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PAIRACH THONGLAIED : MECHANICAL PROPERTIES IMPROVEMENT
OF HYDROXYAPATITE-ALUMINA BIOCOMPOSITE WITH ZIRCONIA
PARTICLES. THESIS ADVISOR : ASST. PROF. SUKASEM

KANGWANTRAKOOL, D.Eng., 124 PP.

HYDROXYAPATITE-ALUMINA / ZIRCONIA / BIOCOMPOSITE

The purpose of this work is to study the effect of 4Y-ZrO, on mechanical
properties of Hap-Al,Os; based composites especially to improve the flexural strength,
hardness and fracture toughness of biocomposite materials reinforced with ZrO,
particles for bone replacement. HAp powder was mixed with 20 25 and 30 vol%Al,0; and
15 20 and 25 vol%ZrO, as an additive. The mixtures were dry pressed then sintered
at different temperatures. Density, phase and microstructure of sintered composites
were characterized and also flexural strength, hardness and fracture toughness were
measured.

The results showed that the highest flexural strength with 45.60+£2.24 MPa
was obtained from 25 vol%Al,O; and 20 vol%4Y-ZrO, addition and sintered at
1500°C. The maximum hardness with 3.73+0.05 GPa was obtained from 30 vol%Al,O;
and 15 vol%4Y-ZrO, addition and sintered at 1500°C. The maximum fracture
toughness with 1.04+0.06 MPa.m’® was obtained from 20 vol%Al,0; and 25

vol%4Y-ZrO, addition and sintered at 1500°C.
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51 2.5 31l Tasnsmlvesws laasenduei Indvi 1iuran 100°C/12 h (Sung et al., 2004)

H:HAp

B:B-tcp

Relative intensity

= ad = 7 7
311 2.6 XRD uwniisuvens laasendueth Induaa lningam

UM 9 (Sung et al., 2004)
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514 2.7 wan leasondueih Indnwsoulaeds lalasmesuea Hgaingil 200°C/24 h
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Tagiia1 pH veeesazatsio 10 Ngunniived (n) Iaqualmsonn
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o = Yy 9w \
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A a 4 I { [
NTZUIUMTIAANDAINDS (Polymerization) 3z tHunalnfineeniuaunisdaniziuues
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parilszneumanil uazgaeilesnu lildinanisueneen linesegdndruladiunilaun
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AulUBnane lumsinama (Gelation) 3zo1dena lnmsaanedinlenin (Hydrolysis) tagnaln
[ I o @
M3AIULUY (Condensation) 11udADy
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o ihimsszsvearadNogluwaoen 11 (Dehydration) AMLA LSS

[
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asg 14 uonnintimsmiaaveuraleon lanausanieldan1az89e9a (Supercritical state)
A a aaa a .. g’u o Y (= v Aa 49! d‘ Y
¥300112INYANAINY (Hypercritical state) WuUNUaz i 17 lilimsvaaunnduas wanui
Y=Y 1A - I R = \ 4 9 9 q9 <
udve hifimsmindadau mlddianualsizdeimusoadesnanuiaudr Iinareium
= Y
az1den lad1e
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o ihimsunaleinansinaniliiaeuliiduarsdsznou
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Uszanm 20 B3 50 i Tumwasuazlinunannn mswwiinldinanisinizarednsonii 1an
Ao o 7o = 7Y  an o '
g nizuIuMIFunziidand laasondueil 1nadae7s lea-na awnsodunsizd
Yo = ¥ v dgy
1daan i 2.8 esasduinldoglugilues P,0,, CH.OH, Ca(NO,).4H,0 (Wang et al., 2005)
o a aan =~ . . 2 Y
Tﬂﬂmﬁﬂmim@ﬂammmﬁuumﬂm (Wet chemical reactions) Tagsudauazaly P,O,
Y 9 9
Twemueali ldensazans 0.5 mol/l Lagaza1s Ca(NO,),4H,0 Tureniueali ldaisazate
Y
[ o Y @ U 1
1.67 mol/l A1TALAINIADINLYNHAVAUAIIBAT 1IN A8 TNATENIN Ca/P VOIITAZAY

a

A a { o s
Fuaune 1.67 Idgungilumsenlduded 80°c/24 h waukggnuaalaingmuugi 600

QU

700 800 Lag 900°C



P,0, + C,H,0H

Ca(NO,),.4H,0 + C,H.OH

A 4

Mixing

A 4

Gelation

Sintering

Crushing

'

HAp powder

3

i1

=
N

2.8 Myduns1z leasenduoi Indd1e33 Tva-19a (Wang et al., 2005)
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Intensity (a.u.)

30 40 50

2-Theta scale

Yy

P~ ad = A A Y A a 0
5U7 2.9 XRD unmiisuvowa leasonauoih Ind Ngnnald 4 h uazuaa lmningugi 700°C

(Wang et al., 2005)

Gl [ 4 any v . A aa = da v
2.1.3.5 MN8N ITANINIYIT Pechini H30ITNOAINDIITIHOU
@ Jd o Y ad .. .. as = 4
MIFUNTIZHIAAMIAIEIT Pechini (The pechini method) #3 075 WO
a g . o ¥ a =
1BI450U (polymerized complex method) QAWANINININNTLUIUNIS Tya-tanuuauan1ul
Y a .. .. ) [ = a ]
1967 TagluaouAnIT Pechini (pechini, 1967) tHuIgd MIUMSIATouNany1e aoulu
[ Y [ A Y o v
monad laumsdsulsunelddunsizi Tagua
as L. 3 aaa = a o @
3% Pechini WuiIThuaasdamsinaasyseneudiminlanzsanla
. @ ad . Ao .. A 19 1
(Alkali metals) 8an1 121957 (Alkali earths) TaMgNIIUFFU (Transition metal) taza1sn by
=] 1 dy o ann @ a A Jd a A .. .
Tanz119d Seasimartazilgnsenuasdseneudunsd 151 n5ada3n (Citric acid) 1Ay
{ d a a o 1
Nindueanseod 1u teiau lnanea (Polyethylene glycol) vz gniaud luad19wuse szning
a 4 Aaaa A A < I o
Tanzuazasdsznoudunidnieljnser Indiodaosslindu (Polyesterification) 11 upah
Y a da! = [ o Y Y Y Y s v o =
Tdinawatulumsnay Fandsnn inandadig ldeyniaeen leaiinizaanunagil
Y 1 o
vinateeninszau lulasmns

A

an .. 9 a A A o Y a
75 Pechini @wsotaenlya1sdseneudunsd uazarsninlina

@ [

a S Y xR A Aa o 1 YA .. [ 4
ﬂiz‘]_l’lluf‘lﬁW’OﬁLlI@i"lﬂﬁ’dWﬂﬁﬁw “IN‘JJHﬂ’JﬂEJWﬁWEJﬂQiJGlGH’J‘E Pechini Tumsdansigy a9
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Yo Ao [ ' Y A ag .. A & Y Aq

w9 ez laragruentvueoynialuszauun Tumas dautofv0935 Pechini Aoa13AIAUTN 19
I A R 491 Y a Y 1
Wumsdsznovveunae lumsaniisimgouaziinge ladie nszurumswamnaladieTag i

' 1 ] ' { o a I

AvanauAuA1 pH (A1 pH oglugeining sildinalluaisdsznoulaasonTa (hydroxo
~ 1 1 o 4 d o [ Y as

complex) MHuzaN LazdeAenIsdunsIzra1sdsznevesn lus d11sudeidoueeds
Pechini ioMsAIUANILIA JUI1HazanBUENINen wUeseymMaK ldsinninszuiums

T¥a-19a

Ca(NO,),4H,0 H,NH,PO,

\ 4

Citric Acid

A 4

Intermediate metal-

Organic compounds

1 [
Dial >

Intermediate polymer

100°C <T<200°C

»
>
A

y

Polymer resin

250°C <T<350°C >
\ 4

Decomposition

\ 4

Calcination

T=600°C

\ 4

Thermal treatment

A 4

Calcium phosphates

= @ o = J* as a s a 9
31]‘1/] 2.10 ﬂ"liﬁ\ilﬂﬁzﬁ?ﬂ'ﬂPNUlﬁﬂi@ﬂ“ml@ﬂWllﬂﬂiﬂﬂ?‘ﬁW@ﬁLiJ@iL“b’ﬂ"ﬁ’ﬂu (Pena et al., 2003)
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22 azgin
a . A A .. . = SRS v a3
92QUU1 (Alumina) HFONNIAUAD Aluminium Oxide HFATNUIAY 19w ALO, Tl u
P 70 Y 4 g}/ 1% ) 4 o =X Y] Y ] ) 9
pon lyanuyudldlse Temimawaandussnaunsznadaogiunezdinsgnwmuninn 1
Y '
= =) a 1 o d
AunIulueuag ozglUsgNFNANANTUNIZ 3.69 JAMADNIMAY 2030°C AWLTY
[ Y a av 1 A
(Mohs Scale) 1M1y 9 azglulusssumavauussignnuluzives Corundum (ALO,)
Diaspore (ALO,*H,0) Gibbsite (ALO,*3H,0) 11a¢ Bauxite (ALO,+2H,0) 10813 Corundum NNV
I [ a 1 v Aa a . @ . I
Wusaumd 1wy VAN (Ruby) Iwau (Sapphire) 3y¥51AN (Yellow Sapphire) 1Hugiunuves
d‘d a d' d‘ = a A a a té’
Corundum NHyanu luvyaeN Corundum N lifivanuve lulia 9EQNUIVIGNTLAL Hydrate
pzgiiun annsnana 141 us Bauxite azAugn3I1ng 509 Bayer (Bayer Process) D11
) H
uaudviaeuale Taan 1l (Caustic Soda) 1nuLenaznoun laeanuudiwmn
pzgiiuvznylugldan (o) unwwn (y) naziwdr (B) Taednlngjazedluglues
savhezgiivazunuinezgivi lugamvgiiin luihy 500 °C ezqiiutvzeglugiunuun win
il Idgaingligeds 1150-1200°C vznlasusglugilvesdarh uandiezgiivivzeglugl

