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HASSANAI LUANGTHANARAK : FABRICATION OF Al03-SiC
COMPOSITE USING SiC NANOPOWDER SYNTHESIZED BY
MECHANICAL ALLOYING METHOD. THESIS ADVISOR :

ASST. PROF. SUKASEM KANGWANTRAKOOL, D.Eng., 159 PP.

ALUMINA/SILICON CARBIDE/NANOCOMPOSITE

The properties of Al,O3-SiC composites were investigated, such as strength and
toughness for the optimized engineering applications, such as cutting tools, abrasive
tools, and engine parts. There were 2 parts of the experiment. The first part was to
study the synthesis of nano-sized SiC powder from silicon and graphite powder by
mechanical alloying. Synthesized SiC nanopowder was annealed at 1350°C. In the
second part of the experiment, synthesized SiC nanopowder obtained in the first part of
the experiment was reinforced in Al,Oz matrix with different amount and sintered by
embedding method. Sintered composites were characterized on the phase,
microstructure and density. The mechanical properties of sintered samples, such as
hardness, flexural strength, and fracture toughness were measured.

The result showed that the highest flexural strength, 426.8 MPa, was obtained
with 15 vol% SiC and sintering temperature at 1750°C. The maximum fracture

toughness, 3.8 MPa.m”’, was obtained with 5 vol% SiC sintered at 1750°C.
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23 MSUANANMULTING (Mechanical Alloying, MA)
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Technique Effective quench rate Maximum departure from
(K/s) equilibrium (kJ/mol)
Solid state quench 10° -
Rapid solidification 10™-10° 2-3
Mechanical alloying - 30

Mechanical cold work - -

Irradiation/ion implantation 10 -

Condensation from vapor 10 -
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Type of milling

Milling speed

The end-product

Milling time

of the milled

Milling atmosphere

powders

_ Type of grind medium
Extant of fill the vial

Charge ratio

719 2.8 MadonsulsAUveINTEUIUMTNITUANTUIDLEFING (Suryanarayana, 2001)
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719 2.9 mangnueanszuNN IUTLHINMTUANTUILUIFING (Suryanarayana, 2001)
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319 2.10 na1IzeznAIMIUANUHAABYUIABYN IAVLIABYAA (Suryanarayana, 2001)
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Decreasing
ball-to-powder
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Milling time, hr
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31l 2.13 uaasTaanaeuTuda (http:/www.mtec.or. th)
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31U 2.15 TaanenTwdanldluaunead e (hp://www.mtec.or.th)

242 w513innedlnan (Ceramic Matrix Composites, CM(C’s)
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2.4.4.4 153999 (flexure)

319 2.19 NAN19U33AA (flexure) (http:/www.mtec.or.th)

o [ =2

ﬁﬂymgm@Q!!§Qﬁﬂ§$ﬁ1ﬁU3@Qﬁ AHUSHAUUDILTIAY !!§Q!ﬁ@u
o 9 9 o = 2 ] %) o o
HAZUIINAOA 3 !!§Q!m1ﬂgﬂﬂuﬁnﬂ§ﬂ‘ﬂ 2.19 mul]ﬂ’nmﬂaNEU’eNmu‘lJuEU’eN’mqgﬂuiQﬂﬂ’e)ﬂ

o A Yo = = A o o/
N5z vauenla AYIZHNUIIIAUAZHUITIURDUIINNITINAIUDIIA

a

Y A

P = v A 1 wa a g.}/ U 9 <@ o 9
!N@‘V]ﬁﬂ_lﬂ\iﬂi]ﬂﬂ%uﬂa@]@ﬁﬂﬂ@]ﬂl@ﬁﬂ@NTWﬁ@%Q 4 U079 ANAANTINTOUIUDYD

a

¥ H ]
mmuumwmimuﬁaﬂ%umﬁ'uslmﬁimm i?hﬁﬁ%ﬁ%Nﬂlﬂ\i!!i\i‘ﬁﬂigﬁuﬁ@%ﬂ’JN@h!!ﬁuﬁ

Y o 9 A a £ a LY wa A 9/
idulaasuuse Wimneaw !‘W’é)Nﬁ@]“lfuﬂuﬂmﬁ‘v\lﬁ@’é]@ﬂiJflﬁ%]@ﬁiJ‘]J@]!“Nﬂa@niJ@]’éNﬂﬁ

v
v W

{ Id wa a a
519 2.20 WunshSsudsvauiavesney Tndanudagduuiewiia idunivves

a

a v a 1 [~ ] v v A g.}/ :7 v NN g.}/
ﬂ@NTWﬁ@]!!@]ﬁ%“lﬂ!@ﬁ!!ﬁﬂﬁ@@ﬂh1!ﬂu%ﬂﬁﬁh1ﬂﬁﬁ ATNUAITINAUVUAMAZATATNUSUFINAV UGN
] v A 3’, o & ~ i A & [ A, 3
TagmauiadanavudniunenTndafindasiamalulagngli wu Bmsvuzinunves
o J o U 1 v A g.}/ Id voA Y a A a Y ~ Y
HIUAINION ﬁ’Juﬂ1ﬁ3J‘1J@!°INﬂﬁﬂluq@!‘]JuﬂTﬂl]ﬂinﬂﬂ@iJTWﬁ@] %Nﬁ@ﬂ?ﬂ!%ﬂiﬂiﬁﬂi%@ﬂgﬁ
] Qy a d' 9 o ~ d' a 9 =)
’EJfJN%uﬁ1uﬂ@h1ﬂﬁ@%1%ﬂﬂq@ﬁ1ﬁﬂﬁillﬂ1i‘ﬂu!!ﬁ$®’3ﬂ1ﬁ‘1/]Nﬁi‘5]ﬂ’Jfl !‘ﬂﬂTuTﬁﬂ Autoclave
. <3| 9 A @ o a A v < ¥ A | v A
moulding udu Eumzmﬁuﬂiwhlm’mﬂ%u@auwu miannantaaseenuudurIutes9n
< ¥ A ' = [ 9 a = J =
!‘ﬁﬁﬂﬂa1hh1ﬂh1ﬂﬁa1ﬂ!ﬂ§@!%u!@ﬂi}ﬂ‘lJlliJ azamuﬂmﬁmmﬂ%mmﬂu (ﬂuﬂ!%ﬂiuiﬁﬂ

a

Tanenaz TaquuasIa, 2549)



35

2800

2400

2000

1600

1200

300

400

Tensile Modulus (MPa)
==
pisemra|
e
ey

Woods
Alalloys
Titanium
Steels
E-Glass Composites
S-Glass Composites
Aramid Composites
HS carbon Composites
IM carbon Composites

319 2.20 Ao TnAAFIAAI ) 1A2A1 tensile modulus (http://www.mtec.or.th)
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¥
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MHUA aataaeluasied 3.1

= o
AT NN 3.1 qﬂmmﬂ%ﬂumsmam

ailnsal Hran HU/FU
SPEX mill SPEX 8000D
X-Ray Diffractometer (XRD) Bruker D5005
Ball Mill P.S.CM. Alumina ball mill
Dryer ELE Model SDO 225E1
Microhardness Tester Wilson Microscan/Isoscan

