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ALUMINA-SILICON CARBIDE/ZIRCONIA COMPOSITE

The purpose of this work was studied the effect of 3Y-ZrO, additive on
mechanical properties of Al;O3-SiC based composites. The addition of 3Y-ZrO;
particles was 10, 15, 20 and 25 vol.%, respectively and sintered at 1550, 1600 and
1650°C for 240 min. by embedding method. Sintered Al,03-SiC/3Y-ZrO, composites
were characterized on the density,  phase. of composites and microstructure.
Mechanical properties were measured on the flexural strength, fracture toughness and
hardness.

The results showed that the highest flexural strength of 250+24.07 MPa was
obtained with 75 vol.%Al,03-SiC, 25 vol.%3Y-ZrO, composite sintered at 1600°C.
The highest hardness of 9.16+0.61 GPa was obtained with 90 vol.%Al,05-SiC, 10
vol.%3Y-ZrO, sintered at 1600°C while the maximum fracture toughness of
5.66+0.10 MPa.m"? was obtained with 80 vol.%Al,05-SiC, 20 vol.%3Y-ZrO,

sintered at 1600°C.
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SiC (sintered) 3.10 3860 | 560 | 170 | 25 | 550 | 80 | 4.0 | 3.63
7r0,,9%MgO

5.50 1860 | 270 - - 690 | 100 | 8.0+ | 7.26+
(partially stabilized)
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Zirconia Polycrystal in non Zirconia matrix
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e FSZ  Fully Stabilised Zirconia
e TTC  Transformation Toughened Ceramics
e ZTA  Zirconia Toughened Alumina
e TTZ  Transformation Toughened Zirconia
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MONOCLINIC SS +MgO
i L

0 10 20 30

MgO , MOLE %

719 2.6 1WHYIINN 1AV MO 1u-Zr0; (Grain C.F., 1967)

2.4.2  Tetragonal Zirconia Polycrystal (TZP)
= 4 =\ d' = [ [ 3 o‘f a
Ao o3 IntHeadosod luigmamass Inueansvua Tagna liszifann
mM3l4 v,0, tfuaisadiennumaios miniasaunugidigainluszuy 2r0,-v,0,
{ a A a ) o
(317 2.7) 15198 0 mo1% - 5 mol% VB Y,0, WU MH Mg N1/5zanal 1300 - 1650°C 1503 lartie
' o A £ ° ] P A oA o ' <
vzagluigmamass Inuaainoy 100% Sar1ninlvwes laisned luanimaenaingu
] ] < ~ a9y 9 4 A A ]
A108195 15 M NgUNInes 3z Idwes laisfioglugives TZP
vAa 1 < [ 1
INMTANIAUTATZNI19AMUUIIUTINVIUIADYNIAVDI TZP WU
A 1 a 1 a L. . ~ 9
oAU YNA THYIAUNIIVUIATINGA (Critical Size) (uaaslugin 2.8) Inssaiunnse
d‘ [ Y a 4! d' [ dy 1 Y
Tauea szawsanlasuignialawenusssuna sawavesmsilasuigniaiiszdanalin

<3 [
ATUHUILTIVDIITA AN (Stevens, 1986)
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LIOUID (L)

TETR

TRANSFORM

T+F
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— o

—_—— o o e

= T = =
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<
T
-

1600°C TIE LINE

1400°C TIE LINE

il M;itF

. AR ™ - e a ==

MONOCLINICM)

i

I
< /) N\ Q.

NON. TRASFORM T

et = ] = = = e = =

CUBIC (F)

10

MOLE% YO, .

15

20

319 2.7 uwugiiigniaved Y,0, 14 Zro, (Miller R.A., Smialek R.G., and Garlick, 1981)

13

] Y
i]"lﬂﬁﬂaTJL‘ﬁi’)\‘IﬁJU’H“IJMTQ‘]JE’JQLﬂiu (Grain Size) Y93 TZP Inano

1 <3 [ 3 =2 A = a A 1 a Y J =
ATAITLLUNLLI @N‘Llui]ﬁllﬂﬁﬁﬂ“lel1ﬁ1ﬂ]u1@3ﬂq¢]ﬂﬁﬂﬂﬁ@@ﬂﬁlﬂaElu’Jj‘]ﬂ”lﬂ"ll’fNL“]J”ﬂSIﬂmEJ

1 a z:? LIEY a 9 = dl a [ d'
WU "ll‘LHﬂ’Jﬂi]@"lll!@fﬁlﬂﬂﬂiNWmﬂJ@\iﬁWiﬁiTﬂﬂﬁiulﬁﬂﬂiﬂlﬁuaﬁqﬂ @Ngﬂ‘ﬂ 2.8

(Stevens, 1986)
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1.0~ I ' - ——o————

0.8 —]
E
=3
2 0.6 p
5
g
s <90% Tetragonal >90% Tetragonal
O 0.4 Retention Retention —
8
£
© 02} H

~
-
-
0.0l I ] ] L
0 1 2 3 4
Y,0, Content in ZrO, (%omol)

511 2.8 Have SN ad 19AMED o3 NUVLA Critical Grain Size (Stevens, 1986)

2.4.3 Partially Stabilised Zirconia in.a non Zirconia matrix
= J N AA = (2 ' dy o .
o L“]f’t’]51?’1!,1!EJ‘VI3Jﬂ'3'liJ’d‘éﬁl@ﬂﬂi%ﬂ‘u1Nﬂiﬂuﬂ§$%186g1ulu@ﬂﬂﬂ (Matrix)
A A ] ] o = [} a A -4 ] dy v A d a
ou il lywes Taie 131 oz g iwinsoyalan vannszoieegluilonaniiluezgiiu
o ' . J ]
Taen2 1192158071 Zitconia Toughened Alunina (ZTA) 1130 1niw0s latiognnszieeglu

dy v £ J I3 ~ T J . .
mawaﬂwﬂuga"lamﬂilzgmﬁﬂﬂm Zirconia Toughened Mullite (ZTM)

= 5 =
2.5 ﬂ‘i%'ﬂ’J1!fn‘i!ﬁﬂﬂ’)13J!?i1!ﬂ?‘ll®ﬂ!“ﬂ@§iﬂ!uﬂ
a = (% d' [ & =
ﬂig‘lj’n!ﬂ15!ﬂﬂﬂ’313~l!1’iuﬂiiﬂﬂ®1ﬁﬂﬂ15!1]@2]1!3{]511?1%93!‘15651?]!14{]
A a ~ @ = @ J ~ [
ﬂi’)ﬂ"lilﬂﬂﬂ’ﬂlllfﬁuEJ’JIﬂEJ@"IﬂEJﬂ”ISL‘]Jaﬂuﬁgﬂiﬂﬂlﬂﬂl%@iiﬂmﬂiﬂﬂ t-ZrO, Wu m-ZrO,
Tagiia luduiledhimsangungindsninmswiniin wes ladloazinanisulasuigninin

I A a o I I o A Aa < A
t-Zr0, 11 m-Zr0, Ngungiiiszuna 1200°C o813 lsnammaes lafsnlvuiaoymaannio

v W

[ (Y ] 4 A A (Y v 7 a J ~
Qﬂﬂﬁﬂﬂiﬂﬂ?gﬂ?ﬂﬁaﬂ (U maﬂmuemﬂs:::fnwmagimgmmmazgmm) 1503 IatHe

9

matzamnsonsiiegluaniizgiiaiesves zro, 18 nszurumsmsinannumiien Tag

4 4
=K A

A [ dy a dgl A o 9 a 4? Qy Y A a 1 o Y
ﬂmﬂaﬂmgmﬂmmmuma Miﬂﬁlﬁﬂllﬂﬂﬂluﬂ181u%u\ﬂu mﬂﬁnmﬂmum:mwamﬂw

a Aa Yy  a y 4 o A o gy 2 ~ A a
PVILIUNUIDYINUNALIIUAU Glf\iwa\‘lq'luﬁ']uugﬂgﬂ’lﬁlwL“B@iiﬂluﬂ‘ﬂ@ﬂiuﬁﬂ’ljglaﬂElisUﬁN

U

b

o

t-zr0, asundulegluziues m-zro, Fanavesnisulasuigmaiivgirlfizes laie
mamsnlasundasliungs Tasszveedilszum 3% dawaldinansainaninulateves

s8317 i liseed 1 luaunsadee lld
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[

@ A o a =\ dyd 4 =
AlsNd1AYYDINTLUIUNITINAANINHTEIUAD YUIAVDIDYNIALLDT LAY
[ =\ o =1 =1 d' o [ d' [ d‘ Y d' a

na1709 o3 latlgaziviaimmnzand msumsnlasuigmaieninus uauimalae

9 2 ' Qs: £ ~ dyl a .. . 9 4 ~
3083 NVMAKTUNIIY FI9ZToNVUIATIIVUIAINGA (Critical Size) D10UNAVOUYOF 1ALTlY
= < 1 a o =3 1 = [y d' = 9 ; ay 19
tvnaan lnvinainge wes Iadises lisoun)dsuigmaiielisossninluguau uadn

o A A dl [ PN 1 a o ~ d' [ a
o3 latglviasuman luainunvaIngaes laisazlasuigninedlaesssuina
8 a Y o v @ [ [ a o
Favuaingatezgniivualag MIUNAYY0IIMAKAN HAZTITUIAVRUTOT IAtHioI0
(Stevens, 1986)

Y Y
MNNTLUIUMITAINANIT 1A UD19NE12 1871 AU TlgIveIF UL U gN LTI

U

Y
=

ay ~ Qy A A A
Y99 t-2r0, N INFUIT U Zr0, WInFuaUn i Tiunozlinauwileunudu (Cahn,

Haasen, and Kramer, 1993)

NI

Ve

: O

O

o O
o O

@ Original metastable zirconia partical

v
‘é’ Martensitically transformed zirconia particle

gﬂﬁ 2.9 uammimﬂmmmumiﬂamﬁ&ﬂmﬂast;]mﬂ (Stevens, 1986)
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2.6 Jaawalsznou
[ a A [ d' dgl [ 1 :II 1 a
Jaqialsznoude JaaNdsznevIuainmssauiuvesdiuilsgnoudaud 2 iia
4 1 )
'l Fetlsznevlidremlaneiiiea (Continuous phase) ¥Fotanidn (Matrix phase) uaziile

A5291867 (Distributed phase) 113 01N @L@5 11154 (Reinforcing phase) Fuanszrednsomle

a =

9 v a 42’ ' A @ = 1 v q’/’ 9
!ﬁiulliﬂﬁ]'ﬁ]iﬁlﬂﬂﬂﬂﬂ"ﬂ 1 Gl)"LlWll‘L!hl‘]J A1 52N UNVITINAUITHANVUANA N UNI TUATY

A o o 9

ara J J 1 g v o % o @ va a
Wand eentsznoumaail nagidinnyae ldifuaiiazatedanuuaziu auid@uue

1 Y 1
drudszneuunazarusziauiinodilaoganilafiauuinnidu aaiudioiniiiaa

q

] E4
raa U

a Y o A o 1 :ll 9 1 Y] a
Walsznevag IdTag lninlaudanansivavesdivilsznovasdusivedluiaqds

9 1 J
Usznouiu (nalsy niuans, 1995)

2.6.1  aulsznevvesiaaalsynen

@

S X
L. agqiuavian (Matrix)

2. YaQuATuNT (Reinforcement)

[

3. 9UATNA (Interface)

U

262 Jaquiterian

[

a

A @ A = Y A1y A R @ a 9
agnismnann leamelse noy BnEnnveNursegaduaqEaIunsaln

q

i
v A a9 % v

Hedneg lauaziinfiaudiandesnindasasuuse auiianavediagilonan Ao

a

e

-4 1 =

1. hmadgdsomaninuiagasumsaluszninemsiugluiesz i

k4
o 1% =

Y
MSEIRIN s 1zdunal s eninian szdrldauiavecTaquilenanuaz Taquasuns

q

e

H 4 A
wlaeu ) msizaziunounazraimsyugiviomswniin Jaqilenaniuidasunsinis
= A [ 9 a [ d‘ =\ d'
wigdmipuienivusnasuasmanazimn/asuulas
2. hinlasundasaniianienenmmiogdsnvesiagaiuns s 1u Tag
dy v 9 1 o Yo a a A v Y [ d" v =\ A 1
iondnded lui i Taquasuus ufamsuaniiown 1dde Tagqilondnaiseziinnudangu

Yo a A A v o Y Y
W’Eﬂﬁ"JﬁﬂlﬁiﬂLliﬂlﬂaﬂl‘mﬁﬁﬂﬂlﬂﬂﬂiqﬂﬂ"lﬂ

Y
(% =} [

3. Jaquilonanalsiidniuzmauniifiaios (Chemically stable) hirlasuuilag
A Y '
A0UEHI0 1IIa3 19918 9
~ 1 9 @ a 9 U = [ dy [ Y o
4. ansoivzvefuiaqiasuusalananae Jaquilendansonldiag
sunsudn lilsdavsonszaredaeg 1d Taglinge

=~ 9 a 14 . A
5.UATUATUNTIUNITLINAAITNAN (Fatlgue) A1UAY (Creep) RS NULLT

Y Y
[ = a o A

ATTLUNN (Impact) 198 a1 3aailonannuusanszunnla 1A Saauilondnszinaseauaniay

q q

A @ a ! ll (% a < '
‘l]$’Nhl,ﬂslfu’3ﬁﬂlﬁiﬂlliﬁﬁsll'ﬂﬁﬂQLLﬁZﬁTﬂfgll”l’JﬁﬂLﬁilllli\?ﬁ‘ﬂ?]"llllﬁl\ﬂlﬁ\iﬂ'JTLLﬁQﬂiSLWIﬂ

< o YN 1 a = "o a
Nz ld ldinaanudemeoun daqaSuns
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= = = A Y
6. TinuHfle g (Toughness) ANUMTIEY ApauaINITalumsAIumIg
Y [ a o dy [ 1 1 = wva A 9 a
soo uanivesiae lumussiiintaqilondndiulnazlauianulsizondumsiin
{ 1 L
niinnumiion 1dun wes laie (2r0,)
Y ]
7. ikl §asernurih (Hydration) 1dd10 tnsrzazsr ldinanisilasunilas

Tassadameluld

P

Y o a o a o { g
8. mmimﬁlﬁﬁﬂuvl@@ﬂuaﬁﬂlﬁimgﬂ ﬂ?iﬁzlﬂﬂwuﬁgcﬁllm\uﬁ\‘]

9. limamsszme lddre (Volailize)

o

2,63 daQEINNIT

A [ d'd a Y [ a =1 A 1 [ dy (%
o 3ﬁﬂﬂNﬂﬁhWﬂlH@ﬂiU?ﬁﬂl%ﬂﬂizﬂ@U ﬁiJ‘]Jﬁ!Lﬁﬂﬁ%ﬂﬂfﬂ"m’)ﬁﬂmﬂﬂﬁﬂ
E4

] '
adAa TR AadaR

Y
uazliauianand aeamnsoi i dagulevaniauianaiy Tasvzedluanyuznizaion,
Y

v
A

9 Y
wiofsdegludaqilondnsnemssgauunndadounyidgiondn

WA v a

NTANAVD I Qa IS

[-»)]

P
@ Y o

9 [ @ 1
1. ﬂ'ﬂllﬁ’llﬂiﬂcluﬂTﬂ"U']ﬂu @ﬂﬂﬂﬁﬂlﬁ@‘ﬂﬁﬂ LB U ﬂ')’lllﬁ’]ll’lifltluﬂ'lﬁ

Y o 9y = o Jda o A
L"lﬂﬂul’lﬂﬂNLﬂN ANNaIII0 UMM A WS NS 9

[

I e a v A o § o 1 1
2. Hufeasilsauiairinavesidaienan Taediulugudriang
a 1 [ [ 1 1 . 1w
LT U9 UAIA WL (Hardness) ADIMUIALLNIY (Strong) [1A¥ANUUNT (Stif) WINNITerg
da' Q
Houan
v )
3. T e (Light weight) ot 1dlutaqsalsenovas 1dauiia
a 1 A 3 va A 1 ]
wanang lugUnuvauiamnig (Specific properties) TagiuauliamInananNuHUILLY
=1 Y 1 [ 1 .
4. UANUAUNIUADNITNANTOU (Corrosion)
5. ianwuannsalumsangu (Flexibility) g9
=) =
6. UANUIYIUYI (Toughness) §3
2 <3
7. AUV (Strength) g4
Tagn l1ludrz1l519uaz 19 (Shape and Dimension) Y 3dQIa5uIT19E
lnadoauliArInasIe
U o
o JluvvveITaaIaIHNI
1. 9UNA (Particles)
4
2. 1w lenuudu (Whiskers or Short fibers)

3. 1Fuleninunie4 (Continuous fibers)

4. BUULHY (Sheet laminate)



Whiskers
Short fibers

Continuous
Fibers

Laminate

311 2.10 wara 93 Uy uu¥e IaQETUISTI (Chawla, 1993)
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CANUYIUEN

anuansolumadndu'ld

2.6.4 HATNA

=

ke

=

< <
UDIULUI-UBDILLUN 15D UDILLY

Y [ J
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v 9
Wuﬂ‘i’aﬂﬁ@ﬁLﬂﬂﬁui$ﬁ31ﬂmwﬁ1 2 W'J‘Wﬁj'] HID ITHIN 2 %;]ﬂ’lﬂ LHU
< Y £~ o o A
-veunad iluau “]f\‘iiJﬂ'JnJﬁ"]ﬂﬂJ@ﬂ'Jﬁﬂlsﬁﬁﬂﬁgﬂﬂﬂ IHBDNAIN

Honanuazaaasuns szl

' J . = ' @ A < @ a 0 P
ATNNYUHWAAITAT (Thermodynamics) w"luﬁuaaﬂmummmﬂma@gﬂuawuﬂ mina

ABOUATNIN
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v Al
v A Y

2.7 NN

o a A I ] A A 9 dy [ o Aa ]
Taqusinezqiul (ALO,) Wuiaqnienlmiwiondnveaiaqralssnounu

'
=\ Y va Y =}

[ 1 4 a I Y] 1 Aa A 1 z;
@EJ"NLLW3‘Wa"lfllﬁﬂﬁ]"lﬂ’t’)zQNUTLﬂH?ﬁ@ﬁNﬁNU@L%Qﬂﬁﬁa UANANTAAIUANNHHEIA

q

o Y'Y o w o Y 9 a [ 3 =2 A Aav o o w
‘VIﬂ‘Vi3J5Ui’Jﬁ]”Iﬂﬂ(luﬂﬁl.!ﬂ‘]Ji%Q”IU‘VINﬂWH’Jﬁ’JﬂiﬂJ AU IUINLN auleinidg

SiC wuasunsaneds il sauiaminaldoy ALo,
. Y o = va A [ a . Y Aan
Shi et al. (2010) a1 sAny 1@ AIFInave idg3e1lsznou ALO/SIC #2875

a v a . =

Hot-pressed 1Agn31A5013A0AY ALO, Lag SiC vinaoynia lasmasdszanm 1 luTaswas
= va Aa 9 1 < < =~ o = vAa
sagdnuIguAFIna 1ann Auudase Auude tazanumiies TaeinsAnyiauiia
Nduman (ALOY/X wi%SiC, X=5, 10, 15,20 Aud1av) uaz 1dguugilunisiwiniin

a

AUANANAY DINNMITNAADINUNNAIUAAN ALO./5 wt%SiC InHINNgUHal 1635°C 92lia

< ~ o w {1
ANUUAIGIGALAZANNIN I 25.2 GPa 118 7.6 MPam'~ awd1ay Tuasizidiunay

A a =) < A g : 1 <3
ALO,/20 Wt%SiC IHHTINTNQUWQI 1735 °C 92 IANUUTILT UNUUIUFINAINNUUTITIGIER

615 MPa. AdUEAAIAIT 19T 2.2

{ A A < <
ﬂ']ﬁ']\‘]‘ﬁ 2.2 Llﬁ'ﬂﬂWaﬂ’lﬁ‘ﬂﬂﬁfﬁ]ﬂﬁllU@!%Qﬂﬂﬂ'l\‘]ﬁ’]“ﬂ'ﬂﬂlﬁl\ulﬁ\1 ﬂ')']illlsllﬂllﬁgﬂj'llllﬁﬁﬂj

