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ALUMINA-CHROMIA / ALUMINA-ZIRCONIA / COMPOSITE / STRENGTH

ALUMINA / ALUMINA-CHROMIA -ZIRCONIA COMPOSITE

The purpose of this work is to improve the mechanical properties of composite
materials for the armor application. The first part of the experiment is to study the effect
of ZrO, on mechanical properties of Al,Os- Cr,O3 based composite and to determine the
proper amount of additive and sintering temperature. Al,O3 powder was mixed with
3%wt Cr,03 and 0-6%wt ZrO, as an additive. The mixtures were dry pressed and then
sintered at different temperatures. Density, porosity, phase and microstructure of
sintered composites were characterized. Flexural strength, hardness, fracture toughness
and ballistic performance were also investigated. The second part of the experiment is to
study the effect of thickness on ballistic resistance based on composite with the best
mechanical properties from the first part.

The results from mechanical tests showed that the highest flexural strength,
204+4.12 MPa, was obtained with 6%wt ZrO, addition and sintering temperature at
1700°C. The maximum fracture toughness, 6.35+0.34 MPa.mO'S, was obtained with 6%wt
ZrO, addition and sintering temperature at 1750°C. Whereas the ballistic resistance of

composite decreased with decreasing composite thickness.
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1. Partially Stabilised Zirconia

2. Tetragonal Zirconia Polycrystal

3. Partially Stabilised Zirconia in a non Zirconia matrix
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ANUANRUIINTIAYNTSUIUNITUU cmﬂzﬂanm‘luswazmmm"lﬂ
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= - T =y
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O 2500 = s . T~ - o
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S “‘-. . ~. + LIQUID
é ";I ", CUBICSS + TETRSS =
3 " S ————
= 2000 o ‘ .
-
m 5,
i
= ! \ P
i \ " CUBIC SS + MgO
\ TETR SS ~..,| S
,
] 1400 . TETR SS + MgO
1500 ‘/ N -
_______ ———¥ o
J- {l -_— . O O S e e
- . s Wi e g W W S e wm — —— i w m m wm a
MONOCLINIC SS + MgO
1 1
0 10 20 30
MgO , MOLE %

31U 2.4 uaaarnunIigniaves Mgo 1y ZrO, (Grain C.F., 1967)

2.4.2 Tetragonal Zirconia Polycrystal (TZP)
A o =) d' = ] [ 3 q'; a
Ao o3 laleiddosogluigmamass Inueanavun Tasna liszianinms
I a Ao {
1% v,0, Wumsaduanuates mannsuwnugiignialuszuy zro,v,0, (U0

2.5) U518 0%mol - 5%mol Y3 Y,0,0e WU ¥ 19gaingiiiszanas 1300°C 849 1650°C 03 Inntioay
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1 @ A £ o Y 4 A A (] o 1 <3 Y] '
agluigmiaasz Inueanoy 100% danniilvres Inisnod luan naIna1EuaI9819
3 A Ay ] 2 A A
a5 WNgunglies vz Ided latishodlugives TZP

wAa 1 < Y] [ 4

MINMIANENAVTATZNINANULIWTINVVUIADYNIAYDY TZP WU ulovia

Yoo A lhginunI1vuInInga (Critical Size) (taaslugli 2.6) TassadruaaszInuoa
A 7 Y a & A [ dy 1 Y

swannsonlasuignialaeenusssuna swwavesnalasuigniativediwaldaina

[ @
HAUNLSAUDIIAA AN (R. Stevens, 1986)
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X
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2500 | I
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i
|
i
2000 "
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m [
m ------
] 1500 I
= T NG -
] = =T
P i i i
= I b
[ LI
1000 i 1 I -
i oy
M+T I I i
I roy
i P
500 b= | ] 1 I -
I | i I
Il M+F 1 i i
il i | I
H + + |
0 ) e '\ e *\ =
MONOCILNIC (M)  NON TRANSFORM T’ CUBIC
i i —
0 5 10 15 20
MOLE % YO,

319 2.5 uaaunugiigniaves ,0, lu Zro, (Miller R.A., Smialek R.G., and Garlick, 1981)
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[ Y
‘l]'lﬂﬁﬂﬁ?')!fﬁ@Qﬁﬂ??ﬂlu?ﬂﬂlﬂﬂlﬂiu (Grain Size) Y93 TZP M ERGRGERE
[ @ asJ‘ =2 A =2 a A 1 a @ o = '
LL‘UQLLi\‘lﬂ\11!L!%\‘lilﬂ'liﬁﬂBTﬁTﬂJuTﬂﬂﬂq@ﬂﬁﬂWﬁ@]@ﬂ?ﬁ!ﬂﬁﬂﬂ?{]ﬂ?ﬂﬂl’ﬂu“ﬁ@ﬁIﬂLUﬂW‘U’J'I

a :ig} "o a 9 = A a [ A
EU‘L!W]'Jﬂf]@'lﬂlu@gﬂﬂﬂiﬂTm"ﬂﬂﬂﬁTﬁﬁi”Nﬂ'J”IiJLﬁﬂfJﬁVlmuaﬂul‘ﬂ @NE‘]J‘V] 2.6 (R. Stevens, 1986)

1 0 [ T 1 T ——— — L‘ _

0.8} —
E
=3
2 0.6 -
%) )
R
s <90% Tetragonal >90% Tetragonal
O 0.4 Retention Retention —
g
© 02l _

-
-
—
0.0 ] ] ] L
| 2 3
Y,0, Content in ZrO, (%mol)

31 2.6 nanawavo s Sinaiensas A AR s AUVLIA Critical Grain Size (R. Stevens, 1986)

2.4.3 Partially Stabilised Zirconia in a non Zirconia matrix
A J N Aa = [ 1 tﬂy @ . A
f19 L“l)”f)iTﬂLuEJ‘VIiJﬂ?ﬁJa3&’&’)‘(’1@53@‘U113Jﬂ3@uﬂi%%WﬂﬂgiuLUGﬁaﬂ (Matrix) 89U
A q 1 o ~ 1 a A J 1 dy v A g a ™
1 lilanared Tawie 15y ozgiivmToyalan minnszneegluionaniniluezgiuilagna il
a . . A /5 A ' A o A
92158071 Zirconia Toughened Alumina (ZTA) ‘Vii@‘VHﬂLGK’E)iIﬂLuﬂgﬂﬂﬁzmﬂﬂ@ﬁlumﬂﬂaﬂ%’ﬂ

< -] = 1 . . .
qumJa lan NALYNLTINI Zirconia Toughened Mullite (ZTM)

a = o ~
2.5 ﬂi%‘ﬂ’J‘Mﬂ15!ﬂﬂﬂ?ﬁl!‘i’iﬂﬂ?"lﬁ’)x‘i!"lﬁ@iiﬂ!ﬂﬂ
a = % =~ [ J =
2.51 ﬂﬁ$‘]J’Juﬂﬁlﬂﬂﬂ?]ﬂl!ﬁuﬂﬁiﬂﬂ’tﬂﬂﬂﬂ15!1]@81»!'3{]5]1?’!51]@\1!“15951?1&1481
A a ~ @ A [ o ~ <
ﬂf]ﬂﬁlﬂﬂﬂ’ﬂllL1’iuﬁl’ﬂﬂEJEJW?TﬂﬂﬁlﬂﬁEJL!’J;]ﬂWﬂ"lJfNL“D"EJ‘iTﬂLuEIMﬂ t-ZrO, 11lu
o 4 A o a o =] J ~ a =
m-ZrOziﬂEJ‘VI’JLI‘]JLL’Q’JLZJﬂﬂTﬂWﬁﬁﬂQﬂl‘Viﬂ”Nﬁﬁ\‘iﬁﬂﬂﬂﬁm1wuﬂ waﬂmumzmﬂﬂmﬂaﬂu
o < ~ A ° ' 3 s A A
19719910 20, 11U m-Zr0, Ngmuugiilszuia 1200°C og19lsnamyes Iafioniivuia
<} Y @ @ 1 o A @ 1 [ =
symannIegnieduTagigmanan (au wos lalsiinsznealegluigniavesezgiiu)
o = J dy v 1 =S F2 a
masTmuﬂmmmzmmsaﬂmaagcluﬁmazqﬂmaﬂﬁjm t-ZrO, Ulﬂ NITUIUNITINITING

=} A [ dy A d? A A 9 a d? cgl 9 A a d?
ﬂ?lﬁJL‘l/quJ’ﬂﬂﬂﬂﬁlﬂaﬂu%gﬂ1ﬂuﬁ]3!iuﬂlumﬂ maasnmmumﬂu%mm 983 1ININAVU



12

dy 1 o Y a A 9 a 9 £ [ 1 dy o Y 4 A A 1
Hazaamai Inusnanisesunaus uay Fanasnudiuiazi e lntisiogluaniiy
v ¥ v Y

guiafesves t-zro, nlasunav leglugdves m-zro, Fwwavesmsulasuigmatiazild

o a { a 9 ] a
193 latananislasuulalsues Tagazveedrdszinm 3%  dawaldinansina
usnalaeessesin i ldsesdn luaunsadene lld

[ A o @ a = dyd 4 =
aunlsnddyueanszuIUMIINAA UM IR YUIAVDIDUNALEDT LAY
1 A o ~ = A o [ A [ A 9 A a

na1fe wes lasazivinanmnzandmiunsnasuigniniiesninusuauiina lay

P L v o & = e a . . Y, s A A
F9UTNVNANTAN U FI92ToNUUIATIVUIAINGA (Critical Size) D10YNAVOATDS IAtHiod

I 1 a 4 =1 [l = o A~ 9 4?} g 'Y

inaan llnvuneinga ies laisaz luseunlasuigmaietisess1nyulusuaiu uadn

o A A ~ 1 a 1 a o = = [ a
o3 Intolviasyman luainunivinadingares Intssznlasuigniaealagsssuma
S a Y o v @ [ 1Y a o
Favuraingativzgniiualas MstsAuvesinmManan HazFIsNIAVUTS IAIiorn
(R. Stevens, 1986)

Y Y
ANTLUIUNTAINANTINAUD1INAT 181 AN T EIVDIFUNUIUDEN U

u
4

a ay =1 aa' A 9 ~ =~ =\ A &
USumves t-ZrO, UINFUITUY t-Z1O, mﬂ%mmﬂuuuﬂuwﬂwmmmummmu

(R.W. Cahn, P. Haasen, and E.J.Kramer, 1993 )

© 6
Oo

R

O
@)
@)

O

(O  Original metastable zirconia partical (Tetragonal)

@P Martensitically transformed zirconia particle (Monoclinic)

‘]Jﬁ 2.7 Lm’ﬂ\iﬂﬁLﬂﬂﬂf]”llll,ﬁuﬂ’ﬂﬂﬂﬂiﬁﬂﬂﬁlﬂaEJL!’J;]ﬂTﬂ (R. Stevens, 1986)



13

a v c!' d' Y
2.6 THIVNINEIVD]
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Hinidenatengu ldnerouiegdlSulsauiaminavesez gliviarensiiez giiun
I~ o a a a 1 A A
Wudaquralsznoy TasmaauasauuaIauiaFIna (Additive)

] H 1 1 oaj I a 1 o
pg19n lana lud Tasweiudueasdsznoumagsiinninisii 1yl
Y a 1 o [ 1 PR A A o 1 . =3 Y &

NNAMIAINTTUNAWOEN onAIag19sd 191uinTeelloaaiad (Cutting Tools) 5409 1 U
o @ . IS dy Y 3| 9 = Aawv o Ay Y
Jerqaag (Abrasive) naziiludomnsiznunszsqu 1iudu vaziinuides i latinig
o = 4‘ ~ [ A A a 9 =
Mmmsanvuienazlsulamniaginavesazgiu laals Insiie

Takehiko Hirata et al. (2000) |A#NBIHANTT Sintering VYDI5¥UYU ALO,-Cr,0, 9

Mmsdne Taensiay Cr,0, T %mol AANANAUAD 5 10 30 Hag 50%mol Cr,0, ad 1l

a 1

ALO, 1IN wInin Nguvgiuana19nuae 1300 1400 1500 1ag 1600°C @ISR

G

Tuyssemenlnanazganma wamsnaaesi lanun mawwiinluussemslng cr,0,

4
a =2

: @ o Y ¢ 3
veldougihilume cro, szsosnuulogarigiigaiudauiluluauaums 2.4)

U U

1/2 Cr,0, (s) + 3/40, (g) > CrO, (g) (2.4

Fainai 19 Microstructure 1 1ATANBUZ O (Coarsening) MazligniUIIN HAzIiD®INS

NN TuD3 381N A QY INIA Microstructure 1 1@azlidsumgnuanas drugungiilums
o S = P A% . v LTS -1

WIRENNGIUIEIMANURUIINI Uz INIHadIanad TuvaieilSum Cr,0o, iy

' o a y A & 4 4 A =
ﬂ’)ﬂJ‘l’TlﬂLLHH%%ﬁ1&!61&1!!;!&!’311!11LWMWHLN@LWMQNﬁQﬂJiHﬂﬁLWWWHﬂ
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5
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80 [

‘0 4‘-i>¢
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1300 1400 1500 1600 1300 1400 1500 1600
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{ v o J v 1 ] [ a
JUN 2.8 HAAIRNUAVHUFIEUINAIANURUUUYDIIAG ALO,-Cr,0, 153150
NQUNYUAI 9 (N) VITNMAUNA (V) UFTMATRYQYINE

K1)

(Takehiko Hirata et al., 2000)

. 9= a A
Doh-Hyung Riu et al. (2000) ladnyiwamsian Cr,0, avlllu ALO, 1egwanis
d' v a d' \ % A
nlasumlasauianianaves ALO, Tasmsidy Cr,0, Tu %mol Muananulifeo o 2 5uaz
2 4
10%mol N waazd1081911H1n15U13182873 hot press AIBANWAU 40 MPa HAZIN

a

{ I~ o { 1 A A :JI o 1
pinfigurgd 1500°C 1Huna 1 ¥ Tue wah lanui cr,o, M lihiusgdldannm
< A < ~ =1 A dg‘ 19 A a ~
uausaaad TuuaziainnuuldazaNumionz Iaunuay uaauay Cr,o, Tudsuun
a < o vAa 3 09/' a a a
wnawnu i ldanianisnaves ALO, asas FeaunguunannauAalnaves
= A o ' <3| . a . A 1a A 1a o
03U FunsuTatazianyazisuilu Platlike tAA91N Cr ions NogHIVDY ALO, NogaAARL
o ] ] I a [
Cr,0,9¢di Cr ions §112unN dewaliinguTned195aa5 02 U519% Boundary  anbme
' 2 v . A A 1A £ A a 9
line@dnu (Misfit) Tag %mol Cr,0, Mz auNgAIZgh ALO,+ 2%mol Cr,0, Tipiaudn

1 1 <3
Tiudrvziimanumiiontszaina 4.7 MPam'” uazlisnnnuudalseune 1738 Keg/mm’
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11 (Doh-Hyung Riu et al., 2000)

K. Shibata et al. (1997) lafinywavesauiianianaves ALO,-Cr,0,1agnsian ALO,
1 9 9
Tu %mol MuANA1NY AD 0 5 10 15 20 1A 25%mol NnTUEazAed 1 limsyugll
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NTUAAAY 1M IHANULT T ITAIGIVY
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a4 lsnaunmaAnpszuUezgiu-Tnsille (ALOCr,0,) Tu wunmsanIasiiie
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v [ 4 [
(Cr,0,) adldammnsansziIdezgiundiautanenanaauldese @waasluaisied 2.1)

[

uannundeiidesidalumni l1Fnuiuiunieiunszqu nande Tanlefiauaslylu
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13199 2.1 uerasradslautianinai laanmsdneszuy ALO,-Cr,0, ¥9391U398014 9

Mechanical properties
. Composition
HOdTUIY Materials
(%mol) K MOR Hv
(MPam'®) |  (MPa) (GPa)
Doh-Hyung Riu Al O, 100 3.7 455 16.81
K. Shibata Al O, /Cr,0, 25/75 4.0 380 23.40
Doh-Hyung Riu | AlLO, /Cr,0, 98/2 4.7 355 17.38
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Y aov va Y ~
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1 %vol zr0, N1dagagaIzegn 12.5%vol zr0, Aobe@udliudrnziinnnuuians
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Yoshihiko Takano et al. (1998) la¥msAnyaulian1anaves Cr,0,-Zr0,(2.5Y,0,)
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o d?’ 4 ad Y @ =<
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Taems l4iaes Iatile (Yoshihiko Takano et al., 1998)
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gunsal Awae MU/ U
Particle Size Analyzer Malvern Mastersizer S
X-Ray Diffractometer (XRD) Bruker D5005
Ball Mill P.S.C.M. -
Dryer ELE Model SDO 225E1
Vibrator/Shaker Retsch AS200
Compression Machine (200 tons) ELE ADR2000
Vernier Mitutoyo Diamond
High Temperature Furnace (1800°C) Labquip Vecstar/VF2
Microhardness Tester Wilson 450SVD CK-AH
High Speed Diamond Saw Buehler Isomet 1000
Grinder&Polisher Machine Buehler Ecomet 5
Ultrasonic NEY 28H
Ion Sputtering Device JEOL JFC-1100E
Scanning Electron Microscope (SEM) JEOL JSM-6400
Universal Testing Machine Instron 5569
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d' o dd‘ 9
M3 3.2 Taquazasalinlsluminanes

Uszinnans Fonsf ATVGER) Awda
Aluminum Oxide CASM Suzhou Dexin Advanced
)
aInIAUY Ceramics Co., Ltd.
Chromium Oxide - Carlo Erba Regenti
MTAUUAITNIA Zirconium Oxide m-ZrO, Riedel-de Haen
ASNUMTIANY Tapioca Starch Premium Quality Kriangkrai LTD., Part
19 Starbilizer Yttrium Oxide - Riedel-de Haen
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3.2.1 Waezglitiianeanlesd (Aluminum Oxide Powder)
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4 a =\ 9 I a ~
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U
4
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I J g‘ o . .
Manoon lua (Fe,0,) Fouaz 0.02 Tasriviin (Suzhou Dexin Advanced Ceramics Co., Ltd.)

