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Abstract

Project Code : MRG5680060

Project Title : Development of Al,O5/SiC Ceramic Composites Sintering in Air:

A Challenge to Structural Ceramic Processing

Investigator : Apichart Limpichaipanit, Department of Physics and Materials Science,

Faculty of Science, Chiang Mai University

E-mail Address : apichart.|@cmu.ac.th

Project Period : 2 years

There has been an interest to fabricate ceramic composites containing non-
oxide phase(s) by powder processing and subsequent atmospheric sintering (sintering in
air). In this work, the powder mixtures of alumina (Al,O3) and silicon carbide (SiC) were
used to fabricate ceramic composites. The sintering temperatures were between 1400
and 1550°C and the dwell time was kept constant at 30 mins. Physical properties
(density and grain size) and mechanical properties (hardness and fracture toughness)
were investigated. The results showed that Al,Os/mullite composites with the grain size
of 0.6-6.0 um could be obtained. It was due to the complete oxidation reaction of SiC to
form silica (SiO,), which further reacted with Al,O3; to form mullite (3Al,03.2Si0,). X-ray
diffraction (XRD) patterns revealed that there was no SiC particles in the composite
structure. Fracture surfaces of the composites exhibited transgranular fracture in the
greater degree compared to almost intergranular fracture in pure alumina. The hardness
of the composites was higher than alumina but the fracture toughness was not
significantly different. Although the fabrication of Al,O4/SiC composites has not been
successful in this work, the resulting Al,Os/mullite composites show promising
mechanical properties which could be enhanced by sintering at the optimal condition.
The AlL,Os/mullite composite sintered at 1550°C had the highest density and fracture

toughness with reasonably high hardness.

Keywords : Ceramics; Composite; Fracture; Mechanical properties
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a dll Y Y dld 1 dll o
wwasainasay lasldiihnasuas (Cuk,) NildanusInaulszanm 1.54 A

o o ' o o P ,
laghnsiaanyw 20 12ni19 20° uaz 80° Wafiuaasaanunazaglugduaanaw
ANUFNRUTTEWINIAANNLTY (intensity) AUy 20

3) aniwihwai ldunSeuiisuiudayainaigin (JCPDS files #3a ICCD files)
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A
d=—
2sin @
Wa  d A8 yEer1eszningsewiy (d-spacing)

A @8 @NEMIARRVAITIRLANT HALYINNU 1.54 aIFaTa

2.3.2 MIATIAROUFNUANIINLAIN

2.3.2.1 MIRANUAWILUK

inBwnwidsmM T REnnmanunwinlagldranmsunuiinaasen a-
fida (Archimedes method) lasiinann1yin “iaglag ﬁam%ilumao"lmﬁgaﬁaw%awa%i
WNEILNIEIW fﬂ:gmmaaméhm:ﬁwLLa:‘*ummaoLmaaﬂﬁafuazLﬁﬁﬁumuWQmaam{ﬁﬁﬁfﬂ
mawaﬂ%aﬁgnﬁhquwuﬁ” Tasmsrsanavasdunuluenmauaslwiniiadnw s

ANMURBLUUBINNRNNNT
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XPu,0

W, A2 NNV TNRAINTOL LAY
W, fo  dnnnvaeTnNTI i

A 4 o A A4 A
W, Ao nnnvasondnnzilwemavmeton

2.3.2.2 YWIALNTH

LRI TWINUWIINNITARTIEN TN NN Wes 400, 600, 800, 1000 Wa:
1200 ANEIAL Lﬁaiﬁﬁmﬁwaa%mmagjislmzmmﬁmﬁ'u wazih laaldAawn Tasls
m"ﬂ'@nwmﬁﬁmm@m&mﬂ 3 luasan Tatuinuuweiastams e ldtuwinuinieinan
Lmﬁqm%n“ﬁ@‘iwﬂdﬁqmﬁgﬁmeﬁﬂ 50 aseimadsaielwifusauinTuitaen N
pavauinIklinwinsanndesansiaiBianaauluLdainma (Scanning Electron
Microscope-SEM) waeld3D linear interception method lasRIaInaNTABILARBLNDY

aeatrIaLeasaNalwRIaIna121in i
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2.3.3 NMIATIIROUFNUALTING

