w Taess
~ - ) = < 3 =
UsgnoungneonuuulHLIMININATAINLA I (Strength) 11AZANVUTIAY (Stiffness)

qa

Eﬂ Whiskers short fibers

Sheet laminate

[

U0 2.1 YaquFalsznouNdsuns sdiemlaaina1ee (K.K. Chawla, 2003)
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Q

a

. a 3 a aa a a 4 3 dy a A =

(Light metals) (ﬂi.GIf"IiUu’g@l AanINe tag d115% FAUNYTANIA, 2542) MNUNIITRSGUIHINY
v £ v

auanaaunalelsznis Ao miinun yanaoudId1 nuaensynsouluusIeINe

v k4
Taona 11188 wn TasauianianavesiaqralsznouiiuTanzezglitisudsunsialg

A =

Ed
aa o J (Y va a (% v a
@Hﬂ?ﬂ%’ﬁﬂi’)ﬂﬂ?inﬂﬂ ﬁuagﬂ‘uﬁmJ@1LmﬂauazaﬂmuTﬂaﬂimmmamzamuﬂmmz

U

e

aa I J v v a o
PYNIATANDUMS TUA LAZANYULNTNTZIIOAVeIva I aaTuIs uonIniuTnsedsig
AN 1Y VAU ManaasdsznewselavzdruiinadoauiAizinavesiang
(Villegas, Sierra, Lucas, Fern” andez and Caballero, 2007)

Y
a o a a a aa J
msnaadaqialsznounu lanzezgiitionasunssdreoyninganouais
JY an a Yo < ' A =9 a o
luadaenssuas lananen Tanzws lasuanuauluduediann iesmnddunulumsnaad

Y
A = %

d’ I (% a 9 ad d? a 4 a A = [ :;
WorleununszuIumInaadlonssnIsmMsTuglriadu dnivezgiifioniigarnaoudam
=S £ 9 A A Y (% 4
(660 DA NFALToE) Fagnai19TaenszuIunsineIdesnunIsnaoudlIvedlans
Y
NTEUAIUMIUUDIWAUD1AT (Liquid phase methods) 1Fdmsumsnaaiaqslsznouil
™ @ [ Y ] a 4
Taen1lJudr9z 190596 (Pressure) unadaiiulumsnandremie i lavznasumalaiuiso
UNINFUFB9319 (Pore) 14 uazin It iaasalsznoulidadiudiua (Volume fractions)
a 1< = J 3 4 A ana 4 [l =< . . Y A
MIAUANFIR 70 nlofidud Tashoumadaneuas ludag lugawiniin (Sintering) i
1 4
oI 5Nz AU (Binder) luduaoumssauazlinanuiou Aerielildeoyninganou
s s A A A a = A~ P} < ' o
a5 luamasuiilionanisunsnduaeslanzozgiiion nazlia1uudasIaons e
. A A d? 4 thﬂy 9)::3' A 1 Y A Y]
(Compressive strength) Atfigane nszuIuMITuzUA1035H Idsuanunizlslndifediy
4
FUNUYA me (Near-net-shape)
[ 1 I a o a Ay a A a 9
uapd e lsnamInanTaqielsenouiiu lanzezgliitiondsunsidieoynin
aa o I Y ag ' Y A A A Aq ¥ g [ dy =
FANOUATS lUAAI8NTINID larzHanoud19e1n tlesnnweozgliieoudlfniuiaqiull
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pon lyalan (Oxide film)  1A7 Feoon l¥ATazIAVINNNTEUIUNTIHIHID (Sintering)
dy aa | Jou o aaa [ a A a I a A
uenvInHeymaganous lugdeansainlfnsornulanzezglifsumnaiuezgiiiion
I 4 &L A [ ~ a dgl a Aa 9 1
M5 g (ALC,) Falinnulsizge udasdeaumsi 2.1 maduusnarmiszieyna

Fanoun1s luauaziiulanzezgiition (Deborah D.L. Chung, 2010)
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3SiC,, + 4Al, ——— 3Si;, 0 + ALCy, (2.1)