YoM 31lsznoy IxRenfo Sodium Aluminate (Na,0+11AL0,) (F3UF WI1IWUT, 2545)

a { { Il Y a % Y I
azgliunianuadesnigasglugidaniezgiu (oc-ALO,) el Taseadrailu

A A

13041 TnUDa (Hexagonal) Iaeloondauizoedinuuuuana Inuea nazloygitiounil

I~ 1 ] ] 1 1 5 Y] {
AN unIneg lugeteanazaasoa 2 Tu 3 druvedrenivng aaaadlugdn 2.11

O Oxygen @ Al

517 2.11 Taseadevoezgiiun (Worrall, W.E., 1986)
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1 lsiudealnnuusgnigauazinnuaz@eanmsizanian el anduazi¥ainave
a A dg@l 9 o w a 1 1 Aaa d‘ dy = 1
pzglnamnsaivau 14 Tagnmsivauanuais q oon 11 wu Faninduilouszlinanonis
Y
AIUAN Microstructure UHAADOATINITANNTOUVDIDQUUITINNINHAADNITIHIMTIN

~ ~ dy == o 9 va A a
(Sintering) Llagllﬂal‘ﬂfﬂﬂﬂﬂulﬂ@uﬂiJWﬁT]’lGlWﬁiJU@LGINﬂaﬂl@ﬂ@ggﬂu'laﬂaﬂ
d =
23 1Sy

4 A A a a v 1 1 = J
o3 laieinaaiusssusialaend ldaznuegluglaesnsuvadialod
. A 7 i £ ~ v s A A a 22 v o
(Baddeleyite) ¥i01%03A0U (ZrSiO,) Gmmimx”lmcvaﬂmusmmqmuu ADININITLUYN
A A AN VY ' A A Ao Y ) @
audeuii ludeanisesn TagrunssuIsmswanndudounaziudit
o = a LAy v ' @ aa - = a9y
o3 Iatleusgnsi laezegluigmaunuTuTuadia (Monoclinic) Nguugineias
a A @ I J . A~
winamanlaguigamaiueass Inuea (Tetragonal Phase) 11ag@nUIAN (Cubic Phase) tHoll
= a o ~ = = 9 dy o Y a
Msdsugungd a3 2.12 Fawavesnisiasulassasall vz liinanis
{ a % A o ' o 9 ' 9
agunlaelsuasgans 3%-5% Fawavesmsasunasasnanii i luawisald

'
sz Tomininees Iadionigns 1 (Stevens, R., 1986)

1173° 2370°

Monoclinic ~<——> Tetragonal <——> Cubic

51/ 2.12 manfasuigninveues ladle a gungiia1a 9 (Chawla, K.K., 1993)
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1 = a [ [ =~ 1 a 4 A A
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s lelse Towni 1d TasmsauasveadInEendnansas19nnuades (Stabilizer)

d‘ a [ 1 Y 14 =~ o 9 A a 9 9 v A A
LUDIANTITANNAILLAD mmﬂﬂmaﬂzmmmumﬂﬂmqumﬁ@.uwaﬂmmzﬂuﬂﬂfmm

'
a A o o

& A a
WLﬁHVIﬂTﬂﬂJﬂﬁgﬂ15ﬁu\1ﬂ@ AU U

d
24 suuyuadesvesweslaiiy

a

o AN Y X 9 Y 1 s = ' o 9 Y o v A
q‘w'lﬂﬂmﬂumamuumm L“B@ﬁiﬂluﬁ]llilf’ﬂil15‘01!13“1‘]5\‘]11!1191@13JE11W\‘]1/]Q€M‘VII]3J

U

Hossuiunvedouduarsadwanuadesvieaandly TasarsnionldTagia 1y laun

de

== 4 a A 4 =y 4 o 1
uuniliFeuoon lad (Mgo) d5thenosn lad (Y,0,) uaaidenosn lag (Ca0) Tasasainainil
o o { a ° s
i e Tafioaunso o languugiineslage: liild s sadrsveuyes Taifle
=\ A 4 a 9 = A a ~
iateslugiinase Inueansognuian MsANasasNaNuadosnasiauazUsuua
1 o o I ¥ A A o = [ ) ] Y
annuazlila Tnsead1egan1afia1ent FaauTouNanyuLANANUN InTIa319
I o
vana laiflu 3 dnuazdoe
1. Partially Stabilised Zirconia
2. Tetragonal Zirconia Polycrystal

3. Partially Stabilised Zirconia in a non Zirconia matrix

Tetragonal

foo

T
-
- ®
- @
>7.<
Partially Stabilised Tetragonal Zirconia Partially Stabilised Zirconia
Zirconia Polycrystal in non Zirconia matrix

4 [ o g
5U7 2.13 danpmzvesInseaseganinueawes Iafls 13 3 520U (Richard, H.J., Hannink,

Patrick, M.K., and Barry, C.M., 2000)
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a ~ o v 4

= [ 9 A = o Y A
G]f\ii]"lﬂﬁﬂ}lﬂ!%“’Ui’NIﬂix‘Iﬁi"Ni].aﬂWﬂ‘ifl@n\iﬂuﬁ]\ivnglﬁlﬂﬂ%ﬂl gnuae NHUVDN
J = 1 [ '
mfaiTmummmwﬂuaaﬂ"lﬂwu
® TZP  Tetragonal Zirconia Polycrystal
® PSZ  Partially Stabilised Zirconia
® FSZ  Fully Stabilised Zirconia
® TTC  Transformation Toughened Ceramics
® 7TA  Zirconia Toughened Alumina
® TTZ  Transformation Toughened Zirconia
2.4.1 Partially Stabilised Zirconia
A @ 4 A A J = @ Y
o ﬂEm%%@ﬂ!“]ﬁ@‘iiﬂLuEWI’]J'Nﬁ’JuLﬁﬂEJi (Stable) Glm;]mﬂmmﬂﬂu@aum
ll Y 4 o o a v y
nszawegluigningnuen Taenalimsildinalassaseanyusiiog1d Meo nag cao
< Y = a a o =i
Lﬂuﬁ'liﬁi'lﬁﬂ']'mlﬁﬂﬂ‘i Tﬂﬂmﬂwmimmwmmuqmgmﬂiugﬂw 2.14 b‘lﬁi«!f.i$°1J°1J6U’E'N ZrOZLLﬁ$
MgO #0159 13 1151 ve9 MgO 11593 6%mol - 8%mol WU NGUKANUTZUI
a < . . @ 4 o Y
2000°C-2450°C AAANIAZ A8V (Solid Solution) TuIgningnuian viinvilvansazaie
S A3 o ] < ] a { a < @ 4
ﬂl@ﬁllﬂlﬁﬁlﬂuﬁ’)@ﬂNi’)mi’) (Quench) MW@QIUU?L?&!%W@ffﬂ'ﬁa%aWﬂGU@\HL"U\1 INNANYNUIAN
Y
@ a a a <
LLaZ’)J‘]ﬂWﬂmﬁﬁ%Iﬂu'ﬁ)aiuUiL’)ﬂlﬁi]ZLﬂﬂu’)tﬂaﬂﬁﬂl@ﬁﬁWﬁaZﬁWﬂﬂl@ﬁLHN’);]J’IW]mﬁﬁ%Iﬂu'ﬁ)a
£ a Y o a . 1
FaamsoAINILIRvesiundeala laemsauonsinsangangil (Cooling Rate) 91N474
a o 1 { a gy
UNNY QﬂﬂW?NWﬁQﬂ!WQNW@Q
1% ' Y & =2 2 A I
ﬂWﬂﬂi%U?UﬂWiﬂ\iﬂﬁTﬁ]%qﬂ PSZ $IWNaNUDN t-ZrO, u%zmmmgﬂaﬂugﬂgﬂu
a o ~ YA a o L g a
INIuﬂauﬂL%’@iIﬂLUﬂ (m—ZrOz) llﬂlﬁﬂmlliﬁiﬂﬂﬂWﬂu@ﬂiﬂﬂﬁ%?ﬂ %QLﬂUﬂi%UﬁHﬂWiﬂWimﬂ

= Ao o &R ' =2 = J
AR UIINTIAYNTSUIUNITUUN G]Nﬁ]zﬂaTJﬂ\‘liuﬂﬂazlﬁ)ﬂﬂﬁ’ﬂqﬂ



21

\J \
3000 P o= o LIQUID
-~ T -
-~ -~ % -~ - o

& s - e S

! Nt CUBIC SS Sy
@) ~ CUBIC SS
52500 S 27 + LIQUID
22 \ N e -~
2 ’_“ N CUBICSS + TETR SS e —————
< ‘ / . .

~
= \ \ 7 CUBIC SS +MgO
22000 | \ 4
= \ TETR SS \ ’
/ N 7/ TETR SS + MgO
-1 1400 \ e -
N /
............ R
/}L (‘- ]
]500 - ———— W —— - ——— 1- ——————— et
MONOCLINIC SS + MgO
1 1
0 10 20 30

MgO , MOLE %

31N 2.14 urugInnIAved Mgo 11 Zr0, (Grain, C.F., 1967)

2.4.2 Tetragonal Zirconia Polycrystal (TZP)
A J A A A 1 @ H) < a
Ao wos ladleNadesogluigmiamase Inusanvua Tagna lazimanin
9 I 9 = a a o
M3y v,0, iHuasaineanuades manasaursugiinainlusguy zro,-Y,0, (51
4 a 1 o a o
11 2.15) U318 0 mol%-5 mol% ¥83 Y,0, WU NNs1gamgiilszanas 1300°C 53 1650°C 103 Taiiie
[ ] A = o Y 14 A A 1 [ [ <
vagluigmaasz Inusaion 100% Havninilviwes Iaienogluaninaanaiigy
@ ] 3 ~ a9y 9 14 A A ]
Ave 1933111 Ngung it vz 1dwes Tatienegluglues TZP
A [ < [ 1 4
NNMIANEITNTATZHINANWUTWTINVVUIAOYMAVDI TZP WU ULDYUIA
T Aa ' a . . A 9
YBIBYNA THAINUNIVUIAINGA (Critical Size) (tanaluzaln 2.16) Tnssasawasz Inuoany
A [ Y A X A [ d’l 1 Y
ansaasuinninldesn usssuna sawavesnisuldsuigniatiszdanaliaini