(%

Yaraua1)58n0 11 ALO/SIC (Shi et al., 2010)

Fracture toughness
Flexural strength (MPa) Vickers hatdness (GPa) ”
Sample (MPa.m )

1635°C | 1685°C | 1735°C | 1635°C | 1685°C | 1735°C | 1635°C | 1685°C | 1735°C

Pure
280433 - - 19.6+1.1 - - 3.2+0.4 - -
ALO,

AS5* 364+68 | 317+23 | 2331 | 25.2+1.3 | 21.7+1.2 | 21.4+1.3 | 7.6£0.2 | 5.0£0.2 | 4.3£0.2

AS10* | 268429 | 569+3 | 283+30 | 22.6+1.0 | 24.5+1.5 | 22.5+1.2 | 6.0£0.4 | 5.6£0.3 | 5.1+0.3

AS15* - 42526 | 404+7 | 21.0+£1.2 | 24.1+1.1 | 23.8£1.0 | 5.0=0.4 | 4.5£0.5 | 3.0+0.4

AS20*% | 460+12 | 584+14 | 615+25 | 20.0+0.9 | 24.1+1.4 | 25.2+1.0 | 4.1+£0.1 | 4.2+0.1 | 3.7£0.4

nugne - * ASS = AlLO,/5 wt%SiC, AS10 = Al,0,/10 wt%SiC, AS15 = A1,0,/15 wt%SiC,

AS20 = ALO,/20 wt%SiC

Aav < 1 @ va a [
mmmmmmmiﬁ'mmw SiC ﬁ”lllﬁﬂ‘ﬂi‘U‘]JtiEﬁJ‘]J@]LGINﬂﬁ'ﬂNﬁHuﬂ’ﬂmHNuiﬂﬂl%N
@ a . Yy A a =< A a 0 ~ A dg’
TaauFalsznon ALOYSIC 18 iloNMsaMIIHTNNgungl 1635°C ANMMHEIVZINNIY

< 9 A ~ @ a A A a . ~ [ qs: =2 Yy
NUIYLNBINIUNUDSQUUN °1ummzmwuﬂsmm SiC AN HYIT AN mumﬂm
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mMsAnINTzUINMsIaz Inseadeganinvesiaqsalsznon TastiiaguiTunnasunse
edsuilgsauiidaFena saudunneigmsth lllFaumeduiemnssy
y == o va a [ a 9 o
Young et al. (2004) l@fimsdnyimsdsvljsmniadinavesigadalsznoudmi
) 9 A A d? o . [
msi I Idnunenuusadu Tagmsiheyna Sic szauu Tuamnalszunm 280 w1 Tuwas
[ a Y v £ A = 1 a o o =2
Wulaasuusalnay ALO, alimslasuuilasdiumanuazguugid M unIsmInin

AaR15197 2.3

MINA 2.3 AURANIAZUUATAIMTUMIINHTNT S UIaFaliznon ALO/SIC

(Young et al., 2004)

Batch composition (wt%) Sintering condition
Designation Pressure
0-ALO, B-SiC Temperature ('C) | Time (h) Atmosphere
(MPa)

AO 100 0 1550 1

AOS1 95 5 1650 2

AOS2 90 10 1650 2 25 Ar
AOS3 80 20 1650 2

AOS4 70 30 1700 2

1w a . . < A 3
1INN1TNAR0INDITaAF 9 52n0D ALO,/SIC (Particulate) 92 AW UNY YU
A o . I a A < A
LUDUN SlCL‘]J‘L!L‘I/\lﬁLilILLiQ TﬂﬂllﬂWﬂ'ﬂllLL‘U\iij\iQ’ﬂ 23.4GPa.(11!5Ui1!$1/lﬁ’JuNﬁ§J
=\ vAa F2 ~ A 421 = =}
A1203/20Wt%SiC ETUANUANNATUAINUIH UYIVSINNUY IﬂﬂilS’JiJﬂTﬂ’JnJLWUEJ'JEIQ@:ﬂ
12 @ ° ) ¥ A4 A o "o =
5.2 MPa.m ﬂ\iWaﬂT3‘VIﬂfli’)\1Llﬁﬂ\1?J"Iqfﬂi1!"Ibl,‘]JblﬂN"ILl1/]1\1@11!Lﬂ5®\1ﬂ®@ﬂ!&@]\1ﬂ\1¢]13NVI 2.4

nazgili 2.11
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1 vAa A <
@m‘Nﬁ 2.4 Llﬁﬂﬂwaﬂ"ﬁﬂﬂﬁﬂﬂﬁﬂﬂ@lﬁ)’\iﬂa‘ﬂTQﬁJTHﬂ?TNLLﬂNLLagﬂ?TNLﬁﬁEJ'J

Tereuaailsznon ALO,/SIC (Young et al., 2004)

Designation Density (g/cm3) Hardness (GPa) Fracture toughness (MPa.m”Z)
AO* 3.96 19.6+2.3 3.8+0.5
AOST* 3.90 22.5+0.8 3.840.1
AOS2* 3.85 23.0+0.3 3.7+0.4
AOS3* 3.71 22.2+0.6 5.2+0.4
AOS4* 3.66 23.4+1.3 4.5+0.3

WU % A0 =100 wt%AL,0,/0 wt%SiC, AOS1 = 95 wt%AL0,/5 wt%SiC,
AOS2 = 90 Wt%AL,0,/10 wt%SiC, AOS3 = 80 Wt%A1,0,/20 wt%SiC,

AOS4 =70 wt%A1,0,/30 Wi%SiC,

2000
18001 f-
1600/ |~
1400/
1200
1000!
800/
6001 -
400 |
200

H

Tool Life (sec)

T T T T T

AO AOS1 AOS2  AOS3  AOS4

510 2.11 uaasergms I¥auiaadauasuesaqiialsgnou ALO,/SIC (Young et al., 2004)

o w . . I a o
Garnier et al. (2005) 1AAnB1115117d9 SiC whisker 1wt maSuns 190 ALO,
elSulgeauiiamana Tasmmuadiunay ALO,/35 vol%SiC whisker 91NNITNATDINYI
A a o . . o Y [ < =~ A 42’ A A
(o1ANIAe SiC whisker 911 1HAIAMUUTI ANULTTIAZANWIKT Y 1NV WNBINYY
Y a 1 [ <
Auozgiun TasA1AINLTL ANUTINTATANWHHEIZIEA 2107 (10 kg) 639 MPa Ay
o v < ! a o [ 1 vAa A [
7.9 MPam'"” awd ey uaa IiiduiudmasunssiinnudidyaeaniaiFinaveidn

a Q} d’
FUT2NOU AT 2.5
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Tareuailsznen ALO,/SIC, (Garnier et al., 2005)
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Mechanical properties AL, Al,0,/35 vol%SiC whisker
Relative density (dth%) 99.1 100

Young’s modulus (GPa) 406+10 421+10
Hardness Vickers (10 kg)* 1854438 2107432

Flexural strength (MPa) 488+151 639+21

Fracture toughness (MPa.mm) 5.4+0.4 7.9£0.3

HUYLHE - * NATeU Hardness Vickers ﬁ}?ﬂﬁ1ﬁﬁﬂﬂﬂ 10 kg. (98.07 N)

Ay Y Y <3 [ ) wAa 9 <3 Y o w
mﬂ\ﬂuafﬂEJGIJNG]mzmummmiaﬂiu°1Jqﬁﬁuwmnmummumuﬂ'li-m Tﬂfmnﬁﬂ

< a [} <] va A
SiC whisker 1 UIW et a3 w9 E]ElNlliﬂ@niJﬂTﬂNﬁﬂ'ﬁ“ﬂﬂa@\iﬁM‘U@11/]1\1991}11!‘?]’3'13Jlﬁﬁﬂ?!wn

4 S
VUHUUANUDY

Ma et al. 2008) laanuina Tnmisifougdvesiag zo, hun i umlaaTuns

1900 ALO, 1o F V13 @uTANIR A Ho91nHaN1TNAABIN DI NioIAY T g

2:0,(2Y) 1ag Zr0,(3Y) tmHiintigu gl 1550°¢ iWural 1 $2Tus TasldSua zro,

TudSmafuandranu dao e Z0,2Y) uag 2:0,3Y) uaasliiiuihannsodfulgeauia

Y = Y 1A A = 12 [
NWATUANTUHUIIVDI ALO; UlﬂﬂEJNﬂ Tﬂemmmmmumqqqﬂ 7.9 MPa.m'~ 1agdIUNT L

AL0,/20v0l.%Zr0,(2Y) LAAIAIN13 199 2.6

A5 2.6 uaasauAEInaned AU ievesTagslsznoy ALO,/ZrO,

(Ma et al., 2008)

Content of m- ZrO, and t-ZrO,(vol%) Volume of phase Fracture
ZrO,vol%
Before fracture transformation toughness
content After fracture(Vm,Vt) n
(Vm,Vt) Vt—>m (vol%) K, (MPam ")
7r0,(2Y)
10 1.2,98.8 11.9, 88.1 10.7 59
15 4.7,95.3 18.6, 81.4 13.9 6.7
20 8.3,91.7 26.7,73.3 18.4 7.9
25 13.2,86.8 15.9, 89.1 2.7 7.4
30 15.5, 84.5 17.4, 82.6 1.9 5.1
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M99 2.6 waasauiaFinansduaNurienvesiagsalsznoy ALO,/ZrO,

(Ma et al., 2008) (D)

Content of m- ZrO, and t-ZrO, (vol%) Volume of phase Fracture
ZrO,vol%
Before fracture transformation toughness
content After fracture(Vm,Vt) "
(Vm,Vt) Vt—>m (vol%) K. (MPa.m °)
Zr0,(3Y)
10 8.9, 81.0 50.1, 49.9 41.2 7.1
15 10.6, 89.4 54.4,45.6 43.8 7.8
20 13.2,86.8 48.0, 52.0 34.8 6.1
25 17.7,82.3 27.8,72.2 10.1 5.5
30 23.2,76.8 31.5,68.5 8.3 4.9

A 9 A A [

av 9y 9 Y < ! o Y o a
ﬁ]’]ﬂ\ﬂu')ﬁ]f]"ln\iﬁullffﬂ\'l(l'ﬁl‘ﬁu'JT UJEW]@Qﬂ’]iﬂﬁﬂﬂﬁq\iﬁﬂﬂ@l%\iﬂﬁiﬁﬂﬁjﬁ@]‘i’)gQNU”I

Y
a a =

3100 Jagivzihiwaualsrsianianfaniiezaluiiiondn ¥93ag SiC uag Zro,
wizauaensUsul JeauiarenavedTagsaligney aeuITenneInuiag
1%9132n9U ALO,-SiC/Zr0,
. =2 = o Y v a A o )
Linetal. (1998)fny MA8IN U IATIa319 duidtFanaveddaqsilsznon
' <
ALO,+ZrO,+SiC, (whisker reinforcing) 910113 NAABINY I ANV ILTIATAN U T 8IN

[ A .

3 = & o Y a = dy
vinnalnueeiis 2 3aq Ao sic uaznmsulasumldves zro, Fei ldmaanumiierluile

Aa < 1 [ OZR
ALO, 91NM3IAN0YNIA SiC, tazoynIa Zro,2Y) unaasldivuiamnsolsulyauia
1anavesddarsiin ALO, na lnmsinaanumiionludaaqsailsgnou ALO+Zr0+SiC,
siC, w908 1ugiluoq whisker vz i MiFoulszaiu uazna lnmsideumlaniilina

~ 1 @ z Y = = = .
AU 82U09 Zr0, Frodudesoenanld vinnisnaaesiinisilSeuiioy ALO,+SIC,
LALO.+20v0l.%Zr0,(2Y)+SiC,, 1z ALO,+20 vol.%SiC_+Zr0,(2Y) wuiuietmiuium sic,,
<3 A 4 1 a ' <
AL AN TEIVINVAY LABUANUINNTT 20v0L.% SiC, ANUUTINTIIZAAAY
1 4 A < A -4 [ a

WUIULBINL vol.%Zr0,(2Y) ANUUULT AT ANUH e UNUUU UARUAN 30v0l.%Zr0,(2Y)

< @ A ~
AITULUIVEAAD UTAAIAIAITINN 2.7 LA g‘]J“V] 2.12
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M137199 2.7 HaaaIUNaNURITaQIN1)sznon ALO,+ ZrO, + SiC, (Lin et al., 1998)

1 1 N

10 20
SiCy CONTENT. vol%
(a)

Composition series AS Composition series AZS Composition series ASZ
(A1203+ SiCW) (A1203+ Zr02+SiCW) (A1203+ SiC, +Zr02)
Content
ASO | AS1 | AS2 | AS3 | AS | AZS AZS AZS ASZ ASZ ASZ ASZ
0O 1 2 3 (¢} 1 2 3
A1203(Vol%) 100 90 80 70 80 70 60 50 80 70 60 50
Zr0, (vol%) 0 0 0 0 20 20 20 20 0 10 20 30
SiC, (vol%) 0 10 20 30 0 10 20 30 20 20 20 20
201 1 JE ‘ - ]" T T T T 4)
|
s P | F !
i L | = 0L i
£ I# l‘ ! A |
= T s |
[~ | r L 4
: :/ | = !
= + LT i
o
2 )6k _l % I8 4
= T 5|
= i - =
a2 = *
143 t | in -
f
l__._____gl; Y .y 1 1 L L L L
(Bl 1) 0 A i 10y 20 RN
SiCyw CONTENT, vl Zr(, CONTENT. vol*:
1h
0w —
£ _
=
jm g
=
= 73]
< o
= ] &
2 2
= i &
=
. =

£ 1 1

10 20 30

ZrO; CONTENT. vol%
(b)

{ va A <3 [ o
iﬂﬁ 2.12 !Lﬁﬂ\iﬁll‘ﬂﬁlslﬁﬂaﬂiﬁﬁ]uﬂﬁ’]ﬂlﬁ]ﬂ ﬂ'JTNLLﬂJ\T!LiQLLagﬂ'JT?JLﬁﬁEJ') ALY

U

(Lin et al, 1998) (a) O = AS (ALO,+SiC, ), e = AZS (ALO,+ ZrO,+SiC, )

(b) O = ASZ (ALO,+ SiC,, +ZrO,)



25

FRACTURE TOUGHNESS. MPam

FRACTURE TOUGHNESS. MPa/m

1 i . i

1] 10 20 0 () 10 20 0
SiCyw CONTENT., vol ZrO, CONTENT. vols
(al {b

g1l 2. 12 waseauiAFinanadua UL A wnd s aagAumiior aua ey
(Lin et al, 1998) (a)-O = AS (ALOs+ SiC,)s « = AZS (ALO+ ZrO,+SiC, )

(b) O = ASZ (AL,O 1+ Si€C. +7r0, ) ($10)

YR a ~ dy v o
Ye etal. (1998) Tadnunganssuanumionves z0, luilonan Tasiinminadou
#1877 loading speed 1122 19 Y& gSiC whisker 1Tl al a5 uus 9 dauway ALO,+20vol%
. = A a o & o ¥ v
Zr0,(2Y)+20vol.%SiC, tH WU NN gav g 1650°C 1111981 1 93113 A28 hot-pressed n18 14
599U 25 MPa. F4N1TNATOUANNNTHEIA2187T loading speed (mm min”) Taa 1% loading
speed 910 0.002 mm min - 2 mm min” tWeLSsuReuAIANNHTEIN loading speed HANAI
AUIINNITNAABINUI loading speed (mm min ) HHaadANNIHTH eIV TaFI52n0Y
1 v 4 4 v
ALO,-ZrO,(2Y)/SiC, Haansfe o1y loading speed MNTU AN Hog9Uu Taoh loading
speed 2 mm min ' AIANVINTBIFIGA 9.5 MPa.m'

Y2 & . . A =
Wang et al. (1999) "l,ﬂﬂﬂmmssuug‘ﬂ Al0,-ZrO,(3Y)-SiC,, nanocomposites IWBANH

vAa A Y as .. . = . A 9 tg
AuTAIFINa A2895 precipitation 1UN1TIATINNI ALO,-ZrO,(3Y)-SiC, 1o 5 Tun15vugl
Tagiasew AICL+ZrOCL+Y(NO,), solution, NH,OH it @ & SiC aqueous suspension (pH 3-5)
pUMATEAUW Tumas 92 1ddunay 80wt% ALO,-15wt% ZrO,(3Y)-5wt% SiC,, LA MHHENT
QN 1550°C uag 1650°C IINWANIITNAADINUIINAIUHAY 80wt% ALO,-15wt% ZrO,

{ a ' <
(3Y) -5wt% SiC,, nanocomposites tWIWHNTNQUN YA 1550°C 92 UA1VDIANUUTILTIGIN
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1agAININLTIGIAA 555 MPa. 11DY 16.9 GPa. Mua19 Y TuvaizRd unan S0wt%ALO,-

a

15wt%ZrO,(3Y)-5wt% SiC, nanocomposites IHHHNAgUMAN 1650°C azliinnumilergaga

U

2

3.8 MPa.m'’
. 9= @ o a . 9

Mariappan et al. (2002) hlﬂﬁﬂ‘]eﬂﬂﬁﬁ’itﬂﬁ%ﬁ’JZ‘TE]L‘]N‘]J‘J%ﬂ?J“U ALO,-Zr0,-SiC_ A1¥

HIININFAUNANYIINTTTUKIAAD Zircon, Silimanite 1AL Kaolin IUNAUUAAIAIATIT1IN

Y o =3 A Y = o o .-l o o .-l

2.8 ua’;m"lﬂmmuﬂmﬂqmwguwmm 1250°C (15 C min ) 910 1250 -1500 C (10 C min )
9 = o o SN o =< v

HazgANIY 910 1500 849 1550 1600 1650 "Ci(5°C min) 1Wuaa1 1 42119 Tasnsminiinale

8201185 (Graphite crucible) 1aAIA 1317 2.13 1INMTNAADINLIIANNITATUATIZH Ta9

1H9158N0U 65v0l.%(80:20 ALO,-ZrO, }+35vol %SiC, 1and19auysal @2073n3 Carbothermal

reduction 1AHAIINNITHINTNABNITH AN VLA 1119 ALO,-SiC, 1iA1 Elastic modulus

£ &
garuanna lnmsnldeumaveazro,

A13197 2.8 11AAI09A 52N VU TAT /52 NBU 65v01.%(80:20 ALO,-ZrO,)}+35vol. %SiC,,

(Mariappan et al.;.2002)

Product phases in weight
Starting materials Weight
ALO, ZrO, SiC
Sillimanite 70 44.07 - 17.28
Kaolin 5 21297 - 1.80
Zircon 25 - 16.8 5.46

Al 2 (0] 3 cruclble

Sample
Graphite
powder

Al 2 (6] 3 powder

31 2.13 uarasg Ui ALO,Crucible d1v5umHin A2835ns5ianay (Mariappan et al., 2002)
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= Y Y Aw A 1 Y 9 Y ' 5y . a
AINNITANHIAUAITNNIUIIYNNANINUAIVINAUISNUIN ﬂ”ﬁ%ﬂﬂﬂ SiC ll”llﬁilllliﬂu
dﬁy [ o Y = < < A 4? 1 =~ o A
Ale3 L‘LlE]‘Vi’dﬂi]ﬁ/]ﬂ‘Vi A1203Mﬂ?WﬂJLLﬂNLLﬁ&ﬂ’J'ﬂJLHNLLi\iLWNﬂJHLMNﬂ’HNmuﬁl’JWW 11!511‘@]43‘1/1
a dy @ o Y = ~ A 42’ 1A <
MsLaY Zro, 1u ALO, 1Hendn 3z 19 ALO, NANMUMTeNNUIY ualAuuIILaE