3.2.2 Walnsianeanlawe (Chromium Oxide Powder)
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oy Y a 4 g‘ o a o J o o w
Tagtimiin uawawuﬁu 9 %}’E)ﬂﬁg 0.37 Tagiiviiin ("’lal)ﬂlluaZMﬂ UTHN 51905 1D §N 10A)
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padsgnoumanil | oxgliun (%ewn)* Tasille (ewty* | 1505 laue (Yewty
AlLO, 95.0 - -
Cr,0, - 98.0 -
Zx0, - 99.0
Sio, 0.2 - 0.3
SO, - 0.01 0.2
Fe - 0.05 0.03
Fe,0, 0.02 - -
Na,0 0.3 - -
Ca0 0.1 - -
NH, - 0.01 -
cl - 0.002 -
Ti - - 0.1
Water-soluble matter - 0.2 -
ou 9 438 1.718 0.37

9 . .
nygve: *  U93ad1n Suzhou Dexin Advanced Ceramics Co., Ltd

a o J o w
ok %@Hﬂ%’]ﬂ UIHN ntﬁ 1BUI ?Lfﬂuﬂ 1NN

a o J o o w
oAk %ﬂlqlﬁ%?ﬂ UTHN 51905 10 8N 3110A
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3.3.1 MInaasuiaIny

33..1 M3 Stabilize 1593 el aald 4%Iuadsinanesnlae (4Y)

Qg)/ ag ey J = o =
TUADULAZITNT Stabilize 1507 1AKIY Llﬁﬂﬂﬂﬂgﬂ‘ﬂ 3.1

o =} a = J
EHGIT : ?)‘ﬁLTIEJiJﬂ@ﬂllcﬁﬂ

96 : 4%mol (92.91 : 7.09%wt)
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I

Y

Y v
uilafu 2 sndu

3 : 97%wt

Y

va/mauluniioun

(Alumina Ball Mill) 1381 3 %2 1344

MSNUNMITTANY

A 4

A 4

DULWY 110°C 24 2114

ATUAZLINTITOU 170 1%

WIA0819 : ENTINUNTIANY

94 : 6%wt

A 4

LLﬂﬁHﬁ/@l%L!ﬂi\‘]'ﬁlfJu 18 1Y

NERREAR

Y

=
N

9

8avu51 Hydraulic

U

Y 1Y Y

AIYLUTIAU 40 A

Y

= o ~
IWINUA (1500 C 90 UIN)

Y

2 P ~
FUNU 4Y1903 Latile

A\ 4

A329a0VI A

(X-ray Diffractometer)

@ 3 e o ~ Y a A J
3.1 UHURILAAITUADUNT Stabilize 1503 Intiie Taald 4% Tuadsiieusonluq (4Y)
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33..2  MIIA3ENHA Stabilize 1503 nialagly 4% uadsimanoanlasa (4Y)
o o =1 =1 9 v A =1 4
D duwes Iaisuuanaunuualenlunfouadudsiieuesn lua
autnduludasaau 96 - 4%lua (92.91 : 7.09%wt) Iagldaruanan 3 $2 114

a =

o § { I
2) thweild ldenldudsigungil 110 esrusaFon 1unal 24
a'.l [ as.l‘ o 1 L:' U Y ] 1 4
#2139 viaanniuiharunaui 1a 11ua 1drseurmunzunsaseuues 170 9% (Mesh)
=) A = £ o 9 o oy o
3) 1ASeNAITINUNITIAMIEHFIa1N150%1 1 lagiiniinaunas
Y k4
uilasiu (Tapioca Starch) waylusasiaudesas 97 ae 3 Tassinmin wasoniuiiilidy
) 1 o 3 g}
warimsnusunudlaivazassunuanaieuiihmamtien
o @ 1 d' 9 9J 1Y Q' = d‘ 9
4) 1Mea10819 18910 Yo 2. uaRANAUMTINNMTIAIZN 1A
9y v 1 9 v g} ] z ) % 1 Aa = 1
30 99 3. ludasarudesas 97 ae 6 Tagrinnin mnuiimediedraniianumiien liseu
Y ' ¢ A q oy Ax o & < v 2
HIUAZLNIITOUIU0T 18 Wy 1o 19 Idoymanlanyazilufaunsyadieaemsyugll
o o (] Ay Y 9 o [ 4?’ 9 A [
5) waree19i lannde 4. miinsoaduglalsniesdauy
a 9 [ @ ra &Y a A Qg: ) Qy ~ Y o
lalasanTagldusada 40 du udRBROAVLIA 100 x 100 Tadwas 110U FLOLN 1A T
=2 A a o ] ' ~
MW NN 1500°C Taaldranmusg 90 un
o A A < Ay v 9 o Y v
6) FUNUNFAIUNTEIRTNN TA9109D 5. M1RIPITUALTIAIY
1 ) { [ ] 1 4 qul o % ] {
Tnsaudiwan 1d 1T urmuazinsasouueas 120 1wy (Mesh) 91niuiwadlog1an 1a 11/

‘ﬁmﬁ@13’;%6%’3’9511?153&11?1%0 X-ray Diffractometer

4 1500°C 90U
) i \
2 / ‘-.H
ﬂép i
< 3°C /W / \ .
8 / 5°C/wi
i
/(f
x’/ \
Ls’c/wi
//" 400°C 120u10
-_-_F____-'" "._' a1

= (i)

~ Y = LY ll = o o =
sUn 3.2 ﬂiwwuﬁmmagaiumsmmummumamqmsmswm Stabilize 1405 1A1ilY

U

Tael¥ 4% uadsinenoon laea (4Y)
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3 as [~ [ A ~
TUADULAZITNMINAA0UUTU 2 N15NAaed ﬂ\‘ll!ﬁﬂﬂu}:ﬂ‘ﬂ 33 Llﬁggﬂﬂ 3.5

Y
MIFIdU + aTAuLaITUTA

a = J ~
pzQiU+IATNE+4YIH03 Iy

A 4

va/mauluniioua

(Alumina Ball Mill) 1781 24 %2 114

Y

DU 110°C 48 F2 114

Y v
uilasfu : vhnau

3 :97%wt

A 4

MINUMITTANE

Y

WIA0814 : ENTNUMTIANZ

NIUAZINTIIOU 170 10

Y

MR RIAN

A 4

94 : 6%wt

A 4

LLﬂiHﬁ/ﬂ%LLﬂiQfﬂu 18 1Y

Y

U

89U131 Hydraulic A845991 40 A1

(LMUNRYUIA 100 U3, x 100 W)

A

y

=<
INTNUN

(1650°C 1700°C ttag 1750°C) 90 11

A

y

4
FUNUTAAL

¥31lsenov

Y
319 3.3 unuraaIi U UIaY

ATMINADDI AMUNITNAADIN 1
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o z o Qy @ a Ay v = A
Wfl\‘ﬁ]'lﬂuuu’l“]ﬂN'lu')ﬁﬂl"lf\‘lﬂi3ﬂ'f]‘]J“I/]hlﬂﬂTﬂﬂigﬂﬂuﬂ15LﬂiﬂN1uzﬂﬂ 3.39¢

UnnasRaeUanBuzmMzLazasRdeuaiaFInadaaasluglin 3.4

Y
yuaniaqaalsznou

A 4 \ 4

ATNADVANHULIRWE AsADUANTATING
v v

- ’ff;]ﬂm (X-ray Diffractometer) - ANUNUADMTAA 1A (Universal
- Tnssa %)Ni]aiﬂﬂ (Scanning Testing Machine)

Electron Microscope ) - ﬂ’J'llILLGfN (Vicker's Hardness)
- ANUNRUUY (Archimedes’s - A7WIM 87 (Indentation Technique)

Method) - ﬂmm?ﬁu‘i/numi!mz‘i/lzq (Ballistic
- ﬂ?mmg NIU Performance)

JUN 3.4 HEAAINIATINABUANYULIRMIZUAZNIATIIADUANTAFINAVOAUINY

fo813Taqralszneu
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1

=
N

A1ed1Tanralsenounlans

v a =2 Aa
AIUNTY LLﬁ%QﬂlﬂQNGlUﬂ"IiLNTNuﬂVIN

v ]
a

ANLAFINAATNEA 21NN1TNAADIN

A 4

va/manlunioun (Alumina Ball Mill)

a1 24 ¥ 114

A 4

DU 110°C 48 ¥ T4

y

9

8a%u31 Hydraulic @2015961 40 AL

MUNURYUIA 100 3. X 100 1.

vmﬁaumméﬁumumiﬁnzmq

(Ballistic Performance)

k4 v
3.5 UHUALEATUADULAZ ATNITNAADI AUMTNARDIN 2
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A [ us.:’ an = Y dy
iﬂﬂgﬂ‘ﬂ 33-35 ﬁWNWiﬂLLUQLﬂHﬂJHﬁ@HL!ﬁ%’J‘ﬁﬂ1§ﬂﬂﬁ®\11ﬂﬁlaglﬂﬁlﬂ AU
3.3.3 MI99NUUUNIINAADY
A 3 A o ' ' o v & ]
N15NAA09IN 1 1UUNITNABDUNDHIOATITIUTTHINAITAIAY “]Nllﬂll,ﬂ
a =\ 1 a 1 va & 9 1 o ~ A o Y v a
ezgumuaﬂﬂﬁm& ADITLANLAITNUA “lNllﬂLLﬂ Lcﬁﬂijﬂluﬂ 1’]1/]']114’3@'@L“I$\1‘]J5$ﬂ’f)‘]_1
a = 4 A A va A £ Y 1 <3 <3 ~
ezgmm—%nm/weﬂmuﬂ Mﬁﬂﬂﬂl%\iﬂa"]ﬁ\ﬂm!ﬂ AITULUILLTI ANTUUUT AU U LS
Y A A 1 Y o A a o =
ATTUATUNIUNITIIISNSA VILﬁﬂJ'I%ﬁ"JJ“VI’s’!ﬂ@]?JﬂﬁGlGN"Iu Iﬂ‘c’]ﬂ’)klﬂﬁﬂ@ ﬂ'ﬁiﬂﬂ!ﬂl’ﬂ\ilﬁb’@ﬁiﬂmﬂ

nauasluezgiu nazgurgllumsmnin audassoazdealun1s1ei 3.4

v 9
A9 3.4 Llﬁﬂ\iéj@]i”lﬁ’f]uWﬁﬂﬂlﬂﬁﬁ"liﬁﬁé’]ju TITLAULAN uazqquu“lumimmﬁﬂ

YDINTNAADIN 1

aIRedu ATAULA R
sHadI9819 (%’eﬂaﬂﬂmfmﬂ’ﬂ) (%’aaaﬂﬂmfmﬁ'ﬂ) Qﬂm@’f na:
(eernisaited) | (M1R)
ALO, | Cr,0, 4Y-710,

A1650 100 0 0

AC1650 97 3 0
AC2Z1650 95 3 2 1650 90
AC471650 93 3 4
AC6Z1650 91 3 6

A1700 100 0 0

AC1700 97 3 0
AC2Z1700 95 3 2 1700 90
AC4Z1700 93 3 4
AC6Z1700 91 3 6

A1750 100 0 0

AC1750 97 3 0
AC2Z1750 95 3 2 1750 90
AC4Z1750 93 3 4
AC6Z1750 91 3 6
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4 g A v i
M3INAadn 2 1HunInaasuNeANYINAYEIANUHUIVEITATIlTZNOUNT
ADAMNAIUMUMIINZNZY TAIN1TNAADIIZIADNAIDE NN ATIAIUNEY AU U
=1 ~ o Y va A [ a aa A o
MaEwtn M TiauiaFainavesiaqralizneuangaannisnaaesn 1 i madol
P4 . . o v a
AMNAIUNMUMIIZ N (Ballistic Performance) 1aglia11llsan Anurvesiaqelsznou
ARAUNINY 6 Az 8 WAadAs MUAIPY
3.3.4 MINTIVAVUVANHULINIIZVDIANTAIAY
3341 MIHVINANAZNIINIZDIYOUYNAVIINIAIBE
MIMVUIALAZNINTLDIIOUNIAVDIHIAI0E1 TAgDIHINANNIS
a dy Y A =\ < 1" o A
MINFLRATMIAeNDUVILAY 1FaRs-tpouaes Tl unraInuiaua
m%‘mﬁa: Mastersizer S Y9913 HN Malvern Instruments Ltd.
AIMInaael
1) e IagmaguilTum 2 n3u
S I 4
2) 1M58ua1aza18 Calgon 1 11/o51HUA
a [ [ [l 4 a
3) Anensazateludo 2. HANAURIAI0E19 50 QRUIANITUALAS
o "y & g A A~ d' .
4) hlwirdreniesduazifiouTasnaudssnudge (Ultrasonic

bath) a1 30 Wi udni sz rae 'l

517 3.6 AAUATO Particle Size Analyzer
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A d J .
3342  mMsasaimneresndszneumala (Phase Analysis)
a 4 o @ 1 [ d’l
MINTINNATIZHBIRUTEROUMAN AR 10819 TAsranmTaeILY
v ad o . . = v ag e
VOISITONG (X-ray diffraction, XRD) MNNANUVOIE15 IHLNNINT U (Pattern) NSRS IUU
o 1 a o
MWIZAIVOIATUAASFUANUNYUDWVINN (Bragg’s Law)
d' A a o 9 |
IA504UD: XRD (PW3710 BASED) ¥04U5HN Bruker 19 CuK, (1lu
uraIf LA
AIMInaael
D Tdsemsdredvasuunseulane@iod1a (Sample holder)
9 1 9 1 d. l 1 [ l Yy ]
2) ldurunszannadiedisnedlunsenldmediednalniseuuiy
o v A [ ] [ [l o a 4
3) ehudalantunsenldmadiediaudnirllasadnge

annznlslumsnagou

Generator tension = 40 KV
Generator current = 40 mA
Start angle = 20°
End angle = 70°
Time per step = 0.1s
Step size = 0.02°

317 3.7 UAAUATOI X-ray diffraction, XRD
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3.3.5 MINSUNMHUAIBENT
o a @ = a2 9 g; o < :JI Y
1) msezgiin muawaunuIasmelSinadosaz 3 Tastimiin iuasasdu
a 1 wa & 9 o =} a U 3‘ o [V A
tazen g uLaaauiaaa 19 @Y)wes Iadislsunadosas 0-6 Tasimiin aaaasluaisian
o . [ o
3.4 MMITUARANAY Ball mill 1511781 24 21309
o § { a I o
2) e 18 leu1dudanguvgdl 110 essuaaiFod 1una 48 ¥ Tug
Y 1 )
3) nasnntiuthdunaud 18 luandedaeTns e e lildeynanansiuda
o Y o ~ 9 [ 1 1 o 9 9 ] [ A I
fuudniwan 1a llseurmuazunsasouuns 170 wy (Mesh) 1a192 1anad1019nTvinaan
79190 luasou
a A = & o M Y o o & o .
4) wTeNANIINMIIAMEFaaTaii 1a laesininduazuilasiy (Tapioca
Y Y
Starch) MWauludasiadrudosaz 97 do 3 Tasrimin nasaniuirldduudriinisniu
Y
aunutlaiuazasvunuanaredutihmaumiien
° o oAy Y 9 o A = Ay Y 9
5) 1MHad108199 18910 49 3. VARANRUATIANUMTTANIEN 1Fa1n Vo 4.

