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ARADA NGEEKOH : WEAR RESISTANCE OF POWDER INJECTION
MOULDED SILICON CARBIDE PARTICULATE- REINFORCED
ALUMINIUM COMPOSITE. THESIS ADVISOR : ASST. PROF

TAPANY PATCHARAWIT, Ph.D., 153 PP.

ALUMINIUM COMPOSITE/POWDER INJECTION MOULDING/ WEAR

Wear resistance of Al matrix composite reinforced with SiC, were fabricated
by Powder Injection Moulding (PIM). The purpose of this research is to study the
influence of silicon carbide content additions at 5 10 15 and 20 vol.% and effect of
age-hardening process on wear properties. The aluminium and silicon carbide were
prepared by ball-mill mixing before mixing with a multi-component polymeric
binder. The mixed powders of 55 % solid loading were injection moulded at 170 °C
and 45 MPa to produce green samples of 20x20x5 mm’ in dimensions. After
debinding in hexane, the brown samples were sintered at 645 650 655 and 660 °C for
silicon carbide additions at 5 10 15 and 20 vol.%, respectively in a high purity
nitrogen atmosphere. Solution treatment was carried out at 500 °C for 2 h. followed
by age-hardening at 160 °C for 6 h. Microstructure (OM and SEM), bulk density and
wear resistance were examined for the as sintered and age-hardened samples. Ball-on
-Flat type of wear test according to ASTM G 133-95 were employed, using load
varying at 5 25 45 and 65N. It was found that 1) the wear rate in the range of 10~ to
10”° mm’/Nm and 0.04 - 0.76 for the coefficient of friction. Wear mechanism were
determined as the combination of abrasive adhesive fatigue and oxidation. The

damage of severe wear increases with increasing load level from 5 to 25 45 and 65N.



2) Wear resistance increases with increasing SiC, content addition from 5 to 20
vol.%. The lowest wear rate of composite is 9.6 x 10> mm’/Nm. At low SiC, addition
(5-10 vol.%), abrasive wear is predominated at a low load of 5 N and then transforms
to severe adhesive wear at increasing load. Increasing SiC, content to 15 and 20 vol.%
reduces wear where abrasive wear is now predominated over the load range. 3) Wear
rate, coefficient of friction and wear mechanism of the composite after sintering and
age hardening are not significantly different. However, age hardening helps to
prolong fatigue wear at low load (5 N) for the composite reinforced with 5 and 10

vol.% SiC, by resisting crack and void nucleation.
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(German, R.M. and Bose, A., 1997)
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(German, R.M. and Bose, A., 1997)



15

cumulative, %
100

80

60

40

20

Dgo

1
'
'
1
1
1
'
1
1
1
1
'
1
1
'
'
'
'
'
1
'
1
1
[
[
'
.
Y

particle size, um

g‘ﬂﬁ 2.4 ﬂiTNﬂﬁlli]ﬂll"l]\iﬂﬁﬂ5$ﬂ1ﬁlﬁ’3ﬂl®\‘lﬂlu1ﬂﬂ‘l§ﬂ1ﬂﬁ$ﬁh

(German, R.M. and Bose, A., 1997)
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A13199 2.1 LU NNAOUAMAZANUNUILUVOITTIATSTAA N o)

(German, R.M. and Bose, A., 1997)

Material Approximate melting point, °C Density, g/cm3
Paraffin wax 60 0.91
Carnauba wax 84 0.99
Polyethylene wax >100 0.91
Polypropylene wax 140-200 0.9
Stearic acid 74 0.94
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(German, R. M. and Bose, A., 1997)
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(German, R. M. and Bose, A., 1997)
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a) saturated b) capillary flow, ¢) pendular d) dry surface
surface funicular state at internal
surface surface evaporation
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(German, R. M. and Bose, A., 1997)

225  PIWINTIN (Sintering)
= A Y 9 [ QS‘ o Y U 1
MWD AT THANNToUNDFUIN 1A 1H 109919581 YN AV
% =1 ] 1 d' a @ = [ ) % =<
HaTagsn lderesiiinaninmsaalealoon lveaa150an 181891 AIIAT 1509
. . Y a A A o g A 2 Aa o o 1 A
(Debinding) MWinamstronszaudany luduasuiiludunounianudiayog19o9
' v 4 9
103N MIHIHT NI IR T LU AU UAININUUINMTHAAIVDITUNULAZ DI1DDLI
A A 1 Qs} 2 Y 4 .
1d3w3uanas dudFInaa 19 VoI UIIUITIUNUANUANY T U UBINTIHINTD FIn21u
4 Qy [ 3 (Y] [ ]
AVUFULAZHUNINVBIFUNUNBWAIMTIHT NIz UUBgNUTIToaIe152ns 151 AW
WUMHUGENAY $UAUDINITEE JUNTIAZVAVDINITAG UTTOINA gl 538218 11az
o ] 9 = o @ Aq Y =< 9 g a A
a5 ldanusoulumswniin dmsuszeznanlylumswwiinezdoslad uau 'l
1 A a a A A ay 1 ==
szneliinamsasauuesaIsuany (Contamination trap) 81 VINUNAIVOIFUNY 8191507
9 = a 1 Y a a dal =S Qy
winlgarlumswiwiinuiunuly aznelinamstiadien msguidegdaosruaiunaz
[ a I o A A
ovzasnaliinamnsula Wuwarm IauiaFinaanas
na lnmsmemuaaas lumswniin
1 = A [ &’ Aa Y
na'lnmsaremulaa s UMD AB NTAANAINUNUNHIAY A181TaA
4 da o A da - _ 4 . -
WUNRINMIUDNVYDINITAAUALNUNFIVTIUVOUINTY (Grain  boundary) 1ANHITTYIL
g dlz: 1 1 =Y (% 3’, dl ) =< g dIQ [ 1
WUNAINONUIBTUATZ ATULDIINMIWHENNUNAIVRIHITAAIZANA NITDNNIA
a dg! 2 o Qy = a % d‘
asvzmavuGunInmahruauldmsinezinans lnvesnonea (Neck) ad31 2.10 1o

=2 é’ [ d‘ &’ d‘Q 1 dy o Y =
FIAINTHIAUNUIUY U WIITANYIYTINNICAANUNNIAN ﬂ@ﬂ@ﬂﬂ@ﬂﬂi@ﬂluﬂﬂﬁ@l‘liuu

q

(%

o U A dg! A [ v Q) ~ A
aﬂHﬂ!$Iﬂﬂﬂulﬂﬂlla1u1uﬂluliﬂﬂ"]ﬂ@ﬂ@ﬂﬁ]gﬂ"lﬂllﬂ m’;ﬁmzimmgﬂuﬂgmﬂmm UNY



22

v 1 9 1 ]
valnanneunady xlusgrieingiganererwaaiuiiIZNANTNMNIAET F9
1 =< kS = vy I
na lnmsmemurams lunszuaumawriiniulivategiuuy Usznonlidre msnameiu
louazaluutiu (Evaporation-Condensation) P15LWINAI (Surface diffusion) N15UN3IuIAT
579Wan (Lattice Diffusion) NM3UNWTNUBVLATU(Grain boundary diffusion)

I~ ]
n1snaeily 7@4!@39311141411 (Evaporation-condensation)

I ' 9 I 1 = @
L‘JJuﬂWiﬂWﬂWﬁJ’JaﬁWiﬂ’JfJﬂ1iﬂaTﬂlﬂu]‘l’ﬂlmgﬂTiﬂ’J°].ILL‘L!‘L! FIDSADNUDINTR
A A a 9 I 9y K [ a A J [} 1 1 [ 9
ﬁ]gLﬂa’i)u%ﬁ]1ﬂﬂ’3ﬂ’mﬂ1iﬂa'IEJLTJHVI,’E]LLQ'J%QLLW§N1HU5L’Jill1/]L‘]JU%EIQ’J1Q§$W’J1QNQ’JETQLLEI”J[11J
muuﬁuﬁﬁnmﬂaﬂaﬂ