Ac Plus

Particle Size Analyzer Malvern Mastersizer S
Vernier Mitutoyo Diamond
Uniaxial Press Carver 2702
Transmission Electron Microscope JEOL JSM 2010
(TEM)
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
Disc grinder Gatan Model 626
Ultrasonic disc cutter Gatan Model 601
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{ oA '
a13519% 3.1 gilnsainlFlunmsnanes (ae)

ailnsal Hran HU/FU

Dimple deep Gatan Model 656

Ion milling Gatan Model 681

Tungsten carbide vial SPEX WC vial

Hardened steel vial SPEX SS vial

Alumina vial SPEX Alumina vial

!ﬂ’%@\ﬁ?\i Denver Instrument TC-254

High temperature furnance (1 800°C) Carbolite Vecstar/VF2
32 aquazansadl

[

A =
ﬁﬂ!!a$ﬁ1§!ﬂ3\l%1°fﬂuﬂ1ﬁﬂﬂaﬂq !!ﬁ@\ﬂu@1ﬁ1\ﬁ/] 3.2

d' o/ dd‘
f139N 3.2 ’Jﬁm!ﬁ%ﬁﬁ!ﬂh%i‘lﬂuﬂﬁ‘V]ﬂﬁ’éN

Uszianans Fonmsm FUA/ANTA Hran
ks

A13A9AY Aluminium Oxide (AL0,) CA5M Suzhou Dexin
Silicon (Si) Finest powder Sigma Aldrich
Carbon (C) Reactive Sigma Aldrich

RIS TEURE Polyviny Alcohols (PVA) Premium Quality | Kriangkrai LTD., Part

=

gaIne

A3¥IONS Polyvinyl pyrrolidone (PVP) | Premium Quality | Fluka Chemical GmbH

13218602

3TN Yttrium oxide (Y,0,) Premium Quality | Sigma Aldrich

guurAiln
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d' o/ dd‘ v
f139N 3.2 ’Jﬁm!ﬁ%ﬁﬁ!ﬂh%i‘lﬂuﬂﬁ‘V]ﬂﬁ’éN (919)

Uszianans Fonmsm FUA/ANTA Hran
m15selumsua Isopropyl alcohol (C,H,0) Premium Quality Caro erba
m13vazany Methyl ethyl ketone For analysis Caro erba
asvaeduly Oleic acid [CH,(CH,),CH - Caro erba

Qs 3
mMsonvuzll :CH(CH,),COOH
UITIIMAAIUAN | Argon gas (Ar) High Purity Thai special gas
(TSG)

321 weezgiitianeen’led (Aluminium Oxide Powder, ALO,)

U

s

4 =Y = 9 Id
neozalifioneen lod (azgiiu) gasiall ALO, 1H1nsa cA 5 Miilu
a 1 a Q‘ % o A o v o
pzgliuMin S qnifesaz 95 Tagiiin dudedundanldun Tmasueen ladsosay
% o aa 9 % Y ~ Y % Y
03 Tamhmin dan15e8az 0.2 Taguimiin uaaideueenledsesas 0.1 Tagiiniin
< s H 2y . .
nazmanean lae (Fe,0,) ¥owaz 0.02 Taguimiin (ﬁ'@yjamﬂ Suzhou Dexin Advanced Ceramics
Co., Ltd.)
322 wWaFaneu (Silicon powder, Si)
aan ~ . Y Id aan A =) a‘
HaBANOU gasiall Si 191n5a finest powder 1T UFANOUNUANINUTANT
4
¥owaz 98.5 Tagrimiin
d
3.2.3 WAV U (Carbon powder, C)
o A 9 . I o Aa A £
HeMTUOU gasiall C 16105 reactive carbon 1TUAITUBUNTANNUTANT
4
$owaz 99.95 Tagrimiin
a ~ d . .
324  WI9EM3aM000 19¢ (Yitrium oxide powder, Y,0,)
a ~ J = 9 . . QA A -
HID NI oNoN la gasiall Y,0, 14105 premium quality 15 udsims e

& A ~ AQ‘S) % @
?]?]ﬂllclf@ NUANNUITNTIINE 99.99 T@ﬂumuﬂ

3.3 35MINAag

3.3.1  NMFIdNUUUMINAAD
¥

asy d'
UYUABUUASITNITNAND uﬁmslugﬂw 3.1-3.5

. = ' a an J J =
11 charge ratio %mmzﬁmamim@muﬂwﬁaﬂaumﬂm}gﬂ% 3.1
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Haganey (silicon

powder, Si) powder, C)

o
HIATTUOYU (carbon

11 11

ATIVADUVANHULIANIE
-3MA

- YUIRUNIA

1l

VANTNUVVITING (mechanical
alloying, MA)

Tagld charge ratio‘ﬁ 10:1 20:1

30:1 40:1 uag 50:1 IAINITUA 1

& ) 7
¥ 119 neldussenaeisneu

11

H MA (MA-powder)

11

ATIVADUANYULIANY

-3MA

—
_l/

Tiaufou (annealing) N
a o) )
gl 1350°C iflunal 2
¥ Tu9 maldussemea

s
913NdU

iy

ATIVADUANYULIANY

-3MA

1l

an o J
muﬂwﬁaﬂaumﬂm}

(SiC nanopowder)

19 3.1 vu

ot

¥
Y

o J aa s I
@lﬂuﬂ1ﬁﬁ\1!ﬂﬁ1$1’iNQHWTH%ﬁﬂ@HﬂWiﬂ‘UWﬁ Charge ratio 10:1 20:1 30:1

40:1 uaz 50:1 lanlunmsua 1 5 Tu4

o Y . = ' a a A aa J J =
#8491 18 charge ratio MuzaudemsAalnserganeuas luagila

g { a a a an o J o
3.1 ntiumnaimuzaslumsinal)nservessaneumi luaaaaaslugil 3.2



A ye o
RITaNDUsilicon HIMTUBY  (carbon Tiaudeu (annealing)‘ﬁ
powder, Si) powder, C) = P
aaunnd 1350°C 1lunai 2
il I Ry
o Y
V] ¥ 119 meldussernia
ATIVADVANHULINNIL 015 noU
-3MA
- YUIABYNIA o
ATIVADVANHULINNIL

ﬂ -3MA

VANTNUVVITING (mechanical

U

an o J
muﬂwﬁaﬂaumﬂm}

alloying, MA) Tagld charge ratio

20:1 01T uUAl 23 4568

nag 10 ¥ 109 meldussermer (SiC nanopowder)

s
913NdU

iy

H MA (MA-powder)

1l

ATIVADUANYULIANY

-3MA

ot

¥
Y

{ o J aa s I
‘]J‘ﬁ 32 ﬂlu@@uﬂ1ﬁﬁ\1!ﬂ§1$1’iNQHWTH%ﬁﬂ@HﬂWﬁﬂUWﬁ Charge ratio 20:1 Gl%'!’mﬂumim

123456 8uaz 109579
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H MA (MA-powder)

iy

Tiaufou (annealing) N

a o) )
gl 1350°C iflunal 2
¥ 1ua meldussena

s
913NdU

iy

an o J
muﬂwﬁaﬂaumﬂm}

(SiC nanopowder)

1l

AFIVABVANHULIN WILVUINOUNIA (Transmission Electron Microscope, TEM)

¥
Y

{ a 4 an o I {
U7 3.3 TuasumMIIATITHANU TuGanauas lUAN charge ratio taznAMIMILEN

ot

v a a a an o J
@]’é]fﬂﬁ!ﬂﬂﬂ;]ﬂﬁfﬂéll’é]\iclmﬂ’é]uﬂ1ﬁllﬂﬂ

o { ' a a A aa 4
ﬁaﬁiﬂﬂl]ﬁ) charge ratio !!a$!3ﬁ1‘ﬁ!1’iu1$ﬁui‘5]®fﬂﬁ!ﬂﬂﬂaﬂﬁfﬂcﬁaﬂ@u?ﬂﬁ

¥
Y ]

J v { o an o J o
l1‘]J€’] mﬂuummm’mz’faumumaumﬂmgﬂﬁ 33 u1N\1u1Tucﬁﬁﬂ@uﬂWﬁl]‘]JﬂiﬂlﬁﬁiJ!!ﬁQGlu

[

- 4
92 QiU1A331lN 3.4
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REGITR