[ 1 9 ' oy 7 qgj o v ll Aa ~ 1 1
11!’0@]51’(3’31!568?13 97 91D 6 Iﬂﬁluﬂfiuﬂ mﬂuumwmmmwummmum”lﬂiaumu

~

[ 4 A I Y A o I < 1 1 4?
AzuN3IsOUILOS 18 Wy iNe 1w Ideumanlianvuzitludaunsya Miesensyugll
o v v Ay ¥ Y o v dgl Y A o a
6) wad081991 19010 4o 5. wihinsoatugildeaiessaunulalasan
. . a o . [ § 9 @ Y]
(Compression Machine, 200 tons ¥849U3HN ELE International) A4317 3.8 Tagldusasa 40 du

1a Jd o a a % [ 1 @ [l a a
HUWUNDAUUIA 100 x 100 WanLUAT Gd]ﬁ%%@ﬂiﬁlmuﬁﬁ]ﬂ&ﬂiﬁﬂiﬂﬂﬁuW 10 Waniuag
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< A o a o o
zﬂ‘ﬂ 3.8 Lm’ﬂ\i!ﬂif]Q@ﬂllﬂﬂqﬁiﬂiaﬂu‘i\i@ﬂﬂlu1ﬂ 200 A

U |

3.3.6 MSBNUNINUAIDENS

a

v Y
HrudIed 1k IuMIeadTuglnde 3.3.5 vuHIHTNAIBIUNIQUTL]
] Y v 9
gunoildsuanugnduaziuanurmuduIdsuuau
150410 : High Temperature Furnace (1800°C) 494138 Labquip

annznlFlumnaaod

L
¥ 1
gUNYI = 400 DaFNIKRITY A
BRI IMINNQUHQN = 1.5 oarnisaLse /Ui
LI UA LY = 120 W17

L
%299 2
QUNRI = 1650 1700 118z 1750

GNGIE I

oI IMIINNQUHL = 3 PaAIF AT/ N

IAFLLS = 90 11N
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oA
BINN 3

gUNYI 50 DIA AT

a

5@51ﬂ15ﬁﬂﬁﬂﬂlﬂﬁqmﬂﬂ3\l

U

= ~
5 9IANAULH YT/ UIN

PFFYINIA = 1@

(1650 1700 ttag 1750°C ) 90 i

3°C /i
5°C /U

400°C 1201191

1.5°C i

v

1287 (W)

= 9 = Y 1
sUN 3.9 ﬂ'i”quﬁmﬁuauvaclumﬂmNummum@ﬂn

3.3.7 MynaaeUANNHHUNEzUSINUINIHYDIA LN
MINATDUANNHUIUUUAZYTINUINTUVDIAIDE 9zAUUUNMINATDY
AINNINTTIU ASTM C373-88
AWMINATeUANUHULUULAZTINBTNTY

a

o Qy A = o Y A o as.l‘ o @
1) 1”%'1!\‘11141/]N"I“L!ﬂ?ﬁLWWWL!ﬂ‘lﬂﬂ"lﬂ'li@‘llllﬂ\iﬂ’qmﬂﬂu 150 C %']ﬂuuu"lllﬂ‘Wﬂ

QU

<3 4 ) o g‘ o
Bldsuluniioaanuiu (Desiceator) a2 lusatimainuita (W)
o Qy 1 g’ o 3 o 09/’
2) hruanuludon 1 Tuduluinawiduna 5 ¥lue Jasmsduiudoslsd
v Y

o o 2o ¥vq o g o
UIMINFUNUADDALIAT) %1ﬂuummamﬂlla“luunﬂunm 24 F2 134

] v 9 Y
3) thdredluden 2 llshmsvaihminuaauaselui (wy)
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Y Y
o v

] ' v Y v Y
4) WdegandumsraivinuIvassluiinds ngaiminoudl lui
9y g/ a Y Yy g/ 1 A Aa Y KX o ) 3} o 09/’ o
W) Tagldfhguihdaldviue tdusaidnusnuiinieeniarneihimssaimin anduih
Ay ¥ o 1 1 A
Hah 18 lldnamanumuuiutezlSunagwgu
5) MIMUIVUMIANUHUIUUIAZTINUFNTUVDIAI0819
YT aTU99a70819 (V) = WW/p

Y
p A9 ANNHUIHUYEW MAY | g/em’

ANUNUIUUYDIAIDYN (Bulk Density) W, /V
‘]J?Mﬂ!’g‘j W3iU (Apparent Porosity) = [(WWL)/V]x 100
3.3.8 MINATBUANUNUADNIIAAING (Bending Strength)
NATOLANUNUADMIAR IAIAUINATIIU ASTM C1161-90 TaelHiasoamadois
AaazIIINAve A # (Universal Testting Machine)
1) MIN3UABENUNONATDL
Y 1 9 I 1 d' d‘
° aaalednagou v uunsdmasyvuialseua 10 x 100 x 10
a a a A 4 @ @ 3 o
(M x 81 x 9 vaaAT (£ 0.05 Uaatung) AR5 0980 luAANEIAWTIA (Low Speed
Diamond Saw)
a o L] 9 = Y o
° AUYUINABNVDIRIDEINAINTZAENTIwazDsaud i Tnado
anzhlFlumses ey
9
9 ] 4 a
“lmmwaﬁmmmﬁ’umug{uﬂﬂan 517

<
AIULTITDU 150 5OU/U1%N

Y
WU NNAAA 150 NS

vo o
I¥ivasduvuzan
2) MINATDUANUNUADNITAA 1A
3 ' Y v Y A oA =
WumsnaasuaNnunuaensaa lng laglHnTodionaaouLIIAALIT
Y
naveedag 191sansgituFuUIIU 3 99 (Three-point flexure)
IN50494® : Universal Testting Machine VYOIUTEN Instron
IEMInaael
o w 1 d‘ 9 09.:’ = % 1
111612981397 141NV UADUMNITIAS sUA0E1NAT DL
~Aq Y
annznl¥lumsnagon
1 I'd [ [ 1 Aa A
PIAFUHIUAUINANUDIYATOIS UAIDEN = 2 Haaluas

AN UDIYATOITUAI0E19 (Support span) = 50 Haauung
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] Y Y A a ~
A5 uMINAAA 1AT (Crosshead speed) = 0.1 Haawas/u1n
IUIUAIDEN = 15 919814

Y Y
NAFDULINIDYINAL = 3 A59
d‘ a 9
NATRUNYUNYUNDI

MIfIAANUNUADNIFA Taamua ldanauns (3-3)

3PL
MOR = ——= MPa (3-1)

2bd?

Y
1 [ 9 a
Tag  MOR = ANUNUADMIAA IAIUDIFUIU

P = vavewsanaih ¥ uIani
L = anuniNuedgnsossuaieds

b = A1WNINUBIAI9E

d = ANNGIIDIAI0EN

MIAUIUAUNAGVDIANUNUADNITAA TAamun Idanaunis (3-2)

=
I

§:></N' (3-2)

Tas X AUNAYYDIANUNUADNMTAA 1A

Nﬁi?ﬂﬂ]ﬂﬂﬂ??ﬂﬂﬂ@iﬂﬂﬁﬁﬂiﬁﬁ

1
0

N = UIUAIE
MR IIAE LU UIIATIIUYBIANUNUADNTAR IAIR U 1A1n
auns (3-3)
SD. = (3-3)
Tag  SD. = @NuTsAVUNINTFIV
X = mMANUNUADMIAA IAUIA19619
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AUNAYVDIANUNUADMTAA 1A

FANS N
Il

UIUAIDY

3.3.9 NAAIUANNUTIYANA (Microhardness Test)
<

ﬂ151/]ﬂﬁf)Uﬂ'ﬂlll!;"llx‘ﬁ!ﬁﬂ'lﬂ@]'liﬂﬂ@]ﬁﬁ'lﬂ ASTM E384-89

Lﬂ?ﬁ)ﬂﬁﬂ : Microhardness Tester Y9413 HN Wilson

an

ANV

= % ' v A Yy 9 = o w v 9
1) WIiElllG]'JE]EJ'NIﬂﬂﬂ1iﬂlﬂﬂﬂﬂu1ﬂﬁﬁlﬂ§$ﬂ1b‘ﬂ518 Liﬂ\‘lﬁ1ﬂﬂ1uﬂ15ﬂlﬂﬂ’38
S ~ s o A A~

AsEAENIIENNUDI NUANUMe 11 aziBea (ues 130-1000) aqueraalugli 3.10 (ol

H 2 A
msldsunszaniedssneyunulddanusosaunnas)

O e e W

wes 130 320 400 600 1000

A ~ o w v 9 A =
?j‘]J‘VI 3.10 L!ﬁﬂ\“lﬂ'liﬁﬂ\?a'lﬂﬂhluﬂ'lisll@ﬂ?ﬁ]ﬂigﬂ'ly‘]/li'lﬂiﬂﬂl‘ﬂﬂi'I/liJﬂ'ﬂiJﬁﬁJ'lU]lﬂW'laZLE]ﬂﬂ

0o w v oAy Y 9 v a ~ 9 o A
2) 1deg1an ldainde 1. MNUARIDZIDIANIYHITADZ YUUIVUIA 0.3 Tunsou
1Az 0.05 1UATOU MUAINY VUNUTALLVAN
o :’ 4 4 [ @
3) MAnNuazeIadIsiazeanadoa ovydansu Ty
9 Ao a Y o [l 9 A ) A A ~
4) ANOYNANVUINIZHINIIAIBYIN00N AIYINTOITUTLINDUAAUANND YA
udnilinaaey

5) annehlFluminaaen

ymiinng = 5nlansu (49.033 17AU)
ANALY = 15 3
masvenelumsinsesna = 100 11

NUIUANA = 599

Y] I = = a Aa A
Wanalumysginssamasuils ey areuvay 136 eem
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MIMUIVUMIANANVL VLI NN o (HV) MUIUMNaumMs (3-4)
0.1891F /d’ (3-4)
ANUUTAINNeS ety Hdy aseiaames

Y 1 [~ a a P
idunueauvesIoena vueilu Tadwas Taenldain d, +d,) /2

A 9 ] I~ A o
w59 1sna viledly 1Ay

33.10 MIHIAANNKHEND

mymaanutiod Tagldmaiad uaumsuueausunauazAsy (Anstis

G.R., Chantikul P., Lawn B.R., and Marshall D.B., 1981) funaldannaunms (3-5)

~
I

Tag

a

J O W £ m Rr
Il

& (Em)"? p/C*? (3-5)

AMANNATUMUMTIABII0DNVBITOF 1Y (ANNHTIED)
ﬁ11n%5ﬁﬂ1635\1 (Young’s modulus)

ANV

VUIALSINADUAUNFU

NVYITOULAN/2

o
1 S A

a o o a 4
AN m”lé’fmﬂmimamaumum%u Tﬂﬂﬂ?ii%}ﬂﬂﬂﬂuﬂﬂ?ﬂlﬂ@iﬂl@ﬂ

HOUNE tazAMy FaNA1TZUI 0.016 + 0.004

{ X 1 9 [V
annznl¥lumsnaaouianNumien l¥an1@eINUNUMINATOUANY

<
HUPANIA
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N
o

] 9
E‘]Jﬁ 3.11 HEANANHUSIDINALAZANNYIITOULANUDIFUIUY (Ansis et al., 1981)

33.11 msmaaummﬁmmumﬁmzmq (Ballistic Performance Testing)
Y

NMINAADUANVATUNIUNTDIZNZQUUILNATOVAWNIATFIW NIJ.0101.03
118 NI1J.0101.04

Aan

IINadeU

= [ . £ o ) ] a A A

1) 19380789 Backing Plate %34%11ag Mk giition NUANNHU 1.38
a A o v 9 Y @ ' = 4 A
Haawas 3191 2 wid inznuduni ez aave iy Inaa1s uoiua (Polycarbonate) 1%
AMUNUT 0.2 ADWAT T1UIU 50 LHY

2) urws1ini 1491n0133811AANY Backing Plate 71 lavinde 1. Tagly

Epoxy Resin In5@ High Strength #3@108190 Iaazuaasaagali 3.12
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NANNMITNIVY

LT FURHEY

=

31 3.12 naasdredavesigg il lumsnadouanudumumsinignzg

3) tharedni Idande 2. linadeuanudumumsiniznzg laelderysiu

Aa A < T Aa §
M16 Alldnszquauna 5.56 x 45 dadwas Aren31lszuna 900 AsALIUIN NTzezns
849 15 10913 MUNINIFIU NIJ 52A1 3
o @ 1 A 9 [ U [ £

4) HIRIDINNHIUNTNATDUINUD 3. 1131511941849 (Blunt Trauma) ¥
a 1 1 ] I a A
AnA100NN11A8IT8NI1 Back Face Signature (BFS) dvitaaillu daauas

Y
TMTUMIIAAT Back Face Signature (BFS) Huzialaels Modeling clay
) o 4 2 o o

(E. Medvedovski, 2006) aduaaalugii 3.13 alagia lUaminasgiu NIJ azeou5uaA1 BES

18Ry 44 Uaduas
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(IUTLELFUNIEY

Modeling clay

(M)

Modeling clay

BFS (mm.)

(V)

317 3.13 (0) wag (v) 1aAI5M3Ian1 BFS 1a83T Modeling clay

3312 msmmanudse (Brittleness Factor)

M3MAANN512 19 nAAYea 1.B.Quinn (J.B.Quinn, 1997) A1u7ss 1a01n

auns (3-6)

B = HE/K/ (3-6)
Tas B = sianuilse

E = fiﬂngﬁammé’q (Young’s modulus)

H = aanuuds

K. = ;anumiien
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33.13 MIN329a0UIN3993199a01A (Microstructure Analysis)
= o P o o ' ] ] Jsa
msnansae Inssadnganiani lilvesdiedn Alendesganssmisanasou
HUVEDINTIA (Scanning electron microscope, SEM)
3.3.13.1 mawsandediuneinelnssadisganin
= (% ] v A Yy 9 = o %
1) 195eua106191agNsTARINTIA8NTEAINI1Y (Sead1a1 T
v 9 S =} o A
MIvAAIINTZAIENT NN NIANUHIIL T aziBes dandasniugli 3.10
o w 1 ~ Y 9 LY = 9 [ a
2) hdedni lannde 1. ndarlazideadiensdiaozgiivivuig
0.3 Tuaseu taz 0.05 luaseu mud ey vuUTALLVAN
o LY ] 3’ 4 :’l 4
3) ManuareIndledadleiazusansgea 11niulHnTe
st (Dryer) Whliuria
' Y v 4 1 '
4) viadaluileuneguuimihruauesn TagldinTosdudziiou
4 4
AAUAINDGA
o w 1 A Y F) o Y A A a o [l
5) 1hdaed19i 1dnde 4. 1 linunesdremsoundeurlIfegna
9} . . a W
a18'leooU (Ion Sputtering Device Y9413 N JEOL)
o w [l A 9 [ 9 9 4
6) dvdeNHIuMInIuAIened loiegldlendesgans s dil

adg 1
DIANATBDULUUTADINI 1A

317 3.14 ua@AAT0 Ton Sputtering Device
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{ a3 1
zﬂﬁ 3.15 Llﬁﬂ\iﬂé}ﬂ\iﬂﬁ‘ﬂiiﬁuﬂlaﬂﬁiﬂullﬂﬂﬁﬂﬂﬂﬁ']ﬂ

[ o d
33132 MSIAVMIANIUYDINIDEIY AIBNADIANTIAUDIANATO UL
09031
= £ 1 d’ o v = % w =
AMsnseudled1uienaasuazinludnvuzi@erfusumsns o
frog19luriive 3.3.13.1
AFMsnageu
@ ] 1 A d 3
AMINATDVILIAVUIANT UVDIAI0E 19T VB UNBSITA (Ferret’s
v 9 v Y
method) Tagmsarnduvnutazidududanvouniaedtiaveunsuindsanisininiiu

9 1
Mruanan1e19de sdrnehmsiavnaveunsuauianiuaaeadwaaslugili 3.16



A
Y

A




UNN 4

Nan1sNAaes taz enlsewa

41  MIANHIADHAUSININIZVDIATIIAIAY

4.1.1 MSANHIADHAULINNIZVDINIDZRM

a < v a {
WANTITIAATICUANHUSIRWIZVDINIDS U e lua1s1en 4.1

M399 4.1 HAAIANHUSIANIZUYBINIDE QAU

ANHAULINNE ANIA b9

ANNDITUNIE 3.69

N1INILIYVUINDUNIA (‘lmiau)

{2 ' v

- yANannI 0.39 jo8a2 10
e [ 9

- yuIANanNNI 5.45 jp8a2 50
Y 1 9

- yuIANannI 13.30 59882 90

o 2’ @
panlsznoumunil (Fosay Iaeimin) *

ALO, 95.0
Na,O 0.3
Sio, 0.2
CaO 0.1
Fe,0, 0.02
o9 438
nMA a- ALO,

NUYIne: *

Suzhou Dexin Advanced Ceramics Co., Ltd.

a

= d‘d a QJ 9 31 v = A
ANMIANHIDEYNUINNANNUIT NG (59802 99.5 TﬂEJ‘LH‘ViL!ﬂ) ISUTUUA
k4

a 9 1 a o Y] dy 9 a Aa a Q{EJ 3’ Y]
FFINATINIY LUANITIVYNI Glfb’@%guqullﬂ’ﬂﬁJUiﬁVl‘ﬁiﬂﬂﬁ% 95 Tagtiniin
Y 9

Q

[

A < A Aa a
Lummmﬂumaﬂuwuagua’;tmxamu%ﬂum’mam

Q a
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a d v
4.1.1.1 mﬂmﬂzﬁmngnmﬂummazgﬁm

Aa o Y] A 3 ¢ da A P
ﬂ'li')lﬂi'lgﬁﬂflaﬂ'lﬂ ﬂ’]Ellﬂi't’]\?!’f]ﬂ%liﬂ@ﬂllﬂiﬂiﬂiﬂ\lm@i (XRD)

ad A A A AaA F) . 1A -2
UANNTU (Peak) mmmiugﬂﬁn 4.1 WU WANUANUAUY (Intensity) FIgADYNYN 20 (MINY
35.13 paen finddinnududusosatnogiyy 20 110D 57.51 uag 43.36 091 AWAIAD

[

wigmaedlugiluea- 02giiu (a- ALO,) (Card number 00-010-0173) tWeaIgn1A@E?