< Y
HAULEIIUDAITAA A AN (Stevens, R., 1986)
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31N 2.15 uwugiInMAve Y,0, 14 ZrO, (Miller, R.A., Smialek, R.G., and Garlick, 1981)
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a ds[ (Y 9 = A a [ A
Gllu"lﬂ’aﬂi]ﬂslluﬂgﬂ‘ll"LE?J”IQHJ?N’c’f"liﬁi"lﬂﬂ’)”lmﬁﬂﬂiﬂlﬂﬂaﬁhlﬂ ﬂ\igﬂ‘ﬂ 2.16 (Stevens, R., 1986)
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Jin 2.16 wavodSuarasad e NuEB a3 UVLNA Critical Grain Size (Stevens, R., 1986)

2.4.3 Partially Stabilised Zirconia in a non Zirconia matrix
A J A Aa = @ 1 éf v . A
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1 a 4 =\ ] ~ [ d' =~ 9 dﬂ! Qy "9y 4 A A
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A 1A ' a 4 )=} A [ a X
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’Jﬂi]@ﬁﬁ]ggﬂﬂ"muﬂiﬂﬂ NITUIAVUBDIIHNINTAN HATFITUFIAVOITOT LA Bl (Stevens, R.,

1986)
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1NNTZUIUMIAINENTNAUE19NA1 1a11 AN TiervesFuuiuegiy

v

S 2 = 2 <= ¥ A = = a 4%/
SIEFTRETETGR t-ZrO, "IN FUITUY t-Z10O, mwuqmﬂmmﬂmm%m’Jmmummmu

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

O
O
O
O
O
M o
@)
@)
O Original metastable zirconia partical
@’ Martensitically transformed zirconia particle

gﬂ‘ﬁ 2. 17Lgﬁmmimﬂmmmuﬂﬂﬂﬂmﬁﬂﬂmﬂaﬂmgmﬂ (Stevens, R., 1986)
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Kong et al (1999) laAnmiauiiaiFanaves HAp 1Aon15iay Tetragonal ZrO,
. a ~ am A a .. A
Polycrystalline (TZP) ttagtad ALO, TaefSoumeon 2 3500 Mswanlna (Mixing) (e N15AaDY
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° X Y ax . A a o . & o

vol% ALO, 1/11ﬂ1isllu§ﬂﬂi]ﬂi]‘ﬁ Hot Press Graphite mold NYAUNHN 1200 C Funan 1959 Ty
Tagldn1uay 20 MPa M81@d1558101# Argon Wan13NAaoIn laNLI1 N51AY TZP Powder

. 9 1 H 1
aslu HAp ttag Coating A8 AL O, 921A1 Flexural strength 0¥ Fracture Toughness “71@:[ Nkl

.. @ ' a . 9 a { A ¥

N13 Mixing LAZEINUIINIAY TZP powder 1t Coating A28 ALO, TudlSnanmuinniuee

A I ~ 2 A a
UMANUUULTY (Flexural strength) HALANUIYT U (Fracture toughness) g4UU TagNn1siAw

. Y ' 3 1
15 vol% TZP 118 Coating 928 30 vol% ALO, 32 HAIANUITINITINAZANUINLEIZINGAND

o w % g}J 1 1 9 ~ 1 1
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Composition

{ 1 <3 1 a
31N 2.18 AU I WELAINNNKTEIVEI HAp 1agnsiAw Tetragonal ZrO,
. - 4 .
Polycrystalline (TZP) Hagziaiy ALO, Mf3mamanaanuuazifsoy
MeunusgnIemsnanlnd (Mixing) Lagnsinden
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4
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Fractuwe Tooughhe ==
- . — 3
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s 200 — % $
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g f — 2 5
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= | % £
é u
0 1T——— e E—— A e E— — 0
Pure HAp HAp+3Z3A HAp+10Z 20A HAp+15Z 15A HAp+15Z 30A
Composition

{ 1 < ' a
31U 2.19 AMANud s wasAMA UK NIV HAp 1083t Tetragonal ZrO,
Polycrystalline (TZP) ttazia ALO, NfFuaumanaany

(Kong et al., 1999)

9. [ va A a

Zhang etal. (2006) laAnyinsliulgsaniaidnaves HAp-zr0, Tasmsia zro,

I~ T oA LA o ] Y A
TuifSinaiuana1anufe 20 30 40 50 1az 60 vol% Zr0, 1n1uii Tvhnsuug @635 Stip

. Y o { a 1 o o
Casting H31MMsNINNgUHA LAz A LANANAUAD 1400°C 1981 2 H2 Tue 1450°C 1@ 1
#2114 1450°C 1981 2 9 Tuaraz 1500°C a1 142 119 Han1snaaeanuduiamuliua 2o,
A é] o Y I [ =~ A é] ~ a

WRIUIEIN 1HAINMINIT T ANUITELANURTEANINNTY TAgNTAN 60 vol% ZrO,

o < A a o I < =\ wAa A A
aalu HAp uazMmswHinNgavgi 1450°C iunan 2 92 1ue azlianiianeanananga as

1AL LTI 200 MPa AL 4.53 GPa LAZAUINLY) 4.37 MPa.m'
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1 1 < ' a 1 v
A1519% 2.1 AANULVILAS AN HIIVDY HAp Tagnsiau Zr0, TufSunauanaiany

(Zhang et al., 2006)

50 vol% HAp-50 vol% ZrO, 40 vol% HAp-60 vol% ZrO,
Sintering condition Hardness Toughness Hardness Toughness
(GPa) (MPa.m"?) (GPa) (MPa.m'?)
1400°C 2 h 2.21+0.03 2.21£0.11 3.12£0.13 3.05£0.33
1450°C 1 h 2.6840.03 2.04+0.32 3.74£0.16 3.45£0.53
1450°C 2 h 3.58£0.08 2.64+0.20 4.5340.28 4.37+0.54
1500°C 1 h 4.2140.10 2.5940.15 5.01£0.23 4.25%0.64
270
240+ —m— 1400 °c2h E
2104 —e— 1450°c1h
1 1450 °c 2h E
o 180
o ] —w— 1500 °c 1h T ;
5 1504 %
& . 4
T& 1204
5 ]
590 - .
E 1 T___)____i—/I
o4 I §—3%
] z/./
30 u
0.2 0.3 0.4 0.5 0.6
ZrO, Content

A 1 <3 a 1 @
3‘]_]1/1 2.20 AANULUNLLTIUDY HAp Tﬂﬂfﬂﬁm‘ll Zr0, Gluﬂ‘%mmummmu

(Zhang et al., 2006)

Juang et al. (1994) T@AnyIn1sdS vl jeauiidmanaves HAp-ALO, Taensiau ALO,

{ 1 U gj -] o 3 < 1
TuSuafuanaenune 5 10 15182 20 vol%ALO, niuii hilvimsaugaiduimswazmmpiin

a

figaungil 1200-1450°C 1una1 1 %2 Tus WAIINMINATOUNUN NITIAN 10 vol%ALO, aalu

U

i
=1

a 0 1 < {
HAp Tasmswwiiniigauvigil 1400°C 9:AIANUUAWMIIZINGAAD 156 MPa

q
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Nayak et al. (2008) ldAnu1nsnavesmsiau zro, aslu HAp Niiaennuvunsiuuay

Y v ] 1
AulANNNAvEIFUNUNRIUMSERLNguHgla Tasiauns Zo, Tuilfmaiuanasnude 2

U

9
=<

9
5 7.5 uag 10 wt%ZrO, mﬂuuﬁﬂﬂﬁwmimugﬂﬁ’amﬁ Uniaxilly Press TaelHus 961 280 MPa

a

= A o . & J v a
LAaZIHINUNNYUYION 1150-1250 C Lﬂul3a1 2 G])"JIlN ﬂ181@]1ﬁ§81ﬂ1ﬁﬂﬂ@] NAIINNITNADDY

Q U

]
=1

wu masay zro, TulSum 2wi%zro, aslu HAp Taownmilniguwigil 1250 °C azdinn

Q

[} < { o w
ﬂ'TIll'W1!”ILL‘L!ullagﬂ’ﬂ?\lllmxuﬁﬂqxiﬁq@ﬁﬂ 99.6% Llag 72 MPa fuaal

' . ' < Y H 1 @
M13197 2.2 AANUHUMUULAZANUUAUTIVDI HAp N wi% VDI ZrO, NUANANNU

(Nayak et al., 2008)

Composition Relative Diametral Three-point Phase in sintered HAp sample (vol%)
(Wt% ZrO,) sintered compression bending HAp t-ZrO, CzZ TCP
density (%) strength (MPa) strength (MPa)
0 98.0 13.0£1.03 35t1.2 100 - - -
2 99.6 34.512.763 7213.6 96.50 | 3.50 - -
5 96.3 11.3%1.04 31%1.55 649 | 113 6.2 17.6
7.5 92.4 17.0£1.362 4012 71.2 12.7 5.1 11
10 90.0 13.010.907 3611.75 79 14.50 Tr. 6.5

. YR ] A A Aa
Rapaz-Kmita et al. (2005) lafny1n13U5uigeauiiaidinaves HAp-ZrO, Tagn1siauy
70, ﬁﬁﬂmmwmﬂﬁu@ﬂ@hﬁuﬁe Coarse—grained ZrO, (CGZ), Fine—grained ZrO, (FGZ)

118z Needle—grained Zr0, (NGZ) lut3unar 20wi%2r0, 91n11ut1n153131/4207% Uniaxilly

a

Press Tag 11w 100 MPa tazwriinfigaingil 1150-1300°C Winan 2 $2Tue waveans

U

1 a = I . . { o
naaeanu Msanlinw zro, Tasldvuineynimilu Finegrained Zr0, avlu HAp i

q

= A A <

MIWNiinAgaall 1200 °C azliauiaenaianganelinin1undanss 125.2 MPa AULAS

Q

7.6 GPa 1agAMUINLT 1.4 MPa.m'”
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' ' < ' < 1 { 1 @
A1519% 2.3 AMANULVILDS AN NINLUILTIVDI HAp ‘ﬁﬁsllu"lﬂﬂ‘l;lﬂ”lﬂ‘ﬂﬂﬂ Zr0, NANA1NY