'
1A

DITUNTNHI (Surface diffusion)

v Y
a

I ' o 1 I @ 4 {
L‘]_Iuﬂﬁfﬂﬂmu’mﬁﬁiﬂﬂ@”lﬁﬂ%’t’)ﬂﬂwj@\i (Defect) ﬁﬁumzﬂummﬁauﬁ”lﬂ
v A & T AAa < ' ~ =< 1 A
PAUTLIUADADA BINTILUN VIN’J%%L‘IJ‘L!E”L]LL‘U”Uﬂ"ﬁflWEJL‘VI3J’mﬁﬁ‘ﬂﬂ’)ﬂﬂuﬂﬁmWWHﬂiu“B%ﬂ“ﬂ
& YA o 9
%u@m"lmsmummsau

[ 1 =
msuws lulns9519man Lattice diffusion 130 Volume diffusion)

I Y
MEITOINUNTAINTFDIIN (Vacancy) IAGIFUNIIMITONBMNIAaIT¥HAT
= 1 9 A 9 1 a a 1 [ a 9 ~
ZUNITUNT 3 LFUNNNAD Lﬁ'u“l/]NLljﬂLLWﬁﬂﬂ“UiL’me’Jﬁ’JuHuhl‘]Jﬂﬂﬂilﬁmﬂﬁlﬂ'ﬂﬂ IAUNNN 2
v Y
LLWﬁnﬂ‘UiL'}m‘i’ﬂﬂﬁaizﬁ’JNW\?’Jﬁ'ﬁ]ulﬂflﬁﬂﬂﬂ@@ Glmﬁumqmmwm 2 ui]gﬁﬂﬁj’llﬁﬁ]mﬂﬂWi
Y . . D Y § i . .
1UUA (Densification) uamﬁumquwﬁa msmﬁ@u‘ﬁmm Dislocation

NISUNTNYBUINTY (Grain boundary diffusion)

'
A o [

< J o a ] o
L‘]J‘L!ﬂﬁllﬂﬂ1§ﬂ18!fﬂll’3ﬁﬁ1§ mﬂﬂummcl,umﬁvn”lﬁ’mﬂmmuum

=

(Densification) YOINTZVIUNTHINTNHI TaNg FIT0UANT B4 (Defect) 1 ULNTU (Grain
I ) Y 1 a dg! 9 1 49! 1Y)
boundary) wluarilvnisaemuamsinavuld Tasnalnmsaremulassvunuviia
% @ = o 1 1A I [
VDUNTU c?%wma@mamﬂiummumnmwa1ﬁ'ﬂﬁufwﬁ‘wGuamﬂﬁugﬂuﬂa"lﬂmimﬂmma
A13NAIVANBATINMIHININUDINIIE

= A a dﬂ( 1 = 1 o 1
G]Nﬂﬁllﬂi/]l,ﬂﬂﬁllui$’H’JNﬂ§$U’Juﬂ1iLW1Nuﬂ%$LL¢]ﬂﬁNﬂu'ﬁ]'ﬁ)ﬂllﬂslulma$

v

a 9y

9 9
% Y v I ] ]
GUHG]f]uGUfNﬂ1iLW1Nﬁﬂ GULW]@L!"UﬂQﬂWiLWWNﬁﬂLL‘UQﬂ@ﬂLﬂu 3 GIf’J\‘ifd]’E] FIUTNAU (Initial stage),

$29Na09 (Intermediate stage) 1AZFIIGANO (Final stage) 1uBIInizuiin1g Invosnonon

o 9/:3 Aa A A =} 1o < d A Ay Y o w
VIWiWWHVIW'JLilWI%%ﬁ@ﬁQ lla%MgW?u@g%’lu’JuN’lﬂ“ﬁﬂlﬂqu?ull‘]J‘U!‘l]ﬂ“V]ll@]QWﬂﬂ'l'iﬂﬁ]ﬂﬁ'li
=2 = = ' ' ::yd < 1
ga G]Nﬂahlﬂ‘ﬂﬂ')ﬂﬂllﬂ1§ﬂ1ﬂlﬂﬂ3aﬁ151u“}fﬁﬂuﬂﬂ ﬂ'ﬁllﬂﬂ1iﬂa1ﬂlﬂuqﬂlla$ﬂﬁﬂlluu

1 a 1

(Evaporation-Condensation) (a1 Aa'lnmMIUNINAD (Surface diffusion) @Tﬂgﬂ 2.11 Womng¥9

G

v
=3 v

A =2 g 1 2 1w . . = 4 IS X da
NAoIFUYUFNNTOATINTUUUAD (Densification) gANGA IUBININUNITAAAIVOINUNANI



23

=)

49! =) ] g A 49! o Y a [ 1 1 Y
UINUVUAD Glu‘]ﬂ\?uﬂ@ﬂﬂﬂﬁwLiﬂJT@Iﬂluﬂ'lsl“riﬂlgﬂ'lﬂlﬂﬂﬂWii?llﬂu‘UNﬁ’Ju ﬁ'\‘lWﬁﬁlﬁEWiuil

] 4 o A v 4 o R Y
PIAANAETe aUNTENIgNgUEL ooy Wgseganie synnveInaiag Iz

'49! o Y =\ <3 = 1 [} a I
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v ] 4 9 Y Y
memﬂsmwmﬁmﬂu Lﬁmmﬂgwgu%waﬂwawmﬁummawa‘umiu NIUILIUOYNY

=y = A A ya '
yianazSinaveagngu vunsdiveumnsuamisanasunaiugwynll1d5en a1 Break
o Y A A 1 Y I 1 1 ] 2
away M 1Agwguiveunswndouruazid liluseeinsoguFuaiu (nteral pore) 01992
o 9 < 2 o ¥ 2 o & Y A A J v 1 &
ldanuuiwsvesiuanuanas asiudssududesnanideungnisainana 1 ana lnlu
MINILANMIDIBINIAEITUITI N awazssganelaun nalnmsunsluTasesandn
(Lattice diffusion) a2 MI5UNINUOULNTY (Grain boundary diffusion) (German, R. M. and Bose,

4

A., 1997 uazansun yadl, 2557)

ENI)

Two Sphere Sintering Model

initial
point
contact

spherical particle
D = diameter

early

stage

neck
growth
{short time)

late

stage
neck
growth
(long time)

terminal
condition
fully
coalesced
spheres
(infinite time)

gﬂﬁ 2.10 LHJUi?”la’ENﬂ"liithL“I/lﬂJ’Jaﬁ"lile@Q@‘l;!ﬂWﬂﬂiﬂﬂﬁhiuﬂi%‘ﬂ’luﬂﬁmWNﬁﬂ

(German, R. M. and Bose, A., 1996)
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surface /|
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volume
\ diffusion

; — A\
evaporation S

| ¥ grain
condensation { boundary
/ diffusion
plast't T~
neck flow

pore
shrinkage

grain

boundary

1 9 H Y
gﬂﬁ 2.11 ﬂallﬂsllflx‘iﬂﬁﬂWEJWIIIUﬁﬁ1§ﬂﬂﬂhﬂﬂlﬂﬂ§uiuﬂlm$ﬂi%’ﬂﬁluﬂ1ilw1wﬁﬂ

(German, R. M. and Bose, A., 1997)

M winavearal (Liquid phase sintering)
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ya ' U v [ . . . 2 o Iy o 1 @
Vl@Li')ﬂ'J'lfﬂfiﬂ'lEJLWiJ’JEIﬁ'WiFHHW\IﬁGU@\HHN (Solid state diffusion) Wﬂﬂwm@ﬂmmuum

(Densification rate) g4 90 laufSouvosmsmniinlaueanial Aoaunse ldanununiuga
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AYILYLLINIDUAU LLG]ﬂiJGUE]L’ﬁEJL“IFJEJUﬂE] Lﬂﬂﬂ'liL“]JﬁEJ‘L!LL‘]JaQM@gﬂi?ﬁﬂlﬂﬁﬂfﬂﬁ?ﬂﬂ?ﬂ%ﬁﬂ'lﬂ
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Y Y a 2y o "y Y o & a A A~
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o Y Y % [ 4 ~
YANADNAIANNY GlluGl’f]u%ﬂﬂﬂ’lilW’lNﬁﬂW\lﬁﬂl@Qlﬂa’Jﬁ 3 YUNDU (T34 U, 2557)
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YuaoY 1 Particle rearran gement