2.3.3.1 AaNBUZIDLUAN

TN BN NLR A A NN AN WDV IR AAAINANTUANTN(Fracture surface) ez
Imda%’wﬁ;amﬂmad%mm drndadsganssaddidnaseuluudainia RaftAanns
LANFNENNTININT AU AIN TR as T uLaasTwld TasRidinanazdasadounas
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3. WamInaaoInazanlINgNanIIMAaDy
{ a ; v a ¥ e =3
3.1 Nﬂﬂ’ﬁ@li’lﬁ]ﬁﬂULWﬁﬁLﬂ@mu@nElLﬂﬂuﬂﬂ’]ﬂaU?LU%?JQG?G%LE]T]‘E (XRD)
Py a g v v A & € A a &l a
LUANNTUINRVYBINTITLR YLV UAIYIIRLEND (XRD) ‘Y]N’W%ﬂ’]i‘liulﬁlﬂ'i‘ﬂﬂqm%{]l]

A a

o I3 1 : < t§ v

1550 ~C LHuiaan 30 wif (3U 1) WuIBUI AlLO; (A) LﬂuagummqmmﬂiamwNﬁﬂ
& £ Aq’ A A L 6 A < '
Wuuuuianozlnia (Hexagonal) Twinuindansranuaa baea daduasusznausening
agAWILAZTIN (3A,05.Si0,) lassananduuuuealssenda (Orthorhombic) Laad
1 Finmduasluvinljitenduesiiviszniimaanduiaat uaassiauns

3A1L,0; (s) + 2Si0, (s) —»  3A1,05.2Si0, (s)

aAaAa L 1 = J { a o g: a

lagd§isenainan sannfeluignni 1550 Cnaluagmwussenmalnd
LATUITENNNAASLAY

an (d‘ a a aaa a LY Y A [ 6 A ana (%

Fanouensluaniduas lifadisueanGiari landanmst Ao T8 ugaiag
RUNIRDIFUNIITIEN

SiC (s) + 20,(g) —» SiO; (s) + CO, (9)
SiC (s) + %oz (g9 —» SiO, (s) + CO (g)

A an A % Aaaa o aaa 1 e a Y A o 6 A L 6

Tagamnldnnujitonazluvdjnsundeduegiivnldniadua fa Jalad
o & n‘y ai a aa 6 X 1 o 6 ] 1 aa € A Aaa
AIBUTUINUNENTINUAT UG FIATIINVUANUA LG Ua LINUTInauas luanIadand
Tuguau ASC uazluununidudin (ASO) avanuagiuiuazdalad

LWBFINAANNFIVBINANAN (20= 26.32) wuIAaW 2988 bad lwlSunmtas
dl a a an A aa 6 A ] a a dl A a 3; Aan A
Walimududinwiadanauandludiissadnadendluagluw Walmadunidinmia
aa 6 a 1 a G a A' J dl' Aaa A
Fanauaniludasluagivinudt iiawsvesdaladlulSanaudntn (lasanddan o
Wusasduannidanniduas ldussdinmandjitonsandiasusasdanananslua

 qea o g
i liAedaladundin [1]
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3.2 gUUATIM MWV TUNWLETTEN

A7 2 agﬂawﬂ'amomﬂmwmaa“‘??mmmﬁﬁﬂ (AMUAIUHWLIZIWIALNTH)
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NWITBAWIN [2-4] AMURWIUUBVDILTIIANDETZHIN 91.0 UaE 99.4% LAZUYWIALNTY
mawmwﬁﬂag’i:wj’m 0.6 LA 6.0 um Iuﬁ’;aqmwgﬁmwﬁﬂé&um 1400 §19 1550°C

ﬁ]:Lﬁuvlﬁdnﬁamwﬁnﬁqmﬁgﬁgaqmw 9 e rNIuAM N AR LU D9
Fuan ASC ﬁmﬁmmme‘i'ﬁqmﬁwﬁ‘umﬁﬁﬂ%iu lasfanunuuvulugie 91.0 04
92.5% m‘nau%ﬁﬂaumﬂuﬁﬁﬂﬁagﬁmﬁmm%mLLﬂuﬁflaaLﬁaaﬁ]mmgmﬂ%ﬂau-
mﬂu@Tﬁmﬁflﬁﬂ'@m'}amﬂaﬂmaamsuagﬁmmmumwﬁn Feazaanaliaina
PULURLAZ T AN THY BTN I NRAINTRENanasdy agnslsianuluauwisegui
avasaumadanawansludiainlngiann (=3 pm) fouin nalnmytaanamadula
maamsuagﬁm%aLﬁ@%uvl,sjmﬂﬁfﬂ FI0TINUNANIINARDIINNIINISHV09 Todd  Uae
Limpichaipanit [3] ANULANANITEHININWITERS BB aTanaanUNuEwi aa Fouly
MILRARGN F991u3 iR infign wussenaume A wiTeauinniin
i Anluamuussenmedion (e13nau)