22 pIszUIMMslanInelarizne (Powder metallurgy process)
@ a o v { ) o
TuilagiuTandInen Tangnethduduidesmsmindmivanugaamnssudiulang
a Qy [l 4 Y o Al A Qy ax a
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Y
B9 (Powder Metallurgy) |35 0NN NALNY MINAAFUNUTAINTTVITHA lane (Casting)
Y
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Turuanuvinadn
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A 9

wyiagiaennnszuaumsios Ademaeanena i Iinszuaums Tanzue Idsuay
Yo o ' a o & 3 Y Y
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pisTumssetugimalans 1dun anwan uaziamalumsdadugal dudu dwlslums
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Y
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>
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H E4
JUM 2.2 UHUAITHABUYDINTEVIUNS TaNZH

(Pohang University of Science and Technology, www, 2012)

221 #3399 (Powder)
2.2.1.1 mswaﬂwﬁa@ (Powder fabrication)
MATANINAANIIAUNAINHAWIBFITIHANTZNUADYLIA J1T19
9 4 = [ 3 :/l 1 9 a 9
Tnssaiegama uazedalszneumaniivesnsidaiiug saunia ldaelumsnaanie Tag
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2.2.1.3 msezaen v usauna (Gas atomization)
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(Randall M. German and Animesh Bose, 1997)
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A = ~ a a Y <
MINN 2.1 ﬂﬁl,‘]JiEJ‘]Jmﬂﬂlﬂﬂuﬂiuﬂﬁwﬁ@NQJﬁ@ﬂJHW]LEIﬂ

(Randall M. German and Animesh Bose, 1997)
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1 1 I~
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a511e1a
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a511014
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HUDAINIIA (SEM) 319 2.5 dlummaenaasanvazvend lavg lunategdunuuuanaig
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3) Irregular 9) Angular R) Spiky %) Dendritic (48 ) Spongy

(Randall M. German and Animesh Bose, 1997)
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22.1.5 vinandlane
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D¢ = (5)1/2 2.2)

a 1 P v
U51103 (Volume diameter : D, ) Ao idurUguUInaansanauni
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(2.3)

& 4 . . 2 Y 4
WUNNINRY (Project area diameter : D,) AD LAUNIUFUINANNT

Y

Aa A A o A A
AANNLNUNN NN UNUNNINR BV lane

(2.4)
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(Randall M. German and Animesh Bose, 1997)

Material Approximate melting, °C
Paraffin wax 60
Carnauba wax 84
Polyethylene wax >100
Polypropylene wax 140-200
Stearic acid 74




Q13199 2.3 1981909 Feedstock A115UATZUIUNTRA

b4
=

(Randall M. German and Animesh Bose, 1997)
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Solid Molding
Density, Viscosity,
Powder Binder, wt.% loading, R Temperature,
g/cm Pa.s
vol.% °C
1.6 pm AIN 50PW-45PP-4SA 63 241 129 50
0.4 pum AlLO, PW 60 2.74 75 30000
0.4 um AlLO, 92PE-8PW 60 2.74 110 2000
0.4 um ALO, | 65PP-30PW-5SA 60 2.74 130 45
4 pm Fe 94PE-60A 59 4.95 110 90
4 pm Fe 60PW-40PE 58 4.90 120 35
4 um Fe-2Ni 90PA-10PE 58 4.52 180 190
2.5 um Mo 60PW-35PP-5SA 58 5.97 113 200
36EVA-27PW-
0.4 um Si;N, 60 2.29 140 -
24PMMA-13DBP
0.5 um Si;N, 65PEG-35PA 58 2.28 151 3
10 um
55PW-45PP-5SA 67 5.60 130 14
stainless
15 pm
90PA-10PE 62 5.33 190 80
stainless
12 pm tool 69PW-20PP-
52 4.46 102 20
steel 10CW-1SA
8 pm
65PW-30PP-5SA 56 11.22 142 -
tungsten

CW = carnauba wax, DBP = dibutyl phthalate, EVA = ethylene vinyl acetate, OA = oelic acid,

PA = polyacetal, PE = polyethylene, PMMA = polymethyl methylacrylate, PP = polypropylene,

PW = parafin wax, SA = straric acid
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(Randall M. German and Animesh Bose, 1997)
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(Randall M. German and Animesh Bose, 1997)