(Rapaz-Kmita et al., 2005)

Type of material Sintering Vickers Bending strength
Temperature ('C) Hardness (GPa) (MPa)
HAp 1150 5.8 101.2£13.4
1200 6.4 98.6+15.1
1250 6.6 89.5+134
1300 5.7 84.3+11.6
HAp-CGZ composite 1150 6.8 121.6£15.0
1200 6.4 119.1+15.0
1250 6.7 125.9£16.5
1300 6.5 130.8+£15.6
HAp-FGZ composite 1150 7.4 120.4+19.8
1200 7.6 125.2+£18.7
1250 6.5 100.6+17.0
1300 6.1 97.1£15.9
HAp-NGZ composite 1150 7.1 129.0£16.9
1200 7.3 123.94220
1250 7.1 101.2+16.8
1300 6.9 110.9+14.6
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(Rapaz-Kmita et al., 2005)
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uanaluasan 3.1

A s
AT N 3.1 uﬁmqﬂmmﬂ%’iumﬁmam

gilnsal HAan LU/
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
Hydraulic press (Compression machine, 11 tons) Carver Model 3620
Vernier Mitutoyo Diamond
High Temperature Furnace (1800°C) Labquip Vecstar/VF2
Furnace (1500°C) Nabertherm GMbH
Microhardness Tester Wilson 450SVD CK-AH
High Speed Diamond Saw Buehler Isomet 1000
Grinder&Polisher Machine Buehler Ecomet 5
Ultrasonic NEY 28H
Ion Sputtering Device JEOL JFC-1100E
Scanning Electron Microscope (SEM) JEOL JSM-6400
Universal Testing Machine Instron 5569
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32 Jaquazasail

[

< o A
M1 ¥N 3.2 ’Jf’fﬁ]Llazﬁﬁlﬂll‘lfll‘]ﬂuﬂﬁ%ﬂﬁﬂﬂ

A <
ﬁﬂlm%ﬁ”ﬁlﬂi\mi‘%}‘luﬂﬁ%ﬂﬁ@\i uaaaluasen 3.2
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Uszinnans Fonsan BIA/ANTA Hwaa
Aluminum Oxide CA5M Suzhou Dexin Advanced
9
v 9
aIaY Ceramics Co., Ltd.
Hydroxyapatite Hydroxylapatite Fluka Analytical
R ITERGEBIL Zirconium Oxide Monoclinic Zirconia Riedel-de Haen
SANATEANIE | Polyvinyl Alcohol - Fluka
€19 Stabilizer Yttrium Oxide - Riedel-de Haen

3.2.1 walaasendueihlng (Hydroxyapatite Powder)

nalaasondueihind gasall Ca,(Po,), Wu'leasenduoih Indniiaau

{y

= a 3 o A A @ Yy 1 3y H @ o 9y
UIgNIIDYaY 90 Tﬂﬂumuﬂ ﬁ\‘lﬁ]ﬂﬂuﬁﬁﬂhl@l!ﬂ HIsoYas 5.0 Tﬂﬁlumuﬂ Falniovas

Y

° @ ~ 9 H Y 3 9 H o = Y
0.2 Tagsiniin Tw@eusosas 0.05 Taguiviin vansesas 0.04 1Ag11MYn Ao U 08aY
%)’ @ = 9 % Y] =1 9 % o
0.05 Tagtvin Inunaideudesas 0.01 Iaeuiiviin uaatleuiseaz 0.005 1ag11nin
Iy H ™ 9 H o a a 9
Tavoansoeay 0.005 Iagliniin Noaadseeas 0.005 1agli1iin Uninasesas 0.005 lay
%)’ @ v Y % Y] Y 9 % o
WMinaznI3eeaz 0.005 Taglivin d4nsdsosas 0.005 1as1i1Miin (Fluka Co., Ltd.)
Aa A d . .
3.2.2 mezgmuﬂmen"lmﬂ (Aluminum Oxide Powder)
Aa A 4 a =~ 9 I a ~
neozgiifionoon lag (ozgiu1) gasall ALO, Hinsa CA 5 M ifluezgiiud

4
a

= a9 H @ a A o Y 1 = JY
HANNUITNTIoYaL 95 Iﬂﬁlu'lﬁuﬂ ﬁ\‘]lﬂﬂﬂuﬁaﬂulﬂllﬂ T%Lﬂﬂuﬂﬂﬂul%ﬂiaﬂaz 0.3

2 o aa 9 3 o = JY H o
Taoiniin §an1iesaz 0.2 Tasswiin uaaiFeueen ladsesaz 0.1 Tasiimiin uaz
< s LI . .
wianoen la@ (Fe,0,) 5080z 0.02 Tav1141iN (Suzhou Dexin Advanced Ceramics Co., Ltd.)

d = d
3.2.3 waweslniiaveen iy (Zirconium Oxide Powder)

'
a a

naes Indlenoon laa (e Taitle) gasiall zro, Wlutagauildlulsenu

q

A 7 @ P I oy H o = P
LYITND ﬂﬂﬂﬂﬁzﬂ@ﬂﬁﬁﬂﬂﬁgﬂﬂﬂﬂﬂﬂ L‘ﬁ)”ﬂﬁjﬂluﬂﬁﬂﬂﬁg 99 Iﬂﬂu’]‘ﬁlﬁ] ul‘l/lVl']LllfJiJﬁ@fJag 0.1
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sg’ o Aaa 9 % Y] o 9 % o I
Taeimiin sam3seaz 0.3 Taeimiin saasesas 0.2 Taguiiviin (vaniosas 0.03 Iag

% LY a 4 % LY A o 4 o o v
HIMUD uaznawuﬁu 9 %}E]EJEW 0.37 Tagumiin (%yjamﬂ USHN 31907 100 8N 91NA)

~ 1 4 =\ g’/ 9
A1519% 3.3 Aeealsenoumunlvesasainu

osntlsznoumandl | leasenduethlnd 2QIUT 10 Tatle
(Yowt)* (Yowt)** (Yowt) ***
Ca,,(PO,)(OH), 90 - .
ALO, - 95.0 -
710, . : 99.0
Sio, - 0.2 0.3
SO, 0.2 - 0.2
Fe 0.04 - 0.03
Fe,0, . 0.02 :
Na,0 . 03 :
CaO - 0.1 -
H,0 5.0 - -
Cl 0.05 - -
Ti - - 0.1
cd 0.005 - -
Co 0.005 - -
Cu 0.005 - -
K 0.01 - -
Na 0.05 - -
Ni 0.005 - -
Pb 0.005 - -
Zn 0.005 - -
U 9 4.62 438 0.37

HHGLYie: * Gﬁlmgamﬂ Fluka Co., Ltd
6 YUann Suzhou Dexin Advanced Ceramics Co., Ltd

U

9 a o

J @ o w
#6x AN UTHN 31A0F 1AD 89 910A

U
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3.3.1 NMINAaDIIeIAU

33.1.1 M3 Stabilize (505 e lagld 4% uadsinenoanlyn (4Y)

) an e J = [ A
VUABULAZITNST Stabilize (05 latily Llﬁﬂﬂﬂﬂgﬂ% 3.1

o )=} a A d
15035 1A1le : ﬂ‘ﬁmﬁlll@ﬁ]ﬂ]l"lfﬂ

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

¥

Y o % <
udlesiy : vnau

3 :97%wt

va/mauluniioua

(Alumina Ball Mill) 13a1 3 %2 134
|

*

MINUNTIANL

¥

DU 110°C 24 2114

NIUAZUNTITOU 170 LU
|

HIAI0819 - ENTINUNITIANIZ

97 :|3%wt

v

v

NI 0814
|

LLﬂiHﬁ/@gl!ﬂiﬁéﬂu 18 1Y

v

*

A3ADVINNIA

(X-ray Diffractometer)

Y 4? .
9AYU31) Hydraulic

A0113 991 25 MPa

= ) =
WWINUN (1500 C 90 UIN)

2 ¥ 4 ~
FUITU 4YL“])'EJ§'TﬂLL!EJ

A3I9ADVINNA

(X-ray Diffractometer)

3

i

v & P A 2
3.1 UWURITUADUNIT Stabilize k503 Iniia Taeld 4% Iuadsiieuoon luq (4Y)
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13 a d
33.1.2  MSIASEUNY Stabilize 1505 e lagy 4%luadsinaneen lua (4Y)
o 4 =\ =Y 9 v A =1 4
D wes Tadlsuvanauuuudlenlunieuadudsineussn laa
U USRI IEIU 96 : 4% T1a (92.91 : 7.09%wt) TaelFaruaney 3 %2114
) { { a g
2) hwedld leuldudaiguvgi 110 eeruaaiod Wunan 24
< [ g’/ o 1 d‘ Y ] 1 4
109 rdannuihaunaun 18 1ue udrseuruazunsasewos 170 1w (Mesh)
~ A =< & o Y- o ¥ o 9 LY
3) @I uANIINYMI AL BaTaN I8 Tagininauuazuilaiy
1 1 SOI " % gll o o
(Tapioca Starch) Mwauludn1auTosas 97 de 3 Tagtimin nasnnuuiirldduudanh
1 Y| ] I % =
msmuaunIuilaiuazaissunuanaedluiinnumtien

o o 1 Ayy 9 o A = Ay v
4) u’lW\WrJ'ﬂﬂ'N‘V]hlﬂ{lnﬂ Us 2. NWU@WﬁMﬂUﬁ’]iL‘Wllﬂ’]iflﬂlﬂ’]g‘ﬂllﬂ

9 v v 9 ' 1 @ g o @ 1 A = 1
A1NUD 3. Gluammamaﬂaz 97 19 3 IﬂEJ‘L!TViuﬂ i]1ﬂuuumm’mmmummmumllﬂsau