FRIUTUIH ASO ANURIILLRTI TN lNdLA mﬁ'uagﬁmu‘%qwﬁmﬁmm
%mLLﬂw‘iwﬂdﬂLSﬂﬁauﬁqmﬁga‘ijwﬁﬂ 1400 W&z 1450°C LLa:g\mdﬂLSﬂﬁaﬂﬁqmﬁgﬁ
1550°C ﬁqm%gﬁ 1500°C AR LUUDDITUINH ASO gandwagﬁmu’%qﬂﬁr
ﬂ'auﬁwmmﬁaamnagﬁmu‘%ﬁgw%{"l,&iLmué‘amﬂﬂfmmwhﬁ'u%umu ASO [5-6]

aRanTananensg 2 a:LﬁuVL@T’j’mQﬁmﬁ"lsjLmuﬁ’;ﬁmmmﬂmﬁayﬂ'j’] 1 pm
%aagﬁmmmﬁqmﬁgﬁmeﬁﬂ@‘iﬁﬂdﬁ 1550°C (ﬁ]f:"l,@i"aﬁﬂiﬁu@iavl,ﬂl,ﬁmﬁ'umil,mwﬁﬂ
Lr38N) é’n%%‘uaQﬁmﬁﬁmiLLuuﬁaﬁmmwLﬂiu 29 um edmadudanannilud
wudw"l,&iLﬁ@]ﬂmvmwﬁsnﬁﬂvl&iuuué"sﬁqm%gmmwﬁﬂﬁv’mm YWIALNIBYDILTINNND
mu’wmlﬂﬁl,ﬁmﬁ'uagﬁmu’%qw%;ﬁqmﬁgﬁmeﬁﬂ 1400 a8z 1450°C ﬁqmwgﬁmwﬁﬂ
1550°C 318N ASC55 ﬁm‘m@mmlmy'ndwagﬁmu’%qw'ﬁglﬁﬂﬁafJ WAL ANVUIA
msu‘lmyﬂdwagﬁmu’%qﬂ%{mﬂﬁqm%gﬁmmﬁﬂ 1500°C  Lfiai3auifisurwmainiuae
aagﬁmLLazagﬁmNauﬁu%mﬁqmﬁgﬁmmﬁﬂ 1400 1Az 1450°C WUINUWIALNTWLD
aagﬁmLLazagﬁmwauﬁu%amlﬂﬁLﬁmﬁ'u Lﬁaqmﬁgmmwﬁmﬁ'uﬁmﬂu 1500 W&
1550°C  WU91 ASO50  waz ASO55 fwainsulngnitun lesnnmadudanilu
Usnanfisaindesluagliufualinevesnsulngiuiessnmaiulavesinsu
PRadnd (abnormal grain growth-AGG) lasanmaiiamsuaanan (liquid phase) 283

a aa A ar [ ' =3
svUsenay BQN'LH LLﬂt‘ﬁﬂﬂWﬂi@NﬂvLamiz‘WJ'NLN'] WNWN [5-6]
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T AMNAWILUL (%) AUIALNTH (Um)
A55 98.7 29103
ASO55 99.4 6.0+0.2
ASCm55 92.5 3.6+04
ASCn55 92.0 1.5+0.2
A50 97.4 1.1+£0.2
ASO50 98.1 3.9+0.1
ASCm50 92.3 5.0+ 0.1
A45 96.8 1.0+ 0.1
ASO45 97.2 0.6 +0.1
ASCm45 91.0 1.3+£0.1
A40 95.0 0.7+ 0.1
ASO40 96.2 0.6 £0.1
ASCm40 92.4 09+0.2
ASCn40 91.0 0.7 £ 0.1