< Y 1 a . @ qg: av dyd 1 Y [ =~ @
AITULUULTIHUDYININITLAN SiC @Nu°LN1L!’J“’l]EJL!i]QSJQmuGluﬂ1‘§1J‘§‘]J‘]J§\1ﬂ’J13JLWLJEJ’J‘U?N’Jﬁﬂ

139152n0u ALO,-SIC Tasmsian zro, TudaqiFalsznen ALO-SiC 1Hegluglvesidg
1B9sznou ALO,-SiC/Zr0, Tae SiC Hvuigounialuszauul luwas uaz 1% 3Y-zro, dulu
Taadalsznon ALO,-SIC Tualsunafiuanaranu iednyinsdsulysauiainaniediu

~ < < 9 Y o Y Y @ a
AU U ATULUILETIN HRASAITULEUN “lwmmzﬂ‘umiu1”1ﬂ1%@1umammﬁmﬁmam
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31 ginsaimIinanes

9
Q/

4‘ = A 9 =\ @ 1 a 4 vAa
Lﬂﬁi’]\illﬂllﬁ%qﬂﬂ'ﬁm‘ﬂchfclillﬂWSLﬂifJﬂJﬁﬂﬂﬂT\i UATICUUASNATOUTUUANIUA

uanaluaisan 3.1

A saq Y
M13199 3.1 naasgilnsainlslunsnanes

gilnsal Anan HUD/ U
X-Ray Diffractometer (XRD) Bruker D5005
Ball Mill - Polyethylene jar
Dryer ELE Model SDO 225E1
Vibrator/Shaker Retsch AS200
Hydraulic press (Compression machine, 11 tons) Caryver Model 3851-0
Vernier Mitutoyo Diamond
High Temperature Furnace (1800°C) Labquip Vecstar/VF2
Furnace (1500°C) Nabertherm GMbH
Microhardness Tester Wilson 450SVD CK-AH
High Speed Diamond Saw Buehler Isomet 1000
Grinder&Polisher Machine Buehler Ecomet 5
Ultrasonic NEY 28H
Scanning Electron Microscope (SEM) JEOL JSM-5800LV
Universal Testing Machine (50 Kn) Instron 5569




29

U

32 Jaquazansndl

[

aa Y A
aguazananlnlslumsnaass taaslunisan 3.2

A [y prga P4
M1319N 3.2 mmmzmsmuwglﬂflum’ivmam

Uszinnas Fonin BAANTA Awan
Liaoning Haitai Scientific
2y Aluminum Oxide ACG-2A and Technological
TN U
Silicon Carbide Nano powder Development Co., Ltd.
Sigma-Aldrich Pte Ltd
AT RGBT Zirconium-Oxide = | Monoclinic Zirconia Riedel-de Haen

ASNUMTIAME | Polyvinyl Alcohol \ Fluka

@17 Stabilizer Yttrium Oxide - Sigma-Aldrich Pte Ltd

ana d L \
3.2.1 mazgmuaman‘lma (Aluminum Oxide Powder)
Aa A 4 a ~ 9 =\
niozquitoueenlad (ozgilun) gasiail ALO, 141n5a ACG-2A in1w
] a | a { A
WUIMUY (Density) 3.93 g/em’ YU YNIAUDI02 QN 1 -3 luTaswas ifuezgiuind
a a‘{ﬁ} g’ @ a A [ 9 1 aa 9 :’ Y]
ﬂ')'lﬂJ‘Uﬁﬁ(ﬂ‘ﬁi@flﬁﬁ 98.5 Iﬂﬂu’l‘ﬁuﬂ ﬁ'ﬂlﬂﬂﬂu‘ﬂﬂﬂhlﬂllﬂ FaN1Ivgas 0.2 Iﬂﬂlﬂﬁuﬂ
= Y g’ Y = Y 3’ Y] <
Iclflﬂﬂllf]’f]ﬂhlclfﬂﬁ@ﬂﬁﬁ 0.3 Iﬂﬁlu’lﬁuﬂ me%naaﬂ%ma&az 0.25 Iﬂﬂlﬂﬂuﬂ Lagtyan
4 :I o . . .. . . .
000 lwa (Fe,0,) $ovaz 0.04 Tasiimiin (Liaoning Haitai Scientific and Technological
Development Co., Ltd.)
a d
322 W luFanaums lue (Silicon Carbide Nano Powder)

J =\ =

aa 4 s =t . I aa 4 A a
NQUTIH%@ﬂ@HﬂTﬁl’lUﬂ gastpy SiC Lﬂumaﬂaums”hm NUANUUITAND

Q

fooaz 99 Tagiiniin Hvuraeynia <100 w1 TwwAT AIUWUILLY (Density) 3.217 glem’
Surface area 70-90 m’/g WIM1In Tu1ana 40.10 CAS Number 409-21-2 (Sigma-Aldrich Pte Ltd)

323 WasasIaiianeanlue (Zirconium Oxide Powder)

1
Y] =

nawes Iatouoon lad (aos ladie) gasail zro, iWluiagavinldlulsenu

a J @ Y J ~ 9 2’ o = Y
LFITUN ﬂﬁﬂﬂi%ﬂﬂﬂﬁﬁﬂﬂi%ﬂﬂﬂﬂ’)ﬂ waﬂmuai’aﬂaz 99 Iﬂﬁllﬂ‘ﬁuﬂ Ulﬂ‘l/]%uﬁliﬁ’ﬂﬁlﬁz 0.1
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v 9 9
0 v Aaa 0 Y o ° @ <
Tagiimiin san15eeaz 0.3 Taesimiin damladosaz 0.2 Tagriniin imaniosaz 0.03
g’ o a A Y 3} o 9y awv A J Y o w
Tagrmiin azuanudy 9 3080z 0.37 Tagrwiin (1038910 UTEN 31003 1AD §1 3110)
a J
324  HIOBINUNDDN IR (Yttrium Oxide Powder)
a A 4 = I a a S A a Q\{ﬁ}
HIdsiisueon loa gasiall v,0, 1iludsiiowesn lad Nlinnuuiqnisevas
9 9
99.99 Tag1i1%1in AWM UIUY (Density) 5.03 g/em’ 111170 Tutana 225.81 CAS Number

1314-36-9 (Sigma-Aldrich Pte Ltd)

Aad
3.3 ITNIINAADY
2y
331 Msnaaeuleaany
& a d
o 13 Stabilize 1505 aiieTaely 3% luadsinaNeenluq (3Y)
3 asy N . o =} v A
TuaoULAZITNT Stabilize 103 LAl Laadaazin 3.1
J a d
o MIAIUNNI Stabilize 103 atie)agly 3% luadsnansanlusa 3Y)
o o [ a ¢ o l
D) naes Indleu1uaRaNn U0 sineuean lod 9ns1aU 97 :3 %
Tua (93.88 : 6.12%wt)
~ A =< £ o % o :j o .
2) 103 BNEN N IR IR Y a1 19 laeri11inauuay Polyvinyl Alcohol
Y Y
vwanludasiaiuiesaz 973 Tagimin naseniiuii ldduudviinisaiuaunin
& o
Polyvinyl Alcohol (PVA) asaigauvivanalatluiile
o o VoA Y 9 o Y ]
3) U eA0819M 14910 Yo 1. uimsuanaudlenioun (Polyethylene
S I )
jar) Tagldueansseai]udnarsuanauiuna 2 ¥ 1u
o A = Ay ¥ Y] a 9 .
4) thansmumssamzildann Je 2. wuaslundeva (Polyethylene jar)
4 (= I o
11490 993, vdruanausedalunal 1 %2709
° {y ¥ Y 9 A a 3 M
5) hweit 1@ T)en1¥udiaigugi 110 esrusadod Hunai 24 42 Tua
qa/l o [ [] d' 9 9 1 1 1 4 3 o 1 ]
NTUEIReA98199 18 Tua udrseuruazinsaseuues 120 ey 901w T eueu
[ 4 A I Y AN v I~ <3 ] [ dg'
AZUNTITOUILBS 30 Wy 1o 14 Ideumaniidnyuzidlulaunsyadioaomsiugll
o (2 1 A Y 9 o [ dy 9y A [
6) WIWIA19819% 199190 5. wtinisoatuglaleniosdauU

a % 1A & Aa A aa.l‘ o Qy {
laTasanTasldusada 25 MPa uUNUWOAVUIA 30x30 15190 aALAT N usuaIun 1d

=1

lvimsnatinigurgil 1500°C Tasldaumug 90 u1d

Q

9
a

° A = Ay vy £ o Y v '
7) MFUNUNEUMTHIRTNN 1A 1090 6. VIIAMITUALTId18 TN

o H [ ] ] 4 qul o ] ] { o
udiwan 18 Tl o uruaz AT IS 0UIUBS 120 1% (Mesh) 2101 UIHId106199 18 T¥ins

ma%ﬁauﬁf@amﬁ’aam?m X-ray Diffractometer



d

o = a a J .
L"‘lﬂ’i]iiﬂmﬂ : aﬁmﬂmeﬂ”lcm PVA Binder

97 : 3%mol (93.88 : 6.12%wt) MINUMTTANE

I

=
N

v

va/manlunsionn (Polyethylene jar) 1781 3 T
v

pUIY 110°C 24 §alud AuAZINToU 120 0%

v

NERRIAN

v
UATUYRAMSIUNT 13U 30 11
v
@ dgl R -/, @
Av131] Hydraulica38m3901 25 MPa (30x30 ¥.)
v
IWHTIN 1500°C 43111590 117

FUU 3Y 1503 Itile

v

A5I9ARYINIA | (X-ray Diffractometer)

v o P a P
3.1 UHUAITUADUNT Stabilize k05 Iatiia Taeld 3% Tuadsevoon lsa (3Y)
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1500°C 90U

ol ('C)

a

9

3°C /W

5°C /Wi

/

. - ¥
1.5°C/mi

|

" 500°C 120 W17l

-

301

= (U7)

A 9 =3 1w 1 = . o ~
31U 3.2 nawlveyalunIsEHTAALAIBE19NT10T 1R Stabilize 1503 IAIHY

Taeld 3% luadsineussniss (3Y)
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332 7MSNAaINNIdY

F4
AM5ANAU DT +

aa N @ I A
«mﬂ@umsllm + o5 LAy 3Y)

PVA Binder

N UMTIANY

A 4

va/malunsioun (Polyethylene jar)

1781 24 %2 114

A 4

DULURI 110°C_24 $2 114

VA/MIUAZLNTITOU 120 1%

y

LLﬂiu«ﬁ/G}&!ﬂi\ﬁ'ﬂ‘H 30 14y

A 4

b4
. R

oRATI3) Hydraulic

A0115991 25 MPa (30x30 3.

\ 4

=< 9 ax LY
LWTNMﬂﬂ?EJ’J‘ﬁﬂ"IiP]QﬂmJ

1550, 1600, 1650 °C 1445 4 %2 114

A 4

Jaquralsznou

a aa o J 4 =}
axgum—cﬁaﬂaums"hm/mmﬂmuﬂ (3Y)

[ 9
31U 3.3 unursTunUIAZ AT MINAGDY
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[ QSJI o Qy [ a d’ Y =) d'
Wﬁ\i’ﬂWﬂuuuﬂﬂlﬁuﬁﬁﬂmﬁﬂizﬂﬂﬂ‘ﬂblﬂﬁ]"lﬂﬂi%ﬂ?i!ﬂ?imﬁflilblug‘ﬂ‘ﬂ 33

wihasdeuanvaZRNIZIazAT TR UANTATINaAaad lug N 3.4

Y
yuaniaqralsznou

A\ 4 Y

ATNADVANHULIRNE AsIARUANTAFING
4 v
- ’3;]511?’! (X-ray Diffractometer) - umuaoNIaa 1A (Universal
- Tnseard19ganin (Scanning Testing Machine)
Electron Microscope’) - mmu%q (Vicker's Hardness)
- AU UMY (Archimedes’s S AN (Indentation Technique)
Method)

717 3.4 MIATIAOVANHALIRIIZUALNIATIVAD VTN ATINAVD IHY

A108137aqrI1lsznow

~ [ 3 as = [ dy
iﬂﬂgﬂ‘ﬂ 33-34 mmmumgﬂumumuuamﬁmimaaﬂﬂﬂamaﬂ AU

333 MIDINUUUNIINADDY

9
v 9 [}

33| 4 @ 1 ' a 1

L‘]J‘Llﬂ"lii’)f’]ﬂLL‘]J’]J‘VIﬂﬁﬂ\‘llﬁi’)ﬁ1@@]i1@")1!3$1’i’31\1ﬁ15@]\1@]1§ﬂﬂﬁ?5m3ﬂm\1
= 9 U a Aana 4 J o a 1A 4 = A o Yo a a
cm"l,mm T QUUIBETTANDUMT ]'l,‘]Jﬂ AUESIANAI A0 c¥e3 lAtle ﬂﬂ?iﬁ?ﬁﬂlﬁﬁﬂizﬂﬂﬂﬂz@jﬂu"l
aa o = vAa A Y <3 [ = @ A
maﬂaumﬂm UFaUUALBING llmm AMULAULTI ANNLUIaE AT Taea s Ao 15 i

4 A A A [ a a an 4 4 o A
"U’E)x‘ll“]f@iiﬂluEJTILG]?Ja\111!'JﬁﬂL%Q‘]Jigﬂ’(’)‘ﬂ’t’)ggNuTWﬁﬂﬂuﬂWiqﬂﬂ uaxmwuﬂm’eu"lmmzﬁﬂnz



NINAABIVOIMIINIHTIN 15U gaungiinazinar lumswiniln tiomian1agnsmning

MIzaUNgAd M Taqraliznoy AwudaITIsazden lua13 19N 3.3

H Y
M3 3.3 FATIEIUNANVEIAITAIAY ATIANLAY HazguH Yl TuMSIHHTN

YDININATDA
3 A1TAIAY RET IR IR R
i ) R | R QN 1
oo (sewazlasilsinas) | (Fovazlaslinag) . .
A79814 (oarnaiad) | (W)
95A1,0, : 5SiC 3Y-Z10,
AS90Z10 90 10
AS85Z15 85 15
1550 240
AS80Z20 80 20
AS75725 75 25
AS90Z10 90 10
ASS5Z15 85 15
1600 240
AS80720 80 20
AS75725 75 25
AS90Z10 90 10
AS85Z15 85 15
1650 240
AS80Z20 80 20
AS75Z725 75 25

33.4  NMIATIVAVANHAUSINWIZVBIAITAIAY
a d dJ .
MInsIvnszrisanllszneumaunla (Phase Analysis)
a 4 o @ 1 [ dy v A
5A5IUATIZH09AYTLNeUM AN FUDIR 10819 1AgHANMITIASNIUVDITIT
g < . . = ¥ ag g o
10N (X-ray diffraction : XRD) NHANVDIAITIL IHUNIINT U (Pattern) N1FIAYAVURNIZAD
[ a 4
VDIMTUANLFUAAINNYVDILUTNN (Bragg’s Law)
A A a o 2 3| 1
IA309ND : XRD (PW3710 BASED) ¥94U5HN Bruker 1% CuK, Wunrag
o a v A
NUUATIH
AEMInaaol

a ] @ 1 [ 1

Iya g’ o 3| v K
1) “lsmuummﬂumﬂﬂmmmumﬂmqﬂmmuwuu
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o U £ ] 2 " 9 1 =1 )

2) Tl"lﬂﬁ‘]Ji‘]_li%ﬂ‘]JLLW‘uﬁfl’ﬂ81Q1W9Q53u1ﬂm8’3ﬂﬂﬂhﬂiﬂﬂ
Y ' Y o a 4
ATHUUUVDILN U YU umuﬂﬂmammﬂw

annznlFlumnaaeu

Generator voltage = 40 KV
Generator current = 40 mA
Start angle = 20°
End angle = 70°
Time per step = 0.5s
Step size = 0.02°

335  MSASUNINUAI0E]
o a [} aa 4 J a
1) msezgiiuainuanaNn ursFanoums lualsimsesas 75 80 85 waz
a I~ oaj a 1 & o a
90 Tag1lsanas Wuasdadu uasemsaunaad1921% 3Y) o3 latlelsunadosas 10 15 20
ag 25 laedsunas aauaasluasian 3.4
- A = £ o Y ) g} o .
2) 1ATeREs NI IanEF i lalasiiniinauuay Polyvinyl Alcohol
E7) 9
wnanludasigiusesay 97 - 3lagsniinvasnniuiin llduud 191013 n1uaunan
W N
Polyvinyl Alcohol azatauvuanaediuiila
o o =) ] o v 9 .
3) HINIdI96199 12910 To 1. N1 uaNauAIeiioun (Polyethylene jar)
S o o o
Tagldueanogodiludinannuanauidlunal 23 %2119
o A = Ay ¥ Y} a 9/ .
4) hesumsoamizi laen e 2. tanasluniieua (Polyethylene jar)
{ 1 I~ o
nldan 493, udrwanausednilumal 1 $27u9
o § { a I~ o
5) w18 T)euldudeigumgil 110 oseriaaiFon Wunat 24 ¥ 1w
Y ' ]
6) wasnnimhdueaui la lduauiedeTns e e lilveunmananisdu
v o o { 1 1 1 4 o { ] ]
Faruudniwan 1a llsouruazunseasoruos 120 1w (Mesh) 1d1hwan 1asouruazins g
P A qoyny Ao < v =2
wos 30 wy e 1d Ideyumanlanvuzduiiaunsya dreaemsiugl
o <3 ~ 9 o [ dy 9 A [ a
7) dudaunsyaiila niiin1soadiuglaroaiossanuulalasan
(Hydraulic press : 11 tons Y9413 HN Carver International) ﬁ’\ig‘ﬂﬁ 3.5 Taoldusada 25 MPa

1a Jd o a A % @ 1 % ' a A
HUWUWBDAYUIA 30 x 30 UaaLlAg éﬁ\‘lﬂgﬂﬂiﬁlllwuﬂﬂﬂﬂﬁﬁﬂjnlﬁu'] 7 Uanuag
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51A7990! uw Tasaniisaoavua 11 du

P~

33.6 DS | 3

WA é’h 3365 VIHIAIA U TN
wuﬂmaaﬁﬂﬁdmau‘a‘;ww 3gl%yﬁwmmwmuuuiﬂnwmm

n30ailo . ngﬁm%ﬁm\—eﬁoo C) Y09UTHN Labquip

anmziildlumsnaans

291 1

QUNYH = 500 BIA A

Sanimamugangd = 1.5 9afniraEe /L

IR URLY = 120 W19

241 2

QUNYH = 1550 1600 Lag 1650
NI

Sanmaiinguigi = 3 DA AT/ N

IA WA = 240

2471 3

QUNYL = 50 DA AT
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8131MIAAAIVBIUN YN = 5 afIraITY /UM
UFTEINFA = Una
I'l.'| 'll;"lll Al, O ;cruclble "n,\
\ |
-/ \ /
\ "hf
! 1
[
Sample vy ;'F
:‘ i\ / Graphite
\ I 55 / powder
{
\ /
III.. Al 2 (0} 3 powder ,-'f
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517 3.6 naasguuy ALO,Crucible F1MS WFANIN A2835115H9naD (Mariappan et al., 2002)

A

N ('C)

A

500°C 120 W1

1.5°C i

3°C /i

(1550 1600 taz 1650°C ) 240 W19

5°C /i

187 (W)

v

A 9 = ] @ L]
319 3.7 nalveyalumsrnniinunud g
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337 MINATOUANNHUMUUUDINIDENS

MSNATOUANNU U UUDIAIDHY %3151!ﬁuﬂ1iﬂﬂﬁﬂﬂﬁ1hﬂ1ﬂi§1u
ASTM C373-88

AFMINATOUANUHUIUY

a

o Qy A =3 o Y A o Qa: )
1) u’](’]fu\ﬂuﬂw'luﬂ’liLW’lNuﬂhlﬂﬂ'lﬂ']if]ﬂllﬁ\iﬂﬂmﬂﬂu 150°C ﬂ']ﬂuuu']llﬂ