(alumina powder, CA-5M)

an o I
muﬂwﬁaﬂaumillmm

o 'd
dA5124 1aY charge ratio 1A

U

N IMINZ Ay (synthezed SiC

ATIVADUVANHULIANIE
-3MA

- VHIADUNIA

nanopowder)

il

° & o [ A o Y 9 aa o P
u1u1%3@1uﬂﬁﬁ1ﬁgu%ﬂ1uguﬂg T@ﬂi%wqu11umaﬂ@uﬂ1ﬁﬂﬂﬂﬂ

5vol% 10vol% 15 vol%

1l

ladsmsenean loa 0.15wt% Haanilunai 24 52714

Tagld isopropyl alcohol Fudanang

1l

@UANTAUMT AN

¥ ' H o
980T 97 910 3 Tagiimiin

(PVA) HIA30819A0 83 IMNNTIRINE

11

9 9
au1¥ina

il

v 4
HIUAZIINTIUDT 100

1l

o 3 Y
@@mugﬂ!!ﬂﬂ!!‘ﬂ\i

wmuu'laasedn)

il

=
IHTAUN

ot

¥
Y
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AT IAIUNANNU
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4 ° o a o aa 4 Jd o °
!ﬁ@‘ﬂWﬂWﬁ!NWNﬁﬂ?ﬁﬂ!%ﬁﬂﬁgﬂ@‘ﬂﬂg'QiJuTCHaﬂ@uﬂWﬁl]‘]J@ UIWININIT

o wa A o a o aa o o o
@]ﬁ?ﬂﬁ@ﬂaﬂﬂm$!ﬂW1$!!ﬁ$ﬁ3J‘]J@]!°FQﬂaﬂl@ﬁﬁﬁﬂ!%ﬁﬂﬁ%ﬂ@ﬂ@%qnu%%aﬂ@uﬂ1ﬁl]‘ﬂﬂﬂﬁﬁﬂd

a

3.5

[ a

Jaqualszneu

o an o J
@%QNH1-%ﬁﬂﬂuﬂ1ﬁll‘Uﬂ

I il

ATIVTBUANHULIANI AsIVTRUANTAFING
- 3)MA (XRD) - ANUNUABNITAA TR
- Tasear¥199a01A (SEM, TEM) (bending strength)
[ <
- AN UMY Y - ALY (hardness)
- A THe7 (toughness)

¥
Y

19 3.5 TUABUNITATIVADLENH VLR IIZUAZATIVABUANLATINAVDITAAIF

ot

a an o o
Usgnevezgliur-saneuns lua
d' [~ g.}/ as =) % :3}
139 3.1-3.5 annsautadluvruasuazIsmnaned Jagaziogandll
332 MSAENNIAI0E1
a o o g.}/ an
wsenpau Tuganaua1s lua Jagaz l¥a1sasdude Faneu (Si) nag
o d' ] d o a J o g.}/ 9 v o
aiveu (C) Neglugdvesnns Idd inundmsigddnyuzvesaisasdunaulagaziinig
ATNAOUANVULIANIY VIANAZINNIA FI9ZHANA I UATOINANUULITING (SPEX mill) 619

31N 3.6
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PABOO00)

T TN

319 3.6 1IAT0UANANNULIFING (SPEX mil])

4 T A % Qs A % Qs
GlufﬂiNEﬂJﬁ%%1“195)9@i1ﬁ’3ui$‘1’i’31\1u1‘1’iuﬂﬂl@ﬁ@lﬂﬂﬂ@]’ﬂuﬂfiuﬂﬂl’ﬂﬁﬁ1i

[ Y] : y a % ] o Id
(charge ratio) 1M1 10:1 Fegnuai 19Ae sxgiiur ahwiindszainm 15 n5u) naz ldmipuaily

@ s s %) o = A
‘V]Qﬁ!@]uﬂ1ﬁulﬂﬂ (WO ﬂgﬂ@ﬂ1ﬂﬂ1ﬁﬂ1ugm@1uﬁuﬂ1ﬁﬂ (31) o

Y = zZ/X
py " o o Ay
Wwa Y A UINLINANINFRINTUANAN
z Af dminuesgnuasie 1 udaus (15 Ni)
= o : Y | it
X A8 AF31491 charge ratio V11T LLFAAZATS

¥ 1
I A |

SIETENNG charge ratio“ﬁ 10:1 /1§
Y = 15/10
Y = 15 ndudensua 1 asq
AunuiiensardIures Faneususiueum ANz (3.2)

Si + C (Graphite) —» SiC

Tagh waluanavesdaneuas lug (Sic) 40.09

(3.1

(3.2

nsuae lua
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waluanavaIFanau (Si = 28.09 nSueelua

o [ v
waluanavainzueu (C) = 12 nsuae lua

a

Y a a o J [ 9 gaa 1 o
wu%ﬂmm%amumﬂuw 1.5 N3Y doelgFana N

Silicon = (1.5/40.09) x 28.09

Q

= 1.05 NIy

¥
LY a

Y a a o J [ 9 9/ 4 1 o
wu%ﬂmm%amumﬂuw 1.5 N3Y foelFmsuoumIN

Carbon

(1.5/40.09) x 12
= 044 n5U
333 N15M529a01 charge ratio MYINLANVDINIA D81
g ' v y
mnumsfez laasldulfeunlasldaniiminvesgnua Feazviing
v ¥ ' ' o '
Faiminynase iledsugnuatiminezilasunilasll 1$na1lun1sua (milling time)
° 9 4 G aa J Il . A 1 o
aminua maldussermaeisney eTennau TUFanoUAS 1UAN charge ratio NANAY
g.}/ an o 1 ] & {
Tagvz ldmsasdude $aneu (Si) nagmsueu (C) feglugilveanns 1vd eaznlaou charge

ratio 191 10:1 20:1 30:1 40:1 uaz 50:1 9= 1¥a1 1 52 Taslumsuanan a9a15199 3.3

A13197 3.3 8AT1TIUNANN Y charge ratio 10:1 20:1 30:1 40:1 uag 50:1 A1WA 1 ¥ 1u9

CRRERN ﬁmﬁ’ﬂqﬂ charge naad (N5) 1 UFTENA
SICRGERY) ratio Si C #1119

Al10-1 15.70 10:1 1.10 0.46 1 81ineu

A20-1 15.27 20:1 0.53 0.22 1 81ineu

A30-1 15.20 30:1 0.35 0.15 1 81ineu

A40-1 16.08 40:1 0.28 0.12 1 81ineu

A50-1 16.29 50:1 0.22 0.09 1 81ineu

334  N1A5IVABVNIANIHINZANUVDINIAIDE 1
=l an o o . Ay [ 9/ g.}/ 9
93 aUAIU TUGANBUATS JUAN charge ratio NA19AY Tagaz lda1sasduy
an . o { v o { . [~
Ao Fanou (Si) uazasueu (C) feglugilvewns IWd Feezldou charge ratio il 20:1 9214

a1l 23 45 6 guag 10 5 Taalunmsuanay adas19 3.4



A15199 3.4 eas1aIuNan1Fa a1 2 3 4 5 6 Suaz 10 ¥ 1919 charge ratio 20:1
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CRRERN ﬁmﬁ’ﬂqﬂ charge naad (N5) 1 UFTENA
SICRGERY) ratio Si C #1119
A20-10| 1523 20:1 0.53 0.22 10 81ineu
A20-8 14.37 20:1 0.50 0.21 8 81ineu
A20-6 15.32 20:1 0.53 0.22 6 81ineu
A20-5 15.10 20:1 0.52 0.22 5 81ineu
A204 | 16.01 20:1 0.56 0.23 4 81ineu
A20-3 15.11 20:1 0.52 0.22 3 81ineu
A202 | 15.17 20:1 0.53 0.22 2 81ineu
A20-1 15.62 20:1 0.54 0.23 1 81ineu
335  gamgilumsldinnudewn