¥ A A
140
] A
B
g -
(D]
E 1
4 il A
=
= — A
& A
7 A A
] A
0 iy
T T 17T | ™1 T T Il T T T | T T T 7T | T T T 7T | T T T T I T 1T T 1 T 1T T 1 | T T T T L I
20 30 40 50 60 70
2-Theta-Scale

710 4.1 naas XRD uwniis uveanaozging Tag A naasignmiauearh- ezgiiu
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4112 M3IRNHaNYA3UIV0INIB NN

L1

Ja d '

51 luTasnsmlarnndesganssmisanasounuudednsia (Scanning
Electron Microscopy, SEM) taaelugii 4.2 wudimsezgluniiglsialiaduawe (regular

~ ] 1w I ~ (] 1 =
shape) Hoynmavinalugjilziusgnuoymavinamn Jvaeynineglusielszua 109
10 lunsou

~ a 9 ia [
E‘IJ‘VI 4.2 Llﬁﬂ\‘lgﬂhllliﬂﬁﬂSTI/‘I"lJ'ENFN’E)ZQ3J1Hi]"Iﬂﬂa’ENi]‘a‘l/liiﬁuﬂmﬂ@ﬁﬂuu'ﬂ'ﬂﬁﬂﬂﬂi"lﬂ
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a d a
4.1.1.3 MTAUAIICHNIINISDNYUVUIAVIINIBZ QU
5UHDUNITNIZNIBUUIABYNIAVDIDLQAUT 91NNITANBIAIY
A A v o a csy o J A
NTINDIAVUTIADUNIN Iﬂﬂﬂ1ﬁ8ﬂ1iﬂi$m\um$mfJ’JL‘lJum@ﬂﬁntﬁﬁlm%@iuﬁﬂﬁ1u§‘ﬂ1ﬂ 4.3

1 9 ] 4 d' d' a Y s LY
‘WU’N"Uu1ﬂlﬁuF\ITLlf[‘LlﬁlﬂaNLﬂﬁﬂﬂﬂiu1mﬁ$ﬁuiﬂﬂa$ 50 UAUNMNU 5.45 thﬂi?J‘Ll

Volume (%)
20 100
50
10
0 0
0.01 0.1 1.0 10.0 100.0 1000.0
Particle Diameter (Lm)

71U 4.3 1AAININTENBVUIABYNIAVDIDE QI
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4.1.2 miﬂnmnnymxmwwmmwﬂmmﬂ

a &Y {
NANTAUATIZHANHULAWILVDINA IATHe uaadluaisian 4.2

AN 4.2 LAAIANHULIRNIZ VDI ATl

ANHAULINNE AN 19

VDI UL 5.22

N1INITLINYVUIADUNIA (lunsou)

A g 1 Y

- YUIRNANNIT 0.26 080y 10
A g ' Y

- YUIANLANNIN 0.53 I080% 50
A g ' Y

- YUIANANNIT 3.66 0802 90

4 g‘ o
aanlseneumanil (Fosay Iaerimiin*

Cr,0, 98

NH, 0.01

Cl 0.002

SO, 0.01

Fe 0.05
Water-soluble matter 0.2

o9 1718

ehhah Cr,0,

a o J o w
HUYLHY: * Gfll’f]lql.ﬂ%']ﬂ UIHN ntﬁ 1BUI ?Lfﬂuﬂ 1NN
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a d v
4.1.2.1 mﬁ3miwﬁmaag]mﬂmmmimaﬁﬂ
a S Y A 2 & Ia A 2
N13UAITILNINAN arunseuenFsoanunsaInsiwes (XRD)
ad A A A AaA F) . 1A -2
UANNTU (Peak) mmﬂﬂugﬂm 4.4 WU WANUANUAUY (Intensity) FIgADYNYN 20 (M1NY
33.58 9agn finNlinududusosauogNyy 20 1910 36.19 1Az 54.86 091 AWAIAD

1igmneglugiInsiiensonlaq (Cr,0,) (Card number 00-006-0504) fisaigniARe,

25 4
1 Cr,0,
Cr,0,
z ]
g ] Cr,0O, Cr,0,
k= ]
2 20 ]
£ ]
o J
a4 -
7 Cr,0O,
7 Cr,0, Cr,0,
. Cr203
15 - Cr,0
:MNJ w W/
IIIII|IIII|II|||||||||||||||||||||||||II|IIII|IIII|
20 30 40 50 60 70
2-Theta-Scale

~ ad = [ = J
5U7 4.4 udaa XRD unwninsuvoanaInsille Iag Cr,0,uaavignialasdiouoon loa
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4122 msImszvanyazleveswalasiie
9y Ja ' .
s luTasnsmenndesganssmisianasounuDdoans1a (Scanning
. 4 : T T
Electron Microscopy, SEM) mm“lugﬂm 4.5 wm1Nﬂmmaugﬂin"lmmmm (Irregular

~ ] [ < ~ 1 9 = ] [
shape) Hoymavina lugizdusgiveynmaviiain dvinaeyninneuivazidenod luri
szanar 0.1 095 lupseu

=1 =\ 9 Ja g 1
?ﬂJ‘VI 4.5 Llﬁﬂﬁgﬂqﬂiﬂiﬂi’W‘IGU’ENWQTﬂiHJﬂﬂ1ﬂﬂﬁ@ﬂﬂaﬂiiﬁu@!aﬂﬁi@ullﬂﬂﬁflﬂﬂi’m
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a d =
ﬂ"li3!ﬂi]%‘i"ifﬂ‘iﬂi%‘i}1851114!191‘11??)\11?15!3»18

siuuuMsnIzMevIARYMIAYed Insils 1IMsAnEIRIenT oo

[ (% a J o J 4 1
Tavuiaeyma lagoden1snsziiaazifenuuvesdwauaosuaadly 310 4.6 wun

9 ] 4 cs' cs' a 9 s LY
eummﬁumuquaﬂawmaEJmJﬁmmﬁmmaaaz 50 ¥AUNNUY 0.53 "l,miau

Volume (%)
20 100
10 50
0 0
0.01 0.1 1.0 10.0 100.0 1000.0
Particle Diameter (Llm)

719 4.6 ugaImsnIzBIUIADYMAYDI IAT 1Y
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a &Y o 4
NANTUATIZHANHULNWIZVDINAUYDS latTle uaadlualsan 4.3

{ [ L
A1 19N 4.3 LAAIANHULIANIZUDINIYDT LAl

[ U d'w Y
ANVAUZIDANE AMNIa A
AVDID UL 5.68
N1INITLIYVUIADUNIA (lunsou)
d' I~ 1 9
- YUIANBNNIN 0.48 59802 10
A g 1 Y
- yuIAN@anNnI 13.67 59882 50
A g 1 Y
- YUIANE@ENNII 21.50 59882 90
4 g‘ o
aanlseneumanil (Fosay Iaerimiin*
Zr0, 99
Fe 0.03
Ti 0.1
Si0, 03
SO, 0.2
U 9 0.37
nMn m-Zr0,
Aa o 4 [ o @
Weig:*  Joyaain uTEN S1aes we §n $ia
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a d (Y] 5
4.1.3.1 ﬂ"lﬁ3!ﬂi"I%ﬁﬂ]ﬂ]ﬂﬂ1ﬂm@ﬂﬂﬁ!“ﬁ@ﬁiﬂ!ﬁﬂ

a v 9 A I 4 Ia a 4
M3UnsIEHIgnIn adasoudngsdanusaInslines (XRD)

ad A A A AaA F) . 1A " o
UANNTU (Peak) mmﬂﬂugﬂm 4.7 WU WANUANUAUY (Intensity) FIgADYNYN 20 (MDY
28.17 03 findtianududusesacuiogiyy 20 11D 31.46 1az 50.11 0971 AN

A o I aa J = =~ Y =
Wigmaeglug Ty Tuaaiin-mes sty (m-ZrO,) (Card number 00-037-1484) gy IgnIARL?

60
1 m
1 m
2
2
(D]
g 7
=
2
‘5 4
T) m
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m
_ m m
7 ol m m m m m
_ j\ m m
- m
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q5“]J‘1/l 4.7 uaay XRD UWNENS UVBINaes LAty Tag m HEANINIA
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a do ' o o)
4.1.3.2 mnsmwﬁanyngﬂmWmmwaﬂﬂimﬂ
9 Ja ' .
gﬂ]lllIﬂﬁﬂi'l‘V\li]'Iﬂﬂa@Qi}lﬁ‘ﬂﬁﬁﬁuﬁllﬁﬂﬁiﬁlullﬁﬂﬁﬂﬁﬂi'lﬂ (Scanning
. a 1 4 A A 1 ] (;
Electron Microscopy, SEM) Llﬁﬂﬂiugﬂﬂ 4.8 ‘WU’NWQL“B@?Iﬂm&lllgﬂﬁﬂllﬁlﬂlﬁllﬂ (Irregular

= (% -d' [ LYY 9 ~ 1 9 1 1 1
shape) Im3Inszatedafinavuazsudifuiudou Tvuiaeynindeudialuageglusae
szanar 19920 luaseu

A I ~ Y Ja 3 [l
z'lh/] 4.8 LLﬁﬂ\‘]ZﬂhlllIﬂﬁﬂﬁ’W\lallfNW\?L“]ff]ﬁiﬂluﬂ%Wﬂﬂﬁﬂ\?ﬂﬁﬂiﬁﬁu@Lﬁﬂﬁi@ullﬂﬂﬁ@ﬂﬂﬁ’lﬂ
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4.1.3.3 MIVATITHNTNILNEVHIAVOINITOS I ALile

sluuunIsnIzItevUIAeYNIAYBLERS Iatie 9InMsAN
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[Y) dJ- $ o
4.1.4 M3ANHIANHAUTIANIZVBINUTDS Itk Iums Fadaslaaly 4%lua
a Jd
dEINyNN 1B (4Y)
a d [ & = c'l v o Y A Y
4141  MAANZEMITgMInveInasasIataidum il dadaslaaly
a dJ
4%luadsNeNean 1A (4Y)

a J o Y A g & da A s
ﬂ1i’JLﬂ51$W’JQﬂ1ﬂ @’Jﬂlﬂi@\‘ll@ﬂ“]ﬂiEJWV\lLL‘V\IiﬂI‘V]ﬂJLG]E]i (XRD)

=

ad ~ ~ 1 oAaa o P
UWMATY (Peak)  Mnaaalugii 4.10 wud Tiavounass Inuoawes Iatiainavy &adin

o A A 9 . VA [ % A AA
mass Inueaes IaileNNA1NIY (Intensity)  gagAdgNyy 20 (M 30.14 037 NANY

ANVITUTUTDI891DENYN 20 1911171 50.23 1A 59.76 94A1 AUAINY (Card number 01-070-

u q

4430)

60 T

Relative intensity

20 30 40 50 60 70

2-Theta-Scale

P ad J ~ @ Aaa
gﬂ‘ﬂ 4.10 11eA9 XRD UNNINTUYDIAG 4Y1905 LAty 1ag m LLﬁﬂQ’JQﬂWﬂINIUﬂﬁMﬂ
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42  wWaveslFmamsiAnuasnednyMzIaNIZHAzaNTAITINAVRITaQ

a a = [ )=\ v I = d' a
!‘lN‘iJ‘i%ﬂﬂ‘ﬂ93@31141-1?]5!3»18/!"15951?1!1481 HAINTUNI TN TN H DN UKD

Q

\ I I
uaneaniunal 90 i
4.2.1 waveslsmamsfnunssennunEMezSINMgHgY
v o 1 a a 1 1 ] a
ANUFURNTIzH IS INu@msIANuasdenNuR NIz TN Ny Y

1 [ L] Y Lﬂ'
maumazmammﬁﬂﬂﬂumTimn 4.4

M3 4.4 gaasmanuruiutezlTnagnguvelaqEalssneuunazaI9e1s

AMURULUY
QN oo YTINUgNIU (%)
- THANIDYN (Bulk Density)
GMlS GG . - , (Apparent Porosity)
(NTUATFUANAT)

A1650 3.20 16.01

AC1650 3.39 9.28

1650 AC2Z1650 3.25 18.67
AC4Z1650 3.34 14.86

AC6Z1650 3.37 16.02

A1700 3.55 1.45

AC1700 341 8.65

1700 AC2Z1700 3.47 8.20
AC4Z1700 3.56 2.07

AC6Z1700 3.60 1.89

A1750 3.60 0.64

AC1750 3.45 6.22

1750 AC2Z1750 3.55 0.93
AC471750 3.62 0.80

AC6Z1750 3.64 1.04
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WenlFeumsumanuruiutazlTNugnguoaaza19819 #9a13199
4.4 31U 4.11 uazgUd 412 wun Tasdien@ud ldwaldnnunuuiuvesezgiiuvianas
A = z = ~ o . a2 o Y
110990 Insleniuligarasumainga (Uszanal 2330°C) (H. Gitzen, 1997) Unaiilmanuaunse

=4 a = 1 Y (a a Q' ,é'

Tumsiriinvetezgivianasddanaliisnavesgnguluozgiuunniu nazvmin
A Ao 1 a =1 £ 9 [ a A Y I
W uRugIIgmasenInezgiiuay Iasiie daeandeantlugln 4.13 uaaslvmiu
1 S A A a =3 a 1 =2 =
NlasfelnalumaiugauginIsmWININUDI0L QU LagWUIMIHIKTN TAse Ty

a &’f a : I [ { o
vssemalnatiulasfieszimamsnlasuglein cr,o, il cro, asaunsi 4.1 ild

ANUUUMUUUBIDLgUUIAAAY (Hirata et al., 2000)
1/2 Cr,0,(s)+ 3/40,(g) — > CrO,(g) 4.1

~ a o ~ o =1 {1 o
TuvazNmMIan 4Ysos laie (Mawos ladisnrumsi Inades Taeglsd 4%

a ~ J a 9 :’ o 3 o Y !
Illﬂf]‘ﬁmﬁm’f)’é)ﬂllcﬁﬂ) TutlSuwsosas 2 4 uaz 6lasiimiin Tuagim Ivanunuiuuvod

a = a A d%‘ A A Yo 9 A a a
@3@%1&1-1?]5&11ElL“I)"ﬂiJﬂiJﬂ%Zf\‘i"llu IU®I91N m-ZrO, LiJ’E)hlﬂ‘i‘Uﬂ’ﬂiJiﬁ)uﬂQﬂ!Wﬂhﬁj"\‘l%&ﬂﬂﬂﬁ

U

b4
venean InaudaliSinmvesgnguluiaqalsenouanas (Yoshihiko Takano et al., 1998)
1 4 ' 4 1 v 9
naziioguuNgIIUANNH UM UVOIAAZA106 199NV INTI M NA ANV U

(P.G.Rao et al., 2003)
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2100 g 7
Q_E, ,,// 7
2045
2000 |
! 1 | |
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AlLO, Mol (%) Cr,0,

a o ' a J
5U7 4.13 naaaumuniignnsgninezgiiuas Insilienoon la@ (E.N. Bunting, 1931)
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Relative intensity
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] ' mt m | t | t AC
g Tea —— A I._._.I d ) J — 'II»._,-
§ AC AC
i AC
| Jl l AC
=5 A A A
- A
E l . i
B T eRT T I TN T I LI L] t T
20 30 40 50

2-Theta-Scale

AC6Z1650

AC4Z1650

AC2Z1650

AC1650

A1650

{ ad o 1 {1 1 1 {
Z‘ﬂﬁ 4.14 (@R XRD UNNNTH V09A 108 WNTIUHTUA 9 mumimmﬁﬂﬁqmmm

o [ v L4 @ a
1650 CT@EJ AACmlUagt lﬂuaﬂtjﬁﬂcﬂﬂ!llﬂuagﬂqﬂmﬂ\jﬂggﬂu']

azgiu Iase leaa lsgHu m-Zr0, 118y t-Zr0, MUAIAL

a

U



59

AC AC AC
AC AC6Z1700
mt m AC t AC AC AC
. S—
. AC AC AC
- AC AC AC AC AC471700
B mt m t AC
b E L - | .l -
3 1 AC AC AC
2 ] AC AC AC AC AC271700
g 7 L mt m t AC |
S 3 ] - 1A A L__,,.l,_,_.._..._,,_,_i._,_
'g . AC AC
< ] AC Al AC
~ AC AC AC1700
E ] | | acofL
- = J A
a A A A
. A A A A
E l A1700
s L | | 4
r|rr|||r|||r|||I.|I.|I|I|III-|||||||||||||I|'|'|'|'|
20 30 40 50 60 70