Q U

o I g . o o gJ o
win Aldaulunidoqaniuin (Desiceator) a9 lgarimainuda (W,)

Y 1 Y v v Y
2) hauauluden 1 g luihnduilunar s ¥ s Qaemsduiiudos

Y 9 v Y v
1 a

o v o Aa o 1 o o )
Glﬁ’mmwmmma@mm) mﬂuumqmama”l’ﬂﬂummumm 24 ¥ 139

[ 3 Y Y
3) hwedludedn 2 luimsdaiminuuiuaselui (W)

v 9
a o

v ¥ Y Y 1 Y
4) hdedranrumssahinuivaosluinda iFaiminouda lu
vy g} = Y Y ' oy 1 a_Aa Y R o o g; o 3 )
Wy Tagldiauiinda e gangariaufuniioonia199iImssaimiin anui

A 9 o ' 1
wan 19 lfnaainnurudy

5)  MIAUIUNIANNHHILULUDIA DY

U511a5999070873 (V) = (WeW)/p
p A AN IWHEY oSN g/em’
ANUN UMY UYBIAIDET (Bulk Density) = W, /V

33.8  MINATBUANUNUADNITAAING (Flexural Strength)
NAFDUANUNUADMIAR AR TBANATTIU ASTM C1161-90 TaglHinToanadow
Llidﬁﬂllazlliﬂﬂﬂﬂlmﬁlﬁﬂ (Universal Testing Machine)
1) MIRTeNAI0E1HNINATD1
v 1 Y I A A 9y
o dadmediamaaanliiluunimvasuvinailszana 5x30x 5 (M9 x
817 x §9) UaawAs (& 0.05 Haamas) A181A5090A 1UAAINYS (Diamond Saw)
a o L] F) = Y o
o AUYUIDENYBIRIDE A BNTTAENTwazBoauani I nageu
anzhlFlumsns ey
Y
% ] 4 a
Tudamasvinaduiugudnats 5 in

<
AITULTITDU

300 59U/UN

Y
WNUNNAAA 100 NS

va g o
i vaoduvazan
2) MSNAABUANUNUADMTAA 1A

3| ' o Y Y A oA =
Wumsnaasuanunuaen1sanlae laglsaTealonaaouusInday

4
usanaueaiag 191590321l UFUIIU 3 9@ (Three-point flexure)
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IA5944/0 : Universal Testing Machine VYOILITEN Instron

A MInagoy

o w Ll A 9 091’ = [ 1

1Ae619n Iannduneumsmsosudledanageu
annznl¥lumsnaaeu
ynadurugudnanueigasesiudedn = 2dadamas

A1NNA19U099ATDITUAIDE9 (Support span) 20 Haatung

0.2 HaawAs/U1N

ﬂ31ulr§31uﬂ1iﬂﬂﬁ’ﬂ1ﬁ}ﬁ (Crosshead speed)

IUIUAIDE = 12871980

Y Y
NATDULINIDYNAL = 3fa54
nadouNgungiirod

u

ﬂﬁﬁﬁ«!fm‘!ﬂ’J1‘JJ1’1“L!Gl'@fﬂiﬁﬂiﬁﬁﬁﬂl’)ﬂﬂﬁlmﬂﬁhﬂﬁ 3.1

3PL

MOR = — MPa (3.1)

Tas MOR

P

L
b
d

Tas X

aun1g (3.3)

2bd

v @ Y Qy = ] I

mmmumammﬂﬂwewmm W11 MPa
Ao slqy = 1 I Aa o
GUMWWU’FNLlﬁﬂﬂﬂﬂﬂﬂﬂ%u\ﬂuuﬁﬂﬁﬂ el 1au
() 1 1 [ A A
ﬂ??ﬂﬂ%iﬂ%@ﬂﬂﬂi@ﬂiﬂ@’mﬂﬁ ﬁ‘WU’JEJL‘]JL! Uaaluag
Y o ' = ] I A A
AMUNINVDIAI0YN UnUIedu Uaawas
@ 1 ] 1< a a

ANNFIVIINIBYN ﬁ‘wmmﬂu Uaaluag

o 1 A 1 [ Y o Y
ﬂﬁﬂ']ﬂiﬂlﬂHﬁﬂEJGU’E]Qﬂ’)']iJVIUG]E]ﬂ'IiﬂﬂTﬂQﬂ']U’Jmllﬂfl]'lﬂfﬁJﬂ'li (3.2)
ZX/N (3.2)

AUNAYVDIANUNUADMTAA 1A
NATINVBIANUNUADNTAA 1A
UIUAIDYN

msturad i deuuunasgIUUeInunuaensaa laeniuia ldan
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S.D. = 3.3)
lag SD. = dam‘ﬁ'mmumm@;m

X = AIANNUABMITAR ANAIDIAI0619

X = AuRAsveIAINUAEM I TAS

N = PUIUAIDIN

3.3.9 maaummwﬁagamﬂ (Microhardness Test)
<3
ﬂTi“I/lﬂﬁfJ‘Uﬂ’NNLHN@@Q']?W]HJJJW]?@TH ASTM E384-89
m?mﬁ@ : Microhardness Tester Y0NU3IHN Wilson
as
ATNAADU
= @ v v A Y v =~ o w v 9
1) L@]ﬁEJlIGI’J’EJEJNI@]EJﬂTﬁJﬂN?ﬁﬂ?ﬂ?ﬂﬂi%ﬂ?‘]&l‘ﬂi?ﬂ Liﬂﬁﬁ1ﬂD1Uﬂ1§ﬂlﬂﬂ’Jﬂ
S = o @ A A~
ﬂizﬂ?‘]ﬂ‘ﬂi?ﬂfﬂ1ﬂL‘]Ji’)'§V]iJﬂ’JnJWEJT]J"lﬂﬁWﬁmE’JEJﬂ (tu99 80-1500) ﬂﬂl!ﬁﬂﬁiugﬂ‘ﬂ 3.8 (1UBUNS

[ Y 9
nasunszaniedssnarunulidanusesmunnas)

ESRIE=R()

GH 80 400 600 1000 1500

A ~ o @ v Y S =
717 3.8 maFeadaulumsiadlenszaensennes nianurey linazives

) 1Y ] d' Y 9 % a = 9 [ a

2) Midredrai laainde 1. undarlazideadloHITaoz gl uIvUIA

0.3 luasou uaz 0.05 Tuaseu mud1dy vuNUTALUUAdNaIa

o 3’ 4 4 [ v

3)  Manuazendlsiazieanagos oudansiu Ty
Y Ao A Y o ' Y A M A A A

4) ANOYMANIUNZHAINTUIAIBE10DN AIBIATBITUALINOUAAUAIIND

qaanh lunasoy
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5) annznlglumsnaaou

g = 20 N1an5u (196.10 HIAU)*
DAINALLY = 15 31717
Masvenelumsingesna = 100 111

UIUYANA = 330

@ I ~ P = A A
wanatlumysjinssamagulsiaiyularsuvay 136 oem

o 1 < a 4 o
NTAUIUNIAIANUUYILUVINNDTT (HV) AUIUMNUTUNIT (3.4)
= 0.1891F /d’ (G4
[ J ] < a o a A
ANUUVIINNDT HHAUTU HAIAY/ $15 190N T

1 < a A
@unLeauve9I0ena vieilu Nadwas Taen1den d, +d,) /2

Aq ¥ ] [ A o
w59 1na vty Haau

4 g’ o a @ a. o (=] v Aa J
nuwgne * LﬁﬂQﬂWﬂﬂWiﬁl%}HWWuﬂﬂﬂ 10 D lans (98.07-U261U) lli]!ﬁuif]ﬂﬂﬂ"ll’ﬂ\‘]ﬁ'nﬂlﬂ@iﬁ

v
o/

=2 A 3 o <l a o a o
AaUIUNINRE N Nl 20 Alansy (196.10 UIU)

33.10  MSHIMAIINKTED

Mmsmaaaumn e 1aslHmMat Ao LA ENT U YD UNTUALAME (Anstis,

Chantikul, Lawn, and Marshall, 1981) fnnaldanauns (3.5)

K. = &@EmY2p/c?? (3.5)

Tas K,

E
H
P
C
S

\ v A 9 a a0’ 12
AATILATUIMUMITALIDONYBITOES 13 (AN E) W18l W MPa.m

1 1% @ | [
A TugaaUeIda (Young’s modulus) Wi 2em) 1 GPa*

1 <
ANNULUI GPa

a v A 1 I~

YUIAUTINADUAUNTY Iviidedu N

] <
AINYITDULLAN/2 ﬁﬁu’]ﬂlfﬂu mm.

1 a Y v a J a
aaen nldanmanaaosduaumsu Taonms IiinauuuInnosvosueund

HazANe ¥aUa1Izana 0.016 + 0.004

Hnueme * ?1'1111@5121’5116\150 (Young’s modulus) 1@dnnmsnaaey Bending Strength
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~Aq Y ' ~ 9 = v o
ﬁfl133%1%1uﬂ15ﬂﬂﬁﬂﬂﬁ1ﬂ"Iﬂ’J"Ill!‘Wuﬂ?isﬁﬁﬂT’ngﬂﬂfJﬂuﬂ‘]JﬂTi‘Vlﬂﬁ@‘ll

<
AITULUIAN A

[ -

N, >l

"_|2a |_.

v Y
gﬂﬁ 3.9 ANHAULTOINALAZAINYIITOULUANVDIFUITY (Ansis et al., 1981)

3311 MIATINABUINTIAIWNYaNIA (Microstructure Analysis)
= Y ) ) o ' Y] 9 /a d
msfneanyag Iasiaianam llvesinods Aaendesanssmisanasou
ULV DINTIA (Scanning electron microscope, SEM model JSM=5800LV)
= U ] d‘l = v
MRV INOANEIINS 305 199201A
= @ ] v A Y 9 = o v 9
1) 1938519819 18NS TARNINLIAIENTEAINNTIE (Feaa1au un1sTanIe
c’d’d = Y] dl Y
nIzAENIBNNIUET NEANUHe T mazidea Auaaen gl 3.8 nazdansza1unI 1Y
= 4 A ya 9 [ 1 = Y A d?
2198911035 2000 (W0 19NN TNVDIAIBE1UTIULAZHUIIVINTIVY
) (% 1 d' Y 9J v A = 9 [} a
2) Widrednn dninde 1. udarlazideadroniiaozgiuivnia 0.3
Tuasou uaz 0.05 luasou auday UUNUTALUUAFNTAIN
o (% 1 9 gl o 09/1 9 d’ [ 9
3) MauazeIanloganlgtiazusanedoa 31ntulsiaTe i
(Dryer) th1vtusia

0 9 v 9 1 [ [
4) adadudeounoguuriniiyuaiueen lagldinTesduaziiounau

v
=

ANUDYA
o w 1 Ayny 9 o Y A A A o 1y
5) u’l@]'J’E]EJ’N‘V]hlﬂflﬂﬂGU'ﬂ 4, u’lhlﬂﬂ'lﬂ‘]/]'ﬂﬂﬂ')ﬂlﬂiﬂﬂlﬂﬁﬂﬂﬂ?@n@ﬂ’lﬂﬂﬂﬂq@@ﬂu
(Ion Sputtering Device Y041/5H% JEOL)
o w 1 A Y J 9 Y Ja 3
6) HWI'J'E)EJ’N‘VIW’luﬂ’liﬂ’lﬂﬂ'Jﬁlﬂ@\?hlﬂﬂ'lflzﬂﬂﬂﬂﬂﬂﬂﬁi]ﬁ‘ﬂﬁiﬁuﬂmﬂ@]ﬁ@u

HUVUEDINIIA (SEM, JSM-5800LV)
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41 MIANMIANHULININZVDIAIANUAL 3Y-ZrO,
msnsEimeaTgmavesnaes laisnenumsiilveglugiladas Taely 3%
Tuadsinenoanlue 3Y)

a 7o v 4 & o oa A ¢ ad A
MIANTIZHINNIA ArenTeudngsdavuvlsalnsiines (XRD) unwminsu funaasly

= 1A J a A A dg’ IS 9 . 1A
319 4.1 W Naveunase Tnuoa-ras IntleNinavuuAUdY (Intensity) gagag NI

1w

20191110 30.27 09m fiafiia T ueea MBIy 20 191U 50.38 Az 60.21 aF
AIUSIAY (Card number 00-050-1089) (MIAKLIN 115190 n.4) wazfinves TuTundiames
TaiflofiAaduiianundy (iensi) qaaR gy 20 117y 28.18 ae fiadfiiaudy
3090931087 y1 20 110D 31,4700z 50,12 p4A 18IS 1/ (Card number 00-037-1484)

(MANUIN N A1519% n.3)

120 =] T
2 - M
B —
g —
) -
23
5 -
2 -
R=
&’ -
= M
0 -Ti'TllIllIlIIIT|T'III[IIIIIITIIITII'IlIITIl'II"II']I'I‘.Il
20 30 40 50 60 70
2-Theta-Scale

d‘ ad o =} [} A A
31N 4.1 XRD umninsuveard 3Y wos lay Tas M ugasignma Ty Tuaaiin

U

(m-Zr0,) oz T uaadigmamaszInuea (+-Zro,)
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42  waveslSinamsfune 3Y-Zro, Aednyazminziazaniinminavo

U

a a aa d [
aqiBalsznevesglivi-Faneuns 1ua HAKIUMSININGD

L Iq =

QEUHANMA 9 1Juran 240 M

421  wWavealSinamsanuaInen NNHUUY
ANMUFUNUTIZHI9UT TR UUAIND AN UR UL UYDIUAAEAIDI

eraa 13 lua131an 4.1

AN 4.1 MANURUUUYIIFAFIUTZND VAR A9

- ANV UIUY
uvQU R, L
. THANIDEN (Bulk Density)
(09fNI¥aIToA) 5 ..
(NF/NUIANIEUALLAT)
AS90Z10 3.54+0.04
AS85715 3.60+0.04
1550
AS80Z20 3.70+0.06
AS75Z25 3.7140.06
AS90Z10 3.61+0.3
AS85Z15 3.68+0.03
1600
AS80Z20 3.79+0.04
AS75725 3.80+0.02
AS90Z10 3.81+0.02
AS85Z15 3.78+0.03
1650
AS80Z20 3.84+0.04
AS75725 3.88+0.02

WINBIME : §10019 AS90Z10 AIUNEN (95:5 B2iluI-Fanouns lus) Sevay 90 Tavduns
+3Y 1o Inflodovay 10 TagilSunns
#0619 AS85Z15 daUNaN (95:5 prgiiu-Faneums lud) Jevay 85 Taviliuins
+3Y 1o Inflodovay 15 TavlSunns
§10619 AS80220 dauUNaN (95:5 pYgiiu-Faneums lud) Jevay 80 TavTuas

o a
+3Y 103 Ialedosaz 20 Tagllsunas
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#0619 AS75Z25 daumdy (95:5 ozgiui-Faneuns lug) Sevay 75 Taorsuas

o a
+3Y 103 latiedovas 25 Tagllsunas

4.00 ¢
3.90
—a— 1550

~— 380 |
= —x— 1600
E[:
£ 370 | T —— 1650
= I

3.60 F

350 |

3.40 -

109, 15%¢ 20% 2504
Z1r0s content (vol.%)

{ 1 1 @ a a an J a
31 4.2 pnwruiivveiagFalsznevegiiui-Faneums lug Taemsiay

4 =1 9 a d‘ a
3Y w03 Ity 3oeaz 10-25 Tag1l5u1as Ngairniiaia o

U

nAMalTeumeuamunluYe Az @981 AIA13199 4.1 taz 3N 4.2
1 A a = d? o Y 1 A d? A Y] z 9 1
WU 0NN IUMTIN TN UL IHAMANUHU MY tHeannTaadiausaz

Y] o a a an 4 J Y J =} = a
arludaqdlsznoy ezgiur-Faneunls luadlgoyn1awes Ialie azliguugiya

q

J

WABUINAMANAIAU (ALO, = 2072 °C SiC = 2730 °C Zr0, = 2715 °C) §4iu Fanoums lua

o =} = a o 1 A & [ Y A =< @
Lmzweﬂm‘uﬂ TNYUYYNTNAIGINADSUUN “]Nﬂgﬁ\iWaGlWQﬂlﬁQNGlUﬂWﬁLWWNUﬂ"U@Q'Jﬁﬂ

a a aa J I Y o A A o S A 1

Falsznou @SQNU"I-GBﬁﬂﬂim1§Ulﬂﬂﬂ')ﬂﬂiéﬂ?ﬂl“]ﬂ@ﬁiﬂluﬂﬂ 1550 C ﬁlzuﬂimmgwquqﬁﬂ’n
A < A o & Y [ Y =

Qﬂl‘l’i{]ﬂiuﬂ"ﬁmiﬂuﬂﬂ 1600 1ae 1650 C %Qﬁﬂﬂﬂﬁﬂﬂﬂﬂiﬂiﬂﬁi?ﬂﬂﬁﬂ?ﬂ (?J‘]JTI 4.10) Tag

snguiameludaqralsznevszdanadaaniiai¥ana 1asa U989 Jang, (2005)

a ' A = o a a aa 4 s 4 = A a dg’
BIUYIN LN@LNWWHﬂ’JﬁE}WQﬂi%ﬂE’JU ?J%QNHT-%Z‘Iﬂi’)uﬂ”likl‘ﬂﬂ-!,‘ﬂ)’@iimuﬂ NYUNHUIVY

v ]
=2 A

' Y
ANunUHuIzNAY iosnnJaqialszneulimsgnaanindu s ldinannumuniv
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1 4 a a 0 ' 0 { a a o
pg ANy saiazIng lAANguUAN 1600°C ¥3NINNI1 1600°C HAZILONAITUINMTIAVIYOS
= a A A 42’ ] A dgl a a o ~ A
TautelulSunammuay ANV UL LIS LAUAINUT N TIA LD 1Ay 1119991AAY
] o 1 a aa 4 4 o
HUWHUYDUXDS TAIlgandl ozgiuazFanouns 1UA (5.68 3.93 3.21 giem’ AW&IAD)
' Y Y 1
edama ldanuruduvesaqialsene umviuauanurnuntuvesiagiu q Falu
a o . 1 A a o =1 a o Y
UITV0 4 Jyoti Prakash, et al. 2011) WU tlotausos Iattalusygiiul vlvaaiwy
R 4 A o ~ A o ~ ° 9 Y
PNV WURIMTIAVIET It N lailsas i Ingdunuvelaseased

a

ANUPUILUUNINATY VINMTNANDINDAT A208719 AS85Z15 (15 vol.%Zr0,) Ngainnil 1650 °C

U

HanuvuInduana 1o InezgRuINAINT U 1A (Grain growth) a4 Tas9a319gan1a

d' d! 1 d' a d%} a a = o Y a 1 1 1
E‘IJ‘VI 4.12 G]N“W‘U’N‘V]Qﬂ!1’7{]3\1E:I:QGU‘Llﬁ]3Lﬂ@‘lfﬂiIGIGUﬂﬁlﬂiu@%ghuWﬂﬂ‘ﬂfiﬂlﬂﬂ%ﬂﬁ'JN‘i$°H'JN
d? o Y a J ~ v v W I 2 ] %
miumﬂmuuazmﬂmﬂﬂgwqmmzmgmﬂmeﬂmua%mumﬂmﬂuﬂqnﬂau lli]ﬂi%ﬁ]'lfl@]ﬁ]
a 1 1 % ' { A o
30U 9 mﬁummazgummNa“lﬁmmwumuumammﬂnﬁmmmaﬂmﬁﬂ%”aﬂaz 15

TasdSunas TanurvuluanaItiziHano aulAsIna
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72

ANOVA for selected factorial model

Analysis of variance table [Classical sum of squares - Type II]

Sum of Mean F P-value*
Source* Squares* Df* Square* Value* Prob > F
Model 71269.5705 | 11 6479.0518 143.8482 <0.0001 | significant
A-vol%ZrO, 18953.3977 3 6317.7992 140.2681 <0.0001
B-Temp.('C) 36862.0388 2 18431.0194 409.2064 <0.0001
AB 17005.8037 6 28343006 62.9272 <0.0001
Error 1035.9401 23 45.0408
Total 72305.5106 /|7 34

Hiuene : Source™®, Sum of Squares®, Df*, Mean Square®, F-Value*, P-value* 5 U1UANNUNNIY
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Residuals vs. Predicted
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(Hardness) Y233a@i%91l52n01 ALO-SiC/3Y-ZrO,
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ANOVA for selected factorial model

Analysis of variance table [Classical sum of squares - Type II]

Sum of Mean F P-value*

Source* Squares* Df* Square* Value* Prob>F
Model 70.79157667 | 11 | 6.435597879 | 40.36141538 | <0.0001 | significant
A-vol%ZrO, 3424598691 | 3 | 11.41532897 | 71.59223478 | <0.0001
B-Temp.(’C) 25.04156263 | 2 | 12.52078131 | 78.52517591 | <0.0001
AB 11.50402713 | 6 | 1.917337855 | 12.02475218 | <0.0001
Error 3.826782278 | 24 | 0.159449262
Total 74.61835895 | 35
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ANOVA for selected factorial model

Analysis of variance table [Classical sum of squares - Type II]

Sum of Mean F P-value*
Source* Squares* Df* Square* Value* Prob > F
Model 68.4429 L1 6.2220 257.4072 <0.0001 | significant
A-vol%ZrO, 26.1150 3 8.7050 360.1257 <0.0001
B-Temp.('C) 31.9511 2 15.9755 660.9086 <0.0001
AB 7.6811 6 1.2801 52.9612 <0.0001
Error 0.5317 22 0.0241
Total 68.9747 33
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Residuals vs. Predicted
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Pattern: 00-046-1212

Radiation = 1.540600

ALO,
Aluminium Oxide
Corundum, syn

Also called: OC - AL,O,

Lattice : Rhombohedral

S.G. : R-3¢ (167)

a=4.75870

¢=12.99290

Mol. Weight = 101.96
Volume [CD] = 254.81

Dx = 3.987

as Received from ICDD.