MHAI9819% 180100 33.2-33.4 319115 1 AE 0 (annealing) #8191

Tl uuusie (wbe furnace) 931 3.7 Tasaruaulmeldussomserineu azliusa

o ' a A
?]13ﬂ’é)1!l]1’mw1u 500 uaa

a J

aasaa Ui 1efa

=)

nINAaeILaAlUA1I 19N 3.5 1azgin 3.8

317 3.7 naaua TWihwuumie (ube furnace)

9 (Y v d a = A G4 A
Td¥wadegauuiinannauysal anzildlu



A1319% 3.5 deyalunislinnwious

%399 QU ga31Ms Iiaseu RN NN
(IR UwaITEA) | (RIRUFATA/UN) (1)
1 25-1350 3 - -
guvgiliadm
2 1350 - 120 .
5
3 1350-25 5 - -

s
UGV * UTTIINIADITNOU

15007 1350°C, 120 U

o] A
1000 37C/um

5°C/um
500

200 400 600 800 1000 1200 1400

a1 (U1N)

1600

71U 3.8 annzilFlunsidaiuiou
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33.6  NISATINADUANHULANIZUBIA TN UUAZNIN D14
3.3.6.1 MIMUVMIAUALNITNTEIYRYNIAVDINITANBU BN AL
d
AM5UDY
an o
MINIVUIAUALNITNTLINYBUNIAVBIHITANDUIAZAITUBY
[ [ a :3} P A ~ J T o A

Tago1@erann13N1TNIZRMA TRV Iagldaney-teatawesdlunmasnuila

1

3‘]]‘17!] 3.9 19304 particle size analyzerﬂl’eN‘U%ﬁTl Malvern Instrument Ltd.

as =l o ] d' a 4
ITATIATINAI0UNONTUATIEH
& an o v o ] [
1. Fwdaneutazaiueu lasguilsmadiednas 2 niu
4 9 9 Jd o
2. 1A39NE15a2819 Calgon AMNTY 1 1e5ibua
~a d' =) 9/ [ (% ]
3. anasazanegas enlude 2. naunupea10819 1u1f33m 50
o a
ANINANFUANAT
4. i hhwdrdreasesduaziiiou TagaduTesnrwdga
(ultrasonic
Id o ~ ot
bath) 1111381 30 W udi U ns1ziae i
3.3.6.2 MIMVMANINVBIANTAIDE
mMsvvuavesnanfdvuInu Tumas Taels Scherrer formula
o o a =2 o A
paziinasens s sumeuvuiapnanasaunisn 3.3

t = 09NBcos® (3.3)
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Tagn A D ANE1IAIUVEY CuKa
B 0 full width half maximum ¥1118910 T15umnasulwaS 89 XRD
o fo yueIe (2 theta scale)
~ d 4 .
3.3.6.3 MIasiaszriesnlseneumatila (phase analysis) Vo4
Aan d ~ U v
HaIBaNDU ATUBU DI AZHIAIBE
a 4 o an o
A15A5293AT1TYeeRlsy R umalavesvesnssaneu A1SUeY
4
% ] o [ o
nazreAle819 Tagldndnns MaaeIuuvessIdend (X-ray diffraction, XRD) 91ANANUBY
Aad 4 % v a o
1592 1HUnNNTU (pattern) MIMIIUURNIZAIVOITTUADZFUAAWNYVOILUTNN (Bragg’s
4 A o ) v o A w
Law) Tagl$1A599 XRD ¥89UTHN Bruker 1% CuK, iuuviasduiaged
Aas =l % ] d' a 4
IEMTIATINAIDGIUNDNITIATIZH
1. Tdsamsnnaaeuasuunsoulanenio819 (sample holder)
2. 1urunszannansezgiuiieglunsenldnsdedgialiimoumiu
o [ [ U (% ] o =y 4
3. ihrhndsllahdunseulansdiegaudni llasradms ey

a oA
ﬁﬂ13$1Hﬂ153!ﬂ51$1’7ﬂ9

generator voltage = 40 KV
generator current = 40 mA
start angle = 5°
end angle = 90°
time per step = 02s
step size = 0.02°

v 4 o &
3109 3.10 19509M15108MUUYOITITON G (X-ray diffraction, XRD)
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Y d
3.3.6.4 MIMNYUIAVINIGIBE 1 ILNADIYANIIAUBIGNATO UV VD
A (Transmission Electron Microscope, TEM)
@ [ A 1< = 2
NITATIVTDUAD UM IVUIAVDINIAIDY NNUUUIAIANUN BIUATDI
o . . ' 0 Y =R v LY Ja 3
IAUVYUA particle size analyzer l]iJfﬂiﬂﬁﬂ‘VHllﬂ WHIUVUIAAIYNADIYANITTAUDIANATD UL
TOIHIU (Transmission Electron Microscope, TEM)
. . a a o <
1. 1A59UHY polyvinyl pyrrolidone 1.7 Haansy vandniua
a1l 1134839 isopropyl alcohol 1101 metyl ethyl ketone Tuvranaradn high density
{ A A A v A A o
polyethylene Nlgnuaszgiiul s lriiluiia@enuy
2. 1il® polyvinyl pyrrolidone a¥a18MUALGI HIHAIDE199165 83
151 asuldasluvianaradn high density polyethylene Ua@0dn 1 %2114

° & v & w o . <
3. dndumedueaas laiin (ultrasonic probe) Wuna 5

9 H v
4. nndungamsazatsluded 3 aquuazINTINBAINIAAD L
o [
aomiueu ouliuiedronaea 1W5@gd (UV lamp)
o v ITa a3 L ]
5. NdedRl1endedganIsANdIANAToUND YA IA 1Y
(Transmission Electron Microscope, TEM) 8183818 25000 191 50000 1911 1A 80000 111
337 mawsesiagalszney
= U ¥ ~ ~
3.3.7.1 MaeFEpea 013Nl wezgiin
< Q/ ' = . = o =
19T 9UAIAIDE19N charge ratio LazAHIITAYN Adlua15199

3.6 uaninnlianuseuaud 3.3.5

A1519% 3.6 A1319U04 charge ratio HAZIANNIZ AN

#0819 Umiingn | charge A1TAIAUNTY) 1 UFTENA
SICRGERY) ratio Si C (#3T39)
A20-5 16.45 20:1 0.57 0.24 5 813 nou

MUIUTATIAIUMAIDIN M IT UL T uezgiin

o a o g A d ad A Aa A
1. u1WQ@$Q3Ju13J1°FQ@’Jﬂ!ﬂﬁ@\i%Q@!aﬂ%ﬁ@uﬂ%uﬂg1ua$!@ﬂ@

[ @ % o v o [ v (2 v v 1<
0.0001 N3¥ Tagsaimiinmny 40 NTUND 1 A8 ‘Uﬁﬁiﬂu!!ll!!‘ﬂ‘ﬂ!‘ﬂﬁﬂ (mold) YU1A

Y

a A o o 3 4 o a .
40 x 40 fiadmes udihmssavusddronseswnlansedn (hydraulic press) 9¢3AIMMUNUT 10

a

yaauas
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° o 1 [~ o v {
2. mnasandumiuoasiaiulasdsuas ll@?@ﬂh@ﬂﬁ%ﬁ?l 3.7
° v o aa 4
Glumimu’aiu%zi%’mmwumuummazquumamaﬂaumi
S & ] ' < @ J a ' o
l]‘U@ G'Tﬁmmwumuuﬁwu’mgﬂu NIUAGNUIANIFUANAT (g/cm3) AU HIUUUBIDSQNUN
= 3 aa = 3 o a v a YA a A
f8 3.98 g/cm” HAzHanauas 3.21 g/cm 1!1NQ?J$Q3J1H’E]@118Tﬂiﬁﬂ1ﬁhﬂ31h1’iu1 10 yaaiuag
) § H £ [ S ° ° <3|
(mm) 92 l&reoggiiviiitmin 40 n§u nintusziihmndnnaiudesaz Taolsuias
¥
Omamamiﬁm’smmﬁ
WINABINIT3000% 95 V830U 40 NTUAD 38 NFU 1N