= d’ AR £ o YA a éf 1Y
mmzmmuﬂma’qmﬁgumgﬂwaaumwﬂwumﬁmmmmmﬂsuu NYUAIIN
msmnamlaveunaind? aueunalnzunidiugwguae Capillary force i1 lioymamle
I A v A o 1A = . A 1 = 9
VOIUVUNANTIAGT IR THUNH U U LAY B9 Capillary force Nﬁ?ﬂ%?ﬂﬂ\ilﬂﬂh}ﬂ1ﬂ!ﬂﬁ
3 9 ya o 2 A v P @ 2
YOIV INAFANULINVUHTOHAN 111 1900NINAUNINUY

v
YUNOY 2 Solution-reprecipitation

Y 9
‘Haﬂ%Wﬂlﬂﬂlw’d"llf)\?!,?iﬁ’Jﬁullﬁ%ﬂuﬂ1ﬂlﬂﬂﬂ1i%ﬂﬁﬂﬂﬁ’ﬂﬁﬂ AU
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daunaumanligauga Tagneremaannuuananuesdrunauniuaiinlinanim

o I dy = @ . . A 1 2 A 2R o a
aunaveuiiemeIny (Homogenization) IBFIUNTUNIUANLTNIUIFTNARN ITALB

a =<

A 3 <3 { a
ﬂizﬂamﬁuﬂawl,ﬂmlmumﬁqqummwuﬂuazmﬂmiﬂﬂmﬂaummwﬁmmmmmm
< ) I 2 4
UNIAVDIULLVILUY Heterogeneous nucleation uazmumauﬁﬂxﬁuqﬂmgﬁmwﬁmmma3
& < ¥
N UYBIUUINIH LA

v
YUAOU 3 Final densification

@ a o I < ' I
wannaveuvannamsanaznounay lihiluvewdawdrvglzlsiaiu
] a o ' dyd o Y o ' v o
Taseie ldamwnSnadurazveuveounsy Taseuistiinasilisasinisuiudadiag

A a % 9 g I o g =2
Lu'E]\ﬁ]’lﬂlﬂﬂﬂ’liﬂ@]ﬁﬂvlﬂﬂ'lﬂellulﬂuﬂuﬁqu‘lﬂfl'g‘]J'Juﬂ'lﬂW'lWHﬂW‘lﬁ"Uﬂ\?lfﬂﬁj

initial state
mixed powders

solid state

P ) =
qﬁ;ﬂ“ﬂ 2.12 ﬂlluﬁauﬁummil,mwuﬂuﬂlﬁsummm

(German, R. M. and Bose, A., 1996)
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a &’ a A d? % A = d?
2.3 aqalsznouniueszgiitenauz UM IenssINTMIRATUIING
23.1  Widag
Wd@s‘f@ﬁ!ﬁﬁﬂ (Aluminium powder)
meozgifonPunaiinaiulalvge da'lW1&410 (Pyrosource Aluminium
a 49@1 Aa A ~ o Y I 9 a1 1

Powder, www, 2017) Tngnanvuvinlansozgiiioungninliilunalrsnssuisaiee wu
AMIUA Milling),  P150LABN I FU (Atomization),  nFTUIUAITNIL T adl
(Electrochemical) iiudi sufidnvazilumiilizinswandranueen lduegiunssuis iy

a [ J = X ) a A 1 a
lumswan (@15un yal, 2557) G?Nmﬁmmozgmusmmﬁugﬂﬁ’wmzmumﬂamwm

3o

v
=

g’/ o [ 1 1T W < 9 A A a A =
Tangrariuds i uiuwsnaremnurananndl neduasuazdous 1o nwiezg o]
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ioen loa (ALO,) Niyanasumguazasudaatesveh ldmriinduly 1den1den ua

[] I A ~ da! a A A a A S 9 Y =)
pg19lsnATANuNeIw Nz I Tanzweozgiidion osnnezgiiiouiide 1dnSovde
1 o 1 =) I~ A 1 :) % %4 Q
ausadiumuaensnanssuluanizlnd 1da Iauruiuiud Wiviinm sasianu
I~ J so’ @ = = d'ddaf ' . . .
HALTINDUIMUIN G UANUHLEINAVUIUNI9NANY (Total materia Aluminum Properties,
A < a 2’/ [ 1Y) <3
www, 2017) @103 0NNANUHULT TSN TIANTIgHa YN DNNIgaasalSuljaanunaa
< vy ¥ K < v ¢
nazANULYse IddrenszuaumIneanuion taznszuaumsvughdu’ld (wiran 2ed
My, 2551)
INTAVONOLGITIYAN
92 UINBNNANINLIINAIBINTA 19U Alumix 123 (AICuMgSi), Alumix 321
< a A ~
(AIMgCu), Alumix 231 (AISiCuMg), Alumix 431 (AlZnMgCu) 1iudu weozgiittounsanldy
R~ 4 o { v 3
lumsnaaes Ao Alumix 123 (AICuMgSi) #loendsenauniauniiainis1ehn 2.2 sallulany
= { A < <
Nz QiItloN-NoAg NETOINANNUTLAZANMUTNTIAIONTZVIUNTNNANLT O U
~ 1 2 wa < a A
TagnsanaznouvoulaNdoInsoMIUNLA duan1emenIn Iagna llueswsezglition
U VUIADUNIA (Particle size), AU (Apparent density) wazaNnuawsalumslva
@7 (Flowability) a4ua@ndliu@1519N 2.3 (ECKA Granules Germany GmbH, Inspection

certificate, ECKA Alumix 123, 2015)
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{ 4 A
M3 2.2 1aaeeInlsznoumunliveInias glitioninga Alumix 123 (AICuMgSi)

Cu Mg Si Fe

4.3-4.7% 0.4-0.6 % 0.5-0.8 % 0.07 %

M350 2.3 udaauiianianmeninlagna llvesnsozgiition

ANLAUDINIDL QI BN

Sieve analysis ISO 4497 residue

>200 um 0.8 %
>160 um 5.8%
>100 pm 26.0 %
>63 um 40.8 %
>45 um 15.4%
<45 pm 11.1%
Apparent density ISO 3923/1 1.08 g/em’
Flowability ISO 4490 5.0 mm 25.0's

AaAa -4 o
Fanoum s lUA (Silicon carbide)
<3| o A A Y ' aa . 4
Autaqsinnlszneudrearslsznouszriedanou (S tazmsuou
A a o o’dil =2 aa J J . = wa 1A 1 9
(C) NAANNMTTAATIZHIY FIFanauA3 MR (SiC) UaniiAaune ansonuaenNuiau
= Y A o 9y = Y o AaAa o 4 @ A 9
sazaraal laa dansihianuiauge 39latmsidanouas lud llwaunie 16y
1 Aaa 14 4 1
Muaae Faneuas luaeusoutalszan ldaaulassadawdn 2 Uszinnde Tasaada
= d = ) =2 3 A A A o v o A o aa P
panidlunnmiaen uaz Inseadunanidummden (@ua wiwug, 2540) erhdanouns
g aa 3 o N aa s s o q ¥ Aaa A <
Tugwmanluszglifionszitluiaqasuusssanoums luanhldezgiitioniinnuudauns g
] Y ] Y v
mnIunazihldnogaannudanguinuiu (Wang, H. et al., 2008) A15199 2.4 udaauiia

] aa 4 s
mllvesoynindaneun1i lua (Accuratus Silicon Carbide Material Properties, www, 2017)
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{ wa o aa o J
A15197 2.4 Llﬁﬂ\‘lLlﬁﬂQﬁﬂﬂﬂﬂ?qﬂﬂlﬂ\iﬂﬂﬂWﬂ%’aﬂ@uﬂTiul.‘Uﬂ

Hardness | Young’s | Poisson’s | Strength, | Failure Thermal Thermal Density
(kg/ mm’) | modulus | ratio, v o (GPa) | strain, | expansion | Conductivity | g/ em’
(GPa) € coefficient (Wm 'K
%) (10°K)
2800 410 0.17 3.9 1.2 4.0 100 3.21