Data collection flag : Ambient.

Sample source or locality : The sample is an-alumina plate

General comments : Unit cell computed from d,

Optical data : A=1.7604, B=1.7686, Sign=-

Huang, T., Parrish, W., Masciocchi, N., Wang, P., Adv. X-

Ray Anal., volume 33, page 295 (1990)

Radiation : CuKal

Lambda : 1.54056

SS/FOM : F25=379(0.0026,25)

Filter : Not specified

d-sp : Diffractometer

Quality : High
2th i h | k 1
25579 | 45 | 0 | 1 2
35153 (100 | 1 | O | 4
37777 | 21 | 1 |1 0
41676 | 2 | 0| 0| 6
43356 | 66 | 1 | 1 3
46.176 1 210 2
52550 | 34 | 0 | 2| 4
57497 | 89 | 1 |1 6
59.741 | 2 11 1
61.118 | 2 1|12 2
61.300 | 14 | 0 | 1 8
66.521 | 23 | 2 |1 4
68214 | 27 | 3 10| O
70.420 1 1125
74299 | 2 | 2|0 8
76.871 | 29 | 1 | 0 | 10
77226 | 12 | 1 | 1 9
80.422 1 2 |1 7
80.700 | 2 | 2|2 O
83.217 1 3101 6
84359 | 3 212 3
85.143 1 1|3 1
86363 | 2 | 3 |1 2
86.503 | 3 1 ]2 8
88997 | 9 | 0|2 10
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Pattern: 01-073-1665 Radiation = 1.540600

Quality : Calculated

B-SiC
Silicon Carbide
Moissanite 3C, syn

Also called: Silicon carbide - 3

Lattice : Face-centered cubic Mol. Weight = 40.10

S.G. : F-43m (216) Volume [CD] = 82.77

a=4.35800 Dx =3.218

Vlcor = 3.53
z=4

ICSD collection code : 024171

Test from ICSD: No R value given.

Test from ICSD: At least one TF missing.

Test from ICSD: Calc. density unusual but tolerable.
Cancel:

Data collection flag: Ambient

Thibault, N.W., Am. Mineral., volume 29, page 327 (1944)

Calculated from ICSD using POWD-12++ (1997)

Radiation: CuKal Filter: Not specified

Lambda: 1.54060 d-sp : Calculated

SS/FOM: F6=1000(0.0000,6) spacings

2th i h | k 1
35655 1999 | 1 | 1 1
41404 | 1731 2 | O 0
59.992 1359 2 | 2 0
71.780 | 238 | 3 | 1 1
75512 | 33 | 2 | 2 2
89986 | 39 | 4 | O 0
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Pattern: 00-037-1484 Radiation = 1.540600

Quality : High

710,
Zirconium Oxide
Also called : zirconium dioxide, Baddeleyite, syn, zirkite,

zirconia

Lattice : Monoclinic Mol. Weight = 123.22

S.G.:P21/a(14) Volume [CD] = 140.70

a=5.31290 Dx=15.817
b =5.21250 Beta =
¢=5.14710 99.22
a/b=1.01926 Vleor = 2.60

¢/b =0.98745 z=4

Temperature of data collection; 25.5°

Data collection flag : Ambient .

McMurdie, H., Morris, M., Evans, E., Paretzkin, B.,
Wong-Ng, W., Hubbard, C., Powder Diffration, Volume
1, Page 275(1986)

CAS Number: 1314-23-4

Radiation: CuKal Filter: Monochromator

Lambda: 1.54050 crystal
SS/FOM: F30= d-sp : Diffractometer

111(0.0073,37) Internal standard: Ag FP

2th i h k 1
17.419 | 3 0 0 1
24.048 | 14 1 1 0
24.441 | 10 0 1 1
28.175 | 100 | -1 1 1
31.468 | 68 1 1 1
34.160 | 21 2 0 0
34383 | 11 0 2 0
35.309 | 13 0 0 2
35900 | 2 -2 0 1
38396 | 1 -2 1 0
38.541 | 4 1 2 0
39411 1 0 1 2
39990 | 1 -2 1 1
40.725 | 12 -1 1 2
41.150 | 5 2 0 1
41374 | 5 -1 2 1
44.826 | 7 2 1 1
45522 | 6 -2 0 2
48.949 | 2 -2 1 2
49.266 | 18 2 2 0
50.116 | 22 0 2 2
50.559 | 13 -2 2 1
51.193 | 5 -1 2 2
54.104 | 11 0 0 3
54.680 | 1 2 2 1
55.270 | 11 1 2 2
55.400 | 11 3 1 0
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Pattern: 00-050-1089 Radiation = 1.540600

Quality : High

V4.0

2

Zirconium Oxide

Lattice : Tetragonal Mol. Weight = 123.22

S.G. : P42/nmc (137) Volume [CD] = 66.71

a=3.59840 Dx=6.134

N
Il
(S}

¢=5.15200

General comment : t-Phase.

Sample preparation : An ammonia solution was added to.a
solution of ZrO CI2 to form a gel. The partially-dried gel was
slowly heated to 600 C under nitrogen, then quenched to
room temperature.

General comments : Tetragonal phase is stable between
1170 C and 2370 C

General comments : Pattern taken on metastable phase at
room temperature.

Additional pattern : See ICSD 85322 (PDF 01-088-1007).

Data collection flag : Ambient.

Malek, J., Benes, L., Mitsuhashi, T., Power Diffraction,

volume 12, page 96 (1997)

Radiation: CuKal Filter: Beta
Lambda: 1.54051

SS/FOM: F18= d-sp : Diffractometer Si

55(0.0136,24)

2th i h | k|1
30.271 100 0 | 1 |1
34.812 8 01012
35.256 1211170
43.140 1 012
50.378 43 1112
50.712 22 10112160
59.612 1410|113
60.207 24 1121
62.969 7 1202
73.467 3 01014
74.540 5 212160
81.974 1111213
82.478 6 031
84.198 4 1|14
84.920 3 2122
85.226 3 11310
94.719 3 0214
95.481 9 1|3 ]2




N

f{"!!!mgm
“’Sﬁg“ ]




89

qm}o Designation: C 373 - 88 (Reapproved 1994}

Standard Test Method for

Water Absorption, Bulk Density, Apparent Porosity, and
Apparent Specific Gravity of Fired Whiteware Products’

This standard is istued under the fixed designation C 373; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last fevision. A number in parentheses indicates the year of last reapproval, A
superseript epsilon (¢) indicates an editorial change since the las| revision or reapproval.

1. Scope

1.1 This test method covers procedures for determining
water absorption, bulk density, apparent porosity, and ap-
parent specific gravity of fired unglazed whiteware products,

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior o use,

2. Significance and Use

2.1 Measurement of density, porosity, and specific gravity
is a tool for determining the degree of maturation of a
ceramic body, or for determining structural properties that
may be required for a given application.

3. Apparatus and Materials

3.1 Balance, of adequate capacity, suitable to-weigh accus
rately to 0.01 g.

3.2 Oven, capable of maintaining a temperature of 150 =
5°C (302 £ 9°F).

3.3 Wire Loop, Halter, or Basket, capable of supporting
specimens under water for making suspended mass measure-
ments,

3.4 Container—A glass beaker or similar container of
such size and shape that the sample, when suspended from
the balance by the wire loop, specified in 3.3, is completely
immersed in water with the sample and the wire foop being
completely free of contact with any part of the container.

3.5 Pan, in which the specimens may be boiled,

3.6 Distilled Water.

4. Test Specimens

4.1 At least five represeniative test specimens shall be
selected. The specimens shall be unglazed and shall have as
much of the surface freshly fractured as is practical. Sharp
¢dges or corners shall be removed. The specimens shall
contain no cracks. The individuat test specimens shail weigh
at least 50 g.

5, Procedure
5.1 Dry the test specimens to constant mass {Note) by

! This test method is under the jurisdiction of ASTM C C-21 on
Ceranvic Whitewares and Related Products and is the dinect responsibility of
Subcommittee C21.03 on Fundamental Properties.

Current edition approved Sept. 30, 1988, Published November 1988. Originally
published as C 373 - 55 T, Last previous cdition C 373 - 72 (1982).

heating in an oven at 150°C (302°F), followed by cooling in a
desiccator. Determine the dry mass, D, to the nearest 0.01 g

Nore—The drying of the specimens to constant mass and the
determination of their masses may be done ¢ither before or after the
specimens have been impregnated with water. Usually the dry mass is
determined before impregnation. However, if the specimens are friable
or evidence indicates that particles have broken loose during the
impregnation, the specimens shall be dried and weighed after the
suspended mass and the saturated mass have been determined, in
accordance with 5.3 and 5.4 In this case, the second dry mass shall be
used in all appropriate calculations.

5.2 Place the specimens in a pan of distilled water and boil
for 5 h, taking care that the specimens are covered with water
at all times. Use setter pins or some similar device to separate
the specimens from the bottom and sides of the pan and
from each other. After the 5-h boil, allow the specimens to
soak for an additional 24 h.

3.3 After impregnation of the test specimens, determine
to the nearest 0.01 g the mass, S, of each specimen while
suspended in water. Perform the weighing by placing the
specimen in a wire loop, halter, or basket that is suspended
from one arm of the balance. Before actually weighing,
counterbalance the scale with the loop, halter, or basket in
place and immerse in water 1o the same depth as is used
when the specimens ate in place. If it is desired to determine
only the percentage of water absorption, omit the suspended
mass operation,

5.4 After the determination of the suspended mass or after
impregnation, if the suspended mass is not determined, blot
each specimen lightly with a moistened, lint-free linen or
cotton cloth to remove all excess water from the surface, and
determine the saturated mass, M, to the nearest 0.0! g
Perform the blotting operation by rolling the specimen
lightly on the wet cloth, which shall previously have been
saturated with water and then pressed only enough to re-
move such water as will drip from the cloth. Excessive
blotting will introduce error by withdrawing water from the
pores of the specimen. Make the weighing immediately after
blotting, the whole operation being completed as quickly as

possible to minimize errors due to evaporation of water from
the specimen.

6. Calculation

6.1 In the following calculations, the assumption is made
that t cm? of water weighs | g This is true within about 3
parts in 1000 for water at room temperature.

6.1.1 Calculate the exterior volume, ¥, in cubic centi-
metres, as follows:

V=M-5
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6.1.2 Calculate the volumes of open pores Vyp and
impervious portions ¥}p in cubic centimetres as follows:
Vop=M=-D
Vp=D-§
6.1.3 The apparent porosity, P, expresses, as a percent, the
relationship of the volume of the open pores of the specimen

to its exterior volume. Calculate the apparent porosity as
follows:

P=[(M - D)/V] x 100
6.1.4 The water absorption, 4, expresses as a percent, the

relationship of the mass of water absorbed to the mass of the
dry specimen. Calculate the water absorption as follows:

A= (M~ D)/D] x 100
6.1.5 Calculate the apparent specific gravity, T, of that

portion of the test specimen that is impervious to water, as
follows:

T=DfiD-8

6.1.6 The bulk density, B, in grams per cubic centimetre,
of a specimen is the quotient of its dry mass divided by the

exterior volume, including pores. Calculate the bulk density
as follows:

B=pyv
7. Report

7.1 For each property, report the average of the values
obtained with at least five specimens, and also the individual
values. Where there are pronounced differences among the
individual values, test another lot of five specimens and, in
addition to individual values, report the average of all ten
determinations.

8. Precision and Bias

8.1 This test method is accurate to +0.2 % water absorp-
tion in interlaboratory testing when the average value
recorded by all laboratories is assumed to be the true water
absorption. The precision is approximately £ 0.1 % water
absorption on measurements made by a single experienced
operator.

The American Socisly for Testing and Meterials takes ro position respaeiing the validity of any patent rights asserted in connection
with any ltem mentioned In this stendard. Users of this standerd are exprassly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsiiiity.

This standlard is subjoct lo revision at any.time by

tha rasponsibla teghnical commitise and must be reviewsd ovary five years and

if rot ravised, eithar renpproved or withdrawn. Your comments are lnvited efther for revision of this standsrd or for additional standards
and should be addressed 10 ASTM Headguarters. Your comments will receive careluf cansideration af & mesting of the responsibie

technical committes, which you may atiend. #f you fee that your comments have not
vigws known to the ASTM Committee on Standards, 1976 Race St Philadeighia,
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Standard Test Method for

Flexural Strength of Advanced Ceramics at Ambient

Temperature'
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1. Scope

1.1 This test method covers the determination of flexural
strength of advanced ceramic materials at ambient tempera-
ture, Four-point-/4 point and three-point loadings with
prescribed spans are the standard. Rectangular specimens of
prescribed cross-section sizes are used with specified features
in prescribed specimen-fixture combinations,

1.2 The values stated in SI units are to be regarded as the
standard. The values given in parentheses are for informa-
tion only.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this siandard to establish-appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior (o use.

2. Referenced Documents

2.1 ASTM Standards:

E 4 Practices for Force Verification of Testing Machines®

E 337 Test Method for Measured Humidity with a Psy-
chrometer (The Measurement of Wet- and Dry-Bulb
Temperatures)®

2.2 Military Standard:

MIL-STD-1942 (MR) Flexural Strength of High Perfor-
mance Ceramics at Ambient Temperature®

3. Terminology

3.1 Definitions:

3.1.1 flexural strength—a measure of the ultimate strength
of a specified beam in bending.

3.1.2 four-point-¥s point flexure—configuration of flex-
ural strength testing where a specimen is ly
loaded at two locations that are situated one quarter of the
overall span, away from the outer two support bearings (see
Fig. 1).

3.1.3 three-point flexure—configuration of flexural strength
testing where a specimen is loaded at a location midway
between two support bearings (see Fig. 1),

! This test method is under the jurisdiction of ASTM Committee C-28 on
Advanced Ceramics and is the direct responsibility of Subcommittee C28.01 on
Properties and Performance.

Current edition approved July 25, 1994, Published February 1995, Originally
published as C 1161 - 90. Last previous edition C 1161 - 90.

2 Annual Book of ASTM Standards, Vol 03.01.

’AMWMQ{JS]“H.%M Vol 11.03.

* Available from Standardi Order Desk, Bldg, 4, Section D,
700 Robbins Ave., Philadelphia, PA l‘}lllm
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4. Significance and Use

4.1 This test method may be used for material develop-
ment, quality control, characterization, and design data
generation purposes.

4.2 The flexure stress is computed based on simple beam
theory with assumptions that the material is isotropic and
homogeneous, the moduli of elasticity in tension and com-
pression are identical, and the material is linearly elastic. The
average grain size should be no greater than one fiftieth of
the beam thickness, The homogeneity and isotropy assump-
tion in the standard rule out the use of this test for
continuous fiber-reinforced ceramics.

4.3 Flexural strength of a group of test specimens is
influenced by several parameters associated with the test
procedure. Such factors include the loading rate, test envi-
ronment, specimen size, specimen preparation, and test
fixtures. Specimen sizes and fixtures were chosen to provide
a balance between practical configurations and resulting
errors, as discussed in MIL-STD 1942 (MR) and Refs (1) and
(2)* Specific fixture and specimen configurations were
designated in order to permit ready comparison of data
without the need for Weibull-size scaling.

4.4 The flexural strength of a ceramic material is depen-
dent on_ both its inherent resistance to fracture and the
presence of defects. Analysis of a fracture surface, fractog-
raphy, though beyond the scope of this test method, is highly
recommended for all purposes, especially for design data as
discussed in MIL-STD-1942 (MR) and Refs (2-5).

5. Interferences

5.1 The effects of time-dependent phenomena, such as
stress corrosion or slow crack growth on strength tests
conducted at ambient temperature, can be meaningful even
for the relatively short times involved during testing. Such
influences must be considered if flexure tests are to be used
to generate design data.

5.2 Surface preparation of test specimens can introduce
machining flaws which may have a pronounced effect on
flexural strength. Machining damage imposed during spec-
imen preparation can be either a random interfering factor,
or an inherent part of the strength characteristic to be
measured. Surface preparation can also lead to residual
stresses. Universal or standardized test methods of surface
preparation do not exist. It should be understood that final
machining steps may or may not negate machining damage

3 The boldface numbers in parentheses refer to the references at the end of this
test method.
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B: L = 40 mm
C:L =80 mm
FIG. 1 The Four-Point-'s Point and Three-Point Fixture

Configuration

introduced during the early course or intermediate ma-
chining.

6. Apparatus

6.1 Loading—Specimens may be loaded in any suitable
testing machine provided that uniform rates of direct loading
can be maintained. The load-measuring Syster shall be free
of initial lag at the loading rates used and shall be equipped
with a means for retaining read-out of the maximum load
applied to the specimen. The accuracy of the testing machine
shall be in accordance with Practices E 4 but within 0.5 %.

6.2 Four-Point Flexure—Four-point-Y point fixtures
gli:'i; 1) shall have support and loading spans as shown in

able 1.

6.3 Three-Point Flexure—Three-point fixtures (Fig. 1)
shall have a support span as shown in Table 1.

6.4 Bearings—Three- and four-point flexure:

6.4.1 Cylindrical bearing edges shall be used for the
support of the test specimen and for the application of load.
The cylinders shall be made of hardened steel which has a

no less than HRC 40 or which has a yield strength
00 less than 1240 MPa (~180 ksi). Alternatively, the
cylinders may be made of a ceramic with an elastic modulus
between 2.0 and 4.0 x 10° MPa (3060 x 10° psi) and a
flexural strength no less than 275 MPa (~40 ksi). The
portions of the test fixture that support the bearings may
need to be hardened to prevent permanent deformation. The
¢ylindrical bearing length shall be at least three times the
Specimen width. The above requirements are intended to
¢nsure that ceramics with strengths up to 1400 MPa (~200
ksi) and elastic moduli as high as 4.8 x 10° MPa (70 x 10°
Psi) can be tested without fixture damage. Higher strength

Configuration Support Span (L), mm _ Loading Span, mm
A 20 10
B 40 20
c 80 40

TABLE 2 Nominal Bearing Diameters

Configuration Diameter, mm
A 20025
B 45
c 9.0

TABLE 3 Specimen Size
Configuration ~ Width (b), mm~ Depth (d), mm L"'ﬂ"’"‘:nf’-""-

A 20 1.5 25
B 4.0 3.0 45
c 8.0 8.0 90

and stiffer ceramic specimens may require harder bearings.