WITAIIAUHUMUUYDIOZ QAU

Alumina 38 (2)/3.98 (g/em’ )
3
= 9.54 cm
° aa o 4
o msannalFFansuns luasesas 5 lagSuas
% g.}/ an o o a [
aariudesay 5 veaFanaUAIS lUA 1NBLQUUT 40 NT Y Ao 2

[ ° v an o J
Ny mmmiﬁ'aﬂﬂ’amwumuumawaﬂaumﬁl]im

Silicon carbie 2 (g)/3.21 (g/cmB)

= 0.62 cm’
Binasnanaie = 9.54+0.62
= 10.16 cm’
dadiufesaz Tasdsuiasuesezgiiun
(9.54 x 100)/10.16 = 93.89 vol%
dadiufesaz Tasdsuiasvessanaunis lus
(0.62 x 100)/10.16 = 5.84 vol%

wg}./ Y

an o I
o QHH@]’ENﬂ1§cﬁﬁﬂ®uﬂ1ﬁllﬂﬂ‘ﬁ%jﬂﬂﬁ$ 5 Tagdsuas

Silicon carbide (5 vol%) (2x5)/5.84

171 g
an o JY Aan 4 Jd 1w ]
C]iﬁﬂ’é]uﬂ1ﬁl]ﬂﬂﬁ’é]flﬁ$ 5 Tagdsuas %M%ﬂaumﬂummﬂu 1.71 N34
¥
[ -] Y

an o I
o QHH@]’ENﬂ1§cﬁﬁﬂ®uﬂ1ﬁllﬂﬂ‘ﬁ%jﬂﬂﬁ$ 10 Tagdsuas

Silicon carbide (10 vol%)

(1.71 x 10)/5

342 ¢

an o JY Aan 4 Jd 1w ]
Cﬁﬁﬂﬂuﬂ1ﬁllﬂﬂﬁﬂﬂﬁ$ 10 Tagdsuas %zumaﬂaumﬂummﬂu 3.42 N3Y

wg}./ Y

an o I
o QHH@]’ENﬂ1§cﬁﬁﬂ®uﬂ1ﬁllﬂﬂ‘ﬁ%jﬂﬂﬁ$ 15 Tagdsuas
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Silicon carbide (15 vol%) (1.71 x 15)/5

513 ¢
an o JY Aan 4 Jd 1w ]
Fanoumi luasesaz 15 Tagllsuas aziiganouas luamiiny 5.13 n5u
o & o { aa o I
o aaiiudesnmsezgiuml¥ganeums luahiesa 5 Tasi5inas

Alumina (SiC 5 vol%) = 40.00-1.71

3829 ¢

=)

) aa o I o [ Y o
ezgliunildganoums luansesay 5 Tasiffias vz 1dezgliuminf 5.13 nsu

o & o { aa o I
o aniudesnezglumlssanoums huansesa 10 Tae5anas

Alumina (SiC 10 vol%) 40.00-3.42

36.58 ¢

=)

) aa o I o [ Y o
pzgliunidganeuns luansesay 10 Tagil5i1as vz 1¥ezgliuuin 5.13 n3u

o & o { aa o I
o aaiudesnezglum ssanoums huansesas 15 Tael5anas

Alumina (SiC 15 vol%) = 40.00-5.13
= 3487 ¢
M1319% 3.7 ToyasasdIUndY

a5 1agl51185(Volume%) Fanauas lua (nsu) GELMIRNGEEY)
92U (alumina) 0.00 40.00
an o 4 .
FanauUAS U4 (SiC) 5 vol% 1.71 38.29
an o 4 .
FANBUAS 1UA (SiC) 10 vol% 3.42 36.58
an o 4 .
FANBUAS 1UA (SiC) 15 vol% 5.13 34.87

3.3.7.2 MIWANANA DN UBZYNUT (mixing)
1. wsendunanlusasiaiuaIua1sen 3.8 uaz¥aned liia
s ¥ H @ ' & Y o )

HeANeded (PVA) So8ay 3 Tasthmtinvesaiunaunavuaudi lazareluiideu
[ a a an o
2. uanduingAuande 1 Tasuananezgliuiazsanouais

J . . ) o
lud sio) 1¥msuanauuvuidlenTag isopropyl alcohol 1Wudinarslunisvanauluvia
a . . { ) 4 < y v < &y

WANEAN high density polyethylene NHgnuaazgiiut e Ididwilemernu funar 23 ¥2Tu9

g.}/ KX A d' % [ U 9 % ] 9 o L=} @
NNUUUAY PVA Pazaeinlueandiuiesas 3 Tagiiminudl yinisuaaean 1 %319
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3. hamoeaw (slurry) 7 1A INMsUARAUIR LN IR 18UV Y]
o 4 2 A 2 @ A ' & o v o
60°C UNTENITZIvgeennaunua 1Tua1 24 $3 THaHToNINNIIIUATENIAIDE 1IN
ain
' o v Ao ¥y oy A q 9 a
4. 1dTnsauadredradiriiumseunitanda e lildeyniaiia
[ o o 3’, o d' 9t v o
MIIUAINY 31U UHN IRToUMUAZINTIVDS 100 134% (mesh)
:g’ % k%4 .
3.3.8 mimugﬂiﬂﬂmﬁamma (hydraulic press)
o d' = 9 9 (% 1 (Y =Y & 9 d' &
wsfiason 1d91ndon1snaunsa10819n U0zl U1 FIA2101AT09% 9
A d a y o @ % o [ Y] [ v % ]
grannselnNAMazIBYA 0.0001 NFU TAsFHNMITNNINY 40 NSuAe 1 AI9819 UsTYlu
' < o A o o 3 4 o a .
UNMUUIVAN (mold) V1A 40x40 Hadmas ud1hinsoalugldiansedn laasedn (hydraulic

press)

= ‘a' 0'./ =) o )
qﬁl‘]J‘Vl 311 IATONBINAUN 4 AWK U
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317 3.12 1950990 lansedn (hydraulic press) Y9413 HN Carver

-
annznlFlunsnaass
AINAY = 15 MPa
13019ALY = 30 BITRL

9 H ]
~ A = o/

2 Ay @ g X A o 3 9
%uﬁ1u%l]ﬂi]1ﬂﬂlu@l®uﬂ1iﬂlu§ﬂu i]wmﬂ“]elmz!‘ﬂuﬂﬂuﬁ!ﬁaﬂuﬂﬁiﬁﬂlumﬂizmm 40x40x 10

a

(0319 x 917 x g9) Nadwas aegda 3.13



40 mm

E 10 mm

40 mm \

d' Qy d‘d 9 a oA
qﬁl‘]J‘Vl 313 FUNUNVIUIA 40 x40 x 10 (DIN x 1T X q\i) Uanluag

3.3.9  PISININHN (sintering)

57

o ] a an 4 Sl v [ 3 9/ =
umwuazqum-cﬁaﬂaumill‘umnmumiamugﬂmﬂéll’e) 3.3. 8 WUNINUN

1 Y
ﬁ"mmumqmwguqa (high temperature furnace (1800°C) YBUTHN Labquip) e v FuaIu

% A 1 9 o Qy é 9 Y Y d' lay % ] o =Y
gnauaziuauriu i uyuau gadsmsdinavslddrenlarudiedevinnezgiiu