Y Y
=

232 nsgdumMsRavugluazrnindagrlseneuiiues giiition

U
Y

= o Y
NITUIUNITA mdfugllmm@ (Powder injection moulding, PIM) Usenouny 4

v
TUADUNANAD

k4 ’ Y
VUADUN 1 MINANANIAS (Powder mixing) M35 sUEIUNTUE1MTURATU

a9 9 1w

o = @ 1 [ ! J o =
31 (Feedstock) latmuadSunadasidmnsiagildminy 55 woesidudlaslsuas uay
¢ 3 a o . o - a ¥ a
a1s5ta 45 lofidud lasl5uas Tasludasiaiunaias 55 wesisud lasdsuasuuaaiu
a aa s A= I a = - A
msiaNeyMIAFanoums luaitudagaiumnsen 510 15 uaz 20 o5idud lnol5u1as 910H
A an @ 4 s 3 o ° ¥ o Y o =
pzgiitloutazdanoums lud 100 1WeSidud aunsomuiudadiuneiag ldasaunish

2.11 18z 2.12-1 942.12-3

Total weight (WT) < Vf,Al pAl+Vf,SiCp Psicp +Vf,Binder Pginder 2.1D

Y
v o o

¥ 1 a o o ~ 3 o
AUUITTINITOMUIVUINUNVDINNIAQUADS FUA TIVTUNIATYNAIINS 100 NTY 199]}%1ﬂ

Aluminium weight (W) = [(V,, P )x1001/ W, (2.12-1)
Silicon carbide weight (WSiCp) = [(VﬂSiCp Psicp )xlOO]/WT (2.12-2)
Binder weight (W, . ) = [V, ginger Prsnae) X100/ W (2.12-3)

Y

Taglumsiasoniaguedadugl (Feedstock) U51ar 100 n5u 2zl

100 g of feedstock , Wfs(lOOg) = [(Vf,Al pAl+Vf,SiCp Psicp +Vf,Binder pBinder)XIOO] / W, (2.13)
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aqldmasuidnguiiu 1ailuduauniiginssnudesnsiionit Green part
v

o A = . . 2 an =KX A ad A
YUADUN 3 NITUINTITEA (Debinding) FIIDNITUYNTITIAN 2 95 AD 1) NT

() . . < ' L v o {
LENA15TANIBAY10 (Solvent debinding) 1 unstuussuauas Il ludhazatehazaie
= v 2 ] dy o @ = 9 9 . .
mwgansgamnniv hidudlounumaiaa 2) msuena159aa10A11u5oU (Thermal debinding)
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VITYINIANIEIRNDY L%u“luimmu Lll’t’]slﬂlﬁullﬂiUﬂ'ﬂlli’t’)u%3Lﬂﬂﬂ?ﬁl%@ﬂﬁﬂlﬂuluﬂlﬂﬂﬁﬂu
d‘ =< 3’/ o SJQy =1 1 % dﬂg a % Qy
LummﬂﬂmmNuﬂuumﬂmﬂmmmamuuummmmuazmﬂﬂﬁwﬂmmawmmamfaz

0o q ¥ L Y] a v
ﬂ?iﬁﬂ%ﬂTﬂ!gW?ﬂﬂlu%’uﬂu%gﬁﬂu@ﬂﬁﬁﬂﬂﬂ’lﬂ
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233 NIZUIUMINNANYS U (Heat treatment)
H A wAa A g‘/ 3
AszuIUmMInennuioun s lumsmivauifizainaninnundaazniiy
I @ a o ] I [ a
udans iy Tangnavezglifiou-noanas dwnsomi lddundeldTasnsildinanis
A A a A [ =
anazneuanaes Aoaslszneuezglilen-nodual (ALCw) TuaninveouvslagiFen
Y v v

ATZUIUMTUN Precipitation hardening H30 Age hardening F91lsznonTidae 2 Tuneude

) { 4 o o
VunUN 1 MIvvazalY (Solution treatment) AR MIBUAIDEITIAG (Quenching) tag

g 1 ] [ [ { {
AUADUN 2 MIUNLAN 130 Aging 731N 2.14 naasmsudounaslassadsveslanenay
a s 9 ¥ a A .. . . A

pzgiion-nouad N1inamsanaznouanaey (Precipitation hardening) A9 TaneHaw
aa ) J < Yy - ¥ o 4
pzgiifisnvzonlinewasazaraduasazaovewdalagega 5.7 Woesisud lagimiin #
gl 548 paruTATod Lazilogunilanaieg 199 (Slowly cooled) YSIMUYDIND A
Y v = sl & o oA ay A - A
vrazae ldveeanini 0.2 Wedisud lasriminigungiives TasNsuavoinoaah

(3 [ a

nugeouag llsawegnuezgiiitionIdarsdsznovuezgiition-nowas (ALCu) wiomla 6
4
CRIPE

o

a t4 4 (% J = = 12
IV, 2550 LA WIIT ’J\‘lﬁﬂtyty'l, 2551) TﬂﬂlﬂﬁﬂﬂﬂﬁTJiJﬂ’NiJ!ﬁﬂEl‘i!miJﬁllu1ﬂ
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<3 Y o X X @ = ' 2
ﬂ'JHJLLGINL!'iQGl‘I’iﬂ‘ULuﬂWHIﬁW%ﬂﬁﬁWﬂa&ﬂﬂﬂﬂﬂll‘ﬂu

precipltation
treatment

unsc urated 4

‘L/{* ;:)\ _/-solid solution (&) "(,‘
I~ /400
G

pr(Eipllthonl of slowly
non-coherent @ {ov:r hcottd ucnched] coolcd
has commenced
ou ,1“
‘ *'-'. pr:cvp-muon A
', hardened / \
— / |_correctly \» {
). e/ ;
ormaluon lsubmlcroscoolml)
of coherent supzrsmurcltd J "\
intermediate phase @' solid solution (&) 0.2% COPPER 1)

g‘ﬂ 2.14 f‘l”l'i!f]JﬁEJL!!,L”]JﬁQTﬂﬁQﬁﬁN%aﬂWﬂﬂﬂﬂﬁﬂﬁLEJL!GI’J’E]EJNGD'V] HIUNTZUIUNTNN

ﬂ’ﬂi\lif’)uﬂﬁﬂﬂﬁ@]ﬂﬁzﬂﬂu!ﬂﬁﬂﬁEN (Higgins, R. A., 1993)

S o T <
NsoUasad (Solution treatment) BASNITIEUAIDINTIATI (Quenching)

N130UA2A18 (Solution _treatment) V119 lagaulianudsuun lanznay

Y H v
DTQUIUHYN-NDULAN mmmwnuﬁ’aﬁu‘lﬂmmwguﬂazmm 500-550 DIAUFATYT IUNTZNY

2 2 - 2
ldla o Nanwa MintudshTargrauezgitlion-neaI0on1NIA1FUAI8Y1 (Water
: @ s A a ! : { a
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1 I A o A { =~

(38n7181302A18Y0UIDUAIBIEIA (Super Saturated Solid Solution) NNUTUIUVBINBIULAY
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o A A 1 1 a A A o

Wiiean 1A 9 15U guugivsonawldeunasly (wsae wdiyan, 2551)

i <
MM (Aging)

] < 4
N3 UNHUN (Aging) ﬁ’ﬁ')ﬂ']iﬂ')‘lJﬂiJﬂ'liﬁﬂﬁ%ﬂf]H"U@\TﬁWﬁNﬁllﬂ'lf]slulﬁ’ﬁ)

R Qﬁl oy Tasihlane wamnmumwummm”hmmwg ﬁmmwaﬂu‘iwﬂwnamm G]N
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LIV Aildiunds nid18fu 2 vfia Ao duhmsrund UK UHOIFTTUAT Fn1 M3