]
AN o

[ [ 4 A 9 I < ] 1 49@}
WIHUAZUNIITOULILDT 18 LY LW'E]GlWyVlﬂ@Hﬂ'lﬂﬂilﬁﬂ‘ng ﬂulu@l!ﬂil&ﬁﬁ’]ﬂ@ﬂﬂ’]iﬂlugﬂ
) @ ' Ay ¥ 9 o o X Y A o
5) u’lW\‘l@'J@El'N‘ﬂllﬂﬂ']ﬂ"Uf] 4, MWWWﬂWi@@ﬂJugﬂﬂﬂﬂLﬂi’f]\‘]’f]ﬂl,!llll
a 9 [ 1a d o Aa A ?J o ay ~ 9
nlaiﬂiaﬂiﬂﬂcl%lﬁﬁ@ﬂ 25 MPa LUNHNOAVUIA 160 AT NUAALUAT ﬂWﬂuuuWﬂfHQWHﬂulﬂulﬂ
o < A A ° 9 ' ~
MMTIAINUNNYUN N 1500°C Iﬂﬂﬂﬂﬂﬂa’l!ﬂ“ﬁf 90 UM
o & A =< Ay 9 o y_ 9
6) u’l%uﬁ’lu‘ﬂﬂ’luﬂ’lﬁlﬂ’lwuﬂﬂhlﬂil'lﬂ"llfl 5. UMINITUALNINIY
1 Y o A ' ' ' J £ o o ] Ay v
Iﬂﬁ\?LLa'JU'IWQﬂUl@Qﬂ‘IJ'ifJuWWH@]%LLﬂﬁQﬁfJULUfJﬁ 120 1% (Mesh) ﬁ]WﬂUUUWWQWUfJﬂWQﬂUlﬂhlﬂ

o (Y Y { .
‘VHﬂﬁ@l‘i’J%ﬁﬂU’JgﬂWﬂ’JﬂLﬂ%@ﬂ X-ray Diffractometer

4 1500°C 90u1"
< xjr \Y
2, /
£ e/ S e
8 S/ 5°C/uh
i
//
/ \
Lsc/uif
/' 400°C 120179
;_,f’"" Y nal
I‘\.
= (uf)

A P =< vow ~ . % a
E‘]_]‘Vl 32 ﬂi']wm@a;!acluﬂ'lﬁlw']p\ll‘lﬂllwu@'lj@ﬂ'mﬂ'ﬁlﬂiﬂiﬂ}m Stabilize !ﬂf’e’]ﬂﬂluﬂ

Taeld 4% luadsiiouesn loa (4Y)
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3.3.2 MIsnaasdlunuiay

g an T3 @ A A
TUABULALITNTNARDIWUUT U 2 NTNAADY muamiugﬂ‘n 33 uazgﬂ‘n 34

2 =) 1 [ V=) % 9O} Q'J
MINIAY + MR ULAIANITA udladu - 1hnau
= J a
leasonduoiIngd +ezgiivi+4y 3 : 97%wt
) A =
va/mauluniioua AINUMTOALN

(Alumina Ball Mill) 13a1 24 %2 114

' v

PULHI 110°C 48 32114 HIADDE1 : A1SAUNITIAINIZ
AIUAZLNTITOU 170 1NY 97 : 3%wt
HIAIDE1Y UNTYD/MZLNTITOU 18 1%

v

(%

8aY131) Hydraulic A28113961 25 MPa

QU

1a o a A
(LUNUNVUIA 160 AT NUAALUAT)

A 4

=
LWTAUN

(1300°C 1400°C 1@ 1500°C) 120 4N

Y
%uﬂ1u3ﬁﬂl%ﬂﬂ3$ﬂﬂ‘ﬂ

v 9 '
319 3.3 uRUAITUABULAZITNIINARDINIUNIINAADIN |
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[ 2}1 o Qy [ a A 9 ~ ~
wmmﬂuum%uqm’mmmﬂizﬂauﬂm1ﬂﬂizmumim38ﬂugﬂm 3.39%

MinasaeUanYuzmIZIazaI TR UaNTAFInadaadlugili 3.4

Y
%uﬂ1u’3ﬁﬂl"]§ﬂﬂ§$ﬂﬂﬂ

A\ 4 Y

ATNAOUANHULINNIY ATNTOUANTATING
v v
- 39)1A (X-ray Diffractometer) - AYUNUABNITAA 1A (Universal
- Iﬂﬂﬁ%}Nimmﬂ (Scanning Testing Machine)
Electron Microscope ) - mmlﬁq (Vicker's Hardness)
- ANMUHUIMUHY (Archimedes’s - AU (Indentation Technique)
Method)

319 3.4 MINTAVANBULDNIZUALNIIATIVAOVANTAUTINAVDIULHY
Aodiarailsznou

A [ b axn = v dy

ﬂ"lﬂgﬂ‘ﬂ 3334 ?ﬂiﬂiﬂl!fll\‘iLﬂumu@@uLLﬁg'J‘ﬁﬂWTW?'IﬁfNIﬂfJﬁm@ﬂﬂ JU
3.3.3 NM39NUUUNIINAA0N

I A [ [ 1 gj ) =& Y ~ o

WUMITNAARUNONIOATIFIUTTHINAITAIAY ‘;]Nulﬂ!’!,ﬂ 13@36ﬂ%££6ﬂ11ﬂ@

a 1 a 1 wa X Y 1 4 = A o Y o = a = 4

HAZRZRA N W DTN MLIAITU 6 “If\‘]hlﬂ LN K07 Iﬂm gnNn 'ﬂfVi 369 GH'Jﬂ']WLGHQﬂﬁgﬂi’]‘UUlﬁﬂﬁﬂf‘leL’E]TJ']UI‘VI@] -

a = v A = Y 1 <3 < ~ @ A
[AEA RN NﬁﬂJUﬂL%Qﬂﬁ“ﬂ\ﬂﬂ!Lﬂ AITULHUNLLIN ﬂ'NiJLL"’lNLLagﬂ'JHJL‘Hu&ﬁjﬂﬂﬁﬁllﬂﬁﬂ’ﬂ‘].Eﬂﬂﬂﬂ]’ﬂ\‘]

4 A A A 1] = a = 4 a o A
waﬂmufjmmaﬂum@mnwmﬂszﬂaﬁlaman«maﬂﬂm—axgmm uazmwummu'lwaz
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ﬂ??%ﬂ?i%ﬂﬁ@ﬂﬂl@\iﬂﬁm"mﬁﬂ (U Qmwgﬁuazwaﬂuﬂmmwﬁﬂ Lﬁ’f]ﬁ"lﬂ”lilzﬂWiLN"INﬁﬂ‘ﬁ

MINzauNgad M uIagTIMNFlseney Auaaeseazoen 1ua13199 3.4

v 9
A5 3.4 amwmuwammmimﬁ’u AITLAVLUAN ngQﬂ!ﬁ{]ﬂjuﬂ15lW1Wﬁﬂ"U’éNﬂ”li“V]ﬂﬂi’]\1

3R asAuuAR | guugil
AR08 (Govaz Tae5u1a9) GovazlaoifSues) | (a9en na:
Ca, (PO,)(OH), | ALO, 4Y-Zr0, BRUTHO) v

H 100 0 0
H30A15Z 55 30 15

H25A20Z 55 25 20 1300 120
H20A25Z 55 20 25
H 100 0 0
H30A15Z 55 30 15

H25A20Z 55 25 20 1400 120
H20A25Z 55 20 25
H 100 0 0
H30A15Z 55 30 15

H25A20Z 55 25 20 1500 120
H20A25Z 55 20 25
334 MIATNTOUIIHUAMZVOITINIAY

3.34.1 ﬂ15?11611‘L!W]!!ﬁ$ﬂ1§ﬂ§$%]ﬂﬂ‘l§ﬂ]ﬂﬂlﬂ\1ﬂ\1€hﬂﬁiN

ﬂ1iﬁ1ﬂlu1mlﬁ$ﬂﬁﬂ§$ﬂ1ﬂ@1§31ﬂmﬂﬂwﬂﬁﬁﬂﬂ1ﬁ Tagoderiannis

a dy U A =\ ¢ I 1 o A
NITNITIWATNITIAYIVUUDILET Glcvmaﬂu—uaauLa!,cnaﬁl,ﬂu!,mmm!,uﬂum

Lﬂ%@ﬁﬁ@: Mastersizer S Y991/ HN Malvern Instruments Ltd.

AEMsnaael

1) a1 laemsguilsuim 2 niu

~ 73 &
2) WIgNA1TaTaY Calgon 1 lodigua

a @ @ 1 J a
3) mummzmﬂmﬁ'ﬂ 2. HEUNUANAIBYN 50 @NUIANLEUANAT
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° ) A o A A o a X
4) ‘Lnlllllf’]]ﬂTﬂ?ﬂlﬂﬁﬂQﬁuﬁglﬂﬂuIﬂﬂﬂaulﬁﬂ\iﬂjﬁlﬂﬂqq (Ultrasonic

bath) 15uan 30 w1 udni i anszide 1

p| 19 3.5 1A504 Particle Size Analyzer

d d
3.3.4.2 msasiadnsztiesntszneumana (Phase Analysis)
a 4 4 @ [] [ dy
MINTINIATIZHBIRTZRBUMI AV IBE1 TasnannITiae Uy
o ad o . . = b, ad 2
VYDITIALONY (X-ray diffraction, XRD) NNHANVDIATIL IHUNMNT U (Pattern) N15LQ8UUU
% ] a 4
MWIEAIVOIATUAALFUANINNYVOUUINA (Bragg’s Law)
A A a o 9 I
IA50940: XRD (PW3710 BASED) ¥04U3H"N Bruker 1% CuK, v
G RGRINE R Lo
AEMsnaael
1) Tdsensdnedeasuunsoulania19619 (Sample holder)
9 ] @ [} ~ [} 1 @ ] YA 1
2) lsurunszannadiegianedlunsenldanediegnalnizeuuiy

o v A Y o [ % 1 Y o a 4
3) u'lI“/J'mﬁﬂ‘ﬂﬂL"ll1ﬂ‘Uﬂ’i’é]‘UGlﬁFNGl’Jf]EJNLLa’Ju'l'l‘iJﬁi’J%’JLﬂiWﬁ

anznlylumsnaaeu
Generator voltage = 40 KV
Generator current = 40 mA

Start angle = 20
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End angle = 70
Time per step = 0.5s
Step size = 0.02°