2-Theta-Scale

U 4.15 u@aa XRD unmiiisu veai1008 19 dIuHaNaI ) HIUMSIERTNAgug

]
v 4

o [ @ a
1700°C Tag A AC m tag t udydanyalunuignnvesezgiun

9

pzgiiunIaslelyan lagdu m-Zro, ag t-Zro, Mua1Al




60

AC AC
AC
AC AC AC6Z721750
I mt m AC t t AC
AC
—mLﬂ-—JﬂL\.—,—JbﬁuL | ‘\J "L.--l“\-u‘" —-"LJF—
3 AC AC AC
AC AC AC471750
- l mt m AC t t AC
AC
g - AC AC AC
% . AC AC AC AC271750
& 1 J mt m ' t t AC  AC
o 7 | |
E - I.- .--JL--.—h—- - ——-kc——...— S NE— S TFT— -
= AC AC
2 AC AC AC AC1750
o AC
| | | (Wt
i A A LE
5 A A A A
4 A A1750
- lJ.. ! r l P l l.
S AR AR iEE Rl AR RS EE R B B AR R
20 30 40 50 60 70
2-Theta-Scale

=

§ ad Qy {1 1 1 a
gﬂﬁ 4.16 1@ XRD UNNNTH VOITUNUNTIUHNTUA 9 NTUﬂTﬁLN']Nﬁﬂ“VI WYY

3

o < v v 4 @ a
1750°C Tﬂﬁl AACmliazt lﬂuﬁﬂ]u NHULUNUINNIAUBIDSQNUT

azgiulaslelaan legiu m-Zro, 1ag t-Zr0, Mua 1Al
A a 4 [ 9 A 1
71N 4.14-4.16 LAAIWANITAATIEUNINTNAIAAIBIATOI XRD VOIUAAY
v 9
Modrndsumsnainigauvglinednunun ezgluiesas 100 Tagrimiin udasiia
[ a & A = [ Aad a £ ~
yoedar 19zl INdnyuzMloUAY XRD uwmnsuvensesginduaaslugili 4.1
A a = Y 1 = < 1 . a 1 =KX a o
saziomuTasdiodn Tdwoa TasdievsFuri (Diffuse) o2giuIsznIMsHdnmnay
< a 1 4
A1592a18UBYDUI (Solid Solution) DU IATINIBOENANYIl (Takehiko Hirata et al.,
T oA As 9 . 1A 1w A Ao Yy 9
2000) WU WANUANUUY (Intensity) GIFABDYNYY 20 1NNV 35.14 DA WANNANUVUUU

599091108 NYN 20 1N 43.34 1182 57.48 0IA1 MNAIAD (Card number 01-073-0027) 9
Y J da' a =2 1 . J = A a J =
IRMAMaIlINAINNIIFUHIY (Diffuse) TENINMIMINLN HaloIAY 4Y15035 IALile
Y
a o @ @ ] < @
luilsumdosaz 2 4 uaz 6lasrimin 111U ludredrenvzalsingigninues m-zro,
Il 4
(Card number 00-037-1484) 118 t-ZrO, (Card number 01-070-4430) Figmamatiaziilsinadia
A 3 a o A a 1 ~ y y
AT aUes 4viwes Iae@ud 1y vazez lidsngiiadu q ety naziile

a [ 1 AN (A o A A a 9 a d'sl :I @
NsAAIRENNNYTINnved 4YL°]SfJiIﬂ!°L!El‘ﬂ!,mJHﬂvlﬂﬁluﬂiﬂﬂmﬂiﬂﬂax 24108 6 IﬂﬁluWﬁJﬂ



61

[N ] =< A aa 1 [ YY) A 1 1 A A 9 A
Wﬁ\iNWHﬂ']iLN'IWLlﬂﬂqmﬂﬂﬂﬂl!@]ﬂﬁﬁﬂuﬂﬁiﬂﬂ 4.17-4.19 W“U’J"IuhlﬂﬁﬂQWﬂ’Ou 9 Wweu

U L1l

1 = U
LFUIRYINU
1 AC AC AC2Z1750
A AC AC AC
- AC AC
A el U e
g | N
42 b AC AC AC AC271700
= 1 AC AC
o ’ AC J AC
% 7 ‘ m t m - t | t AC . I h
2 AC
o AC AC AC
- AC AC AC271650
5 L t t AC
1. m m | m‘ht AC J'.._,'lLH
rrrTep 1Tt I T r| TrIrrir I LU | TION I T T 11 | TT1T 11 I TTTT | LI .I
20 30 40 50 60 70
2-Theta-Scale

~ ad 2 & ] s )
ﬁJ‘VI 4.17 ud@ad XRD UNNNTU "’IJE]\?‘BH\TIUQN‘]J?%T]@U@'JEJ 4YL“]5'E]§IFI!L!EJ§'QEJ§$ 2 Iﬂﬂ

U

Y
B3 % 1

Wmin wasumsweiinigurginuana19iy Tag A AC m uag t

g

I ] o E4 [ a Aa =1 a o
Wudydanaiunuigninvesssgiiun azgiiun Iasiie Teaa Trgau

m-Zr0, 1122 t-ZrO, MUAIAY



62

) AC
] AC AC AC4Z1750
. AC
_— m tm J l t AC t AC  AC
.E :-__L_M * ;
g 1
}é i Al AC AC
g AC AC i c AC AC4Z1700
= - m t m t t
s —1 .
v AC AC
3 L AC
] t m t AC . t AC ACA4Z1650
: ﬂ - . A A AN
E L 'I rorr 'Il T7T F| LI L I T T . T 1§ 17 I T F T 7 | LI I T T | i
20 30 40 50 60 70
2-Theta-Scale
gﬂﬁ 4.18 UAAI XRD UNNNTU YeaturIua sz nevdae avwedindiedosas 4 Tae
Yimin wasrhumanaiinfigaungdfiuand iy Tas A AC m g t
I ] o E4 [ a a = A o
Wudydnalunuignnvesszgiiun azgiiun Iasiie Taaa Trgau
m-Zr0, 8¢ t-ZrO, MUAIN1
1 AC6Z1750
=
2 N AC AC6Z1700
g ] Lm t m AC t t AC AC
= &4 i’
g i] AC
o - AC
o E l m t m t AC AC AC6Z1650
e TP }._"-r\....plq..n-._ ﬂLf  — _..ﬁ.x_,-lll.-.——n.—_.-— v—.—__.u..p‘{-nf"k—.
1 T 'l._r T ‘! T TnHTr I TnIr rrtr | L T T l T T TN | T T 1 1 I T K 1 T | LI T T I
20 30 40 50 60 70
2-Theta-Scale
5111 4.19 1EAY XRD UNNIATU Yo uIE s sznoudae avises Tadledenas 6 Tay

@

vhmin wwhumsrEinfioamginuandaiy

U

Tag A AC m uaz t

(% [

IS L4 @ a a ~ a ]
Wudydnyaiunuignnvesezgiiun azgiiun Insiie Teaa Trgau

g

m-Zr0, Uag t-Zr0, MNAIA1



63

4.2.3 WavelSinam NN YMIAINTY

M13199 4.5 HAAIHAYDILTINANTANIAINTAVINANT UV IT TR NO VLA DL AIDE

QN Lo, VNANTUINGE*
FHaAAI9E1
(BIFNIFALTA) (lunsen)
A1650 5.65
AC1650 6.15
1650 AC2Z1650 6.79
AC4Z1650 6.93
AC6Z1650 7.51
A1700 6.15
AC1700 8.19
1700 AC2Z1700 9.00
AC4Z1700 9.61
AC6Z1700 9.98
A1750 7.00
AC1750 9.18
1750 AC2Z1750 14.20
AC4Z1750 14.50
AC6Z1750 15.00

< ' A Ay y o P Y /o o '
WlI'IEJWiﬁI.:* Lﬂuﬂ'llﬂﬁEJ‘I/]hlﬂi]'lﬂﬂ'lﬁ')ﬂl,ﬂiuﬂ?ﬂﬂﬁ@ﬁﬂﬁﬂiiﬁu@mﬂ@]i@ullﬂ‘ﬂﬁ'ﬂﬂﬂi’lﬂ

I 100 ATU



64

16
N
@ AcC

[ ac2z

AC4Z

12

@ acez

4
vinamsumag (lunsen)

1650 1700 1750

QUMY (BIANBATYE)

37 4.20 uaaINANITUNABVOITAQIFITE NOURMIUMIWININNgUHNAI 9

v
vaAA v

ﬁnﬂfﬂiﬁﬂ']ﬁ1NaﬂlﬂﬁfﬁilallLlﬁﬂﬁmﬂﬁﬂuﬁﬂﬂluimﬂiu AIN15 19N 4.5 Llﬂggﬂﬁ

v

1 A A a 9 1 Y = a A dgl &2 a . A

4.20 NUN TﬂimwmmmﬂﬂmwaiﬁwmmsumaammazgummmumLﬂﬂmﬂ Cr ions M
1T A 4 l o a ] < .

9¢gU51IU Grain Boundary a1 Cr ions 3 1¥ns WAL Ined19320152 (Doh-Hyung Riu

~ a o ~ a 9 gl o z o Y
et al., 2000) Tuvazimsan 4ywoes InileludSuasesas 2 4 uaz 6lasimiin Wuazsi

=

dgl a o ,d' a 9 di a' a = 1
nsuTaduauilsnm 4viwes Iaisf@udn luaziomugurgd Tumswniinnuiunsu

' Y
a K 1 [

4 1
12 TadumugurgI MW N N RNLIUTU AU



4.2.4 wavealsmamsifnunsealassadiegamn

65

I II . }
s—

28KV RK2,000 43mm

AC4Z71650

AC6Z1650

= Y 1 o I A < A a o
:.i,‘]J‘VI 421 Ltﬁﬂﬂﬂﬂ’dﬁNﬁ;amﬂﬂlﬁmmazmﬂmmNmmitmwuﬂ‘ﬂqmwgm 1650 C




66

AC1700

10Um |
] \

|
X2,800 Z4mm°

AC2Z1700

AC4Z1700

AC6Z1700

U

a

A Y 1 Y 1 A =< A o
5UN 4.22 th’fﬂﬂjﬂi\‘lﬁiNi;ﬁﬂWﬂ‘llE]\iLma%ﬁ’]ﬂﬂN‘ﬂN1uﬂ13lw1wuﬂ‘ﬂ€lm‘lfiﬂil 1700 C

Q )



67

AC2Z1750

\ VN o %
SUT 28KV » 2 Smm

AC6Z1750

31 4.23 uaasInseadugamavesaazded WAHIUMSWIHTINTIgaMAN 1750°C



68

=

d' = a 1 d‘d 1 9 1 (% 1 %

L‘JJEJf’Tﬂ‘H']Wﬁ"’ll’f)\iﬁ?il@ﬂll@]ﬁﬂﬂ@]ﬂiﬂiﬁﬁﬁ?\iﬂﬁﬂ?ﬂﬂlﬂﬂl!@]ﬁ%@]?@ﬂ?\i (ﬂ\igﬂ

1 @ 1 A a = 9 = A d? =& a A
4.21-4.23) "N @]’J’E)EJ'N‘V]L@]11Iﬂ3L‘JJ‘c’J!,Glﬂhl‘]Jﬂ31]‘ULﬂﬂ"ll@xilf‘lﬁuﬂiﬁﬂ]uﬁﬁ\‘]ﬁ%ﬁﬂlﬂﬂﬁﬂﬂﬂﬁ‘l’m

Y
a 1

Cr ions $14UNINTRENUTNUTOBADIZNINVBLINT UV gAY TATlY &3 Cr ions WU

U
9

1 Y = =< 1 < a A v 1 A v
vzaanalinsulvua InTued1952a152 LLﬁS‘]JiL’Jﬂlﬂlﬂ‘]JLﬂ'iHﬂJﬁﬂHill%]liJW@ﬂﬂu (Doh Hyung
. o a v 9 A A a o =} A 421
Riu et al., 2000) (@]"IZJ?‘IT@‘H‘]JWEJGI,H‘H’J"U’E)VI 4.2.3) waztelsuuve 4Yiwes latHamunInyu

1 Y = dgl d‘ Q' a = 1 d?
zdawalnsulivuialayu LLﬁSLN@LWNQQA‘H{]MiUﬂﬁLNTWUﬂ WUMVUIAVDUNT U TATY
1 [ v v Y
FIZAOANABINY MANUHUIHULAZUTINATHTUAIAIT 1N 4.4 NTAUABTLLEZAADIAL

QUHANININGIN



69

4.2.5 WaveITINAUMITANUAINDANUNUABNMIAAIAL ANUHULI ANNNTI Ay
ANl
Y] @ 4 1 a a [ [ [ ]
ANMUFUIUT TN T TR VLA DANUNUADMITAA TAT AT e

< o Ay Y aw Y A
AITNLUN Lm%ﬂ'ﬂlﬂﬂ'ﬂg%ﬂﬂﬁ'J'f)ﬁJN‘VIhlﬂiﬂﬂ\ﬂln*ﬂElllﬁﬂx‘lhhﬁluﬁWiNﬂ 4.6

1 1 1 Y < @
A3 199 4.6 LLﬁﬂ\iﬂ’lﬂ?’]ﬂJﬂu@@ﬂ'ﬁﬂ@Iﬁ)q ANMUTHEY AWV LazAulsie VDIIAR

=1

a 1 o 1 {1 A 1 @ <
F915noUveUAazAI061 ﬁﬂ"lllfﬂﬁlﬂ?ﬂﬁﬂ'ﬂ ﬂ!ﬁﬁﬂﬁllﬁﬂﬂ"lﬂﬂu Wura 90

Q

W
QUi ANUNUADNT AN HEY* AL
T ANularg
(GRA ang aalAunng (unnzihamax ﬁﬂma{(ﬁﬂ
? x10°8 (1/1tu915)
IFAUFOH) thaaa) was”) nzihdania)

A 163.4£5.78 3.03+£0.42 725+0.08 | 58.03+1.28

AC 160.32 +3.09 324 £0.15 8.46+0.05 | 66.83+0.57

1650 | AC2Z | 175.27+1.96 3.40+0.22 6.69+0.15 | 46.4+0.99
ACAZ | 176.46 +2.45 3.75+0.17 579+0.03 | 36.03+0.33

AC6Z | 180.11 +3.59 4.03+0.13 574+0.05 | 30.0+0.49

A 186.12 + 6.12 3.33+£0.33 8.09+0.12 | 54.63+1.64

AC 135.58 + 1.65 3.42+0.29 8.69+0.05 | 58.17+0.57

1700 | AC2Z | 174.67+4.72 348 +0.15 795+0.04 | 53.63+0.6

AC4Z | 178.53+2.43 425+0.21 756+£0.07 | 45.93+0.7

AC6Z | 204.64 +4.12 5.60 +0.26 7.18+0.05 | 24.07+0.24

A 182.32 £1.47 2.92+0.37 8.12+£0.08 38.9+0.48

AC 127.23 + 4.83 3.86 +0.31 8.62+0.14 | 41.9+0.96

1750 | AC2Z | 129.51+2.50 4.02 +0.20 723+0.07 | 31.77+0.57
AC4AZ | 166.48 +3.40 4.53£0.33 6.67+0.05 | 26.53+0.52

AC6Z | 171.79 +5.44 6.35+0.34 6.23+0.04 | 13.33+0.21

WA * AW HEIMIUIUNNTUNTN (3-5) T 35
A 1UlIEMUIUNNTUNITN (3-6) I 38

Y Y
ADYNNATDUFINIUIU 3 ASY



70

T
= T
= 200
c
[
=
5 il
g il
Z 170
a"?
I
d
% —&— AC
g 140 - —&— AC2Z
s —X— AC4Z
é —+— Ace6z
b=
[y
&
110
1600 1650 1700 1750 1800
a =
UHHN (GNAIL IS

5U7 4.24 naasmAnunuAsMIfa 1A siaaFlszne Ui umMswINInNgungiia g
4 4 4 = a - L
1NM15199 4.6 uaz3Ulh 4.24 Wedu Tasdodn 1 Tuezgiiur wulminnunu
v 4
ADMIAA 1AIUDI0Z QUUIAAAIT UHAINANINUYUINVOUNTUN IATU (K Shibata et al,, 1997)
uazuFnuvenIU 1iWeAn U (Doh Hyung Riu et al., 2000) Fidoandnenuf1oiuienugli
a = 09/' = Y a =< a d? =< 1 Y
4.21-4.23 wazmaan InsileriulnalnguugUms i ninue 19 gl gauy 3aInaly
a a Q' dg’ [ d‘ a Y v 9 d! a d‘ Q' dy
Ysmagnguluezgiuunuanniu aurauaieSuie 1 1uade 4.2.1 FelSunugwguiin
< v ' o Y a A a s ~
Wuaurglvanunudenisdalaivedozgiuianad luvagnmsay 4Yies laie
a Y gl 9 A a o = d?' ' Y
TuilSunusesas 2 4 uaz 6 Tagihmiin wudulelsuw 4yes laiiennyuszdanalian
1 [ 9 A d? £ a o =} 3 [] a
ANUNUABNITAA TAUNUIY FIGUNAINAIN 4Y1035 IAartieriuazyisanlTuagnguved
1 v 9 ' 9 v
Jaqa uazioguuglmuiumianunuaemsana Inwweidqsalsznousziiuiunazisy
d' a = ' 0 d‘ ~ 42’ £ o 1
AAAUNBYUNYUMSIHINTNLINNTT 1700°C 1119IINVUIAYDAUNTUN TATY 7219814