< a o ] a 1 [
ﬂ'li‘UiJlL"U\‘]TﬂflﬁiiiJ“]ﬂ@] (Natural aging) WWﬂ‘i/]'lﬂWi‘lJiJLleNf,;f\‘iﬂ'J'lQﬂleiJﬁ}ﬂ\iﬁﬂﬂ'ﬂ NI1TVUY
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<= . . . A a g VY a ' Aa [
UYUNGY  (Artificial aging) MIABNRUNYIAzIAN I FABINMTAINTIUNANNLDE U
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=< <3 = A 1 <
FINNUUUWITIVOI JansHa oL gUINou-NOWAINHIUNTZUIUMTUNUUIDY
= < A X ] < . . 1 Y1 <
UANUUAANVIUMNIZEZIAN TUMIUNITS  (Aging  time)  UA9Z1HAIANUUIIZIgA @l
1 < [ = Y < [ ~ A o 1
32HZIAMIUVNUIFNHTWAIMANULTzanad awaadlugdn 2.15 Tuvazihmsly
< & a 2 £ < A
HUIUUIZINANITANAZNOUVOIDLADNNDILAIUY Famanuuvdz)asuuilaalaw
~ 9 1 < 1 = 9 ] < a a .
sroznan g lumstuuds  aandeminlgnarlumstundanninuldszina Over aging
] v < A4 X o Y1 & 1o & £ Aq v "o
agamaldanuudsnmuvuaenanasin liuuude liduse FIT2ILIAIN 1F IUNITUNLUG
1 I~ 3’, a 1 1 a v o
5 ouLiaeenily 3 YUADUAD LNA GP zone 11UAIAUTN TAINUINVLNANTIINAINUVD
o q ¥a Y < ' = .
LADUNBIAIT IHINAFUINANWAY  (Stress  field) 10N lulnsesnaman (Lattice) V09

Aa A ' ) ' = g a ~ 2 o Y < A 2 I 9
DTQUIUYY ﬁ\?NﬁiWIﬂi\ﬁ'l\?Nﬁﬂ (Lattice) tNANITUALLYD Tl'li’l’iﬂ'ﬂll!ﬂ]\‘llWiJsUulaﬂu@ﬂ
g < A X 4 4 = v A @ ll
mﬂuummmmi]gL‘wnﬁuamﬁa@mau‘ﬂmumum‘mmammaguuizum {100} vouule
Aa A = 1 " G A = A A o Aa A 1 A IS
DTQUIUYY FenIuna 0" nio Al Cu “I/liJLLﬁQﬂﬂlﬁuﬂ’)‘ﬂﬂﬂ‘ﬂiﬁﬁ%ﬂ%gmluﬂu NA1ING U
o Y < A X [ A A < ’ 2
Coherency ‘Vlﬂfl’iﬂ'ﬂilLHNLLSQLWM%‘HLLQ%?‘I’NNLLGINLWQ’l]ﬁJﬂWﬁQﬁﬂLiJ@ﬂﬂ?fJ!‘]JUlWﬁ 0" 1nUU

U Q

g ) a ~ = = o o & A~ o q ¥
ﬂluﬂlu@]@ui:fﬂﬂ”lﬂﬁ]&ﬂﬂﬂTiQ’ﬂJULﬁEJLﬁ\Tﬂﬂlﬁl‘!ﬂ’ﬂl@ﬂ@n@gﬁﬂﬂﬂﬂﬁl!ﬂﬁﬂﬂwuﬂggﬂluﬂuﬂflﬁ
a 1 1 < 1 a d { 1
IAAAN1IZ Non-coherence danaldmaNuudsanas ihgavgamnaiiua 0 #lyldaiw

<3 o & o o 1 s X o 2 a o o
ISINISPN F‘NuuﬁTﬁﬁUﬂﬁ%UﬁLmTﬁ‘]JlllﬂNﬁ ’InLﬂu@%}@\‘lﬁﬂTﬁLa@ﬂQﬂlﬁQNLLﬁ$§$fJ$L'Jﬁ”Iﬁ”I°HTU

[ [
@/

] 2 A 4 J < o a o
TFlumsuundsimnzauie W lamanuudananga (311l wi¥s3va), 2550 wag W

iy, 2551)



33

Hardness or crss
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(Total materia Strengthening Mechanisms of Metals, www, 2017)
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MIaNUTOUVUAARTOU (Corrosive wear)
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Two body abrasive wear
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(Substech Mechanisms of wear, www, 2017)
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(Substech Mechanisms of wear, www, 2017)
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Tangential cycling load

A = Y .
ETJ‘VI 2.18 ﬂﬂ]’lﬂﬂ'ﬁﬁﬂﬁiﬂuﬂﬂﬂ'ﬂﬂfﬁn (Fatlgue Wear)

(Substech Mechanisms of wear, www, 2017)

Debris  yow oxide

l{_y Oxide

311 2.19 na'lnms@nuseuvunAnsoU (Corrosive wear)

(Emrtk Wear and Wear Mechanism, www, 2017)
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LOADING ARRANGEMENT
(Normal Force)

BALL SPECIMEN
FLAT SPECIMEN
HOLD-DOWN

ROLLER

LUBRICANT BATH

LUBRICANT LEVEL
(when used)

OSCILLATING DRIVE
e e

NN

FRICTION FORCE - P " 2 o o - -
TRANSDUCER

7 7% 7707 Z 7

E STROKE LENGTH E

(2 strokes = 1 cycle)
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Powder Characterisation

Particle size distribution analyzer (PSD)

X-ray fluorescence analyzer (XRF)

A 4

Feedstock Preparation
Ball Milling: Al powder + SiCp (5 10 15 20 Vol%)
Mixing: Al powder 55% solid loading + Binder

A 4

Powder Injection Molding

Mould temperature 90 °C, Moulding temperature 170 °C

Sample dimensions 20x20x5 mm?®

A 4

Green Property Assessment

Green density

Green microstructure

A\ 4

Debinding
hexane 10 hr

A\ 4

Sintering
Sintering temperature : 645 650 655 660°C

N, atmosphere, gas flow rate =1 | /min

A 4

Age-hardening

Solution treatment 500 °C/2hr +water quenching

Aging 160 °C/6hr
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Sintered and Age-hardening Property Assessment

y A4

Physical Mechanical
\4 A 4
-Phase + Microstructure -Hardness
(OM, SEM, EDS, XRD) (Macro, Micro)
-Density -Wear resistance
(Bulk density) (Ball-on-Flat)
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323 msnavusdiaana (Powder injection molding)
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3.2.6  MIWINHRA (Sintering)
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Y o Y Y b = 1 )= 9
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Sintering at 645 650 655 and 660 °C holding for 180 min

Furnace cooling
500 °Q for 30 min

Temperature, °C

Heating rate 3 °C/min

Time, min

~ a a ~ Y =1
g‘ﬂ‘ﬂ 3.2 UAUQUHEANYUN QN tazna N ¥ unsEUIUMSININUN

1 <
3.2.7  MIVULUI (Age-hardening)
< o . v o o’ .
-FUNUNOHAUHIANIIN (Sintered samples) AL UINIVULLUI(Age-hardening)

o . { a I @
Tag11N130UAa1Y (Solution  treatment) NYMUNN 500 o3r Ao 112 ¥ Iug

a

2 2 o < H 3 g . . =
mﬂuuwumaﬂwi’mmﬂum LLE%J'JTI']ﬂ'ﬁ'UﬂJLL"]NLﬁUN (Artlﬁc1al aglng) ‘V]Qﬂl'ﬁﬂil 160 9971

U
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LGISTG] !‘]JLIL'JQT 6 “]f’JIiJQ

Solution at 500°C for 2 hr

Water quenching

Temperature, °C

Aging at 160°C for 6 hr

/ \Air cooling

Time, hour

Y
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328 asdvdevauAvesFuTIUMEndImIEaiinuaz i

(Sintered and age-hardened property assessment)

MIA5 I ARUANTRYDIFUNUNANNAINTLUIMSIFNHTINLA MV Tans
TS aaasnaennaauamInen A auAFING $901303I0a0 UFUITANIIAEMN
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(As-sintered and age-hardened density)

AU IM AN Z UM RLAZ T UIT A TAR TN US Y
(Sintered density)

ms?mswﬁ?mm?myaﬁmEuaﬁfyimuﬂ7awﬁvmimmﬁmmgﬂmgﬁo

(As-sintered and age-hardened microstructure analysis)
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TaviInen mnﬁ’uﬁﬂﬂdwmwﬁ’wné’m%qamiﬁﬁuuuum (Optical microscope: OM) NA®4
fgamsﬂﬁ&ﬁﬂmauuuuﬁmnim (Scanning electron microscope: SEM) ‘ﬁﬁWfﬁﬂJmﬂdNﬂﬁL&
iamﬁqmﬁmﬁ:ﬁmqﬁ’aﬂ Energy dispersive x-ray spectroscopy : EDS uﬂﬂ%1ﬂﬁ€ﬁﬁ1ﬂ1i
InTerensszneuals maiin X-ray powder diffraction analysis : XRD