517 3.6 10509 X-ray diffraction, XRD

3.3.5 MISIASLNMAUAIDENS
o 4 v a 9
1) 1w laasendueilh InaunuanduiumezgiufSumdosaz 20 25 uaz 30
< ) A % D) ¢ P
TaeSnas Wumsaadu uazensas uusamaaz e 4viwes IamiorSunadseaz 15 20 tag 25
Taei/51105 aauaadluasian 3.4
G A = ) o g o .
2) W3 ENATIANMIIAmLaa 1@ laeriniinaluas Polyvinyl Alcohol MIHEY
@ [ 9 1 % o [ g/ o Y Y [ J .
lusasaiudesas 9740 3 Tagrimin vasinyiuii ldduud1in1snIuaunia Polyvinyl
3 3
Alcohol azangauruanaeduila
o o ' {y ¥ 9 o Y . Y s
3) 1NHIA98197 Ida1ndo 1. WimTuaKauA2Y Ball mill Taslduoanssod
I %] I <
Wudrnanuanauilumnal 23 9219
4) Aoz laana 2. @uadlu Ball mill 118010 903, 1d1ua
(=t I <
Nauaodnunal 1 %2 1u4

=1

° { 1 a I o
5) e Ia e dudsnguvgd 110 esrusaidod Hunar 48 52 Tug

Q
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Y ] [
6) nasnnuuhaunaui 1a lduawdsdae Inse e lildeynimnanisiuda
o o § 1 ] 1 4 @ ] § <3
Aundnimen 18 lsourmuazinsasauns 170 iy (Mesh) 1d1a: 1dmadeg19ndvuiaén
79190 lunseu
~ A =< & o Y o 3 ) 9| @ .
7) w3snanINMsdamesaasari 18 lagriinauuazuilesiy (Tapioca
1 1 90’ % U g’/ o o
Starch) wwanlusasidiudosas 97 de 3 Tasrumiin wasinuuiildduudlviinisniu
v Y @ I %’ =
sunuilaiuazmesunuanaeiluiiinumilen
° o VoA Y ) 9 A = Ay ¥ 9
8) 1MKHad108190 1d1nTe 6. MuaRaud U sHiuMTEamIz N 1dande 7. Tu
)

1 1 %J U ) { J )
a@mmu%’aﬂaz 97 o 3 Tagumiin mﬂuumwmaamqﬁﬁmmmﬁm‘lﬂiaumumuﬂsq

]
A v

J 4 A F) I < 1 1 g
TOULVDT 18 LY maclﬁ”lﬂmgmﬂmaﬂyngﬂumﬂuﬂiga Q'IEJGI’ﬂﬂﬁ"lJug‘lJ

o [ ] A Y 9 o (Y g Y A o a
9) u'lWQ@]'JﬂEJ'NVIllﬂ"ﬂ'I"Uf] 8. il'I‘VI'Iﬂ]ﬁ'ﬁ]ﬂ“\]ugﬂﬂ’)ﬂlﬂﬁ'ﬂﬂ'ﬂﬂuﬂﬂqﬂiﬂﬁﬂﬂ
(Hydraulic press, 11 tons UY04U3THN Carver International) ﬁlﬂg U9 3.7 Taeldus98a 25 MPa

HUNUNOAVUIA 160 MTNTAANAT FI920A IHURNUAIDINTANNHUT 7 HaANAT

= A o a > o
qi]‘]J‘VI 3.7 miawﬂuuu'laimammamm@ 11 U

3.3.6 MIWHWHIUNUAIDEN
o 1 Y 1 d' 1 [ da! 9 =< 9 d' ) Y
WAL 9819 IUNToATUF Y1000 3.3.5 N uHIHINAIBIA uH DI A
Y ' Y
Fuaugnaagiiuauiuneiu iR uFuu
1A5091J0 : Furnace (1500 9aFNL5a1eer) Y9913 5N Nabertherm

anmznldlunmnaaes



1 d'

%199 1

QuUnQN = 500 DI TAIF A

AN INUQUH AN = 1.5 99f AT e /1IN

AUMLLY = 120 119

g

%199 2

Qutifil = 1300 1400 130 1500
IR AT E

BAIIMIINNUHYN = 3 DaraITYa/ N

A UMY = 120 119

g

%197 3

QUNYI = 50 DR ATFY e

BM31MIAAIVDIQAUTN = 5 9IfNIKAIT Y /1N

15581NA = 1na
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(1300 1400 LAz 1500°C ) 120 U9

3°C /i
5°C /U

500°C 120119

1.5°C A

v

1781 (W)

A 9 = ] @ [}
317 3.8 namdeyalumsminlnuRuAIBE1
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3.3.7 MSNATDUANNHINUHUUDINDENS
MINATOUANUHU MU UVDIAIDIN A UTUMTNATOUAIWUIATIIU ASTM
C373-88
ABMITNAFDUANUHULIUY
o Qy A =< o Y A a ) 3}/ o Y
1) ihFuauadumswwin ldhmseundeiguvgil 150°C 9w lin

< f ) 4 3% o
PliguTuniioganuiu (Desiceator) tdarv91i T ganimminuds (W)
9

0 £ Y A ) 2 4 g & y & 9 v
2) truauluden 1 Tldulwhasuiluna 5 $1lue Jasmsdutivdels

Y
v A

3 2 o 1 S &
UINMIUFUNIUAADALIA) “"l]1ﬂ‘1!‘1!‘l/l\‘l¢]’]'€]ﬁﬂ\‘lll’ﬂuu1lﬂuﬂﬂ1 24 ﬂfﬂhﬁ

v 9
o @ o

L} { v %
3) hdaredeluded 2 llvhmsdsaihminuivassluii (wy)

9 ] 9
° @ °

Cod o y o1 oA
4) Mdeg1 Uiy Ivassluidy mvaimiinaudaa luii

32

Yy 2 a v Yy < a Aa Y =2 o 4 3 o L
(WS) Iﬂﬂiﬂfﬂﬂmu1ﬂﬂi‘ﬂ1’m1ﬂ UAUFAHUTIFIUNUNHNIDDNLULAIDININITHIUIHUD 1IN UUUN

q

wan e lUduuma Ny

5) MIMUIBTIANVHUIUUVDIAIDY

YSnsvesiieda (v) = (WeW)/p
1 ﬂol 1 %

p A0 ANUNUIMUVYONI INY 1 g/em’

ANUAUMUUYDIAIDE (Bulk Density) = W,V

3.3.8 NMINATOUANUNUABNITAAIAG (Flexural Strength)
NATOUATIUNUADMIHATAIIIIATTIL ASTM C1161-90 TavlFin3 oanadonus
ﬁmazuﬂﬂﬂmaﬁﬁﬂ (Universal Testting Machine)
1) M3 eusiegiuionadon
o damoedumaaeulitiunisdimaonumnalsyinm 5 x 35 x 5 (Max
017 x g9 Daamwas (& 0.05 admas) fraTesdaludamysanuEid (Low Speed
Diamond Saw)
° awmmﬁﬂmmﬁaadnﬁ%aﬂﬁzmymwa&%ﬂﬂuﬁ’aﬁﬂﬂmﬁfm
anneilFlumsieson

@ 1 4 £
Glmmwmmmmﬁumuqu&mmq 542

<
AITULIITDU 150 59U/U10N

Y
HINUNNAAA 150 N

v 3 Vg o
Gl%umaamwumzm
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2) ﬂTiﬂﬂﬁ@Uﬂ?TNﬂHd@ﬂ?iﬁﬂTﬁjﬂ
= ' v 59 y A A =
Wunisnageuanunuaensan 1ne lagluaseslonadouisnaazis
v
navesiag 1HusinTzAUFUIIU 3 9@ (Three-point flexure)
1A3094/0 : Universal Testting Machine UOILIHN Instron
IBMINATD

v 9
‘Li"IG]’Ji’JEJN‘I?]Ilﬁ}i]"lﬂ"lluﬁﬂuﬂﬁmdiEJiJG]’Ji’JEJNiJ"I‘V]ﬂﬁi’JU

¥
anznlFlumsnaeeu
YAFURIUAUINANUDIIATEITUMeEN = 2 ilaang
AUNIUPIPATBIT U061 (Support span) = 20 HadNS
<3 o 9 Aa a =

A2 1uMsnAAA 1Ad (Crosshead speed) = 0.2 Yaaas/u1n
UIUAIOY = 12 A19819

y , 2
NATOUFINI0819L = 3 A54

A a9y
NATOUNQUNNNHDI

o ' Y Y o Y
mimu’mm’Jm%umam‘mﬂimmu’gmUl@mﬂ?mmi 3.1)
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Pattern: 00-010-0173

Radiation = 1.540600

Quality : Indexed

Ca,(PO,)(OH),
Calcium Phosephate Hydroxide

Hydroxylapatite, syn

Lattice :Hexagonal

S.G. : P63/m (176)

a=9.41800

¢ = 6.88400
z=2

Mol. Weight = 502.32
Volume [CD] = 528.80
Dx =3.155
Dm =3.080

Data collection flag : Ambient

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

Radiation: CuKal
Lambda: 1.54056
SS/FOM: F30=55(0.0157,35)

Filter: Not specified

d-sp : Guiner

2th i | h|k]| 1
25879 [ 40 | 0 | 0 | 2
28127 | 12|10 2
28967 | 18 | 2 | 1] 0
31,774 | 100 | 2 | 1 | 1
32197 | 60 | 1 [ 1] 2
32902 | 60 [ 3 [0 | 0
34049 | 25 |2 |0 | 2
35481 | 6 | 3|0 | 1
39205 | 8 |21 2
39819 [ 20 | 3| 1] 0
40453 | 2 |2 ] 2| 1
42,030 | 10 | 3 | 1| 1
42319 | 4 | 3]0 2
43805 | 8 | 1|1 3
44370 | 2 | 4]0 0
45306 | 6 | 20| 3
46713 |30 | 2 | 2| 2
48.104 | 16 | 3 | 1| 2
48624 | 6 |32 0
49469 | 40 | 2 | 1| 3
50494 | 20 | 3 | 2| 1
51285 | 12 | 4 | 1] 0
52102 | 16 | 4 | 0| 2
53145 | 20 | 0 | 0 | 4
54442 | 4 | 1|0 | 4
55881 | 10 | 3 | 2| 2
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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