1319 2 FVUANIINUATNYBITWINWLTINNN
RULAR LAVNUFDIAILRAIDIDUANRLHINIAN 1xx0 (LT% 55 = 1550 a9eFNLTALTEH)
—_— 9 U

A= agﬁm, ASO = agﬁmwau%ﬁm, ASCm = agﬁmwau%ﬁnaum?’luﬁ

3 lulasLuas, ASCn = agﬁmwau%ﬁnaumﬂuﬁ 50 W lluAT

3.3 guUALEINaVaILTTIAN
3.3.1 ANBMIIBULAN
31 2 LFAIRITILAN NN TLANINYBITUINT LTI T NHINUANSIINNNISLHIREANT
gunnRizning 1550°C 1uiaan 30 Wil laggUasnanaaninianlidnsauwaves
\nIulasnIInal83% linear interception ﬂ’]iLL@]ﬂﬁﬂl%ﬂQﬁ%ﬂ@Elﬁl"svlﬂl,ﬂuﬂ’lﬂmﬂﬁﬂ
WUUAINLNIW (intergranular  fracture) ﬁ]’mgll 2(A) ﬂ’]SLL@mﬁ'ﬂlu%m’m ASC (31] 2(B))
Tagma ludadunsuanwnuuuduinsw (ransgranular  fracture) Mstaadaniasln
agﬁmﬁﬂﬁlﬁ@msmﬁsluu,ﬂaaﬂavlﬂmm@mﬁﬂl,ﬁﬂﬁaﬂ WunIuanANNENIZHINgNIT-
LANANULLANUNTULATULLINNLN TS Laa9as3l 2(C) nalnmsuandinludunudianani
ﬁmmqé’mﬁaammnn’mﬁu%ﬁmLLa:S‘Banaumﬂuﬁaﬂuagﬁmuanwamaaﬂ'avl,aﬁﬁ

=) J a Aaa 1
HeduandJAseseninawniin [7]
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8 i | N

31 2 anwaziTasuanuaIBuin (A) A55, (B) ASC55 uaz (C) ASO55 ANATUAAS

UINUNTNITHANAN A NN TIWLEZIINANUITZUFAIUSI N UNITLANANHILATH

3.3.2 ANULT9UaIINNATFLAZANNUNIWGADNITLANTN
M4 3 asUFuOAIEINaadL TN (ANUUTILUDANNSRUATAMUNBN UGS
MIUANAN) WU TUIUaIW (A) JanuudsdininTuinu ASO uaz ASC Ngmnail
LRGN I@ﬂﬁﬂmmlﬁw‘hqmmﬁ'u 94 + 1.0 GPa ﬁqmﬁgﬁl,mwﬁﬂ 1400°C
J2 a I A P o & A A PN a o a
uanaNUTUI ASC JaNUTIgIgaIlainouAUTUNUIUN AN LKA I Tagil
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A‘y J [ a =S n; a = ° A‘p a I ol =
Tuwnnuag NugmnNLHHEN Ngamniiininiin 1400°C  Fuaudanuuddin uazdl
mmuﬁagoqmﬁqmﬁgmmwﬁﬂ 1500°C  LihIN1ANLW [N ANRUI LU DIT I

AI J/ { =) J Q = Q Q
wamﬁaqmﬁgmmwﬁngwu [8] VALLABINUIWIALNTURAMNTFNNUTALANNUD
. o & " - R -
mmﬁmnuiumcﬁmawumuagumﬁﬁmmLlﬁ]aa@mLﬁammmaammmumuﬁqm%nﬂu
{ =) { a 1 &/ o v
1550°C Lﬁawmsmnmmwﬁnﬁqmmﬂu 1400°C WU IRINTNLT LI A WD UYL
ANULTIAARILHDINNANNAMILULANST Lasu [ENTaIANLTITANURNNWENU
. & o, PRI .
ATNRU UL DIT I Q:LﬁuvlmwmwLL%waaagwmmemﬁaamnmmﬂmuuu
& ' Py -~ 2 o o = A o A

VNV FIBTWITH ASC NIRLNINTENEIIN BT NLT L3l Ruuuladu1nbnLikasann
AMNAWILULANGIINWLNEILANTEDY 8819 1IIAANNAINUTIUDITUINY b HANMUTUNWT