2.24 m‘iaﬂ"i‘ugﬂ (Injection molding)
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f Evaporation
f Capillary flow
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2.2.6  MSWINGN (Sintering)
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5191 2.15 Taseai1aganinvosisaiay (Randall M. German and Animesh Bose, 1997)
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(Randall M. German, 1996)

22.6.5 1a33a313v033N uHIUM 3NN (Pore structure in sintering)
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Mixed Powder

A 4

Mold Temperature 90 °C
Powder Injection Molding

Molding Temperature 170 °C
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Microstructure Analysis and Property Assessment
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TUABUN 4 MINTIVADUANTAVDITUNUMBHAINIDATU
(Green property assessment)
ay @ = 421 Y
MIasRgouFUNIUMKaIMsaatugiilizneuliare msasiaaen
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TA39e3199201A ANUHUILLY MINATBUANUT LY Shore Type D L1AZAITNATUNIULST
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a o
MIUATIEH Tﬂﬂﬁ'iy?\ﬁqmﬂ 17 (Microstructure analysis)
Y 1 2 4
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51 (Green sample) TABAATUITUAIMNIAAIVIN (Cross section) 11a2111 1lnasAnTouA Y
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pPp=m/v ;g/cm3 (3.1)

[ Qy ] I~ (% 1 4 a
P = ANUHUMUUYDIFUNU (MBI UATUADYNUNANEUALLAT)
1 I~ (%
m = Y78 (MU UN5Y)

a ] IS J a
v=1311035 (Mmiedlugnunafuamegs)

o 1 ] = . . o 9
- AUIUTIAA U UUUUNNNG B (Theoretical density) ﬂ1u’lﬂ!llﬂmﬂ

aunsn 3.2
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Proiedern = ValPat VsicPsic T ViingerPoiner > &/€m (3.2)

v
< a
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v o
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unoUN 6 MIWIWHN (Sintering)
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@) Sintering at 660, 680, 700 °C and holding for 90 min
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< Qy
MINATOUANNUUNVONYUNIY (Hardness test)
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Average size

Materials S, D,,(um) | D,,(um) | Dy, (Lm)
(um)
Al powder 2.15 11.38 75.66 177.28 87.6
Silicon carbide particulate 5.95 11.77 19.95 31.68 19.8
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Macro Vickers hardness, H,,
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Abstract: A low-cost and near net shape powder injection molding (PIM) process was employed to
produce silicon carbide- reinforced aluminum matrix composite in this work. The composite comprised
90 vol.% aluminum (Alumix 123) powder and 10 vol.% silicon carbide particulate with average
particle sizes of 86.57 um and 21.0 pum respectively. The PIM process started from ball mill mixing of
silicon carbide particulate and aluminum powder for 2 hrs before mixing with polymeric binder.
Powder injection molding was operated at 170°C via a small vertical injection molding machine using
mixed powder of 55 vol.% solid loading. The molded samples were sintered in a nitrogen atmosphere
at 660-700°C. It was found that the PIM process provided the composite microstructures possessing
uniform distribution of silicon carbide particulate in the aluminum matrix. Increasing sintering
temperature slightly increased the grain size and hardness of the composite. Porosity however was
observed to increase with increasing sintering temperature.
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Abstract=- A low-cost and near net shape powder inj
molding (PIM) process was employed to produce silicon
carbide- reinforced aluminum matrix composite in this work.
The compasite comprised 90 vol." aluminum (Alumix 113)
powder and 10 vol.% silicon carbide particulate with average
particle sizes of 86.57 pm and 21.0 pm respectively, The PIM
process started from ball mill o g of silicon carbide
particulate and aluminum powder for 2 hrs hefore mixing with
polymeric binder. Powder injection molding was operated at
170°C via a small vertical injection molding machine using
mixed powder of 35 vol.% solid loading. The molded samples
were sintered in a nitrogen atmosphere at 660-700°C. 1t was
found that the PIM process provided the composite
microstructures possessing  uniform  distribution of sil
carbide particulate in the aluminum  matrix.  Inerea:
sintering temperature slightly increased the grain size and
hardness of the compaosite. Porosity however was observed to
increase with increasing sintering temperature.