(alumina crucible) dou 2 11 ﬁﬁgﬂ‘ﬁ 3.14



LR 2 2R 2R 2% 2% 4

IR

\

s
ANATTUBU

REGITR

|

¥
FUAIDYN

a v ¥ g A, a
qﬁlﬂﬂ 3.14 fnﬁﬂ\iﬂaﬂﬂgﬂﬂ1§cﬁﬂuﬂgﬂ%%1ﬂ1ﬂ@$@luu1

annzlFlumsnanedasluaiiien 3.8-3.10 nazgii 3.15-3.17

A 9 = Qy a an 4 4
BTN 3.8 ﬂl@iglﬁsluﬂ1§!N1Nuﬂ°If1!\ﬂu?]$Q3Ju1-C]5aﬂ@uﬂWﬁl]‘]Jﬂ*

58

24 QU ga31Ms Iiaseu RN NN
(DA USAIT) (@IAUFAIFA/UIN) (W)
1 25-500 1.5 - -
2 500 - 120 wn'laenaidin
RPELTIRE
3 400-1750 3 - -
4 1750 - 240 gUNNNTNA?
5 1750-25 5 - -

MM * ussemalng
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1750°C, 240

15007 0.
37C/UMN

1000
500°C, 120 UM

5007

1.5°Cc/um

5°C/um

I I I I I I
200 400 600 800 1000 1200

a1 (U1N)

.
o

1600

A 9 = Qy a an 4 4
317 3.15 nsmluaasdoyalumsminiinduaiuezgiun-ganeuns g

A 9 = Qy a an 4 4
#139N 3.9 ﬂl@iglﬁsluﬂ1§!N1Nuﬂ°If1!\ﬂu?]$Q3Ju1-C]5aﬂ@uﬂWﬁl]‘]Jﬂ*

24 QU ga31Ms Iiaseu RN NN
(DA USAIT) (@IAUFAIFA/UIN) (W)
1 25-500 1.5 - -
2 500 - 120 wn'laenaidin
RPELTIRE
3 400-1650 3 - -
4 1650 - 240 gUNNNTNA?
5 1650-25 5 - -

MM * ussemalng
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2000

1650°C, 240 U

15007 0.
37C/UMN

1000
500°C, 120 UM

5007

1.5°Cc/um

5°C/um

I I I I I I
200 400 600 800 1000 1200

a1 (U1N)

.
"

1600

A 9 = Qy a an 4 4
317 3.16 nsluaasdoyalumsminiinduaiuezgiiun-ganeuns g

A 9 = Qy a an 4 4
#139N 3.10 ﬂl@iglﬁsluﬂ1§!N1Nuﬂ°If1!\ﬂu?]$Q3Ju1-C]5aﬂ@uﬂWﬁl]‘]Jﬂ*

24 QU ga31Ms Iiaseu RN NN
(DA USAIT) (@IAUFAIFA/UIN) (W)
1 25-500 1.5 - -
2 500 - 120 wn'laenaidin
RPELTIRE
3 400-1550 3 - -
4 1550 - 240 gUNNNTNA?
5 1550-25 5 - -

MM * ussemalng
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1550°C, 240 U

15007

o = ~
3"Cum 5°C/um

1000
500°C, 120 UM

5007

1.5°Cc/um

I I I I I I I I
200 400 600 800 1000 1200 1400 1600

v

a1 (U1N)

A 9 = Qy a an 4 4
317 3.17 nsluaasdoyalumsminiinduaiuezgiun-ganeuns g

3310 MInATRUANIHIIUEMLEZYTINMINTHVBINIRE
MINATBUAINHUWUUNAZUTINUIWIUVBIAIBHIE dzANUUT
NATIUANUIATTIU ASTM C373-88 (1994)
ABMINageUANNRIILLUIAZUTINUF WY

a

0 2 A v = o ¥ A o &
1. uwummnmumimmuﬂllﬂmmi’em!qummm 150 C mﬂuuuﬂﬂ

o <@ - . 0 & ¥ o
vin lhiaulundeqaniudu (desicator) ndarvair lgaimminuda (w)
0 2 9 A o Yy 4o & ¥y & 9
2. whwuanuluden 1 llduluihnawiluna 5 $3Tue Jagasduiudes
gy . 2 L 2. Y g .
Tihmusuauaasanal) ntunedege 13 luindluna 24 ¥ Tue
o v 9/ d' o @ % o %
3. ihdedluden 2 livihmssaimiinuviuaeseluii (wy
1 1 1 Q.'/ % -7 % Q.'/ % -7 Q' Qv %
4. WdedanrunssainnauvIvasyluiiwds nraiminaual luiin
v Y % a Y Y % 1 A Aa Y K o @ % ) g.}/
W Tagldiguindalinuiaudusaiaiumunmiesn ud19391n155910111n 910U

mad 18 ldsunasmanuuuiunazlSnugugu
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5. MIAIUMANNHUMUUIAZUTINUFNIUVDIAIBEN

YT1asu8dI0819 (V) = WW/p

AMUUUWUUYBIAIVEN (bulk density) W, /V

ﬂ?mmgwgu (apparent porosity) [(WW,)/V] x 100
3.3.11 ﬂ15ﬂﬂﬁ9ﬂﬂ?]ﬂﬂud@ﬂ]ﬁﬁlﬂiﬁﬁ
d ' v 5 y A A =
!ﬂuﬂ1§%ﬂﬁ@ﬂﬂ31ﬂ%u@@ﬂ1ﬁ@@1ﬂﬁ Tﬂﬂi%!ﬂﬁ@ﬁu@%@ﬁ@ﬂ!!ﬁﬁ@ﬁ
Y
!!a&!ﬁﬁﬂ@ﬂl@ﬁﬁ]ﬁﬂ Gl%)ui\iﬂizﬁmmfu\ﬂu 3 9 (three-point flexure) 1UU universal testing
machine UBILTHN Instronl)
33.11.1 ﬂ]ﬁ!ﬂ%ﬂﬂﬁ?@d]ﬁ!ﬁ@ﬂﬂﬁ@ﬂ
v W [ Y voA c:'
® @]ﬂ@]?@ﬂ1ﬁ%@ﬁ@ﬂ1ﬁ!ﬂu!!%ﬁﬁ!ﬁaflll 5111”@1J3$3J1ﬂ! 5x
A A A A 4 o Q < o
40x5 (M319x 812 x g9) TaAAT (+ 0.05 Tadag) Areiniesan ludamyinniid (low
speed diamond saw)
A o ' o = Y o
® a‘lll‘!ll!‘ﬂaﬂuﬂl@ﬁ@]fl@ﬂ%ﬁﬂﬁ]ﬂﬂ§$@1ﬂﬂﬁ1ﬂa$!@fl@!!aﬁ]uf]ﬂ

naaoy

annznlFlunsias e

Y ] 4 A
“lmquﬁmmmﬁ'umug{uﬂﬂma = 5 1!
<
AT ITOU = 100 9UAIM
¥
nUnnaaa = 150  n5y

9 H ) o
Gl%umaamummm@
3.3.11.2 ﬂ]ﬁﬂﬂﬁﬂﬂﬂ?]ﬂﬂﬂd@ﬂ]ﬁﬁlﬂiﬁﬁ
3 ' v g9 ¥y A A =
!ﬂuﬂ1ﬁ%ﬂﬁ@ﬂﬂ31h%u@@ﬂ1ﬁﬂﬂiﬂﬁTﬂﬂi%!ﬂﬁ@ﬁﬂ@%ﬂﬁ@ﬂ!!ﬁﬁﬂﬁ
Y
!!a%!!iﬁﬂﬂﬂl@ﬁi)ﬁﬂ 1%)!!§Qﬂﬁ$ﬁ1ﬂﬂ°lfu\ﬂu 3 9 (Three-point flexure)
H 9
’J%fﬂﬁ‘ﬂﬂﬁ@ﬂﬂW@?@ﬂWQﬁﬂﬁ)ﬂWﬂﬂluﬁﬂuﬂ1§!@%ﬂh@]3@ﬂ1\1h1

=
Tlﬂﬁ’é]ﬂﬁﬂ1’3$‘1/lsl°fﬂuﬂ1i‘1/lﬂﬁ’ﬂﬂ

' o [ o A
VNATUHTUGUINANVDYATOHEY = 2 danwag
AMUNTVBIYATOIT 1 = 20  danwag

a A

05 Haamasam

< @ U
anusalunisnaaa Iag

FIUIUAIDY = 12 AIDY
k2

o v A ' =
1 398190 (INOHIAURAY) FU

Il
o8}

Y

NAToUNYUN N0

a



v
=)

3 19 3.18 19509 universal testing machine

ﬂﬁ?ﬁui}ﬂ!ﬂ’JHJTIu@i’éJﬂﬁﬁﬂTﬁjﬁﬁ1u’Jml]ﬁ)inﬂﬁuﬂﬁ 3.4

Tag

MOR

MOR

e o -

3PL

= ——= MPa

2bd?