NUUWIALNTHDENILAUTA
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FUI% AMNLDY (GPa) Kic (MPam'")
A55 119+£1.6 31203
ASO55 185+ 1.7 25+0.2
ASCmb55 17.6 £ 1.6 25+0.2
ASCn55 16.2+24 25+0.2
A50 153 +2.2 24 +£0.2
ASO50 174 £ 1.7 24 +£0.2
ASCm50 176 £ 1.6 24+0.2
A45 9.8+0.6 24 £ 01
ASO045 126 £1.7 26 0.2
ASCm45 175+1.3 22 +01
A40 94 +£1.0 2.7 +£01
ASO040 12.0 £ 0.8 2.7 £ 01
ASCm40 139+ 11 2.3+01
ASCn40 12.0£1.2 21101
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NANWIN (Manuscript)

Effect of Sintering Temperature on Microstructure and M echanical

Properties of Alumina/mullite Composites

Apichart Limpichaipanit*, Sukanda Jiansirisomboon, Gobwute Rujijanagul and
Tawee Tunkasiri
Abstract

Alumina/mullite composites were fabricated by reaction sintering from two
different sintering powder mixtures-alumina with silica and alumina with silicon
carbide (to allow oxidation to form silica). After sintering, silica underwent complete
reaction to form alumina/mullite composites. In terms of microstructure, density and
grain size of ceramic samples were investigated. The density of the composites
prepared by alumina and silicon carbide was lower than those of alumina and the
composites prepared by alumina and silica. The grain size increased as the sintering
temperature increased. In terms of mechanical properties, fracture surfaces, hardness
and fracture toughness were investigated. It was found that the fracture surface of
alumina was rather intergranular whereas the fracture surface of the composites was
more transgranular. The hardness of the composites was higher than that of alumina at
the same sintering temperature. However, the fracture toughness of the composites
was not significantly different compared to that of alumina.
Keywords: Ceramics; Composite; Fracture; Mechanical properties
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Introduction

The most common method to improve mechanical properties of ceramics is to
incorporate second phase particle into the based ceramic, so-called Ceramic Matrix
Composites (CMCs). Alumina-based composites are widely used in many
applications because alumina has high melting point, hardness, wear and corrosion
resistance. Second phase or reinforcement phase added to alumina results in an
increase of fracture toughness, hardness and strength [1-2], which can be non-oxide
(e.g. SiC, Si3Ny, TiC) [1,3-4] or oxide (e.g. ZrO,, TiO,) [5-6]. When silica (Si0,) is
added to alumina, the alumina/mullite composites can be formed due to the reaction
between alumina and silica at high temperatures to create mullite (3A1,03.2S10,) as
the product.

There has been rather extensive research of alumina/mullite composites in
terms of both processing and characterization. Reaction sintering is the most common
method to fabricate alumina/mullite composites and in this case starting powders are
required to produce ceramic green compact. The starting powders can be prepared by
ball milling or sol-gel followed by calcination. She et al. [7] fabricated the composites

using [1-Al,O3, Al and [J-SiC as the starting materials and ZrO, as the sintering aid.

The powders were ball milled then uniaxially pressed and sintered in air so that SiC
underwent oxidation to form silica (SiO;), which can further reacted with alumina to
form mullite. The composite with 15 vol% ZrO, exhibited high density after sintering
at 1580°C for 2 h with intergranular fracture mode and high strength. Sedaghat et al.

[8] utilized sol-gel method where starting precursors were aluminium chloride
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haxahydrate (AICl;.6H,O) and tetracthyl orthosilicate (TEOS). The composite
powders were obtained by calcination at 900°C for 2 h followed by attrition milling,
drying and sieving. The resulting composites contained intergranular and
intragranular mullite and the alumina matrix grain size was decreased.
Alumina/mullite composites can also be produced by infiltration technique. Marple
and Green [9] prepared partially sintered alumina sample and the sample was
infiltrated with hydrolyzed ethyl silicate solution. The composites had only mullite
and alumina where the grain growth of alumina matrix was restricted by mullite.
Young’s modulus of the particular composites was lower than that of pure alumina
and fracture toughness was increased up to 60% in some samples [10].