I, INTRODUCTION

Aluminum matrix composites have been of great interest
for engineering applications because of their good properties
such as specific strength, wear and corrosion resistance as
well as higher modulus[1,2]. In recent years, the composites
reinforced with silicon carbide particulate have been
recognized by automotive, electrical or medical applications
where their properties depend greatly on the fabrication
processes. Uniform distribution of the reinforcement and
good interfacial bonding are desirable [3, 4].

Powder metallurgy can offer advantages such as low cost
for mass production of small parts, good dimensional
control with uniform microstructure [5,6]. Moreover, the
process is operated at low temperature, which could reduce
the undesirable aluminum carbide (AlyC;) by the reaction
between the metal matrix  and  silicon carbide. The
composites produced by conventional powder metallurgy
process have been widely investigated [7]. However,
research on Powder Injection Molding (PIM) process is not
prevalently published. The PIM process generally includes
four steps; 1) powder mixing, 2) injection molding, 3)
debinding and 4) sintering. The mixing process determines
microstructure homogeneity whereas the powder injection
molding ensures good sample density, dimensional control
and handling. Debinding removes some of multi-component
binders and retains sample dimension. Sintering helps to
densify the samples, providing desirable properties [8, 9].

This research therefore investigated the fabrication of
silicon carbide particulate reinforced aluminum composite
via the PIM process. Effects of sintering temperatures over
660-700°C on microstructure and hardness of the composite
will be discussed.

sut.ac.th, nutthita.c@chula.ac.th
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Figure 1. Powder Injection Molding (PIM) process.

II. EXPERIMENTAL

Aluminum powder (Alumix 123) and silicon carbide
particulate were characterized using optical microscopy
{OM), scanning electron microscopy (SEM) and laser
particle size analyzer. Aluminum powder of 90 vol.% and
silicon carbide particulate of 10 vol.% were ball milled for 2
hrs using a speed of 280 rpm before mixing with a multi-
component polymeric binder. The mixed powders of 55 vol.%
solid loading was injection molded at 170°C using a small
vertical injection molding machine to produce rectangular
specimens of 5x5x55 mm’ in dimensions. The die
temperature was controlled at 90°C. The as-molded samples
were subjected to solvent debinding in hexane for 20 hrs
before sintering in N, atmosphere at 660-700°C. The heating
rate was 3°C/min and holding for 90 min followed by
furnace cooling. Nitrogen gas flow started at 120°C using 1
L/min gas flow rate. Microstructure examination was carried
out using OM and SEM. Grain size was measured based on
an intercept method while % porosity area was analyzed by
means of image analyzer using at least 6 fields of
measurement at 20x magnification for each condition.
Hardness was evaluated using macro Vickers hardness.
Schematic diagram of the PIM process conducted in this

research is shown in Fig. 1.
Table | Purticle size distribution of powder and silicon carbide
Marerials Dy Dy D Average size
Al powder 11.38 7566 77.2 86.57
Silicon carbide 11.77 19.95 3168 21.00
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I, RESULTS AND DISCUSSION
A, Powder Characterization

SEM micrographs reveals angular shaped silicon carbide
particulare and near-globular shaped aluminum powder with
some elongated ones as shown in Figs. 2 a) and b)
respectively. It should be noted that porosity was observed
within the aluminum powder, which might be obtained
during atomization process. Table 1 lists particle size
distribution parameters for aluminum powder and silicon
carbide particulate. The average diameters are 86.57 and
21.0 pm for aluminum powder and silicon carbide
particulate respectively. In addition, the bulk densities of the
aluminum powder and silicon carbide are 1.15 g/em” and
3.21 g."’t:m3_ respectively,

B, As-Molded Samples

Injection molding of the prepared powders provided
sound as-molded samples without cracking, as illustrated in
Fig. 3 a). The as-molded microstructure is composed of
aluminum powder surrounded by smaller silicon carbide
particulate both embedded in the polymeric binder (dark).
Aluminum powder surface was significantly worn out due to
silicon carbide scratching effect during ball milling and
powder injection molding, as comparatively shown in Figs.
2 b) and 4 a). Investigation at higher magnification revealed
engulfment of silicon carbide in the aluminum matrix
powder, as demonstrated in Fig. 4 b) as a result of ball
milling.