6.4.2 The bearing cylinder diameter shall be approxi-
mately 1.5 times the beam depth of the test specimen size
employed. See Table 2.

6.4.3 The bearing cylinders shall be carefully positioned
such that the spans are accurate within £0.10 mm, The load
application bearing for the three-point configurations shall
be positioned midway between the support bearing within
#0.10 mm. The load application (inner) bearings for the
four-point configurations shall be centered with respect to
the support (outer) bearings within +0.10 mm,

6.4.4 The bearing cylinders shall be free to rotate in order
to relieve frictional constraints (with the exception of the
middle-load bearing in three-point flexure which need not
rotate), This ean be accomplished by mounting the cylinders
in needle bearing assemblies, or more simply by mounting
the cylinders as shown in Figs. 2 and 3. Note that the
outer-support bearings roll outward and the inner-loading
bearings roll inward,

6.5 Semiarticulating-Four-Point Fixture—Specimens pre-
pared in accordance with the parallelism requirements of 7.1
may be tested in a semiarticulating fixture as illustrated in
Fig. 2. The bearing cylinders themselves must be parallel to
each other to within 0.015 mm (over their length).

6.6 Fully Articulating-Four-Point Fixture—Specimens
that are as-fired, heat treated, or oxidized often have slight
twists or unevenness. Specimens which do not meet the
parallelism requirements of 7.1 shall be tested in a fully
articulating fixture as illustrated in Fig. 3.

6.7 The fixture shall be stiffer than the specimen, so that
most of the crosshead travel is imposed onto the specimen.

7. Specimen

7.1 Specimen Size—Dimensions are given in Table 3 and
shown in Fig. 4. Cross-sectional dimensional tolerances are
+0.13 mm for B and C specimens, and +0.05 mm for A. The
parallelism tolerances on the four longitudinal faces are
0.015 mm for A and B and 0.03 mm for C. The two end
faces need not be precision machined,

7.2 Specimen Preparation—Depending upon the in-
tended application of the flexural strength data, use one of

305
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LOADING MEMBER

OEC
m‘mmm\w\a

y I P
z
TEST SPECIMEN

SUPPORT MEMBER:

i* L

Note 1:

tion L, mm

A 20

B 40

Cc B0
Nore

Note: Bearing Cylinders are held in place by
low stiffness springs of rubber bonds,

2—Load is applied through a ball which parmits the loading member to tilt as necessary to ensure uniform loading

FIG. 2 Schematic of a Semiarticulated Four-Point Fixture Suitable for Flat and Parallel Specimens

the following four specimen preparation procedures:

7.2.1 As-Fabricated—The flexural specimen shall simu-
late the surface condition of an application where no
machining is to be used; for example, as-cast, sintered, or
injection-molded parts. No additional machining specifica-
tions are relevant. An edge chamfer is not necessary in this
instance. As-fired specimens are especially prone to twist or
warpage and might not meet the parallelism requirements. In
this instance, a fully articulating fixture (6.6 and Fig. 3) shall
be used in testing.

7.2.2 Application-Matched Machining—The- specimen
shall have the same surface preparation as that given to a
component. Unless the process is proprietary, the report
shall be specific about the stages of material removal, wheel
grits, wheel bonding, and the amount of material removed
per pass.

7.2.3 Customary Procedures—In instances where a cus-
tomary machining procedure has been developed that is
completely satisfactory for a class of materials (that is, it
induces no unwanted surface damage or residual stresses),
this procedure shall be used.

7.2.4 Standard Procedures—In the instances where 7.2.1
through 7.2.3 are not appropriate, then 7.2.4 shall apply.
This procedure shall serve as minimum requirements and a
more stringent procedure may be necessary.

7.2.4.1 All grinding shall be done with an ample supply of
appropriate filtered coolant to keep workpiece and wheel
constantly flooded and particles flushed. Grinding shall be in
at least two stages, ranging from coarse to fine rates of
material removal. All machining shall be in the surface
grinding mode, and shall be parallel to the specimen long
axis shown in Fig. 5. No Blanchard or rotary grinding shall
be used.

7.2.4.2 The stock-removal rate shall not exceed 0.03 mm
(0.001 in.) per pass to the last 0.06 mm (0.002 in.) per face.

Final (and intermediate) finishing shall be performed with a
diamond wheel that is between 320 and 500 grit. No less
than 0.06 mm per face shall be removed during the final
finishing phase, and at a rate of not more than 0.002 mm
(0.0001 in.) per pass. Remove approximately equal stock
from opposite faces.

7.24.3 Materials with low fracture toughness and a
greater susceptibility to grinding damage may require finer
grinding wheels at very low removal rates.

7.2.4.4 The four long edges of each specimen shall be
uniformly chamfered at 45°, a distance of 0.12 + 0.03 mm as
shown in Fig. 4. They can alternatively be rounded with a
radius of 0.15 + 0.05 mm. Edge finishing must be compa-
rable to that applied to the specimen surfaces. In particular,
the direction of machining shall be parallel to the specimen
long axis. If chamfers are larger than the tolerance allows,
then corrections shall be made to the stress calculation (1).
Alternatively, if a specimen can be prepared with an edge
that is free of machining damage, then a chamfer is not
required.

7.2.5 Handling Precautions—Care should be exercised in
storing and handling of specimens to avoid the introduction
of random and severe flaws, such as might occur if specimens
were allowed to impact or scratch each other. '

1.3 Number of Specimens—A minimum of 10 specimens
shall be required for the purpose of estimating the mean. A
minimum of 30 shall be necessary if estimates regarding the
form of the strength distribution are to be reported (for
example, a2 Weibull modulus). The number of specimens
required by this test method has been established with the
intent of determining not only reasonable confidence Limits
on strength distribution parameters, but also to help discern
multiple-flaw population distributions. More than 30 speci-
mens are recommended if multiple-flaw populations aré
present.
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BEARING A

TEST SPECIMEN

Note 1:

Configuration L, mm
A 20
<] 40
c 80

Note 2—Bearing A is fixed so that it will not pivot about the x axis. The other three bearings are fraé to pivot about the x axis.
FIG. 3 Schematic of a Fully Articulating Four-Point Fixture Suitable for Twisted or Uneven Specimens

8. Procedure

8.1 Test specimens on their appropriate fixtures in spe-
cific testing configurations. Test specimens Size A on either
the four-point A fixture or the three-point A fixture. Simi-
larly, test B specimens on B fixtures, and C specimens on C
fixtures. A fully articulating fixture is required if the spec-
imen parallelism requirements cannot be met. An alternative
procedure with a D specimen is given in the Appendix.

8.2 Carefully place each specimen into the test fixture to
preclude possible damage and to ensure alignment of the
Specimen in the fixture, In particular, there should be an
equal amount of overhang of the specimen beyond the outer
bearings and the specimen should be directly centered below
the axis of the applied load.

8.3 Slowly apply the load at right angles to the fixture.
+he maximum permissible stress in the specimen due to
Initial load shall not exceed 25 % of the mean strength.
Inspect the points of contact between the bearings and the
Specimen to ensure even line loading and that no dirt or
Contamination is present. If uneven line loading of the
Specimen occurs, use fully articulating fixtures,

8.4 Mark the specimen to identify the points of load ap-
Plication and also so that the tensile and compression faces

can be distinguished. Carefully drawn pencil marks will
suffice.

8.5 Put cotton, crumbled tissues, or other appropriate
material around specimen to prevent pieces from flying out
of the fixtures upon fracture. This step may help ensure
operator’s safety and preserve primary fracture pieces for
subsequent fractographic analysis,

8.6 Loading Rates—The crosshead rates are chosen so
that the strain rate upon the specimen shall be of the order of
LOX 1074571,

8.6.1 The strain rate for either the three- or four-point-Y4
point mode of loading is as follows:

e=6ds/L?

where:
¢ = strain rate,

TABLE 4 Crosshead Speeds for Displacement-Controlled
Testing Machine
Crosshead Speeds, mm/min

02
05
1.0

Configuration

Om>
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FIG. 5 Surface Grinding Parallel to the Specimen Longitudinal
Axis

d = specimen thickness,
§ = crosshead speed, and
L = outer (support) span.

8.6.2 Crosshead speeds for the different testing configura-
tions are given in Table 4.

8.6.3 Times to failure for typical ceramics will range from
3to 30 5. It is assumed that the fixtures are relatively rigid
and that most of the testing-machine crosshead travel is
imposed as strain on the test specimen.

8.7 Breakioad—Measure the breakload with an accuracy
of 0,5 %.

8.8 Specimen Dimension—Determine the thickness and
width of each specimen to within 0.0025 mm (0.0001 in.). In

308

order to avoid damage in the critical area, it is recommended
that measurement be made after the specimen has broken at
a point.near the fracture origin. It is highly recommended to
retain-and preserve all primary fracture fragments for
fractographic analysis.

8.9 Determine the relative humidity in accordance with
Test Method E 337.

8.10 The occasional use of a strain-gaged specimen is
recommended to verify that there is negligible error in stress,
in accordance with 11.2,

9. Calculation

9.1 The standard formula for the strength of a beam in
four-point-Ys point flexure is as follows:
3PL )
S=0oa 0
where:
P = breakload,
L = outer (support) span,
b = specimen width, and
d = specimen thickness. i
9.2 The standard formula for the strength of a beam in:
three-point flexure is as follows:
3PL
S=id (v)]

9.3 Equations 1 and 2 shall be used for the reporting of
results and are the common equations used for the flexure
strength of a specimen.

Note |—It should be recognized however, that Eqs | and 2 do not
necessarily give the stress that was acting directly upon the flaw that
caused failure. (In some instances, for example, for fracture mirror of
fracture toughness calculations, the fracture stress must be corrected for
subsurface origins and breaks outside the gage length,)
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Note 2—The conversion between pounds per square inch (psi) and
megapascals (MPa) is included for convenience (145.04 psi = | MPa;
therefore, 100 000 psi = 100 ksi = £89.5 MPa.)

10. Report

10.1 Test reports shall include the following:

10.1.1 Test configuration and specimen size used.

10.1.2 The number of specimens (n) used.

10.1.3 All relevant material data including vintage data or
billet identification data. (Did all specimens come from one
billet?) As a minimum, the date the material was manufac-
tured shall be reported.

10.1.4 Exact method of specimen preparation, including
all stages of machining.

10.1.5 Heat treatments or exposures, if any.

10.1.6 Test environment including humidity (Test
Method E 337) and temperature.

10.1.7 Strain rate or crosshead rate.

10.1.8 Report the strength of every specimen in
megapascals (pounds per square inch) to three significant
figures.

g1l2|.1.9 Mean (5) and standard deviation (SD) where:

3§ =5)
SD= 1
(n=1)

10.1,10 Report of any deviations and alterations from the
procedures described in this test method,

3)

@

11, Precision and Bias

11.1 The flexure strength of a ceramic is not a determin-
istic quantity, but will vary from one specimen to another.
There will be an inherent statistical scatter in the results for
finite sample sizes (for example, 30 specimens). Weibull
statistics can model this variability as discussed in Refs (1)
and (6-10). This test method has been devised so that the
precision is very high and the bias very low compared to the
inherent variability of strength of the material.

11.2 Experimental Errors:

11.2.1 The experimental errors in the flexure test have
been thoroughly analyzed and documented in Ref (1). The
specifications and tolerances in this test method have been
chosen such that the individual errors are typically less than
0.5 % each and the total error is probably less than 3 % for

309

four-point configurations B and C. (A conservative upper
limit is of the order of § %.) This is the maximum possible
error in stress for an individual specimen.

11.2.2 The error due to cross-section reduction associated
with chamfering the edges can be of the order of 1 % for
configuration B and less for configuration C in either three or
four-point loadings, as discussed in Ref (1). The chamfer
sizes in this test method have been reduced relative to those
allowed in MIL-STD-1942 (MR). Chamfers larger than
specified in this test method shall require a correction to
stress calculations as discussed in Ref (1).

11.2.3 Configuration A is somewhat more prone to error
which is probably greater than 5 % in four-point loading,
Chamfer error due to reduction of cross-section areas is
4.1 %. For this reason, this configuration is not recom-
mended for design purposes, but only for characterization
and materials development,

11.3 An intralaboratory comparison of strength values of
a high purity (99.9 %) sintered alumina was held (7). Three
different individuals with three different universal testing
machines on three different days compared the strength of
lots of 30 specimens from a common batch of material.
Three different fixtures, but of a common design, were used.
The mean strengths varied by a maximum of 2.4 % and the
Weibull moduli by a maximum of 27 % (average of 11.4).
Both variations are well within the inherent scatter predicted
for sample sizes of 30 as shown in Refs (1), (7), and (9).

11.4 An interlaboratory comparison of strength of the
same alumina as cited in 11.3 was made between two
laboratories. A 1.3 % difference in the mean and an 18 %
difference in Weibull modulus was observed, both of whick
are well within the inherent variability of the material,

11.5 An interlaboratory comparison of strength of a
differcnt alumina and of a silicon nitride was made between
seven international laboratories. Reference (7) is a compre-
hensive report on this study which tested over 2000 speci-
mens. Experimental results for strength variability on B
specimens, in both three- and four-point testing, were
generally consistent with analytical predictions of Ref (9).
For a material with a Weibull modulus of 10, estimates of
the mean (or characteristic strength) for samples of 30
specimens will have a coefficient of variance of 2.2 %, The
coefficient of variance for estimates of the Weibull modulus
is 18 %.

12. Keywords

12.1 advanced ceramics; flexural strength; four-point
flexure; three-point flexure
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APPENDIX
(Nonmandatory Information)

X1. ALTERNATIVE PROCEDURE

X1.1 An alternative procedure is given in the following
paragraphs. This alternate procedure may be used when the
procedures in the main text are not suitable.

X1.2 Fixture Spans—A support span of 38.10 mm (1.5
in.) shall be used for three- or four-point loading, and a
loading span of 19.05 mm (0.75 in.) shall be used for the
four-point loading,

X1.3 Bearing Diameter—A bearing diameter of 4.5 to 5.0
mm diameter shall be used.

X1.4 Specimen Size—The specimen size D shall be as
given in Fig. X1.1, The width is 6.35 mm (0.25 in.); the

38013 lnml

SEE DETAIL A

thickness, 3.18 mm (0.125 in.) and the length greater than 45
mm (1.8 in.).

X1.5 Crosshead Speed—Crosshead speed shall be 0.5
mm/min (0.02 in./min).

X1.6 All other testing procedures and tolerances are ag
specified in the main text for the B configuration.

X1.7 Precision and Bias—Data on precision and biag
obtained during an interlaboratory round robin study of the
flexure strength of a sintered silicon nitride will be published
soon. This study was conducted as a subtask of a larger
International Energy Agency (IEA) round robin effect (11),

Dl :

V7]aJ0D15 mm])

——— 45 mm MiN ———] I

FIG. X1.1_ The Altemative ‘D’ Test Specimen
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qmb Designation: C 1327 - 96a

Standard Test Method for
Vickers Indentation Hardness

‘This standard is issued under the fixed designation C 1327; the

of Advanced Ceramics’

number immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last révision. A number in parentheses indicates the year of last reapproval. A
perscript epsilon (¢) indi an editorial change since the last revision or reapproval.

1. Scope

1.1 This test method covers the determination of the
Vickers indentation hardness of advanced ceramics.

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:

E 4 Practices for Force Verification of Testing Machines?

E 177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods®

E 380 Practice for Use of the International System of
Units (SI) (the Modernized Meinic System)?

E 384 Test Method for Microhardness of Materials?

E 691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method®

2.2 European Standard:

CEN ENV 843-4 Advanced Technical Ceramics, Mono-
lithic Ceramics, Mechanical Properties at Room Tem-
perature, Part 4: Vickers, Knoop and Rockwell Superfi-
cial Hardness*

2.3 Japanese Standard:

JIS R 1610 Testing Method for Vickers Hardness of High
Performance Ceramics®

2.4 ISO Standard:

ISO 6507/2 Metallic Materials—Hardness test—Vickers
test—Part 2: HV0.2 to less than HV5¢

3. Terminology

3.1 Definition:

3.1.1 Vickers hardness number (HV), n—the number
obtained by dividing the applied load in kilograms-force by
the surface area of the indentation in square millimetres
computed from the mean of the measured diagonals of the
indentation. It is assumed that the indentation is an imprint
of the undeformed indenter.

! This test method is under the jurisdiction of ASTM Committee C-28 on
Advanced Ceramics and is the direct responsibility of Subcommittes C28.01 on
Properties and Performance.

Current edition approved Dec. 10, 1996. Published February 1997. Originally
published as C 1327 - 96. Last previous edition C 1327 - 96.

2 Annual Book of ASTM Standards, Vol 03,01,

3 Annual Book of ASTM Standards, Vol 14.02.

* Available from European Committee for Standardization, Brussels, Belgium,

3 Available from Jap Standards Association, Tokyo, Japan,

6 Available from International Standards Organization, Geneva, Switzerland.

4. Summary of Test Method

4.1 This test method describes an indentation hardness
test using a calibrated machine to force a pointed, square
base, pyramidal diamond indenter having specified face
angles, under a predetermined load, into the surface of the
material under test and to measure the surface-projected
diagonals of the resulting impression after removal of the
load.

NoTE 1—A general description of the Vickers indentation hardness
test is given in Test Method E 384, The present method is very similar,
has most of the same requirements, and differs only in areas required by
the special nature of advanced ceramics. This test method also has many
clements in common with standards ENV 843-4 and JIS R 1610, which
are also for advanced ceramics.

5. Significance and Use

5.1 For advanced ceramics, Vickers indenters are used to
create indentations whose surface-projected diagonals are
measured. with optical microscopes. The Vickers indenter
creates ‘@ square impression from which two surface-pro-
jected diagonal lepgths are measured. Vickers hardness is
calculated from the ratio of the applied load to the area of
contact of the four faces of the undeformed indenter. (In
contrast, Knoopindenters are also used to measure hardness,
but” Kneop hardness is calculated from the ratio of the
applied load to the projected area on the specimen surface.)

5.2 Vickers indentation hardness is one of many proper-
ties that is used to characterize advanced ceramics. Attempts
have been made to relate Vickers indentation hardness to
other hardness scales, but no generally accepted methods are
available. Such conversions are limited in scope and should
be used with caution, except for special cases where a reliable
basis for the conversion has been obtained by comparison
tests.

5.3 Vickers indentation diagonal lengths are approxi-
mately 2.8 times shorter than the long diagonal of Knoop
indentations, and the indentation depth is approximately 1.5
times deeper than Knoop indentations made at the same
load.

5.4 Vickers indentations are influenced less by specimen
surface flatness, parallelism, and surface finish than Knoop
indentations, but these parameters must be considered
nonetheless.

5.5 Vickers indentations are much more likely to cause
cracks in advanced ceramics than Knoop indentations. The
cracks may influence the measured hardness by fundamen-
tally altering the deformation processes that contribute to the
formation of an impression, and they may impair or
preclude measurement of the diagonal lengths due to exces-
sive damage at the indentation tips or sides.

5.6 A full hardness characterization includes measure-

4
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ments over a broad range of indentation loads. A ¢
hensive characterization of this type is recommended but is
beyond the scope of this test method, which measures
hardness at a single, designated load.