In comparison, it can be seen that reaction sintering is the simplest route of the
production. Furthermore, reaction sintering is more economical compared to other
methods of ceramic processing and can also ensure homogeneous distribution of the
second phase (i.e. mullite) [11]. Silicon carbide is generally used as the starting
powder to form silica via oxidation. Sakka et al. [11] fabricated alumina-mullite-SiC
nanocomposites from alumina and silicon carbide powders. The silicon carbide
powder was oxidized at the surface and the silica resulting from the oxidation reacted
to alumina at the surface between Al,O; and SiO, to form mullite, leaving the
unreacted alumina and remaining unoxidized SiC surrounded by mullite. The study
and modeling of oxidation behavior of SiC in alumina-based CMCs was also carried
out and it was found that silica and mullite formation depends mainly on rate of
oxidation (governed by sintering temperature), SiC geometry and SiC particle size
(i.e. surface area) [12-13]. However, the fabrication of alumina/mullite composites
from the mixture of alumina and silica is also possible and there is yet no study to
compare the microstructure and mechanical properties of the composites from

different starting powders.
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In this study, alumina/mullite composites were fabricated by reaction sintering
using alumina, silica and silicon carbide (to be oxidized to form silica) as the starting
powders. The objective is to investigate the effect of sintering temperature on
microstructure and mechanical properties of alumina/mullite composites prepared by
different starting powders with the same route of processing.

Experimental procedure

The starting powders consist of Al,O3; (200 nm), SiC (3 um) and SiO; (0.007
um). To fabricate alumina/mullite composites, two powder mixtures (Al,O3;+4.1 wt%
SiC and Al,O3+6 wt% Si0O,) was used. The amount of silicon carbide added (4.1
wt%) would be oxidized to 6 wt% SiO, provided that SiC undergoes complete
oxidation. The ceramic powders were mechanically mixed by ball milling using
ethanol as dispersing media and zirconia balls as milling media. To prevent abnormal
grain growth, 0.25 wt% MgO was also added in the powders. Ball milling was
performed for 5 h and then the slurry was dried in an oven for 24 h. After drying, the
powder was obtained by crushing in mortar with pestle and then sieving through a 150
um sieve. Ceramic pellets were produced by uniaxial pressing at 150 MPa and the
ceramic samples were sintered in air at the temperatures between 1400 and 1550°C
for 30 mins where the heating and cooling rate was 5°C/min. The pure alumina
samples are denoted as A; the alumina/mullite composites prepared from alumina and
silica powders are denoted as ASO; and the alumina/mullite composites prepared
from alumina and silicon carbide powders are denoted as ASC. The numbers of the
samples are sintering temperature where 40, 45, 50 and 55 are 1400, 1450, 1500 and
1550°C, respectively.

Phase identification of the sintered samples was carried out using X-Ray
Diffraction (XRD) technique. The scanning step of the diffractometer (Miniflex 600,

Rigaku, Japan) was 0.05° and 26 was between 20° and 100°. The diffraction patterns
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were matched with patterns in JCPDS file. The investigation of microstructure and
mechanical properties include density, grain size, fracture surface, hardness and
fracture toughness. Sample density was measured by Archimedes method. The
morphology of ceramic grain and fracture surface was examined by Scanning
Electron Microscope (SEM-LV5910, JEOL, Japan). To measure grain size and
hardness of the ceramic samples, metallographic preparation for polishing was carried
out as follows: grinding using 25 pm diamond suspension until flat and polishing
using 6, 3 and 1 um diamond suspension to the final surface finish. The samples were
prepared for grain size determination by polishing and thermal etching at 50°C lower
than the sintering temperature for 30 mins. The linear interception method was used to
calculate the grain size of alumina. The fracture surfaces were prepared by breaking
the samples with no further surface treatment. The samples for SEM observation were
sputtered with gold to prevent surface charging. The polished surfaces were subjected
to hardness measurement using Vickers microhardness tester (Wolpert W Group,
England) with 1 kg load (9.8 N) and the dwell time of 10 s. Fracture toughness was

calculated from the formula:

E 1/2 P
K,C=O.016£—J —
H

3/2
\%

where K, is fracture toughness, E is Young’s modulus, H,, is Vickers hardness, P

is indentor load and c is radial crack length. The Young’s modulus values are
obtained from Asmani et al. [14] where porosity of the alumina samples is taken into
account.
Results and discussion

XRD patterns of alumina and alumina/mullite composites made from the two
mixtures sintered at 1400°C are shown in Figure 1. It can be seen that the composites

consisted of only alumina (JCPDS file no. 42-1468) and mullite (JCPDS file no. 79-