Figure 2. SEM microstructures of a) silicon carbide particulate and b)
aluminum powder.

Figure 3. 2) Molded sample, by debound and sintered samples,

by
Figure 4. Microstructures of a) powder injection molded sample and b) at
higher magnificarion.

C. Sintered samples

Sintered samples provide densified  microstructures,
giving uniform silicon carbide distribution in the aluminum
matrix. It is noted that the average sizes of the matrix grain
was observed to be significantly larger that of the initial
average size of the aluminum powder, possibly due to the
effeet of grain growth. Higher sintering temperature resulted
in relatively larger grains of the aluminum martrix as
illustrated in optical micrographs in Figs. 5 a) and b).

SEM micrograph of the composite sintered at 700°C is
shown in Fig. 6. At 1000x magnification, the matrix
microstructure is composed of the o phase aluminum with
scattered eutectic phase. Good bonding among o phase
aluminum matrix was generally observed. However, limited
amount of gap porosity at the silicon carbide-aluminum
interface was found. This gap area will be mentioned in the
next section. Further investigation on EDX analysis of the
aforementioned microstructure exhibits areas of aluminum
with copper scattering in the matrix as demonstrated in Figs
7 a) and b) respectively. Distribution of silicon was detected
in the cluster form, corresponding to silicon carbide
particulate as shown in Fig. 7 ¢).
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Figure 6. §

B ke

Figure 7. EDX analysis of microstructure sintered at 700 °C, diftferentiating

h)
Figure 5. OM microstructures observed at 20x magnification of samples
sintered at a) 660°C and b) TOOC.

<)

LN

u) aluminum (light), b) copper and ¢) silicon,

100 i

D, Porosity Analysis

According to porosity analysis, the porosity was observed
to be confined along the gap between silicon carbide and
aluminum matrix as highlighted in Fig. 8 a). The % porosity
area increased as the sintering temperature increased. The
maximum value of porosity is 2.85% at 700°C sintering
temperature, It might be that during liquid phase sintering
over 660-700°C, the aluminum liquid occupied the volume
along the grain boundaries between aluminum-aluminum
and aluminum-silicon carbide. Following the cooling stage,
such liquid phase shrank and left behind the gaps between
aluminum matrix grains and silicon carbide. Therefore, the
higher the sintering temperature, the higher the degree of
shrinkage porosity that have ocecurred.

E. Grain size measirement

Girain size measurement on eross sections of the sintered
samples indicated that the aluminum matrix grain size tend
to increase with increasing sintering temperature. Moreover,
it was noticed that the matrix grain size in the middle area
(inside area) of the cross section appeared to be larger than
those of the outside area along the edges of the samples, as
detailed in Table 2. This result might be due to the influence
of higher heat dissipation along specimen edges. Relatively
higher heat mass within the interior would drive the
sintering process to undergo the grain growth state in to the
higher extent.

& X4 el

a) Highlighted porosity area of microstructure sintered at
T00°C.

% Porasity anea

L1 HE0D 00
Sintering Temperature, "C

b) % Porosity arca vs sintering iemperature.

Figure 8. Analysis of % porosity area of sintered samples.




130

o

Table 2 Average matrx gran size, meero Vickers hardness and %6 porosaty area

of samples sintered at 660-700 °C.
Tar () .\-1?J.rix T st t_luﬂl} 1 lz,ﬂn]:ﬁ o ]::I‘:iil)'
Inside Cutside 5
o6l 12302 11374 7823 161
(1] 149.26 12521 7839 1.68
700 149,63 11258 Bla4 285

Note: () refers to standard deviation
F. Macro Vickers hardness

Macro Vickers hardness values of the sintered samples, as
listed in table 2, slightly increased with increasing sintering
temperature. The maximum value was measured o be
averagely 81.4 H, (8D = 3.1}, This trend is however
opposed to the analyzed porosity result mentioned
previously.