6. Interferences

6.1 Cracking from the indentation tips can interfere with
determination of tip location and thus the diagonal length
measurements,

6.2 Cracking or spalling around the Vickers impression
may occur and alter the shape and clarity of the indentation,
especially for coarse-grained ceramics whereby grains may
¢cleave and distodge. The cracking may occur in'a time-
dependent manner (minutes or hours) after the impression is
made,

6.3 Porosity (cither on or just below the surface) may
interfere with measuring Vickers hardness, especially if the
indentation falls directly onto a large pore or if the indenta-
tion tip falls in a pore.

6.4 At higher magnifications in the optical microscope, it
may be difficult to obtain a sharp contrast between the
indentation tip and the polished surface of some advanced
ceramics. This may be overcome by careful adjustment of
the lighting as discussed in Test Method E 384,

7. Apparatus

1.1 Testing Machines:

7.1,1 There are two general types of machines available
for making this test. One type is a self-contained unit built
for this purpose, and the other type is an accessory available
to existing microscopes. Usually, this second type is fitted on
an inverted-stage microscope. Descriptions of the various
machines are available (1-3).”

7.1.2 Design of the machine should be such that the
loading rate, dwell time, and applied load can be set within
the limits set forth in 10,5. It is an advantage to eliminate the
human element whenever possible by appropriate machine
design, The machine should be designed so that vibrations
induced at the beginning of a test will be damped out by the
time the indenter touches the sample.

7.1.3 The calibration of the balance beam should be
checked monthly or as needed. Indentations in standard
reference materials may also be used to check calibration
when needed.

7.2 Indenter:

72.1 The indenter shall meet the specifications for
Vickers indenters. See Test Method E 384. The four edges
formed by the four faces of the indenter shall be sharp.
Chamfered edges (as in Ref (4)) are not permitted, The tip
offset shall be not more than 0.5 pm in length,

7.2.2 Figure 1 shows the indenter. The depth of the
indentation is ' the length of the diagonal. The indenter has
an angle between opposite faces of 136° 0 min (£30 min).

7.2.3 The diamond should be examined periodically; and
if it is loose in the mounting material, chipped, or cracked, it
shall be replaced.

7 The boldface numbers in parentheses refer to the List of reforences at the end
of this test method.
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FIG. 1 Vickers Indenter

NGTE 2—This requirement is from Test Method E 384 and is
especially pertinent to Vickers indenters used for advanced ceramics,
Vickers indenters are often used at high loads in advanced ceramics in
order to create cracks. Such usage can lead to indenter damage. The
diamond indenter can be examined with a scanning electron. micro-
scope, of indents can be made into soft copper to help determine if 3
chip or crack is present,

1.3 Measuring Microscope:

7.3.1 The measurement system shall be constructed so
that the length of the diagomals cap be determined with
errors 0ot exceeding +0.0005 mm,

NoTE 3~Stage micromedres with uncertainties less than this should
be used to establish calibration constants for the microscope. See Test
Method E 384, Ordinary stage micromeires, which are intended for
determining the approximate magnification of photographs, may be too
coarsely ruled or may not have the required accuracy and precision,

7.3.2 The numerical aperture (NA) of the objective lens
shall be between (.65 and 0.90.

Note 4—The apparent length of a Vickers indentation will increase
as the resolving power and NA of a lens increases. The variation is much
less than that observed in Knoop indentations, however (2, 5, 6). The
range of NA specified by this test method corresponds to 40 to 100%
objective lenses. The higher power lenses may have higher resolution,
but the contrast between the indentation tips and the polished surface
may be less,

7.3.3 A filter may be used to provide monochromatic
illumination. Green filters have proved to be useful.

8. Preparation of Apparatus

8.1 Verification of Load—Most of the machines available
for Vickers hardness testing use a loaded beam, This beam
shall be tested for zero load. An indentation should not be
visible with zero load, but the indenter should contact the
sample. Methods of verifying the load application are given
in Practices E 4. :

8.2 Separate Verification of Load, Indenter, and Mea-
suring Microscope—Procedures in Test Method E 384, Sec-
tion 14, may be followed, :

8.3 Verification by Standard Reference Materials—Stan-
dard reference blocks, SRM No, 2831, of tungsten carbide
that are available from the Nationa! Institute of Standards
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and Technology® can be used to verify that an apparatus
produces a Vickers hardness within +5 % of the certified
value.

9. Test Specimens

9.1 The Vickers indentation hardness test is adaptable to a
wide variety of advanced ceramic specimens. In general, the
accuracy of the test will depend on the smoothness of the
surface and, whenever possible, ground and polished speci-
mens should be used. The back of the specimen shall be fixed
so that the specimen cannot rock or shift during the test.

9.1.1 Thickness—As long as the specimen is over ten
times as thick as the indentation depth, the test will not be
affected. In general, if specimens are at least 0.50 mm thick,
the hardness -will not be affected by variations in the
thickness.

9.1.2 Surface Finish—Specimens should have a gronnd
and polished surface. The roughness should be less than 0.1
um rms. However, if one is investigating a surface coating or
treatment, one cannot grind and polish the specimen.

Note 5—This requirement is necessary to ensure that the surface is
flat and that the indentation is sharp. Residual stresses from palishing
are of less concern for most advanced ceramics than for glasses or
metals. References (7) and (8) report that surfaces prepared with | pm or
finer diamond abrasive had no effect on measured. ceramic hardness.
Hardness was only affected when the surface finish had an optically
resolvable amount of abrasive damage (7). (Extra caution may be
appropriate during polishing of transformation toughening ceramics,
such as some zirconias, since the effect upon hardness is not known.)

10. Procedure

10.1 Specimen Placement—Place the specimen on the
stage of the machine so that the specimen will not rock or
shift during the measurement. The specimen surface shall be
clean and free of any grease or film,

10.2 Specimen Leveling:

10.2.1 The surface of the specimen being tested shall lie in
a plane normal to the axis of the indenter, The angle of the
indenter and specimen surface should be within 2° perpen-
dicular.

Note 6—Greater amounts of tilting produce nonuniform indenta-
tions and invalid test results. A 2° tilt will cause an asymmetrical
indentation which is just noticeable, and will cause a 1 % error in
hardness (9),

10.2.2 If one leg of a diagonal is noticeably longer than
the other leg of the same diagonal, resulting in a deformed
indentation, misalignment is probably present and should be
corrected before proceeding with any measurements. See
Test Method E 384,

10.2.3 Leveling the specimen is facilitated if one has a
leveling device.?

10.3 Magnitude of Test Load—A test load of 9.81 N (1
kgf) is specified. If another load is used because of a special

* National Institute of Standards and Technology, Standard Reference Mate-
tials Program, Gaithersburg, MD 20899,

?The sole source of supply of the apparatus known to the committee at this
time is the Tukon Tester leveling device, available from the Wilson Division of
Instron Corp. If you are aware of alternative suppliers, please provide this
information to ASTM Headquarters. Your comments will receive careful consid-
tration at a meeting of the responsible technical committee, which you may
attend.
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requirement, or due to cracking problems at 9.81 N, then the
reporting procedure of 12.6 shall be used.

10.4 Clean the Indenter—The indenter shall be cleaned
prior to and during a test series. A cotton swab with ethanol,
methanol, or isopropanol may be used. Indenting into soft
copper also may help remove debris,

Nore 7—Ceramic powders or fragments from the ceramic test piece
can adhere to the diamond indenter.

10.5 Application of Test Load:

10.5.1 Start the machine smoothly. The rate of indenter
motion prior to contact with the specimen shall be 0.015 to
0.070 mmy/s. If the machine is loaded by an electrical system
or a dash-pot lever system, it should be mounted on shock
absorbers which damp out all vibrations by the time the
indenter touches the specimen.

NoTe 8—This rate of loading is consistent with Test Method E 384.

10.5.2 The time of application of the full test load shall be
15 s (+2) unless otherwise specified. After the indenter has
been in contact with the specimen from this required dwell
time, raise it carefully off the specimen to avoid a vibration
impagt.

10.5.3 The operator shall not bump or inadvertently
contact the test machine or associated support (for example,
the table) during the period of indenter contact with the
specimert.

10.6 Spacing of Indentations—Allow a distance of at least
four diagonal lengths between the centers of the indentations
as illustrated in Fig. 2. If there is cracking from the
indentations, the spacing shall be increased to at least five
times the length of the cracks, as shown in Fig. 2.

10.7 Acceptability of Indentations:

10.7.1 If there'is excessive cracking from the indentation
tips and sides, or the indentation is asymmetric, the indent
shiall_be rejected for measurement. Figure 3 provides guid-

e

——

E: 25¢c

FIG. 2 Closest Permitted Spacing for Vickers Indentations
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ACCEPTABLE INDENTATIONS

O L <

a L]
1) porosity
UNACCEPTABLE INDENTATIONS
large ti : ‘
c,{icksp asymmetrical spal ‘ed edges ‘
tip region :
dil:s'splaced chipping and ragged edges
ragged-edges (grain displacement
pullouts)
i indent on a
pore at tip large pore

FIG. 3 Guidelines for the Acceptance of Indentations

ance in this assessment. If this occurs on most indentations, a
lower indentation load (recommended 4.90 N) may be tried.

Note 9—If the indentations are still not acceptable, this test method
shall not be used to measure hardness, It is recommended that hardness
be evaluated by the Knoop hardness method.

10.7.2 If an indentation tip falls in a pore, the indentation
shall be rejected. If the indentation lies in or on a large pore,
the indent shall be rejected.

NOTE 10—In many ceramics, porosity may be small and finely
distributed. The indentations will intersect some porosity. The measured
hardnessinmchinmmpmpeﬂyreﬂmadimjnishedhmmess
relativq to the fully dense advanced ceramic. The intent of the
restrictions in 10.6 is to rule out obviously unsatisfactory or atypical

546
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bowed edges

indentations for measurement purposes.

10.7.3 If the impression has an irregularity that indicates
the indenter is chipped or cracked, the indent shall be
rejected and the indenter shall be replaced.

10.8 In some materials, cracking around the indent may
occur in a time dependent manner. If this occurs, the
indentation size measurements specified in Section 11
should be made as soon as is practical after the indentation is
made. That is, each indent should be measured immediately
after it is made (instead of making five or ten indentations
and then measuring them).

10.9 Location of Indentations—Indentations shall be

made in representative areas of the advanced ceramic
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microstructure. They shall not be restricted to high density
regions if such regions exist.

10.10 Number of Indentations—For homogeneous and
fully dense advanced ceramics, at least five and preferably
ten acceptable indentations shall be made. If the ceramic is
multiphase, not homogeneous, or not fully dense, ten
acceptable indentations shall be made.

11. Measurement of Indentation

11.1 The accuracy of the test method depends to a very
large extent on this measurement, as follows:

11.1.1 If the measuring system contains a light ‘source,
take care to use the system only after it has reached
equilibrium temperature. This is because the magnification
of a microscope depends on the tube length.

11.1.2 Calibrate the measuring system carefully with an
accurate and precision stage micrometer or with an optical
grating. |

11.1.3 Adjust the illumination and focusing conditions
carefully as specified in Test Method E 384 to obtain the
optimum view and clarity of the impression, Proper focus
and illumination are critical for accurate and precise read-
ings: Both indentation tips shall be in focus at the same time.
Do not change the focus once the measurement of the
diagonal length has begun.

NoTE 11—The lighting intensity and the settings of the field and
aperture diaphragms can have a noticeable. cffect upon the apparent
location of the tips in Vickers indentations, Consult the manufacturer’s
guidelines for optimum procedures. Additional information is presented
in Test Method E 384. In general, the field diaphragm can be closed so
that it barely enters or just disappears from the field of view. The
aperture diaphragm can be closed in order to reduce glare and sharpen
the image, but it should not be closed so much as to cause diffraction
that distorts the edges of the indentation.

Note 12—Uplift and curvature of the sides of the impressions may
be substantial in impressions in advanced ceramics, which may cause
the sides of the impression to be slightly out of focus. The tips of the
impression shall be focused on for measurement of the indentation
diagonals. It may be helpful to focus on a small microstructural feature
on the flat specimen surface just beyond the indentation tips.

11.1.4 If either a measuring microscope or a filar mi-
crometer eyepiece is used, always rotate the drum in the
same direction to eliminate backlash errors.

11.1.5 Follow the manufacturer’s guidelines for the use of
crosshairs or graduated lines. To eliminate the influence of
the thickness of the line, always use the same edge of the
crosshair or graduation line. CAUTION—Serious systematic
errors can occur due to improper crosshair usage. Procedures
vary considerably between different equipment. In nearly all
instances, the crosshairs should not be placed entirely over or
fully cover the indentation tip as shown in Fig. 4a. The
indentation tip should be just visible in the fringe of light on
the side of the crosshair or graduated line as shown in Fig. 4b
or 4c. In some measuring systems with twin crosshairs, the
measurement is made with the inside edge of the two lines as
shown in Fig. 4b. In other measuring systems, particularly
those with a single moveable crosshair, the measurement is
made with the same side of the crosshair as shown in Fig. 4c.

11.1.6 Read the two diagonals of the indent to within
0.00025 mm and determine the average of the diagonal
lengths.

11.1.7 Use the same filters in the light system at all times.
Usually a green filter is used.

11.1.8 For transparent or translucent ceramics, where
contrast is poor, the specimen may be coated (for example, a
gold/palladium coating) to improve the measurability of the
indents (4). Such coatings shall be less than 50 nm thick and
shall be applied after the indentations have been made.
Never indent into coatings made to enhance visibility.

12. Calculation

12.1 Vickers hardness may be calculated and reported
cither in units of GPa (12.2) or as Vickers hardness number
(12.3).

12.2 The Vickers hardness with units of GPa is computed
as follows:

HV =0.0018544 (P/d?) (D
where:
P =load, N, and
d = average length of the two diagonals of the indentation,
mm.

NOTE 13—This computation and set of units are in accordance with
the recommendations of Practice E 380.

12.3 The Vickers hardness number is computed as fol-
lows:

HV = 1.8544 (P[d?) Q)
where:
P'=load, kgf, and
d = average length of the two diagonals of the indentation,
mm,

Note 14—This computation is consistent with Test Method E 384,

Alternately, the Vickers hardness number also may be
coniputed as follows:

HV = (0.102)(1.8544)(P/d?) ©)
where:
P =load, N, and
d = average length of the two diagonals of the indentation,
mm,

Note 15—This computation is consistent with ISO 6507/2, ENV
843-4, and JIS R 1610,

Note 16—Equations 2 and 3 compute the Vickers hardness number,
which is a dimensionless number; for example, HV = 1500. HV
formerly had been assigned unmits of kgf/mm? Equations 2 and 3
produce the same Vickers hardness number.

Note 17—The factor 0,102 in Eq 3 becomes necessary through the
introduction of the SI unit newton for the test force instead of
kilogram-force to avoid changing the value of the Vickers hardness
number from its traditional units.

12.4 The mean hardness, HV, is:

77 22
n

4

where:
HV, = HV obtained from nth indentation and
n = number of indentations.

12.5 The standard deviation, S, is:

_ ,/z(HP—HV,,)’
. n—1

(5)
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Crosshair
(@) INCORRECT. Crosshair completely covers the tip.

Light fringe (Size is exaggerated)
Setting the Zero

e
Crosshair 1 Crosghair- 2

(b)  CORRECT. Double crosshair measurement system, whereby the indentation is intended to be
measured between two crosshairs or measuring lines. Indentation tips should be on the inside
edge (in the tringe) of each crosshair. The measuring system is zeroed by bringing the inside
measuring line inside edges together as shown on the right.

Light fringe Setting the Zero

Tip in the fringe
S

I
i
I
|
|
|
|
I
I
I
|
I
[

—p ¢uu
Crosshair, position #1 Crosshair, position #2

(c) CORRECT. Single crosshair and some double crosshair measurement systems. The
indentation tip is on the same side of the crosshair line(s). The measuring system is zeroed
with the tip on the same side of cne line for a single crosshair system, or with both lines
superimposed in a double crosshair system as shown on the right.

FIG. 4. Crosshair Measurement Systems

12.6 The hardness symbol HV shall be supplemented bya for example, HV'1/15 means the Vickers hardness for an ap-
number indicating the test force used, expressed in newtons plied test force of 9.81 N (1 kgf) applied for 15 s at full load.
multiplied by 0.102 (and therefore equal to the test force
expressed in kilograms-force), and optionally a number indi- 13. Regart

cating the duration of test force applications in seconds. So, 13.1 The report shall include the following information:

548
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13.1.1 Mean HV,

13.1.2 Test load,

13.1.3 Duration of test load,

13.1.4 Standard deviation,

13.1.5 Test temperature and humidity,

13.1.6 Number of satisfactory indentations measured, as
well as the total number of indents made,

13.1.7 Surface conditions and surface preparation,

13.1.8 Thermal history of the sample,

13.1.9 The extent of cracking (if any) observed, and

13.1.10 Deviations from the specified procedures, if any.

14. Precision and Bias

14.1 The precision and bias of microhardness measure-
ments depend on strict adherence to the stated test procedure
and are influenced by instrumental and material factors and
indentation measurement errors.

14.2 The consistency of agreement for repeated tests on
the same material is dependent on the homogeneity of the
material, repeatability and reproducibility of the hardness
tester, and consistent, careful measurements of the indents
by a competent operator.

14.3 Instrumental factors that can affect test results in-
clude accuracy of loading, inertia effects, speed. of loading,
vibrations, the angle of indentation, lateral movement of the
indenter or sample, indentation, and indenter shape devia-
tions. Results are particularly sensitive to vibration or
impact, which will produce larger indents and lower ‘ap-
parent hardness results.

14,4 The largest source of error or uncertainty in hardness
usually arises from the error and uncertainty in the measure-
ment of the diagonal length,

14.4.1 The harder the material, the smaller the indent size
is. Therefore, hardness uncertainties are usually greater for
harder materials.

14.4.2 Diagonal length measurement errors include inac-
curate calibration of the measuring device, inadequate re-
solving power of the objective, insufficient magnification,
operator bias in sizing the indents, poor image quality, and
nonuniform illumination. These can contribute to both bias
and precision errors.

14.4.3 The numerical aperture (NA) of the objective lens
determines the maximum useful magnification and the
resolving power of the microscope. The higher the NA of the
lens, the longer the indentation will appear. This limited
resolution leads to a bias error since the microscope is not
able to resolve the exact tip and thus leads to underestimates

549

TABLE 1 Precision of Diagonal Length Measurements Estimated
from an Interlaboratory Round Robin Project (10, 11)

Within-Laboratory  Between-Laboratory

Number Averaga _Repeatabiity Reproducibility
Load, of ~ Diagonal Eypanded Coeff- Expanded Coeffi
P(N)  Labore- Length,d jncer. cientof Uncer-  dcentof
toles (M) taintyG  Variation, tainty®  Veriation,

(wm) % (km) %

9814 10 3452 056 058 294 305
9818 8 3457 062 064 270 279

A Indentations made by organizing laboratory. Outhier results from ona labora-
tory deleted.

8 Indentations made by perticipating laboratories. Outlier results from two
laboratories deleted. One other laboratory did not do this part of the exercise.

€ Coverage factor of 2.8, comesponding to a 95 % confidenca interval.

of the true length. The theoretical shortening is estimated to
be A\/2ZNA, where ) is the wavelength of the light used (2, 5).
Experimental evidence indicates that actual shortening is less
than this, but the use of different NA objective lenses will
contribute to a reproducibility (between-laboratory) uncer-
tainty of less than +0.2 pm (5, 6). (This error is substantially
less for Vickers indentations than for Knoop indentations.)