I/Icor = 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| 0 | 1 2
35136 | 90 | 1 | 0| 4
37785 | 40 | 1 | 1 0
41.685 1 0101 6
43363 | 100 | 1 | 1 3
46184 | 2 | 2 | 0| 2
52553 | 45| 0 | 2| 4
57519 | 80 | 1 | 1 6
59769 | 4 | 2 | 1 1
61.166 | 6 112 2
61345 | 8 | 0 | 1 8
66548 | 30 | 2 | 1| 4
68.198 | 50 | 3 |0 | O
70359 | 2 1 2] 5
74268 | 4 | 2|0 | 8
76882 | 16 | 1 | 0 | 10
77229 | 8 1|1 9
80695 | 8 | 22| O
83.219 | 1 31016
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 | O |2 | 10
90665 | 4 | 0 | 0| 12
91.204 | 8 1|3 4
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Pattern: 00-037-1484 Radiation = 1.540598 Quality : High
Zr0O, 2th i h k 1
Zirconium Oxide 17419 | 3 0 0 1
Also called : zirconium dioxide, Baddeleyite, syn, zirkite, | 24.048 | 14 1 1 0
zirconia 24.441 | 10 0 1 1
Lattice : Monoclinic Mol. Weight = 123.22 28.175 | 100 | -1 1 1
S.G.: P21/a(14) Volume [CD] = 140.70 31.468 | 68 1 1 1
a=15.31290 Dx =5.817 34.160 | 21 2 0 0
b=15.21250 Beta = 34383 | 11 0 2 0
c=5.14710 99.22 35309 | 13 0 0 2
a/b=1.01926 1/lcor = 2.60 35900 | 2 -2 0 1
c/b=0.98745 z=4 38396 | 1 -2 1 0
Temperature of data collection: 25.5° 38.541 | 4 1 2 0
Data collection flag : Ambient . 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
44.826 | 7 2 1 1
45522 | 6 -2 0 2
McMurdie, H., Morris, M., Evans, E., Paretzkin, B., 48949 | 2 -2 1 2
Wong-Ng, W., Hubbard, C., Powder Diffration, Volume 49.266 | 13 2 2 0
1, Page 275(1986) 50.116 | 22 0 2 2
CAS Number: 1314-23-4 50.559 | 13 -2 2 1
51.193 | 5 -1 2 2
Radiation: CuKal Filter: Monochromator 54.104 | 11 0 0 3
Lambda: 1.54050 crystal 54.680 | 1 2 2 1
SS/FOM: F30= d-sp : Diffractometer 55.270 | 11 1 2 2
111(0.0073,37) Internal standard: Ag FP 55.400 | 11 3 1 0
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Pattern: 01-070-4430

Radiation = 1.540600

Quality : Calculatted

((Zr0,)) 65(Y,05) )0 035

Zirconium Yttrium Oxide

Lattice : Tetragonal

S.G. : P42/nmc (137)

a=3.62500

¢ =5.14000 z=2

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 | 0| 0 |2
34977 | 178 | 1 |1 |0
43.112 11| 1|02
50230 (344 |1 |1 |2
50230 (344 |2 |0 |0
53.570 1 2101
59.640 | 120 1 | 0 |3
59.766 | 241 | 2 | 1 |1
62.672 50 121012
68.360 3 211 1|2
73.662 I510]0 |4
73.888 42121210
78.989 2 1104
81.710 67 | 2 |1 |3
81.819 42 13101
84.222 25 | 1 |1 |4
84.384 32 12|22
84.384 3213|1160
89.568 1 31012
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qﬁ]” 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 standacd is issued 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,

3.4 Container—A glass beaker or similar container of
such size and shape that the sample, when suspended from
the balance by the wire loap, 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 shatl
contain no cracks. The individual test specimens shail weigh
at least 50 g.

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

" This test method is under the jurisdiction of ASTM Committee C-21 on
Ceramic Whitewares and Related Products and is the direct responsibility of
Subcommittes C21.03 an Fundamental Properties.

Current edition approved Sept. 30, 1988, Published Navember 1988. Originally
published as C 373 - 55 T, Lust 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
specimens have been impregnated with water, Usually the dry mass is
determined before impregnation. However, if the specimens are friable
or evidence indicates that particles have broken loose during the
impregnation, the specimens shall be dried and weighed after the
suspended mass and the saturated mass have been determined, in
accordance with 5.3 and 5.4 In this case, the second dry mass shall be
used in all appropriate calculations.

5.2 Place the specimens in a pan of distilled water and boil
for 5 h, taking care that the specimens are covered with water
at all times. Use sefter 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 0.01 g
Perform the blotting operation by rolling the specimen
lightly on the wet cloth, which shall previously have been
saturated with water and then pressed only enough to re-
move such water as will drip from the cloth. Excessive
blotting will introduce error by withdrawing water from the
pores of the specimen. Make the weighing immediately after
blotting, the whole operation being completed as quickly as
possible to minimize errors due to evaporation of water from
the specimen.

6. Calculation

6.1 In the following calculations, the assumption is made
that 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-§
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6.1.2 Calculate the volumes of open pores Vo and
impervious portions ¥, in cubic centimetres as follows:
Vop=M-D
Ve=D-§
6.1.3 The apparent porosity, P, expresses, as a percent, the
relationship of the volume of the open pores of the specimen

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

P=[(M - D)¥] x 100
6.1.4 The water absorption, 4, expresses as a percent, the
relationship of the mass of water absorbed to the mass of the
dry specimen. Calculate the water absorption as follows:
A=[(M - D)/D] x 100
6.1.5 Calculate the apparent specific gravity, T, of that
portion of the test specimen that is impervious to water, as
follows:

T=D/D- 8

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

B=Dv
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 to individual values, report the average of all ten
determinations.

8. Precision and Bias

8.1 This test method is accurate to +0.2 % water absorp-
tion in inteslaboratory 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 pasition respacting the validity of any patent rights asserted in connection

with any ltem mentioned In this standard, Users of this standard are
patent rights, and the risk of infringement of such rights, are entirely

exprassly advised that determination of the valldily of any such
their own responstiility.

This standard is subject to revision at any thne by the responsible technical commitise end must b reviewed every five years and
if not ravised, either reapproved or withdrawn. Your comments are invited efther for ravision of this standard or for I

and should be addressed lo ASTM Headquarters. Your comments will receive carelul consideration af &

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

mesting of the responsible

your comments have nol received & fair hearing you should meake your

vigws known to the ASTM Committee on Standards, 1916 Race St., Phiisdelphla, 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 i diately followi:

the year of

nmnaludopuonot,mthemofrcv:mn,tltywnfhstmomAnumbammmmmthemofhsmouLA
superscript epsiloa (¢) 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-Y4 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 Psy-
chrometer (The Measurement of Wet- and Dry-Bulb
Temperatures)®

2.2 Military Standard:

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

3. Terminology

3.1 Definitions:

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

3.1.2 four-point-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
overall span, away from the outer two Support bearings (see
Fig. 1).

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

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

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

2 Annual Book of ASTM Standards, Vol 03.01.

Jmmamm&mas Vol 11.03.

4 Availahl

700 Robbins Ave., Philadelphia, PA 19111-5094,

Order Desk, Bidg. 4, Section

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).5 Specific fixture and specimen configurations were
designated in order to permit ready comparison of data
without the need for Weibull-size scaling.

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

5. Interferences

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

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

" The boldface numbers in
methed.

refer to the refe at the end of this
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A:L=20mm
B:L=40mm
C:L=80mm
FIG. 1 The Four-Point-Y4 Point and Three-Point Fixture
Configuration

introduced during the early course or intermediate ma-

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 free
of initial lag at the loading rates used and shall be equipped
with a means for retaining read-out of the maximum load
applied to the specimen. The accuracy of the testing machine
shall be in accordance with Practices E 4 but within 0.5 %.

6.2 Four-Point Flexure—Four-point-Y4 point fixtures
(Fig. 1) shall have support and loading spans as shown in
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
cylinders may be made of a ceramic with an elastic modulus
between 2.0 and 4.0 X 105 MPa (30-60 X 106 psi) and a
flexural strength no less than 275 MPa (~40 ksi). The
portions of the test fixture that support the bearings may
need to be hardened to prevent permanent deformation. The
¢ylindrical bearing length shall be at least three times the
Specimen width. The above requirements are intended 1
ensure that ceramics with strengths up to 1400 MPa (~2(0
ksi) and elastic moduli as high as 4.8 X 10° MPa (70 x I(
Psi) can be tested without fixture damage. Higher strengtn

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

TABLE 2 Nominal Bearing Diameters

Configuration Diameter, mm
A 20025
B 45
c 9.0

TABLE 3 Specimen Size

Confguration  Width (5. mm Depth (@), om "™ (L) min
A 20 15 25
B 40 3.0 45
[ 8.0 6.0 20

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
outer-support bearings roll outward and the inner-loading
bearings roll inward.

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

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

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

7. Specimen

7.1 Specimen Size—Dimensions are given in Table 3 and
shown in Fig. 4. Cross-sectional dimensional tolerances are
+0.13 mm for B and C specimens, and +0.05 mm for A. The
parallelism tolerances on the four longitudinal faces are
).015 mm for A and B and 0.03 mm for C. The two end
aces 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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N

LOADING MEMBER

L&)
\ 2

1.5d

SUPPORT MEMBER

le L 'i
Note 1:
Configuration L, mm
A 20
B 40
c 80

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

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

the following four specimen preparation procedures:

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

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

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

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

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

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

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

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

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

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

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 limit
on strength distribution parameters, but also to help discen
__litiple-flaw population distributions. More than 30 speci
mens are recommended if multiple-flaw populations ar
present.
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TEST SPECIMEN
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Note 1:
Configuration L, mm
A 20
8 40
Cc 80

L

154
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8. Procedure

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

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

8.3 Slowly apply the load at right angles to the fixture.
1he maximum permissible stress in the specimen due to
Initial load shall not exceed 25 % of the mean strength.
Inspect the points of contact between the bearings and the
Specimen to ensure even line loading and that no dirt or
Contamination is present. If uneven line loading of the
Specimen occurs, use fully articulating fixtures.

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

can be distinguished. Carefully drawn pencil marks will
suffice.