AC6Z1700 2zTimANunuaon1inn 1A9gega Taelinuminy 204.64 +4.12 MPa



71

10
T
- t//t—\!
33
c
@ 8
@
c —&— AC +
c 7
< —&— AC2Z \
R4
g . —X— AC4Z +

_+_ N

e AC6Z

5

1600 1650 1700 1750 1800

a =
WUNHN (IR UBAT)

o

v
=

{ 1 [ [ a {1 a
517 4.25 uaasmanuudsvesTaqFels ne uNMUMSIIRINNgUUYNA1 9

q

1 J [ [ a ! {
fT’JL!fﬂiﬁﬂy”IﬂTﬂ’J”IllLHJ\1"119\1’Jﬁﬁ]!ﬁlﬁﬂi%ﬂ@ﬂﬁnﬂ@niNﬁ 4.6 Llﬁgg‘ﬂﬁ 4.25
1 A A a F) 1 Y a = I A d?' = kY @ o a A
NUN Iﬂi!,llEl‘ﬂmll!slﬂ”l‘IJ’ﬂ3GIf’JEJGl‘Hi’)3Q?J‘L!TZJ?’I’J”IMLHNL‘Wiﬂluﬁﬁﬁi’)ﬂﬂa@ﬂﬂ‘ﬂﬂ”I’EJTJ‘]J"IfJGnEJ?J‘]J'VI

4.21-4.23 (lusiaden 4.2.4) Tuvmznmsday 4vwes laisludsuadesas 2 4 uaz 6 Iae

v
v 9 A A a K

o qﬂll A ' [ @ a o gy
HINUD mn”lﬂuummwaiﬁ}mmmmwmaﬁﬂaﬂammﬂimmﬂlm 4YL°]5@'§IﬂLLlEJ1/I WYY

=

guflu'lilamng Rule of Mixture 494 (Y.Takano et al., 1998) it ldo511013 113090z inw

q

o—

] dayyo 2 " o a 1 Ag Y a 1 AqQ YA (a o A <
Lﬂl\‘]“l/lﬂllﬂuu%%ﬂluﬂgﬂﬂﬁﬁmmmQ‘i/lglﬂf Vﬂﬂf“fﬁmmm\‘miﬂmﬂiu1mﬂl®<l’3;]ﬂ1ﬂ1/]uﬂ’ﬂll!ml\1

~

A a <] 1 Yo 3!3 A 3 A 4?’ 1 < =
ngalulSunamnnnazdanalidagh lanulidnnuuieigaiu Tasamnunaaves Cr,0, i

q

Alszunm 23 GPa @ Zro, UA1lseuna 9.4 GPa



72

7
2 T
o as
5 6 | _'_/
al T
&
e 5
= X
3 - —
g 4 — +A ;/
é —&— AC
e 3 1 ——ac2z
=
= —X— AC4Z
2 2
P AC6Z
G
1
1600 1650 1700 1750 1800
a =
U (@B aLBaw)

=

317 4.26 naasmanumtisrvesTaqralszno kUM nguHY LAY 9
1NA13197 4.6 nazgili 4.26 maauTanfod 1) luezglivinn iz ldan
a A 4 [ a { 4
anumiiorvesezgiuunuduaniios aunainannniui Tadiu (K Shibata et al., 1997) 1z
= A o A A ! o o a Y

manadnidsznmisae Tudaqiimivvualvgazausndudin131939e3508317 (Crack

. Y 1w A < . 2 & XY A
Propagation) ”lﬂﬂmnﬁ@mmmummmaﬂ (Doh Hyung Riu et al., 2000) ﬂqgﬂuwaiwaﬁawu

=) ~ 1w Aa < ~ :JI A A
nyuvinalugianumiteannnnniagnimsuvina@n uas Iasweivasiaunaiglums
Q' a a o a o 9 d' d! a d’ a‘ d? Y 1
ulsnagnguluezgiu (wdeiuigluiiiden 4.2.1) SalSmaguguniiuyudaana
1 @ @ 4 a o ~ a
12328 luMIQATFUNAIUINT08317 tazliody 4Yiaes laislulSuusosasz 2 4 uaz
g’ o Y [ ~ a = a A dgl a
6 Taoriiindn 1 wunmnnumiienvesezgiun-Tasdiomsdnaziug @ uaulsinaves
o A A A d? A a o = o 1 Yy a o

4yes IateMinudu 1o nmsay 4vwwoes Iais luagazaanaliinaigmnves +-zro,
dg’ [ d! [} [ 1 = 1 Q' =\ Yo o
vuneludag Faigmaaanarinalunmsyrsmiunnumtied lvinuiag Tasnssuaunmsns
a = [ A @ <3|
nannumiienTagerdenisulasuigninan t-zro, lihilu m-zr0, ( Stress Induces Phase

. =2 o o Yo A a o A A
Transformation ) 499 (Y.Takano et al., 1998) fﬂ\‘llﬂuﬁ"ﬂﬁﬂﬂ'ﬂﬁﬁﬁﬂﬂmw 4YL“]59§IﬂL1!fJiJﬂ'Iﬂ'J']3J

q q



73

A A 2 A A = 2 a o a Y 2
lﬁua’)ﬂqqmu Llagluﬂqmﬁguiuﬂqilw'lwuﬂqquﬂ1ﬂ31NlWUﬂjm@\1’Jﬁﬂﬂgullujjuuqqmu

Tagmnnutienigaiigaldun A10619 AC6Z1750 B9zl UMY 6.35 = 0.34 MPa.m ™

80
E 5 -
A
) 60
—(
x —
ta_a 50 +A
2 40
g —8— AC
& 30 7 —a—acz +\+

10

1600 1650 1700 1750 1800

a )
QUHNHN (DI NBALBEID)

d' 1 %] a d' ] =2 d‘ a
51U 4.27 uaasmanuilszvedTaqaalszne MU SR I NN 9

{ { < 1 a a
1INA15 199 4.6 wazg 4.27 naadldimuimaanTasded 1) Tluesgiun
1 Y A dgl A A A o Y < a A dgl
dawa lvianuals iz iiesnn laswolnai Inaanuuvavesezgiu iy Tuva

~ a o ~ 9 a = a =
NMSIAN 4Y1505 latily L“lﬂllﬂclu’é)gQNHW-IﬂiLNﬂWﬂMﬂ nuNuMaNUlIIZIzanaInu

o

a o A A A d? A J A A Y < A 1
Usunves 4Ygﬁnaﬂmuamwmmummﬂ 4Ywaﬂﬂm&mwamﬂwmmmumaﬂamazum

Aa <

~ 2 2 2 Y o . AW Y a Y1 o =
ANUURUYAUNNUVU FITDAANDIND J.B.Quinn Vlklﬂﬂ‘ﬁ'ﬂﬁlll')'ﬂ mawummmumqwzumm

£ o = Y

v = . < A o Yo 9
mmmumuﬂmﬂaaugﬂ (Deformation) nga WaNHTINNIZMAIh IR TaglanuduIue

q

[ S

9
ﬂ’J'I‘JJLf?])uﬁ'ZﬁM (Stress  Concentatin) MWﬂ%\iﬁﬂﬁ)LﬂﬂiﬂElllﬁﬂﬁuﬂ']ﬂclu’?ﬁﬂ ’Jﬁﬂ%\ihﬂ?ﬂﬂ'm

q q

1 < [ =

lizge TuvagiJagnumanuudsdwasianMumrtieIge 7999zl Fracture  Surface

Energy Mg amnsolasugliddedioinsannszd ilddianududuvesnnuduazan

[

o' a d‘d o 2K A 9 A A = Q'J d'
aluvsnuniusansgim ’Jﬂ'ﬂﬁ]QiJﬂ'lﬂ’313JL1J51$uﬂﬂﬁi@hﬂ’nulﬁuﬂ’)i{ﬂuul@ﬂ Tuvenms

q

A a = 1 Y A .
quqmwguclumﬁmmuﬂﬂzmwaﬁlwmmwmﬂﬁwmmaﬂm (J.B.Quinn, 1997)



74

A a v Y
4.2.6 wmlm1Js341mmimuummmmmumumimzmq
[ 1Y) o 1 a a 1 1 9 1
mmanwuﬁizmwﬂimmmﬁmmmmammmumumﬁmzmq VBILA DS

o ' Y A
G]’J@EJNLLﬁﬂﬂhl’ﬂuﬁﬁN‘ﬂ 4.7

{ 1 9 U [ [ a
A15199 4.7 uﬁmﬂm:nmmmuﬂmmzmquazizazTﬂwm (BFS)* ﬂlama@gﬂmﬂizﬂau

A = A aa 1 @ < =
NHIUNTTNTHUNNYUNHUNLANANNY 1Wu1a1 90 Wn

U

qquﬁ Back Face Signature** v
. qas . ANUATUMIUM TN GH++
(DIAUF QUK YY) (BFS, Uaqiuag)

A 18.22 lainzq

AC 16.44 liingg

1650 AC2Z 12.38 Tlainzq
AC4Z 12.22 laingg

AC6Z 11.04 laingg

A 12.12 laingg

AC 13.1 liingg

1700 AC2Z 9.5 lainzq
AC4Z 9.02 lainzq

AC6Z 7.16 lainzq

A 11.78 lainzq

AC 9.86 Tainzq

1750 AC2Z 8.68 Tiinzq
AC4Z 7.54 lainzq

AC6Z 6.42 Tliinzq

o [ ] [ A o a o
WA * NATULAIAMIAINNIATIIU NIT A28A1INT AU oNMUIINemNdns
A U TagNMIUUUALINA NOINNINA
w S55auanalunii 37-38

s+ 35 5auaaaluniin 37



75

20
16
g
2 129 ——a +
@
(=3
(=3 —|—AC
n 8 .
g —h— AC2Z —_—
—X— AC4Z
4
—+— AC6Z
0
1600 1650 1700 1750 1800
QUNYN (IAUBATYE)

i
= 1

517 4.28 udAA BFS 03ida3asznoufiumswininiigumgiaig o
{ { < 1 a a 1

1NAN5 1N 4.7 ez g 428 naaliiunmaau Iasdod lUTuezgliviaawa

ya o 44 2 4 4 2 - ~ 44 a o
14lA1 BFS  MiNuvutazisuanauiiaiingungimsrnin luvasiiody 43 Loy

9 a =\ a 1 1 a 4 A A A ‘é’
W11 ez giiun-Tanlows1in wua1 BES  aaasawilSu 4viaes Tationimudy
Tuynzimsimuguugiilunmswiniinezdawald BFS fimfianas ileosniniagiinini
= A dy [ 1 (=1 £ 3 dy Y [ v 9 ~
e anuIu naznnaled 1 lullsesnzg Fananuativzdoandosnunamsnaaesluiidon

k4 1 H
4.2.5 uaznavuaiia BFS flesniidmua Aamuasgiu NI 91 44 dadwas

43 WAvRINNNMINVBIIANTIsznouNNRen NNMUMUMIIIZNZY
HOvDINNUHUIVBITAFsznon anwan1snaassluiide 4.2 nuiTag

a =& Y a Y 3’ o = 9 g} o
L%Qﬂi%ﬂﬂﬂ%\iﬂﬁ%ﬂ@”ﬂﬂ’Jﬂﬂxguu"ﬁ@ﬂag 91 Tagiiniin Iasiieseoas 3 Tagimiin uaz
4 ~ 9 oy w A =< A a ) =\ va a {a A
4YLGIf’EJiIﬂLLlfJ§E]fJﬁ$ 6 Iﬂﬂuﬂ’iuﬂ NATUNTINTNUNINY UV HY 1700 C WNANUALBINANANG A
Y A
AN

)

v
[ 1 9 [ a
mu“lumﬁnmwammmmwumammmumummwmqmamammﬂizﬂau %\ﬂ

[

a 4 1 [ 1 9 9 o v 1
SaauFatlsznouniiaiunaudanandeduaniimsanu Iagdiedwianuvui 6 8 uag 10

AT ANAIANL



76

ANMNANWUTTEHINANUHUIADANIUATUNIUATITINIZNE] VOILAALAI10E19

naaaldluasan 4.8

AN 4.8 LAAINAVEIANUHINNABANUAMIUMUMTINIZNZquazTzez 11N1HAY (BFS)*

YBIAIDENGAT AC6Z1700

- A Back Face Signature v
ANUHU (HAAUNT) - - AITUATUNIUNITLISNTA
(BFS, yaawuasg)

10 7.16 Tainzq
8 8.02 lainzq
6 9.50 lingg

WIog:*  madeulaz Iam1nuNIATgIu NIJ #28A2103 WA uguidteiauInemnans

A U TagNsUUIALINA NOINNBINA

10
9 —]
-
72
oY
=
(S 8
<
@
7]
=
2 7
6
4 6 8 10 12
ANNHU (HaaNng)

317 4.29 uaAIA1 BFS 83010819805 AC6Z1700 NUANNMIMNVRIIaFalsznon

NUANAINY



77

] E4
Taginaudr Taqusiinidioling wnszivzl New Surface H3o08uaninady

o q ¥ Y v = v 3 = v ' o A a
wﬂwmmmuaﬂaﬂﬂ Glu"’ll‘m%!ﬂﬂ’)ﬂu’Jﬁ'ﬂﬂﬁ]$3Jﬂ’3']3JS51'I1H’111mE]LLﬁ\‘iﬂﬁ%‘VlTsWIa\‘] IUBDIVINY

a

'
(4 =

9 a d?' dy [ dy 1 Y a A o
i@EJLL@]ﬂinLﬂmmmﬂsleMﬁﬂ “]Nﬂaﬂﬁg‘ﬂ‘ﬂi’]1!11ﬂSﬁﬂWﬁiﬁﬂﬁgﬁﬂ‘ﬁﬂTWGlUﬂWiﬁﬂﬂﬂu
Y ' v
AUAIUNIUNITIIENZRAAAT AIUUMTIANUANUNUIVEITTAILAINITOFIGL WY
a A [ 9 9 A A 421 [ []
ﬂizﬁﬂﬁﬂMiMﬂﬁﬂmﬂummmuﬂ”mﬂ”ﬁlﬁ]”lz‘inzthﬂ UAZANUNRHINNUUUHYIITINITOBIY
1 . A o 14 d? . = A
AN (Absorption) usanuInszin ldunuu (Vemuri Madhu et al., 2005) §9910$115 194N 4.8

~ VoA o a ~ A 2 A
LLEIS:E‘]J'V] 4.29 W‘U’JH?JE‘J’J?T@LGIN‘]JS$ﬂ@”]JiJﬂ’J”IZJWLHLW?JGU‘LAEluﬂIszIﬂ”I BFS 32aaaqy



=
UnNn s

aziwamsIdanazdorauonus

51 agUwamsidy

=

M3AnEINavelTavesasaNuasandd uazazdnlsnlslunsmain
Y Y v [
wosiaqElsznoutiu lumsnaassnuaunsoimldsununeaa laiauiavalsaiung
dgl Y v dy
Ju Tasansoasluanmsnane laaail
A a Qy [ = < A dgl A
1. edTnagwiumelusuaiiuanasiaguzianuuds vy luvuzin

ANuIMieIIzanad Lﬁawmmm’m1113n°lumi@@%’umé’mumm@a%’na@m

[

{ < 3
2. AANUNIUVNAEN VL TANVLAINITIN qmanawmmumumiwm UANIY

(%

= A <3 Al Ay 1w aA
mummmmwmnimmmaﬂﬂzuﬂmuaamnaﬂ%mmummﬂiﬁm mmmmmwumﬂ

q

1 a @ 1 <}
Glcﬁﬂulfﬂglﬂﬂﬂ'lﬁﬁﬂlﬁéllﬂ\ﬁﬂﬂ%’]?iﬂﬂﬂ'ﬂlﬂﬁumu"lﬂlaﬂ

Y 9

Aa a9 g’ a = Y <
3. madauIasdiedesas 3 Tasimind I luezglivnlinaldaunds nagaiu

a wvas A

v 9 v
wilsesezgiuuiudu Tasmsmwiinfigumgil 1750°C azlauiaanige

Y Q

a a ' J = a = a A o Y <3
4. mawumsauusawes ladiesluezgin-Taalemsininailnanuuyans
a =1 A A1 A d? 1 < ~ a A o =
Yopgi-Insmarina iy Tasmnnuuiwsingigazilsnames latisiosas
9 ] v
6 Tagrimiin figungiinswiniing 1700°C druanumilervetozgiur-lasiliomsiiin