14.5 A round robin was conducted to evaluate the suit-
ability of tungsten carbide-cobalt specimens as standard
hardness test blocks (10, 11). The results of this eleven-
laboratory round robin can be used to evaluate the precision
of Vickers hardness measurements for a hard material (~15
GPa) that-does not pose difficult measuring problems.
Within-laboratory repeatability and between-laboratory re-
producibility were evaluated in accordance with Practices
E 177 and E 691. The results are listed in Table 1, which
shows the repeatability and reproducibility in measured
diagonal lengths, The hardness repeatability interval when
expressed as a percentage is double the diagonal-length
repeatability interval. Participants read five indents made at
9.81 N at the organizing laboratory, and also made and
measured five of their own indents at the same load. The
within-laboratory hardness repeatabilities were 1.2 and 1.3 %
(coefficient of variation, COV), respectively. The between-
laboratory hardness reproducibilities were 6.1 and 5.6 %
(COV), respectively. The reproducibility estimates were
made after deleting one or two outlier sets as noted in Table
1. The reproducibility uncertainty includes both the hardness
measurement uncertainty and the variations in hardness
(£2.8 %, COV) of the eight blocks used in the round robin.

15. Keywords
15.1 advanced ceramics; cracks; indentation; microscope;
Vickers hardness
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Factor 1 Factor 2 Response 1 | Response 1 | Response 1
Std Run
Formula | Temperature | Toughness Strength Hardness
1 9 A 1550
2 4 A 1550
3 10 A 1550
4 23 B 1550
5 13 B 1550
6 25 B 1550
7 20 C 1550
8 21 C 1550
9 27 C 1550
10 5 D 1550
11 14 D 1550
12 19 D 1550
13 29 A 1600
14 24 A 1600
15 11 A 1600
16 28 B 1600
17 3 B 1600
18 17 B 1600
19 36 C 1600
20 7 C 1600
21 22 C 1600
22 32 D 1600
23 2 D 1600
24 15 D 1600
25 31 A 1650
26 12 A 1650
27 8 A 1650
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Factor 1 Factor 2 Response 1 | Response 1 | Response 1
Std Run
Formula | Temperature | Toughness Strength Hardness
28 18 B 1650
29 16 B 1650
30 34 B 1650
31 1 C 1650
32 6 C 1650
33 33 C 1650
34 26 D 1650
35 35 D 1650
36 30 D 1650
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A1519% 9.2 M1TNe0NIDUMITNAA0Y IaeT151Nn51 Design Expert iNogunadauauiiazng

(Run Sheet)
Run #9 Run #4 Run #10
Block Block 1 Block 1 Block 1
Formula A A A
Temperature 1550 1550 1550
Toughness
Strength
Hardness
Run #23 Run #13 Run #25
Block Block 1 Block 1 Block 1
Formula B B B
Temperature 1550 1550 1550
Toughness
Strength
Hardness
Run #20 Run #21 Run #27
Block Block 1 Block 1 Block 1
Formula C C C
Temperature 1550 1550 1550
Toughness
Strength
Hardness
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A1519% 9.2 M1TNe0NIDUMITNAA0Y IaeT151Nn51 Design Expert iNogunadauauiiazng

(Run Sheet) (710)
Run #5 Run #14 Run #19
Block Block 1 Block 1 Block 1
Formula D D D
Temperature 1550 1550 1550
Toughness
Strength
Hardness
Run #29 Run #24 Run #11
Block Block 1 Block 1 Block 1
Formula A A A
Temperature 1600 1600 1600
Toughness
Strength
Hardness
Run #28 Run #3 Run #17
Block Block 1 Block 1 Block 1
Formula B B B
Temperature 1600 1600 1600
Toughness
Strength
Hardness
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A1519% 9.2 M1TNe0NIDUMITNAA0Y IaeT151Nn51 Design Expert iNogunadauauiiazng

(Run Sheet) (710)
Run #36 Run #7 Run #22
Block Block 1 Block 1 Block 1
Formula C C C
Temperature 1600 1600 1600
Toughness
Strength
Hardness
Run #32 Run #2 Run #15
Block Block1 Block 1 Block 1
Formula D D D
Temperature 1600 1600 1600
Toughness
Strength
Hardness
Run #31 Run #12 Run #8
Block Block 1 Block 1 Block 1
Formula A A A
Temperature 1650 1650 1650
Toughness
Strength
Hardness
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(Run Sheet) (710)
Run #18 Run #16 Run #34
Block Block 1 Block 1 Block 1
Formula B B B
Temperature 1650 1650 1650
Toughness
Strength
Hardness
Run #1 Run #6 Run #33
Block Block'1 Block 1 Block 1
Formula C C C
Temperature 1650 1650 1650
Toughness
Strength
Hardness
Run #26 Run #35 Run #30
Block Block 1 Block 1 Block 1
Formula D D D
Temperature 1650 1650 1650
Toughness
Strength
Hardness
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A13199 4.3 35M35 19 ANOVA TEST iilefnnauaiaiianasig «) 9:1nmMsanensauea

3Y-Zr0, (Yoyamsnaae uauiaiinan1eiauanunuaensan Ing

9

(unnzihana) aatl
a =3 0
QUUYNWINTIN (°C)
Vol.% ZrO,
1550 1600 1650
146.33 153.71 183.79 179.79 72.12  80.00
10
158.60 172.65 72.50
7526 | 66.95 111.30  103.63 51.12 60.00
15
70.89 122.61 50.39
10089 112.56 11829  111.59 101.34 8431
20
105.35 110.45 84.97
11757/ 111.98 236.74 28658 | 73.10 72.87
25
101:56 225555 85.00

M13197 4.3 33M3 19 ANOVA TEST (ilafn s anifimanasids mnmsauasauuad

wa A < a o Y
3Y-ZrO, %@Hﬁﬂ?i‘1/]@]’L’f'ﬂ‘]Jﬁllll@]L"lf\iﬂﬁVINéhuﬂ'JTJJLHN (ﬁ]ﬂﬂz‘ﬂ"lﬁﬂ”lﬁ) Al

gl (C)
Vol.% ZrO,
1550 1600 1650

5.13 4.49 8.89 8.80 5.40 5.88
10

5.71 9.76 6.16

3.55 4.01 4.78 5.32 4.19 4.76
15

3.61 498 4.20

3.51 4.11 5.19 4.80 4.36 4.80
20

4.10 5.54 4.12

5.78 5.89 6.91 6.12 5.03 5.57
25

5.46 7.32 5.26
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A13199 4.3 35M35 19 ANOVA TEST iilefnnauaiaiianasig «) 9:1nmMsanensauea
3Y-Zr0, YoyaminadouduiaFinaneauaumtien

Y
wpnziamaxas'’) aatl

guUlIHin (°C)
Vol.% ZrO,
1550 1600 1650

1.50 123 (333 312|101 1.18
10

1.62 3.04 1.13

1.51 165 |3.22 307|123 135
15

1.43 338 1.11

3.60 345 | 576 563|299 2.56
20

3.15 5.60 2.78

4.41 433|429 396 | 1.53 1.72
25

4,67 423 1.60

A a 4 a =) Y
A5 19N 4.4 A15193A 5 e AN UseIMsnaasuTwlaneiea 2 s

Source of Sum of | Degrees of
Mean Square F, P-Value
Variation Squares | Freedom
F=MS,/
A Treatment SS, a-1 MS,=SS,/ a-1
MS

F=Ms,/ | arldein

B Treatment SS b-1 MS,=SS,/ b-1

B

MS, Tilsunsu

F=MS,./ Design

Interaction SS,s (a-1(b-1) | MS,,=SS,,/ (a-1)(b-1)

MS Expert

Error SS, ab(n-1) MS_ =SS, / ab(n-1)

Total SS abn-1

T




A4 Y oo g
ﬂuﬂ'liwlﬂﬂg“ll@\jﬂ\i@]ﬂllﬂu

ST ) Y By
1 2 2
SSx = a Z y; —y- Jabn
1 . .
SSp = — y2 — y%abn
B o Z Y5 — yla
1 5 ‘
SSsubmodel = o Z Yij. — y2-Jabn
SSAB — SSS”{_; — SS‘L — SS;}
S5 = Subtraction

AMINN 4.5 MINATIZH aNITAFINANAIUANUNUADNITAA 173218 ANOVA

(gﬁlljjllﬁlﬁﬂ Out liner)
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ANOVA for selected factorial model

Analysis of variance table [Classical sum of squares - Type II]

Sum’of Mean F P-value*
Source* Squares® Df* Square* Value* Prob>F
Model 991854585 | 11 | 9016.859864.(.70:155716 <0.0001 | significant
A-vol%ZrO, | 25025.90874 | 3 8341.969581 | 64.90472933 | <0.0001
B-Temp.(’C) | 48770.80972 | 2 24385.40486 | 189.7307448 | <0.0001
AB 25388.74004 | 6 4231.456673 | 32.9228664 <0.0001
Error 3084.633 24 | 128.526375
Total 102270.0915 | 35
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A a L4 va a Y = vy [ M Yo .
A1TNN 4.6 NMTAATICUTUUALBINANWNATUANUNUYI A8 ANOVA (ﬂﬁulﬂulﬂﬁﬂ Out liner)

ANOVA for selected factorial model

Analysis of variance table [Classical sum of squares - Type II]

Sum of Mean F P-value*
Source* Squares* Df* Square* Value* Prob > F
Model 63.81858981 11 | 5.801689982 | 17.78507664 | <0.0001 | significant
A-vol%ZrO, 22.2584542 3 7.419484734 | 22.74442533 | <0.0001
B-Temp.('C) 32.4641213 2 16.23206065 | 49.75937073 | <0.0001
AB 7.435283515 6 1.239213919 | 3.798809415 | 0.0084
Error 7.829067167 | 24 | 0.326211132
Total 71.64765697 | 35
Normal Plot of Residuals
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IMPROVEMENT OF MECHANICAL PROPERTIES OF
ALUMINA-SILICON CARBIDE COMPOSITE WITH ZIRCONIA
PARTICLES

Rlll‘l]'lil‘lg head: Improvement of Mechanical Properties of ALO,-SiC Composite with ZrO,

Particle

Ampaporn Promsen and Sukasem Kangwantrakool*

School of Ceramic Engineering, Institute of Engineering, Suranaree University of Technology 111
University Avenue, Muang District, Nalkhon Ratchasima 30000, Thailand.
E-mail:sukasemk@yahoo.com

*  Corresponding author.

Abstract

The mechanical properties of AlL,Os-SiC' based composites were improved by the
addition of ZrO,(3Y) particles. The addition of ZrQx3Y) particles was 10, 15, 20
and 25 vol.% , respectively and sintered at 1550, 1600, and 1650°C by embedding
method. Sintered Al O3-SiC/Zr0,(3Y) composites were characterized on the
density, XRD and microstructure. Mechanical properties were measured on the
flexural strength, fracture toughness and hardness. The results showed that the
highest flexural strength of 250 MPa was obtained with 25 vol.% Zr0,(3Y)
composite sintered at 1600°C, while the maximum fracture toughmess of 5.66

MPa.m"?was obtained with 20 vol.% ZrO»(3Y) sintered at 1600°C.

Keywords: Zr0O,(3Y) particles, Al;(;-SiC composites, mechanical properties
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Introduction

AlO3 ceramic has been widely used as a matrix material because of their good
mechanical properties such as high hardness. low ¢lectrical conductivity, good chemical
stability and oxidation resistance; but” low fracture toughness leads to limitation of
structural applications. Thus, most research studies focused on mechanical properties
improvement of Al,O; to increase structural applications, by using reinforcing particle
such as SiC, ZrO,, TiN/TiC/TiQ,. BN and metal particles. Moreno ef al. (1996); Ye ef
al. (1998, Enrique ef al. (2010). Much work-has focused on the mechanical properties
improvement of Al,Os; by SiC addition. Shi er a/. (2010) studied the improvement of
mechanical properties.of AlO;-SiC composites with the different SiC additions 3, 10,
15, and 20 wt%. The flexural strength was increased with 20 wt% SiC and highest
fracture toughness was obtained from 5 wt% SiC. Ko et al. (2004) particularly focused
their study on the effect of SiC contents with subnanometer, reinforced in Al,O; matrix.
It showed that SiC can improve flexural strength properties of Al,O3; matrix while the
toughness properties were less improved. Ma ef al. (2008) studied ZrO; toughening
mechanism in AlyO3 matrix. The result showed that ZrO»(2Y) and ZrOx(3Y) could
increase the fracture toughness of Al,O3; matrix. The present work aimed to improve
mechanical properties such as flexural strength, fracture toughness and hardness of
AlO03-SiC composite with different amounts of ZrO»(3Y) additive, sintered by using

the embedding method which could reduce the production cost of the industry.

Experimental Procedures

AlO3 98.50% with a mean particle size of 3 um, B-SiC particle size (100 nm) and

Zr0,(3Y) with 3 mol% Y,0; stabilizer was used as starting powders. Batch
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3
composition and sintering conditions were shown in Table 1. The ZrO»(3Y) with the
amount of 10-25 vol.% was added to Al;05-SiC matrix in order to investigate the effect
of ZrO;(3Y) addition on mechanical properties of the composite. Mixed powders of
AlL03-8iC/7r05(3Y) composites were-ball-milled in ethanol for 24 h using Al,O3 ball
and a polyethylene jar. The mixed slurry was dried, subsequently sieved through a 60
mesh screen to prepare granule powders. Then the granulated powders were pressed
under 25 MPa to obtain the compact sample. Then compacted samples were sintered at
1550, 1600, and 1650°C for 4 h by using embedding method. The density of the sintered
material was determined by the Archimedes method using distilled water. The sintered
specimens were ground and polished up to 1l um, then etched thermally. The
microstructure was observed by SEM. The phase identification was analyzed by XRD.
The flexural strength was measured by the three point bending method, Mariappan et al.
(2002). The hardness was measured using a Vickers indenter. The fracture toughness

was determined by indéntation method from Vickers impression marks.

Results and Discussion

Microstructure

Figure 1 shows the SEM micrographs of the AS90Z10 (90 vol.% (95:5 Al,Os-
SiC)» 10 vol.% ZrO(3Y)) sintered at different temperatures of 1550, 1600, and 1650°C
respectively. The etched surfaces showed that the addition of nano-SiC particles can
improve the microstructure of the composites and enhance the grain boundaries due to
the residual compressive stress that comes from the different thermal expansion
coefficients between SiC and Al,O3 which appeared as the microcrack, Gao et al.

(1999). The amount of porosity is decreased with increasing of the sintering temperature
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4
resulting in higher density of the composite as shown in Figure 1. However, with the
same amount of ZrO»(3Y) vol.%, the quantity of ZrO, phase was increased with the
sintering and located at the grains boundaries of Al,Os, Tuan et al. (2002). At 1650°C,
with increasing of ZrOy(3Y) content up to 25 vol.%, the compressive stress around
grain boundaries of Al,Oj are increased with higher than another composite that appears
as the microcrack which comes from the ZrQ, phase transformation of t-ZrQ; to m-

Zr0, as shown in Figure 2.

XRD Pattern

Figure 3 shows the XRD pattern of 90-75 vol.% (95:5 Al,03-S1C) « 10-25 vol.%
Zr0(3Y) sintered 1630°C. All the. Al,05-SiC/Zr04(3Y) composites samples contain the
phase of ALO; [B-SiC, m(monoclinic)-ZrQ, and t(tetragonal)-ZrO,. However, the
t-ZrO, phase was. increased while m-ZrO; decreased due to phase transformation in

Figure 3, Mariappan et al. (2002).

Densification
Figure 4 shows the density of Al,O3;-SiC/Zr0O2(3Y) composites was increased
with the increasing amount of Zr(»(3Y) vol% at the higher sintering temperature

1650°C.

Mechanical Properties
Figure 5 shows the flexural strength of composite, the values were decreased
with 10-20 vol.% ZrO,;(3Y) and increased with 25 vol.% ZrO2(3Y). The highest flexural

strength was obtained from 1600°C with 25 vol.% ZrQ»(3Y) due to higher amount of
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5
t-ZrO; phase transformation as appeared in XRD pattern. At 1650°C, t-ZrO, phase was
increased due to the phase transformation t to m-ZrQ; in comparison with lower
sintering temperature. However, with the same amount of 25 vol.% ZrO,(3Y) at 1650°C
the thermal expansion coefficient mismatch between SiC and Al,Oj it could generate
the microcrack yielding the lower flexural strength in comparison with 1600°C while at
the lowest sintering temperature of 1550°C the lower density with high porosity leads to
their poor in mechanical properties.

Figure 6 shows the fracture toughness of composite. The highest fracture
toughness was 5.66 MPa.m'” obtained, from 1600°C with 20 vol.% Zr0y(3Y). The
toughening mechanisms- of the composites came from the addition of effects of
Zr0x(3Y) particles in Al,O3=-SiC composites that could be determined in various kinds
of toughening mechanism. The first is the dynamic t-m phase transformation toughening
effect during fracturing revealed by X-ray analysis as shown in Figure 3. The second is
the microcrack toughening effect.induced by the volume expansion from the t-m phase
transformation during cooling in the sintering process. In addition, ZrO,(3Y) particles
can effectively enhance the crack deflection to inhibit further propagation of the main
crack, Lin et al. (1998).

Figure 7 shows hardness, the highest hardness was 9.16 GPa with 10 vol.%
Zr0»(3Y) sintered at 1600°C. This is because the larger amount of the porosity at low
sintering temperature results in lower hardness. Nevertheless, at 1650°C the value is
lower than 1600°C because the different thermal expansion coefficients between AlyOs
and SiC lead to the occurrence of microcrack. That has the effect on hardness

properties, as shown in Figure 7.
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Conclusions

The addition of Zr0,(3Y) particles can significantly enhance the mechanical properties
of Al0;-SiC composites. The highest fracture toughness was 5.66 MPa.m'? obtained
from 1600°C with 20 vol.% ZrO»(3Y). The toughening mechanisms of ZrO,(3Y)
particles included the dynamic t-m phase transformation toughening effect during
fracturing and the microcrack toughening effect by the volume expansion which comes
from the t-m phase transformation during cooling in the sintering process, Wang et al.
(1999). The ZrO,(3Y) particles can effectively enhance the crack deflection to inhibit
further propagation of the main crack. The amount of the porosity is increased with
lower sintering temperature, while at high- sintering temperature, the higher thermal

expansion and the compressive stress around boundaries of Al;Os and SiC generated the

microcrack which is correlated to the mechanical properties.
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Figure 1. SEM micrographs of thermal etched of AS99Z ¢ sintered at (a) 1550°C

(b) 1600°C, and (c) 1650°C
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Bulk Density (g/cm?)

Figure 4.
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Flexural Strength (MPa)

Figure 5.
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Fracture Toughness (MPrun!?)

Figure 6.
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Table 1. Batch composition and sintering condition
Designation Batch com pesition (vol. %) Sintering condition

95 AlLO;:5 SIC  Zr0O,(3Y) Temperature ("C) Time (h)
AS90210 90 10 1550 4
AS85715 85 15 1550 4
ASS80Z20 80 20 1550 4
AS75725 75 25 1550 4
ASG0710 90 10 1600 4
ASS85715 85 15 1600 4
ASS807.20 30 20 1600 4
AS75725 75 25 1600 4
ASG0710 90 10 1650 4
ASS85715 85 15 1650 4
ASS807.20 80 20 1650 4
AS75725 75 25 1650 4




UAIIBINING WTULAY (AU TUN 19 TIr1aN W.a. 2528 Ndan T lvy
Q’ = QSJI = d' = [ a [ VRNV [ = ] a’J’ (% =
FUMIANEIFUUTZAUANEIN 15 UToUFUNINUINGT 294 IA W I AT 11 FUNToUANYA
Y ~ = ] [ v A ] o < =2 1Y a =
aoudu-aoudate N1suTeumiuag 19niameslvy nagduiamsAnuiszaulTyyiad
QAINTIUMTATUUNA) A1VI1IFIIAINTINLEITIUN 3 1NVHIINerdomaTulaggiuns
[ [ = d’ =) 09./} = Y 9 K 1 [ a a
Terdaunswdun ol w.a. 2550 Mnuuddladndnuine luszaulsya In @i

ARINTTUFIIIN & WrINeaema TuTadgswis uilnsany 2552