ﬂ7i1’lﬂﬁ’?)ﬂﬂi)7mt$ﬁd (Hardness test)

AR IMENEanITIIUMIENATInLAT TUUT e aRUANIA LIS S
FEAUNHAA (Macro vickers hardness) 718180131159 98 Hadu MONIINEFINAADLA NI
52AUaIA (Micro vickers hardness ) 781dn15211390.98 126

MINATOUANYAIUNIUABMTANNTE (Wear resistance)
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(Roughness test) 1182391111 naaaUANUANUAIUNIUADMITANTOUUY Ball-on-Flat A%
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TaolTaqaduia (Mating material) h91mmannd 1¥adiy T5avuna 4.76 Hadwas 3/16
) anuudie 62 HRC meldniszusanamen 5 25 45 uay 65 sy Tnmazeunold
puvigiilnd Usirmnansndedu Idnalumsnaaey 16 wid 40 Tl Sszoznig 100 was

a a { a -4
ANVYNIVITINATDU 10 WAALUNT LLazmmﬁ 513701%
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YULNATOUMTANWIOAMITOUUNIHAAINTINTZIIAININ (F) 5UTon
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mu (F) uazmaulszansanudeaniu (COF) nadunsmlanuduiusvesmaulszdns
ANUFIANIY 1590523 vaza ldnaaey sauDIS AT INAMINATB VAU
Taeg1lsznaniien19nsINsANHI0TUWIE (Specific wear rate, W 180 NauN157 3.4

vV, = (W,x101)/p (3.3)

sintered
w, = V,/F,s (3.4)

4 o o = [l I Ia a 1T A o
1o W, An 9ns1MIdnKsed iz Inineily gnuianiaduasaeladuimuas (mm’/Nm)
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Lﬁ@?ﬁﬂﬂ1ﬂﬂﬁﬂﬂ15‘ﬂﬂﬁ@ﬂﬂ?iﬁﬂﬂi@LﬁﬂﬂﬂﬂWﬂlﬂﬂﬁl uwuamﬂumu (g) ag p ﬁﬁ] [ NRY)
Il 2 @ = 1 I @ 1 4
'H‘L!HL‘L!‘L!"U’O\?GBLNWHﬂ'IEJWEI\‘H]'IﬂﬂWﬁLF\HWﬁﬂ (Sintered density) Nﬁuﬁlﬂlﬂuﬂiilﬁﬂgﬂll'lﬁﬂ
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msﬁnmaﬁ’amﬁ’mﬁmaﬂa (Stereoscope) !Lﬁ$ﬂﬁlﬂﬁﬂﬁﬂﬁiﬁu@mﬂ@]ﬁ’ﬂuu‘ﬂ‘ﬂﬁﬂﬂﬂiWﬂ
a 4 a
(Scanning electron microscope: SEM) w%’ammswmmﬁ’wmﬂuﬂ Energy dispersive x-ray

spectroscopy: EDS
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(Characterisation and properties of Al-composite)
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41  HAMTAATILHNIIAQ (Powder characterisation)
6’ = . ., .
411  99nUsznounIund (Chemical composition)
a Jd 4 = a A 9 A A A 4
HAN13AI 1 H0IAIZNOUMIUANYDINIDL QI INAIBINTDIND AT IEN
4 =) a o a 4 a A d' [N
p9A15zNOUMAATAI8INALA X-ray fluorescence  108¥INTAATIZHHI0zgIToNT Ty
M330UAIBAZINTI (Unsieved aluminium powder) 1Az HI02 QiITioNNHIUNTTOUAIIAZLNG
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Al powder Al Cu (0] Si Mg Fe

Unsieved 88.47 291 6.74 0.88 0.80 0.13

Sieved 89.01 4.77 3.93 1.01 1.11 0.12
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412  vuARIIAQ (Particle size)
a A aa J A Y a d Y A
YUIAVOINIE glitisutaz Fanouns luan 1891015 AATIZHAI0IAT B
a L4 @ @
WNIILHNIINTLIBAIVDIVUIADYNIA (Laser particle size distribution) 1A8NITNILIYAIVO
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Meazunsalivuiamae 72.61 luaseu  UnsniznedvesvuIneynai D, D, uag D,
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Materials D, D, D,, Average size S, D, /D,
(nm) (um) (um) (um)
Unsieved Al powder 22.84 | 131.34 | 251.95 139.66 2.46
Sieved Al powder 11.90 71.22 131.01 72.61 246 | 3.45
SiC particulate 11.81 19.98 31.78 21.02 3.60

© {UIBING S, AD AT (Slop) VOINTINNITNTZIWAIVBIVUIABYNIATN D, 1ag D,,
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====TUnsieved Al powder
20 — — Sieved Al powder

= = Silicon carbide

15 +

Percentage
]
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Particle size, micron
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—&— Theoretical green density
= =®= = Measured green density
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Composition
Spectrum 1 Spectrum 2 Spectrum 3

Ele. Wt. % Ele. Wt. % Ele. Wt. %
Al 22.54 Al 19.54 Al 22.00
) 35.62 O 32.58 ) 32.46
Cu 1.92 Cu 2.44 Cu 2.68
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C 31.21 C 33.21 C 28.31
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Cr 0.99 Cr 1.40 Cr 1.93
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Composition
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
Ele. Wt. % Ele. Wt. % Ele. Wt. % Ele Wt. %
Al 49.36 O 44.88 Al 47.62 Al 54.49
0] 31.34 Al 3211 0] 26.01 ) 27.21
Cu 9.20 C 17.29 C 14.26 C 13.39
C 8.98 Cu 4.21 Cu 8.97 Cu 2.97
Si 1.12 Si 151 Si 2.45 Si 1.95
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Spectrum 1 Spectrum 2 Spectrum 3
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Composition
Spectrum 1 Spectrum 2 Spectrum 3

Ele. Wt. % Ele. Wt. % Ele. Wt. %
Al 79.73 Si 57.38 @] 40.40
C 12.45 C 21.79 Al 28.02
@] 3.70 Al 11.21 C 22.32
Cu 3.31 O 9.62 Si 5.42
Si 0.81 Cu 3.84
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Composition
Spectrum 1 Spectrum 2 Spectrum 3

Ele. Wt. % Ele. Wit. % Ele. Wt. %
Al 69.22 Al 39.31 Al 57.93
) 2.56 @) 32.11 @) 6.36
Cu 3.40 Cu 5.93 Cu 6.82
Si 0.61 Si 0.96 C 28.89
C 24.21 C 21.70
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Class Parameter
Friction type Sliding

Contact shape Sphere/flat
Contact pressure level Plastic

Sliding speed

Low (0.1 m/s)

Mating contact material

Harder (Stainless steel)

Softer (Al-SiCID composite)

Environment

Without lubrication

Contact cycle

Low-medium (5)(103 cycles)

Contact distance

Low-medium (100 m)

Frequency

5Hz

Phase of wear

Solid

Structure of wear

Mechanical mixed

Freedom of wear particle

Agglomerated and Flake

Unit size of wear

um scale

Elemental physics and chemistry in wear

Oxidation Delamination, Adhesive transfer
and retransfer, Crack nucleation and

propagation

Dominant wear process

Fracture, Plastic flow, Oxidation and

Delamination

Wear mode

Abrasive, Adhesive, Flow and Fatigue

Wear type

Mechanical
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Wear rate map of as-sintered SiCp-reinforced Al composite
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Wear rate map of age-hardened SiCp-reinforced Al composite
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COF map of as-sintered SiCp-reinforced Al composite
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COF map of age-hardened SiCp-reinforced Al composite

5 vol.% SiCp

(\ 2 10 vol.% SiCp
N,
15 vol.% SiCp
7\ .
} 20 vol.% SiCp

5N 25N 45N 65N

00-0.1 -00.1-0.2 00.2-0.3 00.3-04
00.4-0.5

0.5-0.6 00.6-0.7 00.7-0.8

@ 1 <
V)NWYUAINITUULUY

U

v ] r'd
517 5.41 s lupunuaaImaulszansaNudeanIu 1119915159 5 - 65 HIAU VDY

2 a aa 7 s P,
%umummumﬂmaﬂaumﬂm 5-20 !ﬂﬂil%uﬁiﬂﬂlﬁ'hWﬁi

132



133

Neodidpbrs
Cooplomeinie)
defoermoition < £low L fransfeved layer

1A

@) — m.