= A d? a o A A A d? 1 = ~ 9 Y] 1 ~
3Jmmmumuﬂﬁmmmmmeﬂmuﬂmwmm IﬂEJﬂ1ﬂ’J13JLWufJ’J“I/IZ:NE‘Iﬂi]$Ul@°’l]1ﬂ§51’JEJEJN‘VI
= a

HIUMIHTNAguglN 1750°C

£

]
=} a =~

5. ednTasidled 1) Tueggiivg nazmsidmaes Taod 1) luezgiiun-

~ a (= 9 A 42’ A A a K 3
Iﬂilllﬂ!,‘;]fi'luﬂ NUINUAITNATUNIUNITIRIS NS QIWHUU uazmmwuqmwgﬂuﬂmmwuﬂﬂ

=l

1 4 1 v 4
WuNANUAIUMIUMIIENZglAnNTY e Taqiiainnumileuiuiu uazlinau
nsizanas

6. mIaaanunuvesidaFlszneudinaldianuduniumsniznzganad

ilosninanurnanasigadalszneuszlaunsalumsgaduuseiimnszir ldasas



79

52  YolauouuUY

9
v A

Y v
Tumsiseuaznaaesiicunsnlsuliuagiannduas 1y 1aqadl
=} A a = Y A d? A &
1. msneaeansimslasuuilasdsuiaveslasdeldnuiurioanad ¥9019
' I ) wa A Aad v Ay 3 N & A
dawa i Id TaqghliauiaFinanadu Tagmmzod1989AIUAMNITAZANNNTEITININAY
v Y
wuTasmelulsnansndesas 3 Tasrimiin
2. msaadSunamazilasudramsmunisoamiz Feamanldudlaiulualsuna
Y g; Y = a A = a A a ' Y
Fouaz 6 Tasiiviin adsimsandsuiaas minansmygamzidsuaananu Tz danal
[ Aa a A o Yo a d'd vAa A A d'
Taqatlsznoutdsunaguguunn Mlddiaggulseneuniauiiairainaanas nsee1alasu
iU sumMIoanz Faanmanlguilaiueianl/asuanly pva ludlsinalunudesas 3
g/ o & 1 I Yo a A vAa A dtﬁy
Tagitingserndawa i Ia daqelsenounlauliasananau
3. MINAABUAMUAIUNIUNGIIZNE 1ABN15EY AITHNITNARBUNNTZAL

Y] @ 3| Y 4
ﬂ'J'ljJﬁ'lll’lﬁﬂﬂ'ﬁ{]@\iﬂua']gfﬁa\iﬂi’lllﬂ']ﬂu’lﬁii’]u NIJ &A1 3 ﬂJu NIJ ¢ai 4 Lﬁﬂﬂﬂﬁﬂﬂ

anuamnsovediaqlumsileaiu



31813919949

a A

a 2 (Y] a a a (% a a o
WA Fuawn. (2552). mavugiliaqmalsznevezgiiun-ozgiiitian nuudatew. INGHNUT
a o a a a a o v A a J a [
‘]Jiilluillu"IﬁJWT]Jﬂ!"Vl@ TVNIFNIAINTTULEIINN FTIUNIBIAINTIUAITAAT UN1INY1DY
malulaggsus.

4 )

a a d a 4 :JI ~ 0o @ A 4 o a [
U5 wNunv. (2539). BNNA. (WUWATIN 4). NTANW: AIUNNUNIWIINTUNNIINGIQY.

[

audal 9aum. (2548). maannTaqiiailszneu ezglivi-yalan-aeslail dwmFvau
Mmadmnssy. IneniinuslTyguriiadia a1913ninnssussidn duinin
ArINTIUANEAS uranedomalulaggsuis.

American Society for Testing and Material (ASTM). (1991).Standard Test Method for Water
Absorption, Bulk density, Apparent Porosity, and Specific Gravity for Fired Whiteware
Products. ASTM C373-88. New York: ASTM.

American Society for Testing and Material (ASTM). (1996).Standard Test Method for Flexural
Strength of Advance Ceramic at Ambient Temperature. ASTM C1161-90. New York:
ASTM.

Anstis, G.P., Chantikul, P., Lawn, B.R., and Marshall, D.B. (1981). A Critical evolution of
indentation techniques for mearsuring fracture toughness: I, direct crack measurements.
Journal of American Ceramic Society. 64: 533-538.

Casellas, D., Rafols, 1., Llanes, L., Anglada, M. (1999). Fracture toughness of zirconia-alumina
composites. International Journal of Refractory Matals & Hard Materials. 17: 11-
20.

Choi, S.R., and Bansal, N.P. (2005). Mechanical behavior of zirconia/alumina composites.
Ceramics International. 31: 39-46.

Doh-Hyung Rin, Young-Min Kong, and Hyoun-Ee Kim. (2000). Effect of Cr,O, addition on
microstructural evolution and mechanical properties of Al,O,. Journal of the European
Ceramic Society . 20: 1475-1481.

Eugene Medvedovski. (2005). Ceramic armor and armor system II. (Vols 178). Maryland

The American Ceramic Society.



81

Eugene Medvedovski. (2006). Alumina-mullite ceramic for structural applications. Ceramic
International. 32: 369-375.

Hernandez, M.T., Gonzaiez, M., and De Pablo, A. (2003).C-diffusion during hot press in the
Al,)0,-Cr,0, system. Acta Materialia. 51: 217-228.

Lange, F.F. (1983). Processing-related fracture origins:Observation in sintered and isostatically
hot-pressed Al,0,/ZrO, composites. Journal of the American Ceramic Society. Vol.66
No.6: 396-398.

Michael F Ashby, and David R H Jones. (1986). Engineering materials 1 an introduction to
their properties and application. (Volume 34). International Series on Materials
Science and Technology.

Michael V.Swain . (1994). Materials science and technology structure and properties of
ceramic. (volume 11). Weinheim: VCH Verlagsgesellschaft mbH.

Quinn, J.B., Quinn, G.D. (1997). Indentation brittleness of ceramics: a fresh approach. Journal
of Materials Science. 32: 4331-4346.

Rao, P.G., Iwasa, M., Tanaka, T., Kondoh, 1., and Inoue, T. (2003). Preparation and mechanical
properties of Al,O,-15wt.%ZrO, composites. Scripta Materialia. 48: 437-441.

Shibata, K., Yoshinaka, M. ,Hirota, K., and Yamaguchi, O. (1997). Fabrication and mechanical
properties of Cr,0O, solid solution ceramics in the system Cr,0,-AlL,O,. Materials
Research Bulletin. Vol.32 No.5: 627-632.

Stevens, R. (1986). Zirconia and zirconia ceramics. Magnesium Elektron: 26-30.

Soon-Kil Chung. (1990). Fracture characterization of armor ceramics. (1990). American
Ceramic Society Bulletin. Vol 69(3): 358-66.

Takehiko Hirata, Katsunori Akiyama, and Hirokazu Yamamoto. (2000). Sintering behavior of
Cr,0,- ALO, ceramic. Journal of the European Ceramic Society. 20: 195-199.

Tuan, W.H., Chen, R.Z., Wang, T.C., Cheng, C.H., and Kuo, P.S. (2002). Mechanical properties

of Al,O,/ZrO, composites. Journal of the European Ceramic Society. 22 : 2827-2833.



82

Vemuri Madhu, Ramanjaneyulu, K., Balakrishna Bhat, T., Gupta, N.K. (2005). An experimental
study of penetration resistance of ceramic armour subjected to projectile impact.
International Journal of Impact Engineering. 32: 337-350.

William F. Smith. (1996). Principle of Material Science and Engineering. 3".ed. New York:
McGraw-Hill.

Yodhihiko Takano, Tetsuya Komeda, Masaru Yoshinaka, Ken Hirota, and Osamu Yamaguchi.
(1998). Fabrication,microstructure,and mechanical properties of Cr,0,/Zr0O,(2.5Y)
composite ceramics in the Cr,O,- rich region. Journal of the American Ceramic
Society. 81(9): 2497-500.

Yosuke Matsumoto, Ken Hirota, and Osamu Yamaguchi. (1993). Mechanical properties of hot
isostatically pressed zirconia-toughened alumina ceramics prepared from coprecipitated

powders. Journal of the American Ceramic Society. 76(10): 2677-80.



MANUIN N

ad a = a = d
XRD UNNINI UV REATENED iﬂ‘imﬂ ®$QNH1Iﬂi!Nﬂﬂﬂﬂllcﬂﬂ

m-ZrO2 uay t-ZrO2



{ ad a
A1519% N.1 1LaAs XRD UHANINTUVBIDSGUUN

84

Pattern: 00-010-0173

Radiation = 1.540600

ALO,
Aluminum Oxide

Corundum, syn

Also called: alumina, alundum, diamonite

Lattice :Rhombohedral

S.G.:R-3c(167)

a=4.75800

¢ =12.99100

z=6

Mol. Weight = 101.96
Volume [CD] =254.70
Dx =3.989

Dm = 4.050

1/lcor = 1.00

Data collection flag : Ambient

Temperature data collection : Pattern taken at 26 C.

Natl. Bur. Stand. (U.S.), Circ. 539, volume 9, page 3 (1960)

Radiation: CuKal

Lambda: 1.54050

SS/FOM: F30= 50(0.0188,32)

Filter: Beta

d-sp : Not given

Quality : Indexed
2th i h | k 1
25584 | 75 1 0 | 1 2
35136 | 90 | 1 | O | 4
37.785 | 40 | 1 | 1 0
41.685 1 010] 6
43363 | 100 | 1 | 1 3
46.184 | 2 | 2 | 0| 2
52553 |45 | 0 | 2| 4
57519 | 80 | 1 | 1 6
59.769 | 4 | 2 |1 1
61.166 | 6 112 2
61345 | 8 | 0 | 1 8
66.548 | 30 | 2 | 1 4
68.198 | S0 | 3 | 0| O
70.359 | 2 1|2 5
74268 | 4 | 20| 8
76.882 | 16 | 1 | 0 | 10
77.229 | 8 1|1 9
80.695 | 8 | 22| O
83.219 1 310] 6
84378 | 6 | 2 | 2| 3
85.183 | 2 1|3 1
86378 | 6 | 3 | 1 2
86.464 | 4 1|2 8
89.020 | 8 | 0|2 10
90.665 | 4 | 0 | 0| 12
91.204 | 8 1 13] 4
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Pattern: 00-006-0504

Radiation = 1.540600

Quality : Deleted

Cr,0,
Chromium Oxide

Eskolaite, syn

Aiso called :chrome green, green cinnabar

Lattice : Rhombohedral

S.G.: R-3c (167)

a=4.95800

¢ =13.59300

z=6

Mol. Weight = 151.99
Volume [CD] =289.37

Dx =5.233

I/lcor = 1.80

Data collection flag : Ambient

Temperature of data collection: Pattern taken at 26 C.

5, page 22 (1995)

Swanson et al., Natl. Bur. Stand. (U.S.), Circ. 539, volume

Radiation: CuKal

Lambda: 1.54050

SS/FOM: F28=25(0.0170,65)

Filter: Beta

d-sp : Not Given

2th i h | k 1
24483 | 75 | 0 1 2
33.588 | 100 | 1 0 4
36.191 | 95 | 1 1 0
39783 | 12 | 0 | O 6
41.464 | 40 | 1 1 3
44187 | 10 | 2 | O 2
50.197 | 40 | O | 2 4
54.865 | 90 | 1 1 6
58397 | 14 | 1 2 2
63.444 | 25 | 2 1 4
65.115 | 40 | 3 0 0
72929 | 20 | 1 0 10
76.824 | 18 | 2 | 2 0
79.071 8 3 0 6
82.088 | 14 | 3 1 2
84215 | 10 | 0 | 2 10
86.531 | 10 | 1 3 4
90.208 | 18 | 2 | 2 6
95311 | 16 | 2 1 10
108997 | 14 | 3 2 4
110589 | 12 | 4 1 0
118633 | 14 | 1 3 10
120.261 | 8 3 0 10
125.670 | 25 | 4 1 6
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Pattern: 00-037-1484 Radiation = 1.540598

Quality : High

Zr0,
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 =5.817
b=5.21250 Beta =
c=5.14710 99.22

a/b=1.01926 I/lcor = 2.60

c/b=10.98745 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
38.396 | 1 -2 1 0
38541 | 4 1 2 0
39411 | 1 0 1 2
39.990 | 1 -2 1 1
40.725 | 12 -1 1 2
41.150 | 5 2 0 1
41374 | 5 -1 2 1
44826 | 7 2 1 1
45522 | 6 -2 0 2
48949 | 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: 01-070-4430

Radiation = 1.540600

Quality : Calculatted

((Zr02)0.93(YZO3)0A07)04935

Zirconium Yttrium Oxide

Lattice : Tetragonal

S.G. : P42/nmc (137)

a=3.62500

¢ =5.14000 z

Il
)

Mol. Weight = 121.92
Volume [CD] = 67.54

Dx = 5.995

I/lcor = 9.88

ICSD collection code : 090888

Data collection flag : Ambient.

35, page 5563(2000)

Lamas, D.G., Walsoe-de-Reca, N.E., J. Mater. Sci., volume

Calculated from ICSD using POWN-12++

Radiation: CuKal
Lambda: 1.54060

SS/FOM: F18=

131(0.0063,22)

Filter: Not specified

d-sp : Calculated Spacings

2th i h | k|1
30143 999 | 1 | 0 |1
34.882 97 10 | 0 |2
34977 (178 | 1 | 1 |0
43.112 11102
50230 (344 |1 |1 |2
50230 (3442 |0 |0
53.570 1 2101
59.640 [ 120 1 | 0 |3
59.766 241 | 2 | 1 |1
62.672 50 21012
68.360 3 21112
73.662 15/0]0 |4
73.888 42 121210
78.989 2 11014
81.710 67 | 2|13
81.819 42 3]0 |1
84.222 25 |11 ]4
84.384 321222
84.384 3213117160
89.568 1 31012
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Pattern: 01-073-0027 Radiation = 1.540600

A11.98cr0.0203
Aluminum Chromium Oxide

Also called: Corundum, aluminium chromium oxide

Lattice : Rhombohedral Mol. Weight = 102.46

S.G. :R-3c(167) Volume [CD] =255.03

a=4.76060 Dx =4.003
Dm = 4.050
¢ =12.99400 z=6
I/Icor =1.03

ICSD collection code : 020856

Data collection flag : Ambient

Tsirel’son, V.G., Antipin, M.Yu., Gerr, R.G., Krasheninnikov,
M.v., Ozerov, R.p., Struchkov, Yu.T., Dokl. Akad. Nauk
SSSR, volume 271, page 1178(1983)

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

Radiation: CuKal Filter: Not specified

Lambda: 1.54060 d-sp : Calculated Spacings

SS/FOM: F25= 1000(0.0000,25)

Quality : Calculated
2th i h | k|1
25569 1680 O | 1 | 2
35.142 {999 | 1 | 0 | 4
37763 468 | 1 | 1 | O
41671 | 4 | 0 | 0| 6
43340 [949 | 1 |1 | 3
46.163 | 15 | 2 | 0 | 2
52535 467 0 | 2 | 4
57485 905 1 | 1 | 6
59718 | 23 | 2 | 1 | 1
61.108 | 34 | 1 | 2 | 2
61291 | 82 | 0O | 1 | 8
66495 (34512 |1 | 4
68.183 524 3 | 0 | O
70393 | 11 | 1 | 2 | 5
74282 | 13 | 2| 0 | 8

76.860 | 148 | 1 | 0 | 10
77218 | 84 | 1 | 1 | 9
80393 | 8 | 2 | 1 | 7
80.666 | 58 | 2 | 2|0
83.18 | 7 | 0| 3| 6
84323 | 45 | 2| 2|3
85.104 | 3 1|31
86316 | 34 | 3 | 1 | 2
86.477 | 27 | 1 | 2| 8

88976 | 63 | 0 | 2 | 10
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qm” 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 istned 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 revision. A number in parentheses indicates the year of last reapproval, A
superseript epsilon (¢) indicates an editorial change since the last 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 ail of the
safety congerns, 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. 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 accu-
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,

34 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 representative test specimens shall be
selected. The specimens shall be unglazed and shall have as
much of the surface freshly fractured as is practical. Sharp
edges or corners shall be removed. The specimens shafl
contain no cracks. The individual test specimens shail weigh
at least 50 g.

3. Procedure
5.1 Dry the test specimens to constant mass {Note) by

" This test method is under the jurisdiction of ASTM Committee C-21 on
Ceramic Whitewares and Related Products and is the direct responsibility of
Subcommittes €21.03 on Fundamental Properties.