AmmuABNIRA TAveR I (MPa)
VnAveTInaT I I U N)
AN NVDIYATOITUAIOY N (cm)
AN UDIAIBE (cm)

ANIVRIAIBY I (cm)

63

(3.4
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3.3.12 ‘Vlﬂﬁ@ﬂﬂ?]?llleﬁx‘li]]aﬂ1ﬂ
<@
ﬂ1§%ﬂﬁ@ﬂﬂ31ﬂ!!ﬂl\1ﬂaﬂ1ﬂ@]13J3JW]§§1u ASTM C1327-96a
A oA . o .
IAT99UD : microhardness tester UBIUTHN Wilson
ad
IDNATOU
a @ ' v A o I Y o AA
1. 1958U€I98719 Tﬂflﬂ13511ﬂN’J‘1’?1!111’?!ﬁfl‘lJﬂ’JflinuﬂJ@!W‘lﬁ‘V]iJﬂ’JnJ
9 v
ﬁ%!aﬂﬂ 15 l]iJﬂﬁ’é]u ﬁjﬂlflinuﬂlﬂ!!‘ﬂ‘ﬂf%)u‘ﬂ’é]ﬂ@]ﬂ@]ﬁﬂﬂ!ﬂ%@ﬁﬂlﬂ!!ﬂﬂﬂ1uﬁ3}!u
o ' A v 9 v A = Y o/
2. u1@]3@ﬂ1ﬁ%llﬂi]1ﬂéll’é] 1 YAHIDNZID AN IIHIVAINEIUUIA 3 lliJﬂﬁ?Ju
naz 1 luaseu awdwudlsauaauuum
o % P [ )
3. vnmmmm@ﬁ"sﬂumazuaaﬂaa’e)a !ﬁ@ﬂlﬂﬂﬂﬁ1ﬂl]ﬂlﬂu
9 Ao a Y [ Y] A & A A
4, ﬁW\i’é]lg.!ﬂ1ﬂ%ﬂﬂ!ﬂ1$ﬂ3ﬁu1@]3®ﬂ1ﬁﬂ’ﬂﬂ ARAYIATINAUTZINOUADU
armdgaudailinedeu

A
5. aamznlFlunsnaaou

imtinna = 5 Alansy (49.033 17
AU)

ANANY = 15 UM

fasvenelunisinsesna = 100 19

11UIUYANA = 3 9

Y] ) = 1 Y A A
wnalwmysgdnsammdsuilsiaiyudatsuvay 136 891 113

o v < a o o
AUIUMIAANVUUVUINDDIA (HV) AUIUATMANNIT (3.5)

Hv = 0.1891F/d’ (3.5)
<@ A o v < a o A A
Tﬂfl Hv = ANUIINNes ey UIAU/ATNUAAUNAT
' QP A A
d = idunueayuvessesna ieiluliadmwas = (d, +d, )2
P U [ Id a o
F = !lﬁﬁﬂi%ﬂﬂ wiudlu Haau
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i 2¢ |

2a

] ¥
qﬁlﬂ‘ﬁ 3.19 ANHUSTDINAUAZANNINITIIUANUDIFUIIY (Anstis, Chantikul, Lawn, and

Marshall, 1981)

3.3.13 ﬂ1§1"i1ﬁ1ﬂ313¢!1"i‘ﬁﬂ?
N ~ 9 a a Y . .
mswamanurtied Iagldimaladuiaunsuve Anstis (Anstis,

Chantikul, Lawn, and Marshall, 1981) f113at 1801080015 (3.6)

K. = &E@Em"pc?? (3.6)
Tag K. = $1A0&ununsdng1eenvedsed (A2umiled)

E = A1 1uQAaaveddl (Young’ modulus)

H = amands

P = YAUIINADUAUNTY

C = ANYNITYIAN/2

] A A Y a Y Y o ~ o
APNN ‘1/]1@%1ﬂﬂ13‘1/1@ﬁ@\1 duaumyu lagns 19MinauuuIninesves

g

Anstis (Anstis, Chantikul, Lawn, and Marshall, 1981) FaRA1523M 0.016 £ 0.004
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;:' 1 = 9 = o o
annghldlunmsnageuriainnumiied Idaanz@esuisunmsnagey
<@
ANUUTIYANA
¥ . . Y v %
3.3.14 m‘iﬂ‘i’J‘i]ﬁE)‘UIﬂNﬁiNﬁamﬂ (microstructure analysis) 1398130138
b%
GEN
d
ANIIAUDIANATOUUVVADING 1A (Scanning Electron Microscope,
SEM)
= o 9 (3 ' 2 EY
MIANEIANY A TATIAF 19900 1AVBITBIUANVDIAIBY N AIINADY
Ia g ' . .
ANTTIAUDANATOUUVUADINT A (Scanning Electron Microscope, SEM)
33.14.1ms 3820 1uWe ANy Inssad1egama
~ o [ Y v A A [ a A g
1. wsended W Iagmsnuliinienszdesusnunilusesuan
o [ ] % o 09/}
2. ANazeIaaledINalstnazueaneded v1ntiuly
a3 901310979 (dryer) 1 l¥uste
] 9/ H Y r v
3. adamauwdleuneguuainiizuaiusenTasldinsesdu
A
ANUDYY
o @ v Ay v o/ o Y A A A~
4. hdred1an 1dands 3 i launesdrmaieandeound
r Y
7198139828 1990 (ion sputtering device Y9IU3HN JEOL) e 1xiaua1uiir i
o [ v o 9/ a I'4 9
5. aredanmIunInIualened 1 dinsiz Iaseadis

1 da g U
i}ﬁﬂ1ﬂ!!ﬁ$ﬂ18§lﬂﬁ)ﬂ]ﬂﬂﬁjﬂﬁﬂaﬂﬁﬁﬁu IANATDUNUUADINT 1A
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3 19 3.20 1594 ion sputtering device

3 Ja g v . .
3‘]]‘17!] 3.21 ﬂﬁ)’t’Nfgm/Iiiﬁu@mﬂ@i@u!mﬂﬁ@ﬁﬂim (Scanning Electron Microscope, SEM)

[y U v v v ia
33142 MSIAVINAINTHUBIAIBEINA BN ADIFANTIAUDLANATOUUVY
GENIELT (Scanning Electron Microscope, SEM)
AsIeTeNAlIg 1o naaaudzyI luanNULIAINUATAT