24

1456) with no peaks of silica (SiO,) or silicon carbide (SiC). This can be concluded
that mullite was completely formed by SiO, (either from deliberate addition or SiO,
as a product of oxidation from SiC). In case of SiC addition, the temperature of
1400°C or higher could result in a complete oxidation for the SiC with a particle size
of 3 um since the oxidation of SiC started around 820°C for micron-sized SiC [15].
Density, grain size, hardness and fracture toughness of all ceramic samples are
summarized in Table 1. The graph of density of samples as a function of sintering
temperature is shown in Figure 2. It can be seen that alumina (A) and alumina/mullite
prepared by alumina and SiO, mixture (ASO) had higher density as the sintering
temperature was increased whereas the final density of alumina/mullite prepared by
alumina and SiC mixture (ASC) tended to be insensitive to sintering temperature. The
density of alumina/mullite from alumina and SiO, was slightly higher than that of
alumina at the same sintering temperature (0.4-1.2%). The increase of final density of
alumina due to an addition of SiO, to form alumina/mullite composites is also
reported by Svancarek et al. [16] where the addition of up to 10 wt% SiO, could
slightly improve the density of alumina samples. The density of the composites
prepared by alumina and SiC was significantly lower than that of alumina at the same
sintering temperature (2.6-6.2%). Luo et al. [17] reported the decrease in final density
when alumina/mullite composites were prepared by the same method as this work.
However, the decrease was quite small (~0.5%) and this was a lot smaller than this
work. The possible explanation for the decrease of final density is that SiC prior to
oxidation to silica hinders densification of alumina ceramics during sintering [18].
Also, oxidation of SiC results in CO, as a product, which could create open pores [12]
and thus reduce the final density of the samples fabricated by alumina and SiC as the

starting powders.
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Figure 3 shows the graph of alumina grain size versus sintering temperature. It
can be seen that the grain size increases as the sintering temperature is increased. All
samples had the grain size of ~1 pm when the sintering temperature was 1400 and
1450°C. At 1500°C, alumina (AS50) had the grain size of 1.1 pum but the
alumina/mullite composites (ASO50 and ASC50) had the larger grain size. The grain
size of all samples was increased at the sintering temperature of 1550°C where
alumina (A55) had the smaller grain size than the alumina/mullite samples (ASOS55
and ASCS55). It should be noted that at higher temperatures (i.e. 1500 and 1550°C)
alumina/mullite from alumina and SiC powders had larger grain size than pure
alumina because micron-size SiC particles before oxidation were not effective to
inhibit grain growth from grain boundary pinning like nano-size SiC particles [19-20].
Moreover, SiO; in the powder mixture from both deliberate addition and oxidation
could also act as a sintering aid and promote grain growth during sintering due to a
formation of glassy thin films [21], resulting in the larger grain size and higher final
density compared to pure alumina.

Figure 4 shows the micrographs of fracture surface of the alumina and
alumina/mullite samples with similar grain size. Intergranular fracture is observed in
alumina where facetted fracture surface is the characteristic. There is also a small area
of transgranular fracture in alumina. In alumina/mullite composite, the fracture
surface is rather transgranular with lesser extent of intergranular fracture compared to
pure alumina. The morphology of alumina/mullite fracture surface is in good
agreement to the previous report [22]. The change of fracture mode was caused by the
presence of mullite from reaction sintering, which resulted in grain boundary
strengthening [17]. From the micrographs, it can be seen that the fracture surface of
ASO (Figure 4(b)) is more transgranular than ASC (Figure 4(c)). This could be due to

the fact that mullite from SiO, obtained by oxidation of SiC (particle size of 3 um)
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had a larger size than that obtained by direct addition (0.007 pum) as previously
reported by Burgos-Montes et al. [22] or the mullite in ASO was more intergranular
than that in ASC [23].

The graph of hardness as a function of sintering temperature is shown in
Figure 5. The hardness of A and ASO samples increased as the sintering temperature
was increased (except A50 sample where the hardness was higher than A55 sample).
It can be seen that the increase of density plays an important role to improve the
hardness of the ceramics [24]. Comparing at the same sintering temperature, the
hardness of alumina was lower than those of alumina/mullite composites, which
shows the same trend as the previous report [16-17]. However, alumina/mullite
composites prepared from SiC starting powder (ASC) had higher hardness than that
prepared from SiO, starting powder (ASO). It could be due to the fact that the higher
hardness resulted from the greater amount of mullite formed or the more
homogeneous distribution of mullite in ASC ceramic sample [16-17]. Figure 6 is the
graph of fracture toughness versus sintering temperature. It can be seen that there is
no significant difference in fracture toughness between alumina and alumina/mullite
composites. The value of fracture toughness of alumina sintered at 1550°C is higher
than the other samples because of the high value of (E/Hy)">. In this work, the
calculated volume fraction of mullite in the composites is ~14% (from the reaction
sintering with 6 wt% SiO, from direct addition or oxidation) and the result of
hardness and fracture toughness can be compared with the report from Luo et al. [17]
and Svancarek et al. [16]. The value of hardness is agreeable and the value of fracture
toughness is slightly lower because the calculation in this work takes the effect of