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

8.6 Loading Rates—The crosshead rates are chosen so
that the strain rate upon the specimen shall be of the order of
10X 1074571,

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

e=6ds/L?
where:
¢ = strain rate,

TABLE 4 Crosshead Speeds for Displacement-Controlled
Testing Machine
Configuration Crosshead Speeds, mm/min
A 02
B 05
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
3 to 30 s. 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 beam in
four-point-¥4 point flexure is as follows:

_3pL

5=t

0]
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
S=2v @
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 Eqgs 1 and 2 do not

give the stress that was acting directly upon the flaw that

caused failure. (In some instances, for example, for fracture mirror of

fracture toughness calculations, the fracture stress must be corrected for
subsurface origins and breaks outside the gage length.)
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Note 2—The conversion between pounds per square inch (psi) and
megapascals (MPa) is included for conveni (145.04 psi = | 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
billet identification data. (Did all specimens come from one
billet?) As a minimum, the date the material was manufac-
tured shall be reported.

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

10.1.5 Heat treatments or exposures, if any.

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

10.1.7 Strain rate or crosshead rate.

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

figures.
10.1.9 Mean (S) and standard deviation (SD) where:
gt &)

/ 2(S-3
! 4)
(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 another.
There will be an inherent statistical scatter in the results for
finite sample sizes (for example, 30 specimens). Weibull
statistics can model this variability as discussed in Refs (1)
and (6-10). This test method has been devised so that the
precision is very high and the bias very low compared to the
inherent variability of strength of the material.

11.2 Experimental Errors:

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

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 1 % for
configuration B and less for configuration C in either three or
four-point loadings, as discussed in Ref (1). The chamfer
sizes in this test method have been reduced relative to those
allowed in MIL-STD-1942 (MR). Chamfers larger than
specified in this test method shall require a correction to
stress calculations as discussed in Ref (1).

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

11.3 An intralaboratory comparison of strength values of
a high purity (99.9 %) sintered alumina was held (7). Three
different individuals with three different universal testing
machines on three different days compared the strength of
lots of 30 specimens from a common batch of material.
Three different fixtures, but of a common design, were used.
The mean strengths varied by a maximum of 2.4 % and the
Weibull moduli by 2 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.

11.5 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-
mens. Experimental results for strength variability on B
specimens, in both three- and four-point testing, were
generally consistent with analytical predictions of Ref (9).
For a material with a Weibull modulus of 10, estimates of
the mean (or characteristic strength) for samples of 30
specimens will have a coefficient of variance of 2.2 %. The
coefficient of variance for estimates of the Weibull modulus
is 18 %.

12. Keywords

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

(Nonmandatory Information)

X1. ALTERNATIVE PROCEDURE

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

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

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

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

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

X1.5 Crosshead Speed—Crosshead speed shall be 05
mm/min (0.02 in./min).

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

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

- 0.12£0.03 mm TYP, 4 PLACES
318+ 0.13 mml SEE DETAIL A r
ol % 7 {
- 1 o) 7IaJ0515 mm) 4504 50
F 45mm MIN B e \/ 0.154.0.05 mmf
— 635£013mm TYP, 4 PLACES
EEEE‘" LELL [ VI FIGTFETY DETALL A

DETAIL A
ALTERNATE METHOD

FIG. X1.1 The Alternative ‘D’ Test Specimen
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1. Scope

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

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

2. Referenced Documents

2.1 ASTM Standards:

E 4 Practices for Force Verification of Testing Machines?

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

E 380 Practice for Use of the International System of
Units (SI) (the Modernized 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 843-4 Advanced Technical Ceramics, Mono-
lithic Ceramics, Mechanical Properties at Room Tem-
perature, Part 4: Vickers, Knoop and Rockwell Superfi-
cial Hardness*

2.3 Japanese Standard:

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

2.4 ISO Standard:

ISO 6507/2 Metallic Materials—Hardness test—Vickers
test—Part 2: HV0.2 to less than HV56

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, Vol 14.02.

4 Available ﬁ-omEmopunCommxtwc rormmmmmwum

S Available from 2 . ijm

€ Available from i Stand: O Geneva, Swi d

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 mmhodnsvuysmuar
has most of the same requirements, a.nd differs only in areas required by
the special nature of ad d 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
times deeper than Knoop indentations made at the same
load.

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

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

5.6 A full hardness characterization includes measure-

‘
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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 a single, designated load.

6. Interferences

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

6.2 Cracking or spalling around the Vickers impression
may occur and alter the shape and clarity of the indentation,
especially for coarse-grained ceramics whereby grains may
cleave and 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 is 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 that the
loading rate, dwell time, and applied load can be set within
the limits set forth in 10.5. 1t is an advantage to eliminate the
human element whenever possible by appropriate machine
design, The machine should be designed so that vibrations
induced at the beginning of a test will be damped out by the
time the indenter touches the sample.

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

1.2 Indenter:

72.1 The indenter shall meet the specifications for
Vickers indenters. Sec 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 periodicall
ifit is loose in the mounting material, chipped, or craci
shall be replaced.

7 The boldface numbers in parentheses refer to the lst of seferences at the end
of this test method,

136*

4

T

FIG. 1 Vick;;rs Indenter

Nore 2—This requirement is from Test Method E 384 and is
especially pertinent to Vickers indenters used for advanced ceramics,
Vickers indenters are often used at high loads in advanced ceramics in
order to create cracks, Such usage can lead 1o indenter damage. The
diamond indenter can be examined with a scanning electron micro-
scope, or indents can be made into soft copper to help determine if a
chip or crack is present.

1.3 Measuring Microscope:

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

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

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

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

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

8. Preparation of Apparatus

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

Practices E 4, :

8.2 Separate Verification of Load, Indenter, and Mes:

ring Microscope—Procedures in Test Method E 384, Sec-
tion 14, may be followed. :

8.3 Verification by Standard Reference Materials—Stan-
dard reference blocks, SRM No, 2831, of tungsten carbide
that are available from the 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 indentation is sharp. Residual stresses from polishing
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 d ic hard
Hardness was only affected when the surface finish had an optically
resolvable amount of abrasive damage (7). (Extra caution may be
appropriate during polishing of transformation toughening ceramics,
such as some zirconias, since the effect upon hardness is not known.)

10. Procedure

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

10.2 Specimen Leveling:

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

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

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

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

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

A

® 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
information to ASTM Head Your will receive careful consid-
eration at a meeting of the 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-

%;—Z“—ﬁ @
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FIG. 2 Closest Permitted Spacing for Vickers Indentations
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ACCEPTABLE INDENTATIONS

e

» porosity

&

bowed edges

<5

UNACCEPTABLE INDENTATIONS

large tip
cracks

tip region :

o &

asymmetrical

©

spalled edges
\

displaced chipping and I :agg,eddgdgl;es
ragged stges grain displacement
pullouts)
: indent on a
pore at tip large pors

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.

NoOTE 10—In many ceramics, porosity may be small and finely
distributed. The indentations will intersect some porosity. The measured
hardness in such instances properly reflects a diminished hardness
n:lau:vr: 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 11
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 distorts the edges of the indentation.

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

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

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

11.1.6 Read the two diagonals of the indent to within
0.00025 mm and determine the average of the diag
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?) (1)
where:
P =load, N, and
d = average length of the two diagonals of the indentation,
mm.

Norte 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?) )
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?) A3)
where:
P =load, N, and
d = average length of the two diagonals of the indentation,
mm.

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

Note 16—Equations 2 and 3 the Vickers hard b
which is a dimensionless number; for example, HV = 1500. HV
formerly had been assigned units of kgf/mm2. Equations 2 and 3
produce the same Vickers hardness number.

Note 17—The factor 0.102 in Eq 3 becomes necessary through the
introduction of the SI unit newton for the test force instead of
kilogram-force to avoid changing the value of the Vickers hardness
number from its traditional units.

12.4 The mean hardness, HV, is:

HV =

@

n
where:
HYV, = HV obtained from nth indentation and
n = number of indentations.
12.5 The standard deviation, S, is:

. ,/E(IW-HV,,)Z )

n-1
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Crosshair
(@ INCORRECT. Crosshair completely covers the tip.

Light fringe (Size is exaggerated)
Setting the Zero

) - -
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

Tip in the fringe
~

X
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. Crosshair M S

Y

12.6 The hardness symbol HV shall be supplemented bya for example, HV1/15 means the Vickers hardness for an ap-
number indicating the test force used, expressed in newtons plied test force of 9.81 N (1 kgf) applied for 15 s at full load.
multiplied by 0.102 (and therefore equal to the test force
expressed in kilograms-force), and optionally a number indi- 13. Report

cating the duration of test force applications in seconds. So, 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 measuring device, inadequate re-
solving power of the objective, insufficient magnification,
operator bias in sizing the indents, poor image quality, and
nonuniform illumination. These can contribute to both bias
and precision errors.

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

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

Within-L 4 1 7
Number  Average Repeatability Reproducibility
Load, of ~ Diagonal d Coeff- Exp Coeffi-
P(N)  Labora- Length,d yncer- cientof Uncer-  cientof
tories ®Gm  taintye tainty©

(um) % (um) %
9.814 10 3452 0.56 0.58 294 305
9.818 8 3457 0.62 0.64 270 2.79
2 made by organizing y. Outlier resuits from one labora-

tory deleted.

B Indentations made by participating laboratories. Outlier results from two
laboratories deleted. One other laboratory did not do this part of the exercise.
C Coverage factor of 2.8, P gtoad5% interval.

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

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

15. Keywords
15.1 advanced ceramics; cracks; indentation; microscope;
Vickers hardness
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Abstract

In this work, the effect of Z10, additions on mechanical
properties of ~ HAp-ALO, based composite are
investigated. HAp were mixed with 0, 20, 25 and 30
vol’s ALO, to obtain various HAp-ALO, based
composite  Then (4Y)ZrO, additive was mixed in the

base composite with 0, 15, 20 and 25 vol% HAp-ALO,/

ZrO, composite were sintered at 1300, 1400 and1500°C.

Density and phase of sintered composite were
characterized. Flexural strength was also measured. As
the result, the highest flexural strength was obtained from

20 vol% Z10, sintered at 1500°C.
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