G, Further Discussion

It can be seen that 10 vol% silicon carbide reinforced
aluminum composite can be fabricated by using powder
injection molding process. The injection molding process
parameters are 55 vol.% solid loading, 170°C molding
temperature, and 90°C mold temperature. Sintering at 660-
TO0PC in nitrogen atmosphere provided uniform distribution
of silicon carbide throughout aluminum matrix. It was
expected that the ball milling process helped to break down
the aluminum oxide layer covering the aluminum powder.
Furthermore, the abrasive property of hard silicon carbide
resulted in the scratching effect on the softer aluminum
oxide layer. Both gave disrupted aluminum oxide layer,
allowing the aluminum liquid phase to penetrate through
thin boundaries during liquid phase sintering. These
therefore facilitated the sintering of these silicon carbide
particulate and aluminum powder. The stage of grain growth
was also observed as the average aluminum matrix grain is
larger than the original size of aluminum powder. Greater
extent of grain growth was noticeably obtained at higher
sintering temperature. In addition, variation of matrix grain
size (groups of small and larger grains) was observed.
Smaller grains normally appeared along with silicon carbide
clusters whereas larger matrix  grains are lack of the
reinforcing particles. It might be that the existence of silicon
carbide particulate could suppress grain growth resulting in
variation of large and smaller aluminum matrix grains
observed at higher sintering temperature.

Gaps observed pa arly along con carbide and
aluminum powder are due plausibly to i) shrinkage of
aluminum liquid phase during cooling from liquid to solid
[10,11], ii) different thermal expansion coefficients of
silicon carbide and aluminum during cooling in the solid
state [12], and iii)} poor wettability between silicon carbide
particulate and aluminum powder [13,14]. Thus, increasing
sintering temperature might result in increasing shrinkage
upon cooling. The macro Vickers hardness  however
increased with increasing sintering temperature as opposing

to the (shrinkage) porosity observed. Future work is
therefore required to identify the occurring effect.
IV. CONCLUSIONS

Aluminum composite reinforced with silicon  carbide
particulate produced by powder injection molding and
sintering possessed uniform  microstructure.  Aluminum
matrix experienced grain growth with uniform distribution
of silicon carbide particulare. Porosity was observed o be
gaps between silicon carbide and aluminum powder, and
appeared to increase with increasing sintering temperature,
Macro Vickers hardness slightly increased with increasing
sintering temperature,
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Abstract

Powder injection molding (PIM), as a near-net shape and low manufacturing cost process, was
employed to produce silicon carbide-reinforced aluminium composite for potential use in automotive and light-
weight applications. The composite comprised 90 vol. % aluminium powder of 87.6 um average size and 10
vol. % silicon carbide particulate of 19.6 um average size, which produced a bi-modal powder distribution. The
PIM process started on powder preparation using 35% solid loading of aluminium and silicon carbide together
with 40% polymeric binder. Powder injection molding was performed using a vertical injection molding
machine at 170°C molding temperature to produce rectangular bars for microstructure and property
assessment, After debinding, the specimens were sintered in a temperature range 650-700°C in a controlled
nitrogen atmosphere. Experimental results showed that the PIM provided uniform distribution of silicon carbide
throughout the aluminium matrix. Microstructure evolution and properties were observed to be dependent on the
sintering temperatures investigated.

Keywords: Powder, Injection, Silicon carbide, Aluminium, Composite, Sintering, Microstructure, Property
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ABSTRACT

Silicon carbide-reinforced aluminium composite fabricated by powder
injection moulding (PIM) process, is of potentially use in automotive and electronics
applications. The cost effective PIM provides low operating temperature, and almost
100% material utilization. The composite comprised 90 vol.% aluminium powder
of 87.6 pm average size and 10 vol.% silicon carbide particulate of 19.6 pm average
size. The mixed powder was prepared by ball milling using 52, 55 and 58% solid
loading of aluminium and silicon carbide together with polymeric binder. Powder
injection molding was performed using a vertical injection molding machine
at 170°C molding temperature to produce rectangular bars. The specimens were
deboned and sintered over a temperature range 660-700°C in a controlled nitrogen
atmosphere. Experimental results showed that the PIM provided uniform composite
microstructure with good distribution of silicon carbide throughout the aluminium
matrix. Microstructure, bulk density and hardness of the composite were observed to
be dependent on the %solid loading and sintering temperature.

KEYWORDS: Powder. Injection, Silicon Carbide, Aluminium. Composite, Solid
Loading, Sintering. Microstructure
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