T =D Oq‘.lﬁn(j\h-ﬁ‘ .
siCe

ek
hawolen (oL r;acll?.m

d
) C’O’"P"‘d“’“{ EE=—=—al Mi\nﬁe&nnlr

olf\(*omakon o ‘”rotd
e —

bose cym Poﬁfe ratenal (AL-5iG)

O((’am, mf/l'o\,,
0) TS wem debds

base composie m“%\r{nl (AL-5K,)

gﬂ 5.42 UaadnNTe U'JuﬂTﬁﬁﬂWﬁi’)sUﬂﬁ’Jﬁmcﬁﬂﬂﬁ ﬂf’)‘U‘W“L!f’J all!fL!fJiJ a) deformation and flow
followed by mutual material transfer b) formation of mechanically mixed layer

(MML), and ¢) fatigue crack and delamination
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SiC, 5N 25N 45N 65N
Abrasive
5 vol.% Adhesive Abrasive Abrasive Abrasive
Fatigue Fatigue Fatigue Fatigue
Abrasive
10 vol.% Adhesive Abrasive Abrasive Abrasive
Fatigue Fatigue Fatigue Fatigue
Abrasive Abrasive Abrasive
15 vol.% Abrasive Adhesive Adhesive
Fatigue Fatigue Fatigue
Abrasive Abrasive Abrasive Abrasive
20 vol.% Adhesive Adhesive Adhesive
Fatigue Fatigue Fatigue
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SiCp 5N 25N 45N 65N
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Abrasive Abrasive Abrasive
15 vol.% Abrasive Adhesive Adhesive
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Abrasive Abrasive Abrasive Abrasive
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Fatigue Fatigue Fatigue

Remark: Adhesive wear includes transferred layer and delamination
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Abstract. Wear properties of aluminum matrix composites reinforced with silicon carbide
particulate of 10 vol.% addition was investigated in as-sintered and heat-treated conditions
under varying loads at -5, -25.- 45 and -65N using a ball on flat type of wear test. The
composite was fabricated by powder injection molding and sintering at 650 °C for 3 hours.
Solution treatment was carried out at 550 °C for 2 hours followed by age-hardening at 160 °C
for 6 hours. SEM and XRD results indicated Al and SiC, are present as matrix and
reinforcement, while AIN, Al,Cu and Mg,Si were also detected. Further precipitation of Al,Cu
and Mg,Si in heat-treated samples promoted maximum macro and micro Vickers hardness
values, which were achieved at 161 and 157 H, respectively. Wear weight loss increased with
increasing minus load level. The coefficient of friction was found in the range of 0.042-0.048.
Wear mechanisms were determined as the combination of abrasive, adhesion and oxidation.

1. Introduction

Aluminum matrix composites have been increasingly used for engineering applications such as
automotive, aerospace, biomedical and electrical applications [1]. Light weight, good hardness and
strength as well as wear resistance are attractive properties, which are controlled by starting materials
used and fabrication techniques. Silicon carbide particulate as the reinforcing material provides
isotropic properties, if good distribution of the reinforcement and effective bonding between the
reinforcement and the matrix are attained [2]. Strengthening mechanisms were applied to improve
mechanical properties of aluminum composite such as solid solution and precipitation hardening.

In recent years, it is known that small addition of silicon carbide reinforcement can improve hardness
of the aluminum matrix. However, the efficiency of reinforcements are not good enough for hardness
and tensile strength due to the different hardness between reinforcement and matrix [2]. Further,
effective interfacial bonding between aluminum matrix and silicon carbide strongly determines the
final properties, which depends on seclected processing routes. Research on stir-mixing, liquid
infiltration and powder technology of aluminum composites are under intense investigation to enhance
properties and scope engineering applications [3]. However, there are certain limitations of liquid-state
forming processes such as wettability of aluminum and silicon carbide, and brittle aluminum carbide
(ALC5) occuring along interfaces between aluminum matrix and silicon carbide. Powder metallurgy
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however has advantages such as low-cost for mass production of small parts, uniform distribution of
particle reinforcements, and solid state process to reduce the reactions between the matrix and
particles [4]. Though, studies on conventional powder metallurgy of aluminuim composites have been
increasing published, powder injection molding (PIM) of aluminum composites on the other hand are
quite limited. With versatility of the PIM in producing small complex shaped components at low cost,
it is also a good candidate for the production of aluminum composite with uniform reinforcement
distribution.

Microstructure and properties such as hardness and tensile have been documented elsewhere [5]. In
this research, wear properties of 10 vol.% silicon carbide reinforced aluminum composite has been
studied to extend the possibility of using aluminum composite subjected to engineering wear. The
research aim is to study the influences of different loads on wear behaviour of powder injection
molded silicon carbide reinforced aluminum composite after sintering and precipitation hardening
under ball on flat type of wear test.

2. Experimentals

Aluminum powder and silicon carbide particulate reinforcement were used as the feedstock. The
compositions of aluminum alloy powder (by weight percent) is Cu 4.3-4.7, Mg 0.4-0.6, Si 0.5-0.8, Fe
0.07 and balanced Al. Silicon carbide particulate was added at 10 vol.% to the aluminum powder
prepared by ball-mill mixing for 2 hours at 280 rpm. before mixing with a multi-component polymeric
binder. The mixed powders of 55 % solid loading were injection molded at 170 °C and 45 MPa to
produce green samples of 20x20x5 mm® in dimensions. After debinding in hexane, the brown samples
were sintered at 650 °C in a high purity nitrogen atmosphere. Solution heat treatment was carried out
at 550 °C for 2 hours. followed by age-hardening at 160 °C for 6 hours. Microstructure (OM and
SEM), bulk density and wear resistance were examined for the as sintered and heat-treated samples.
Ball on flat type of wear test according to ASTM G 133-95 were employed, using load varying at -5,
-25, -45, and -65N, for a sliding distance of 100 m. with no lubrication. The 440-C stainless steel balls
of 6.3 mm. diameter, having 62 HRC hardness were used as the counterface material.

3. Results and discussion

3.1. Microstructure and phase analysis

Sintered microstructure of the aluminum composite exhibits uniform distribution of silicon carbide
particulate in the aluminum matrix in the as-sintered condition, as shown in Figure 1 a). Some areas
contain micro-porosity along silicon carbide clusters. SEM micrograph at 1000X magnification
reveals precipitate phase of Al,Cu after heat treatment, as shown in Figure 1 b), confirmed by EDS
analysis.

Vgl R ade v mom . A e o
Figure 1. Microstructures showing a) silicon carbide distributed in
aluminum matrix (OM) and b) at higher magnification (SEM)

EDS mapping analysis, as shown in Figure 2, indicates the aluminum matrix contains main elements
such as Al and Cu. Si was found where silicon carbide particulate is located. XRD results of the
aluminum composite after sintering and heat treatment are demonstrated in Figures 3 a) and b)
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respectively. The main phases are aluminum matrix and silicon carbide. It is noted that AIN was
detected in both of sintered and heat-treated conditions due to the effect of nitrogen gas in sintering
atmosphere. Furthermore, there are higher peaks of precipitate phases such as Al,Cu and Mg,Si found
in the heat-treated composites, which contribute to improved hardness.
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Figure 2. EDS mapping analysis of Al, Si and Cu.
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Figure 3. XRD result of silicon carbide particulate reinforced aluminum composite after sintering (top)
and precipitation hardening (bottom).
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3.2. Density and hardness

Density was measured to be 1.82 g/cm3 after injection molding and then increased to 2.63 g/em’ after
sintering. This accounts for 93.2% theoretical density in the sintered condition according to the rule of
mixture by taking the densities of aluminum alloy = 2.78 g/cm® and silicon carbide = 3.20 g/cm’
respectively. The sintered density, which is lower than the theoretical density is plausibly due to
porosity left after sintering, as previously shown in Figure 1 a).