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

heating in an oven at 150°C (302°F), followed by cooling in a
desiceator. 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 either before or after the
peci have been imp d 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 to the same depth as is used
when the specimens are 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
Petform 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 1 em? 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-S§




91

@b cara

6.1.2 Calculate the volumes of open pores ¥, and
impervious portions ¥;p in cubic centimetres as follows:
Vop=M—-D
Vp=D-8
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)/¥] 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] % 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=DHD- )

6.1.6 The bulk density, B, in grams per cubic centimetre,
of & specimen is the quotient of its dry mass divided by the
exterior volume, including pores. Caleulate the bulk density
as follows:

B=1yv
7. Report

1.1 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 fo 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 Materials takes no position respacling the validity of any patent rights asserted in connection
with 2ny item mentionsd in this standard. Users of this standard are exprassly advised that determination of the validity of any such
patent rights, and the risk of inlringement of such rights, are entirely their own tesponsiviiity,

This standard is subject lo revision at any time by the responsible technical commitiee end must be reviawsd evary five years and
i . Y for !

if not ravised, either reap for

lour are Invited either for ravision of this standard or

mamfemmme'&msmmmm Your comments wii recelve carelul consideration at & mesting of the

technical committes, which you may attend. Jf you feel that

your comments have not recelved & fair heering you should meke your

vigws Known to the ASTM Committes on Standards, 1976 Race St Philsdelphla, PA 19703,
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qm}’ Designation: C 1161 - 94 (Reapproved 1996)

Standard Test Method for

Flexural Strength of Advanced Ceramics at Ambient
Temperature’

‘This standard is issued under the fixed designation C 1161; the number il diately following the designation indi the year of
original adoption or, in the case of revision, the year of last revision. A number in th the year of last l A

superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

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 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 337 Test Method for Measured Humidity with a Psv-
chrometer (The Measurement of Wet- and Dry-Bu

Temperatures)®

2.2 Military Standard:

MIL-STD-1942 (MR) Flexural Strength of High Perfc
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-Y/+ point flexure—configuration of flex-
ural strength testing where a specimen is symmetrically
loaded at two locations that are situated one quarter of the
g__vem.ll span, away from the outer two support bearings (see
ig. 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 Commitiee 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,

3 Annual Book of ASTM Standards, Vol 03.01.

* Annual Book of ASTM Standards, Yol 11.03.

* Available from Standardization Documents, Order Desk, Bldg. 4, Section D,
700 Robbins Ave,, Philadelphia, PA 1911 1-5094,

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-
ranhy, though beyond the scope of this test method, is highly

ommended for all purposes, especially for design data as
cussed in MIL-STD-1942 (MR) and Refs (2-5).

5. Interferences

5.1 The effects of time-dependent phenomena,
stress corrosion or slow crack growth on streng
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 th
1est method.

refer 1o the ref

at the end of this
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Note—Configuration:
A L=20mm
B:L =40 mm
C: L =80 mm
FiIG. 1 The Four-Point-Ys 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 system shall be fr¢
of initial lag at the loading rates used and shall be equippe
with a means for retaining read-out of the maximum loa
applied to the specimen. The accuracy of the testing machir
shall be in accordance with Practices E 4 but within 0.5 %

6.2 Four-Point Flexure—Four-point-Y4 point fixtun
(Fig. 1) shall have support and loading spans as shown iu
Table 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
hardness no less than HRC 40 or which has a yield strength
00 less than 1240 MPa (~180 ksi). Alternatively, the
¢ylinders may be made of a ceramic with an elastic modulus
between 2.0 and 4.0 X 10° MPa (30-60 % 10¢ psi) and a
ﬂtxuralsh'englhnomthm275h{h(~4ﬂksi).m
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
ensure that ceramics with strengths up to 1400 MPa (~200
ksi) and elastic moduli as high as 4.8 X 105 MPa (70 x 10
Psi) can be tested without fixture damage. Higher strength

TABLE 1 Fixture Spans

Configuration Support Span (L), mm  Loading Span, mm
A 20 10
B 40 20
c 80 40
TABLE 2 MNominal Bearing Diameters
Configuration Diameter, mm
A 201025
B 45
C 9.0

TABLE 3 Specimen Size
Confguraton WA (), mm  Depth (d), mm 49 (L) mi,

A 20 1.5
B 40 3.0
C 8.0 6.0

8&R

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 can 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
Juter-support bearings roll outward and the inner-loading
searings 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
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SUPPORT MEMBER

TEST SPECIMEN

| . m
:td

L L ,]|
Note 1:
Configuration L, mm
A 20
B 40
c 80

Note: Bearing Cylinders are held in place by
low stiffness springs or rubber bonds.

Note 2—Load s applied through a ball which permits the loading member 1o tilt as necessary to ensure uniform loading
FIG. 2 Schematic of a Semiarticulated Four-Point Fixture Suitable for Flat and Paraliel 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 festing.

1.2.2 Application-Matched Machining—The specimu
shall have the same surface preparation as that given to -
component. Unless the process is proprietary, the repc
shall be specific about the stages of material removal, whe
grits, wheel bonding, and the amount of material removiu
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.

7.24.1 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
gn_nding 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 b

‘formly chamfered at 45°, a distance of 0.12 + 0.03 mm a
-~wn in Fig. 4. They can alternatively be rounded with :

ius of 0.15 = 0.05 mm. Edge finishing must be compa

le to that applied to the specimen surfaces. In particular
wn direction of machining shall be parallel to the specimer
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 edg
that is free of machining damage, then a chamfer is no
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. '

7.3 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, a 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 are
present.




95

@ c 1161

canal

f .l
t - - T

TEST SPECIMEN

BEARING A
*
L
I L}
T
Note 1:
Configuration L, mm
26
B 40
c

80
NoTe 2—Bearing A s fixed 50 that it will not pivot about the x axis. The other three bearings are free to pivot about the x axis,
FiG. 3 Mw-mmmrmmmwmmtw«mwm

8. Procedure

8.1 Test specimens on their appropriate fixtures in
cific testing configurations. Test specimens Size A on e
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.
Ihe 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
ice.

-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
1.0 x 107 5-1,

8.6.1 The strain rate for either the three- or four-point-V4
point mode of loading is as follows:

e=6ds/L?
where:
¢ = strain rate,
TABLE 4 Crosshead Speeds for Displacement-Controlled
Testing Machine
Configuration Cre Speeds, mm/min
A 02
B 05
c 1.0
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FIG. 4 The Standard Test Specimens

FIG. 5 Surface Grinding Parallel to the Specimen Longitudinal
Axis

d = specimen thickness,
s = 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
310 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 Breakload—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

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 *
four-point-Y4 point flexure is as follows:
3PL

§===

4 bd?

where:

P = breakload,

L = outer (support) span,
b = specimen width, and
d = specimen thickness.

9.2 The standard formula for the strength of a beam in-

three-point flexure is as follows:

3PL
=2bd 2

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 1—It should be recognized however, that Eqs 1 and 2 do not
caused failure. (In some instances, for example, for fracture miror or
fracture tough Iculations, 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 i (145.04 psi = 1 MPa;
therefore, 100 000 psi = 100 ksi = 689.5 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
pillet identification data. (Did all specimens come from one
pillet?) 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 (T
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.
181lll'l.l.S‘ Mean (3) and standard deviation (SD) where:

"

zs
gl ®

n

2(S- 3¢
= Ji @
n=1)

10.1.10 Report of any deviations and alterations from the
procedures described in this test method.

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 anol”
There will be an inherent statistical scatter in the result:
finite sample sizes (for example, 30 specimens). Wei
statistics can model this variability as discussed in Refs
and (6-10). This test method has been devised so that
precision is very high and the bias very low compared t¢
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

four-point configurations B and C. (A conservative upper
limit is of the order of 5 %.) 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 | % 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 which
are well within the inherent variability of the material.

115 An interlaboratory comparison of strength of a
different 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-

iperimental results for strength variability on B

5, in both three- and four-point testing, were

consistent with analytical predictions of Ref (9).

terial with a Weibull modulus of 10, estimates of

1 (or characteristic strength) for samples of 30

s will have a coefficient of variance of 2.2 %. The
coefficient of variance for estimates of the Weibull modulus
15 18 %.

12. Keywords

12.1 advanced ceramics; flexural strength; four-point
flexure; three-point flexure




98

{ih c 1181

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 t0 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

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

XL1.5 Crosshead Speed—Crosshead speed shall be 0.5
mm/min (0,02 in./min).

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

X1.7 Precision and Bias—Data on precision and bias
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
International Energy Agency (IEA) round robin effect (11).

I_ 0.12 £0.03 mm TYP, 4 PLACES

318+ 0.3 mm J_ SEE DETAIL A
b | 4 M
E 5 oo e " &_
r 45 mm MIN
1 635+ 0.13mm 0154 0.05 mmf
R i
mm 7
B DETAILA DETAIL A

ALTERNATE METHOD

FiG. X1.1 The Alternative ‘D’ Test Specimen
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QH[” Designation: C 1327 - 96a

Standard Test Method for

Vickers Indentation Hardness of Advanced Ceramics!

This standard is issued under the fixed designation C 1327; the number i

the year of

unpnaladupunnw,mr.hewofr:mnn.lheynrnfhnmmou.hnumbuwwmlbmmﬁumﬂnywofhﬂmpmmA
superscript epsilon (¢) indicates 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 af 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 Metric 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 8434 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 C C-28 on
Advanced Ceramics and is the direct responsibility of Subcommittee 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, Yol 14.02.

‘Amh'blcfmm European Commitiee for Standardization, Brusscls, Belgium.

Available from J e b o ion, Tokyo, Japan.

‘Amhblcfmm i Geneva, Swil
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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 a square impression from which two surface-pro-
jected diagonal lengths 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, Knoop indenters are also used to measure hardness,
but Knoop 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,
Ig:des deeper than Knoop indentations made at the same

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-
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ments over a broad range of indentation loads, A compre-
hensive characterization of this type is recommended but is
beyond the scope of this test method, which measures
hardness at 2 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 dislodge. The cracking may oceur in a time-
dependent manner (minutes or hours) after the impression is
made.

6.3 Porosity (either 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

7.1 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 1s fitted on
an inverted-stage microscope, Descriptions of the various
machines are available (1-3).7

7.1.2 Design of the machine should be such the
loading rate, dwell time, and applied load can be set \
the limits set forth in 10.5. It is an advantage to eliminaw wue
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 balan
checked monthly or as nceded, Inde
reference materials may also bg used
when needed.

7.2 Indenter:

7.2.1 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
ifit is loose in the mounting material, chipped, or cracked, it
shall be replaced.

7The boldface numibers in parentheses refec to the List of references at the end
of this test method.

-

136*

4

1M
dz P

FIG. 1 Vicﬁm Indenter

Note 2~This requirement is from Test Method E384 and is
especially pertinent to Viekers indenters used for advanced ceramics,
Vickers indenters are often used at high loads in advanced ceramics jn
order to create cracks. Such usage can lead 1o indenter damage. The
diamond indenter can be examined with a scanning electron micro-
scops, ot indents can be made into soft copper to help determine if 3
chip or crack is prescat.

1.3 Measuring Microscope:

7.3.1 The measurement system shall be constructed so
that the length of the diagonals can be determined with
errors not exceeding +0.0005 mm.

Note 3~Stage micrometres 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
A~termining the approximate magnification of photographs, may be too

arsely ruled or may not have the required accuracy and precision,

7.3.2 The numerical aperture (NA) of the objective lens
snall be between 0,65 and 0.90.

Note 4—The apparent length of a Vickers indentation will increast
asthe resolving power and NA of a lens increases. The variation is much
less than that observed in Knoop indentations, however (2, 5, 6), The
ranaa af NIA enanifiad by this test method corresponds to 40 to 100X

: higher power lenses may have higher resolution,
ween the indentation tips and the polished surface

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 ioaded 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 Micrascope—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 National 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 ground
and polished surface. The roughness should be less than 0.1
pm 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 ind ion is sharp. Residual st from polishi
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 formation toughening i
such as some zirconias, since the effect upon hardness is not known.)

10. Procedure

10.1 Specimen Placemeni—Place the specimen on the
stage of the machine so that the specimen will not rock or
chift 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-

Ainsslas

1u.£.4 1T One Ieg OI a aagonal 1S nouceaply 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 (I
kgf) is specified. If another load is used because of a special

¥ National Institute of Standards and Technology, Standard Reference Mate-
rials 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

Inf ion to ASTM Head Your will receive careful consid-
eration at a meeting of the responsibl hni which you may
attend.

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.

Note 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 mm/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
impact.

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
specimen,

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
shall be rejected for measurement. Figure 3 provides guid-

& o

|
| =4d |

r.c
Fjg

s

" sse——

FIG. 2 Closest Permitted Spacing for Vickers Indentations
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ACCEPTABLE INDENTATIONS
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§<> porosity

&

bowed edges
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UNACCEPTABLE INDENTATIONS

O

large tip :
cracks
tip region f‘

displaced

O

P s

asymmetrical

chipping and
ragged edges

spal!ed edges ‘
\

ragged edges
(grain displacement
pullouts)

iarge 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
dishibutaimindmuﬁunsuiﬂintersmsomcpomity.Mmmmd
hardness in such instances properly reflects a diminished hardness
relative to the fully dense advanced ceramic. The intent of the
restrictions in 10.6 is to rule out obviously unsatisfactory or atypical

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 1
should be made as soon as is practical after the indentation is
made. That is, each indent should be measured immediately
afier 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 effect 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 disioris 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 indentatinn
diagonals. It may be helpful to focus on a small microstructural fe
on the flat specimen surface just beyond the indentation tips.

11.1.4 If either a measuring microscope or a filar
crometer eyepiece is used, always rotate the drum in me
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 4¢, 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
either 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?) ()
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?) 2
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
computed as follows:

HV = (0.102)(1.8544)(P/d?) (3)
where:
iad, N, and
verage length of the two diagonals of the indentation,
m.

Note 15—This computation is consistent with ISO 6507/2, ENV
8434, 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 units 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 mewton 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:

7721 @
n

where:

HV, = HV obtained from nth indentation and

n = number of indentations.

12.5 The standard deviation, S, is:

hoe /@ -,y 7

n-1
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Crosshair
(a) INCORRECT. Crosshair completely covers the tip.

Light fringe (Size is exaggerated)
Setting the Zero

1
1
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! - -
Crosshair 1 Crosshair 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

N .

1 N/ I

- -
Crosshair, position #1 Crosshair, position #2

(¢) 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 one line for a single crosshair system, or with both lines
superimposed in a double crosshair system as shown on the right.

FIG. 4. Cr M Syst

12.6 The hardness symbol H¥ shall be supplemented by a
number indicating the test force used, expressed in newtons
multiplied by 0.102 (and therefore equal to the test force
expressed in kilograms-force), and optionally a number indi-
cating the duration of test force applications in seconds. So,

for example, HV'1/15 means the Vickers hardness for an ap-
plied test force of 9.81 N (1 kgf) applied for 15 s at full load.

13. Report
13.1 The report shall include the following information:
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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 measurine device. inadeauate re-

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

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

Within-L 3 L 7
Nomber  Averags Repeatability Reproducibility
Load, of  Diagonal Expanded Coeff- E Coeffi-
P(N)  Labora- Length,d ncer- cientof  Uncer-  centof
ftodes  (um)  taimyc i tainty®
(um) % (wm) %
9.814 10 3452 056 058 294 305
9.818 8 57 0.62 0.64 270 279
4 mada by organizing y. Qutfier results from one labora-
tory deleted.
8 made by resuits from two

p g Outiier
laboratories deleted, One other laboratory did not do this part of the exercise.
cC ge factor of 2.8, g to a 95 % confid interval.

of the true length. The theoretical shortening is estimated to
be A/2ZNA, where A 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 |, 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 %
1. T, ~f < ™

' [ aL"AY 1 Tha hat

15. Keywords
15.1 advanced ceramics; cracks; indentation; microscope;
Vickers hardness
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Class Gun name Ammo type | Ammo weigh Ammo velocity
38 SPECIAL RN LEAD 158 GRAIN 259M/SEC(850FT/S)
: 22 LRHV LEAD 40 GRAIN 320M/SEC(1050FT/S)
357 MAGNUM ISP 158 GRAIN 384M/SEC(1250FT/S)
A IMM FMJ 124 GRAIN 332M/SEC(1090FT/S)
357 MAGNUM JSP 158 GRAIN 425M/SEC(1395FT/S)
. 9MM FMIJ 124 GRAIN 358/SEC(1175FT/S)
44 MAGNUM JSP LEAD 240 GRAIN 426/SEC(1400FT/S)
A 9MM FMIJ 124 GRAIN 426/SEC(1400FT/S)
I 7.62MM FMJ 150 GRAIN 838M/SEC(2750FT/S)
v 30-06 AP 166 GRAIN 868M/SEC(2850FT/S)
AP : Armor Piercing
FMJ : Full Metal Jacketed
JSP : Jacketed Soft Point
REMARK LRHV : Long Lifle High Velocity
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ABSTRACT

In this work, the effect of ZrO, on mechanical properties of Al,O,- Cr,O, based composite is investigated. Al,O, and
3wt% of Cr,O, was mixed with an addition of 0-6wt% (4Y)ZrO,. All samples were sintered at different temperature.
Density, porosity, phases and microstructure of sintered composites were characterized. Flexural strength, hardness
and fracture toughness were also investigated. The results from mechanical tests showed that the highest flexural
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