porosity into account [14].
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To summarize the results, the relationship between mechanical properties and
microstructure is discussed in this paragraph. It can be seen that alumina/mullite
composites could be obtained by ceramic processing from two different starting
powder mixtures. The larger grain size of alumina/mullite composites compared to
alumina, in most cases, at the same sintering temperature was caused by SiO, from
direct addition or oxidation of SiC [21]. ASC ceramic sample had lower density than
alumina due to the delay of densification resulting from SiC prior to oxidation or
formation of CO, gas during oxidation whereas ASO ceramic had slightly higher
density than alumina due to SiO,. The subsequent formation of mullite resulted in an
increase of hardness and the change of fracture mode to transgranular. However, the
mullite formation process in ASO and ASC was different, resulting in the difference
of hardness and degree of transgranular fracture. When large SiC particles are used as
starting powder for reaction sintering, mullite tends to form inside alumina matrix
[11] while small SiO, particles react with alumina to form mullite at grain boundaries
[22]. As a result, mullite in ASC was distributed more evenly whereas mullite in ASO
tended to be situated at the grain boundary. Therefore, the hardness of ASC was
higher with less transganular fracture compared to ASO. In this work, it can be seen
that reaction sintering process is beneficial to processing of alumina/mullite
composites where the particle size of starting powders can be utilized to tailor the
position and distribution of mullite, which affect the mechanical properties (i.e.
fracture mode and hardness).

Conclusions

The effect of sintering temperature on microstructure and mechanical
properties of alumina/mullite was studied and it was found that:

1) The density of pure alumina and alumina/mullite composites prepared by

alumina with silica increased with sintering temperature but the density of the
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composites was not changed when the powder mixture was alumina with silicon
carbide.

2) The grain size increased with sintering temperature in both alumina and
alumina/mullite composites.

3) The hardness of alumina/mullite composites was higher than that of
alumina. Higher sintering temperature resulted in higher hardness because of the
increase in density of ceramic sample.

4) The fracture toughness of alumina and alumina/mullite composites was not
so different and it did not depend on sintering temperature.
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Table

Table 1 Physical and mechanical properties of all samples

30

Temperature Sample  Density (%) G (um) Hy (GPa) Kie

(°C) (MPam'?)
A40 95.0+ 0.1 0.7£0.1 94+1.0 2.7£0.1

1400 ASO40 96.2+ 0.1 0.6 0.1 12.0+0.8 2.7+0.1
ASC40 92.4+0.1 09=+0.2 139+1.1 23+0.1
A45 96.8+ 0.1 1.0£0.1 9.8+0.5 24+0.1

1450 ASO45 97.2£0.1 0.6+0.1 12.6 £ 1.7 2602
ASC45 91.0+£0.1 1.3+£0.2 17.5+1.3 22+0.1
A50 97.4+ 0.1 1.1+£0.2 153+£2.2 24+£02

1500 ASO50 98.1£0.1 3.9+0.1 17.4+£1.7 24+£02
ASC50 92.3+0.1 50+0.1 177+ 1.6 24+£0.2
ASS 98.7+ 0.1 29+0.3 11.9+1.7 3.1+£0.2

1550 ASOS55 99.4+ 0.1 6.0+£0.2 185+1.8 25+£0.2
ASCS5 92.5£0.1 3604 16.6 £ 1.7 25+02
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Figure 1 XRD patterns of alumina and alumina/mullite composites at 1400°C (dots

show the presence of mullite)
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Figure 2 Graph of density as a function of sintering temperature
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Figure 3 Graph of alumina grain size as a function of sintering temperature
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Figure 4 Fracture surfaces of alumina and alumina/mullite composites at 1550°C (A)
alumina (AS55) (B) alumina/mullite from alumina and silica (ASOS55) and (C)
alumina/mullite from alumina and silicon carbide (ASC55). The arrow indicates

intergranular fracture and the area in dotted circle indicates transgranular fracture.
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Figure 5 Graph of hardness versus sintering temperature
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