Macro and micro Vickers hardness values of heat-treated samples significantly increase as compared
to those of as-sintered samples, as shown in Table 1. The maximum values were measured at 160.1
and 156.9 Hv respectively. This is due to precipitation hardening of Al,Cu and Mg,Si in the matrix.

Table 1. Macro and micro Vickers hardness values for as-sintered and heat-treated conditions.

Macro Hardness (Hv) Micro Hardness (Hv)
As sintered 130.1 136.0
Heat treated 160.1 156.9

3.3. Wear properties and worn surfaces

Wear grooves at varying minus loads at a stroke length of 10 mm are depicted in Figure 4. Increasing
wear groove width is observed with increasing minus load level. Furthermore, plastic deformation at
the edges of the wear grooves along the wear track at higher minus load level is evident.

Wear test parameters such as frictional force (Fx) and normal force (Fz) were measured in real time as
shown in Figures 5 a) and b) for loads at -25 and -65N respectively, presented at t = 0 — 400 second.
The coefficient of friction (COF) was then obtained accordingly.

Wear weight loss as a function of load for as-sintered and heat-treated samples are illustrated in
Figures 6 a) and b) respectively. It is noted that wear weight loss at -5N load for both conditions is
undetectable. It can be seen that a slight increase trend of wear weight loss was observed with
increasing minus load [6]. The COF are reported in Figures 7 a) and b), and was found in a range of
0.042 - 0.048 and 0.044 - 0.047 for as-sintered and heat-treated conditions respectively. These values
are comparable to those observed in laser composite surfaced aluminum with silicon carbide by J.
Dutta Majumdar et. al, [7]. Many researches [8] also supported that the COF values were found
insensitive to load or pressure applied. However, COF at very low minus load of -5N was significantly
higher. Further study is required for more explanation.

Figure 4. Wear grooves at varying loads at a) -5N, b) -25N, c) -45N and d) -65N.
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Figure 5. Test parameters at a) -25N and b) -65N, showing Fx, Fz and coefficient of friction (COF).
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Figure 6. Wear weight loss as a function of load in a) as-sintered and b) heat-treated conditions.
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Figure 7. Coefficient of friction as a function of load in a) as-sintered and b) heat-treated conditions.

Worn surface of aluminum composite were investigated by using SEM, as demonstrated in Figures 8 a)
and c) at low magnification for -25N and -65N respectively. Abraded surfaces are evident in all
samples at every load levels, indicating abrasive wear, but with a lower degree at -5N. As the
counterface stainless steel ball is much harder in comparison to the aluminum composite, it is believed
that silicon carbide might have been pulled out and abraded on the softer aluminum matrix. The
increasing contact load between stainless steel ball and the aluminum composite had made the latter to
deform progressively, as shown in Figure 4. Secondary electron micrographs at higher magnification
are shown in Figures 8 b) and d). Rough surface area of wear grooves are possibly due to deformation
of the soft aluminum matrix. Severely deformed matrix would then be delaminated, transferred and
adhered onto other surface. Back-Scattered Electron mode analysis as depicted in Figure 9 a) indicates
certain amount of silicon carbide distributed throughout the aluminum matrix. However, BSE
micrograph of the worn surface at the same magnification reveals only small traces of silicon carbide
left on the surface, as seen in Figure 9 b). It is then confirmed that some silicon carbide particulate
previously embedded in the aluminum matrix fell out and might have abraded on to the softer
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aluminum matrix during the ball on flat wear test, introducing three body abrasion. Similar results by
F. Alshmri, et. al. [9] and I. Dinaharan, et. al. [10] indicated harder particles (silicon or fly ash) being
pulled out and promoted three body abrasion wear, which then created fine spherical wear debris [9,
10]. Though, silicon carbide fracturing was also possible in this research at higher load, the evidence
of fractured silicon carbide was however hardly observed. Therefore, it is worth to investigate effects
of silicon carbide content on the degree of abrasive wear on this composite in future work.

Figure 8. Secondary electron micrographs of worn surfaces at a) -
25N and b) higher magnification, ¢) -65N and d) higher
magnification.

- = Gakee® )3 :
Figure 9. Back-scattered electron micrograph a) before wear test and b) after wear test.

Wear debris obtained from all tests at varying minus loads have shown two different forms of
agglomerate and flake like-shape. EDS point analyses of wear debris at load levels of -25N and -65N,
are illustrated in Figures 10 a) and b) respectively. Peaks of Al, Mg, Cu and O elements were detected
in spectrum 1 of agglomerate wear debris. Flake like-shaped wear debris was EDS analysed (spectrum
2), showing Al, Mg, Cu and O elements having different composition in comparison to that of
agglomerate one (spectrum 1). EDS analysis on wear debris obtained from lower minus load test
indicates higher content of Al on the flake-like form of wear debris, which signifies that this product
might be from the deformed aluminum matrix. Moreover, higher level of oxygen observed in the
agglomerate form suggests more of oxidation product. At higher level of minus load (-65N), the level
of Al and O content detected in both agglomerate and flake-like forms are comparable, as shown in
Figures 10 a) and b). It is therefore believed that oxidation wear might have occurred in a mild level
during the wear test and is more significant at higher minus load level [11]. Moreover, there was
however no peaks of Fe, Ni or Cr detected. This implies the mutual transfer of material between the
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wearing aluminum composite and the stainless steel counterface appears to be insignificant. Only
aluminum matrix was deformed, oxidized, detached and transferred to be adhered on other areas.

In addition, it is noticed that the size of flake-like form of wear debris also became significantly larger
with increasing minus load level. Dry sliding wear test on aluminum-high silicon hypereutectic alloys
by F. Alshmri, et.al [9] indicated comparable result, where the transition from powder-type to flake
like-shape as the load increased was reported. This flake-like wear debris found in this research also
confirmed the operating wear mechanism is related to adhesive [10]. Together with the appearance of
plastic deformation at the wear groove edges along the wear track previously mentioned, analogous to
those observed from works by B. Hekner, et. al. [12] and S. Sawla and S. Das [13], these evidences
substantiates the influence of plastic deformation on wear mechanisms at higher minus load level in
this ball on flat type of wear test.
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Figure 10. EDS point analysis of wear debris at aplied loads of a) -25N and b) -65N.
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Therefore, wear mechanisms of aluminum matrix reinforced with 10 vol.% silicon carbide particulate
fabricated by powder injection molding tested under ball on flat type of wear test with load varying at
-5 to -65N can be determined as follows. Wear damage of the aluminum composites shows several
wear mechanisms such as abrasive, adhesive and oxidation wear. Firstly, abrasive wear of aluminum
reinforced with silicon carbide is caused by different hardness between the aluminum matrix and
silicon carbide. Much harder silicon carbide particulate first fell out from the matrix and abraded onto
the softer matrix surface. Secondly, aluminum matrix was deformed and delaminated to give wear
debris and some was then transferred from one surface to another. Adhering of these transferred
materials at the wear groove edge is also evident. Increasing minus load level introduced much more
severity of the wear damage. Finally, it is known that aluminum passively produces oxide film layer
on its fresh surface. During ball on flat of wear test in ambient atmosphere, the oxide film layer was
removed and the fresh surface will react with oxygen immediately to form new oxide layers in
repeated cycles of reciprocating wear test.

4. Conclusions

Wear mechanisms of powder injection molded aluminum composite reinforoced with 10 vol.% silicon
carbide is due to abrasive, adhesive and oxidation. Abrading of silicon carbide on the softer aluminum
matrix is due to hardness difference between the two materials. Mutual transfer between the two
mating materials is not apparent. Only softer alumium matrix was plastically deformed, oxidized,
detached and transferred to be adhered on other areas. Severe wear damage at high applied minus load
of -65N involved plastic deformation of the soft matrix at the wear groove edges. Degree of damage
such as wear weight loss, wear groove width and oxidation increased with increasing minus load level.
The coefficient of friction has not significantly changed with the load applied and was found in the
range of 0.042-0.048. However, wear damage of the composite after sintering and precipitation
hardening are not significantly different.
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