=) (3 ' o 9
958uA0819 U 00 3.3.14.1
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NI Nadel
] @ [ a Jd 3
ATNATOUIZIAVUIANTUVBIAI819A 1N ITVo U 05150

v o v
(Ferret’s method) Tagn1sa1nduvunutazidUduAaNva UNIa09919v891AT UNABINS

¥
[ Y

¥
IAVINUU fi’muwwné'mm 1Lﬁ'ﬁwﬁmi’;mmmmmiumwﬁmauuma@muﬁ@ﬂu

19 3.23

ot

L J

NANID1994

A o o v as Jd I
qﬁlﬂﬂ 3.22 HAAINITIAVUIANTHYBIAIDI N NITUO U 0S50

G v v A Y % ¥ d
33.143 ﬂ1imit’lﬂlﬂ'JE)E]N!‘V‘IE)?Iﬂ‘HﬂﬂiQﬁiN‘Qﬁﬂ1ﬂﬂ'Jﬂﬂﬁﬂﬁﬂﬁ‘ﬂiiﬂ‘u
DENATOUUYVTDIX 1Y (Transmission Electron Microscope, TEM)
= o o < @ ' v -y
ﬂ1§ﬁﬂ1&l1ﬁﬂEm%TﬂiﬁﬁiNi}ﬁﬂWﬂ%’Jl]‘]JEU?J\W]’J’EJEJN AYNA DN
a g U [ A . Qy o [ y o
ANTIAUNANATDULUUTDINIU (Transmission Electron Microscope, TEM) %umamaﬁllﬁ'm
= o
NITINTAHUNLLAA
o w roAyn v = . . Y o o g
1. mmamaﬂmmmimmuﬂ (Slnterlng) HATUINIAANIY
A o 2 o Y < ' S g ' Yt Y
1IA7998AR1U15391 (low speed saw) AYAUITITOU 100 50 UADUIN 11Juuwu1wmu1man

dszanm 5 dadmasuazianunundszua 1 Jadwas (1000 pm)
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| y o g o
319 3.23 19503AAANIT I (low speed saw)

H ¥ H ¥ ¥
2. 1imwumafmﬁllﬁ'mﬂmm@ﬂumumuﬁ 1 MAUUMIFUIIU
=& =y [ LY o LY d‘& ] o ] 9 Y Y 9 A
WIANINANVHUNNIIY 1!1!!‘1/]\1%‘]}1/]81@!!?11!{5]’3@EJNl]’J!!a’Jl]‘]JEU@]ﬂi$91ﬂﬂi1811’i!1’m’ﬂﬂ’ﬂh1’iu1

sz 0.5 Taawas Taeld lulasiiees (micro meter) 39

< 4 o
qﬁl‘]J‘Vl 3.24 1IAT9NUANTTAIHNI Y
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g = 2 =

3. uviuﬁamhaﬁ”lﬁ'mﬂmumu% 2 1i1mazmﬂm’ﬁl'§wumu%

a o o

Y r ]
YUUUNIIVDBN mﬂuuﬂumumamammm’sﬁ@@mﬂummﬂ umm@ﬁ'mm?mmmmﬁ

4 o

a4 (ultrasonic disc cutter) 92 16 Aanan Tuduruguinais 3 Tadmas

319 3.25 1A509ATB9AAN NG (ultrasonic disc cutter) YBILTHN GATAN

e

317 3.26 Fuaredrei Idand A esdan DY
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o v g 1 = 9)3 = A a v

4. muwu@’mmml]mu@amn 3 angnN1INaAuUNIEINIAT

¥ ¥ H

T UAIBI1NAAVUINEINAI0819904 disc grinder HFUIUN a1 disc grinder A3
¥ ¥

3.27 1AHUINYARY diamond plate T FuaOuiaundszans 70 99 100 Tulasuasag

319 3.28

3109 3.27 1950399 disc grinder YBIUTHN GATAN

Y
s TO-100 um

De

317 3.28 Fudaredre Idind o disc grinder

Y H ¥ H v
5. hrunud ldenvuaeud 4 huudunies dimple deep Ad31l
[ Y Y
11 3.29 da¥uauasInaeana 1yl Taeld diamond grease Vansia¥uaulianasly auaau

=1 Y U s E!'
HUINNAWUANUHUIUDYNI S lliJTﬂﬁ!iJ@]ﬁ @Qgﬂ‘ﬂ 3.30
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31191 3.29 1704 dimple deep YBILTHN GATAN

<5 pm

—y |

¥
a o/ r

317 3.30 FudedsnvaliinaslUdrem3 09 dimple deep

o £ A v g A o ' . .
6. Fununldnavuasun 5 w1 laly climping type
o 1 A o £ o W 1 A v A o & v . [ 3
duopost #4317 3.31 iesuFUNUGIATeenamNTTUIURI8 ToooU (on milling) A9

[ o [}
519 3.32 vhinstadwas leau (ion beam) ATINANIUFUNUNL Y FIANHWULNITOY ion beam

P

310333



v ' Y
519 3.32 195 eenamniFuus e losau (on milling) Y9IUTHN GATAN

73



g

Ion beam

\

Ion beam C_

B

L o 44

= o v A Y £ Y . 11
qﬁl‘]J‘Vl 33 ‘Ifu@]’J’éJEJN‘VI‘VHﬂﬁﬂﬂN’J‘I’iuﬂfu\ﬂuﬂi]ﬂl]’é]@@u (ion milling)

74

o & Ay v 9 A 0 v v ¥ s
7. 1!1‘151!\111!‘1/]11@“]1ﬂ511?]‘1/1 6 UIADIAIYNADITANTTAU

ad v [ ) i . o v ' v
SIANATOULUDADIHIU (Transmission Electron Microscope, TEM) A4317 3.34 rilofag@nu
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Pattern:00-010-0173 Radiation = 1.540600 Quality:Indexed

Al O, 2th i h k 1
Aluminum Oxide 25584 | 75 0 1 2
Corundum, syn 35.136 | 90 1 0 4
Also called:alumina, alundum, diamonite 37.785 | 40 1 1 0
Lattice:Rhombohedral Mol. Weight= 101.96 41.685 1 0 0 6
S.G.:R-3¢ (167) Volume [CD] =254.70 | 43.363 | 100 | 1 1 3
a=4.75800 Dx =3.989 46.184 | 2 2 0 2

Dm = 4.050 52.553 | 45 0 2 4

¢=12.99100 57.519 | 80 1 1 6
z=6 | Vlcor=1.00 59.769 4 2 1 1

Temperature data collection:Pattern taken at 26 C. 61.166 6 1 2 2
Data collection flag: Ambient 61.345 8 0 1 8
66.548 | 30 | 2 1 4

68.198 | 50 | 3 0 0

70.359 | 2 1 2 5

74.268 | 4 2 0 8
76.882 | 16 1 0 | 10

77.229 8 1 1 9

Natl. Bur. Stand. (U.S.), Circ. 539, volume 9, page 3 (1960) | 30.695 | 3 2 210
Radiation:CuKal Filter:Beta 83.219 1 3 0 6
Lambda:1.54050 d-sp:Not given 84.378 6 2 2 3
SS/FOM:F30 = 50(0.0188,32) 85.183 2 1 3 1
86.378 6 3 1 2

86.464 | 4 1 2 8
89.020 8 0 2 110
90.665 4 0 0 | 12

91.204 8 1 3 4
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Pattern:03-065-6212 Radiation = 1.540600 Quality:Calculated
C 2th i h k 1
26.543 | 999 | O 0 2
Graphite 42321 | 36 1 0 0
44,518 | 171 1 0 1
50.655 | 30 | 1 0 2
Lattice:Hexagonal Mol. Weight=12.01 54.662 | 39 0 0 4
S.G.:P63/mmc (194) Volume [CD] =35.29 59.852 | 37 1 0 3
a=2.46400 Dx =2.261 71.471 5 1 0 4
77.400 | 48 | 1 1 0
c=6.7110 z=4 | Vlcor=2.13 83.527 | 67 | 1 1 2
85.375 6 1 0 5
87.053 4 0 0 6
Nist M&A collection code:L 51002 ST1378 0 92435 | 2 2 0 0
Temperature factor:TF Anisotropic TF given by author 93.974 | 10 | 2 0 1
Comnon name:graphite 98.504 3 2 0 2
Data collection flag: Ambient 101.739 | 28 1 1 4
102.076 | 15 1 0 6
106.238 | 6 2 0 3
117.650 | 2 2 0 4
123.488 1 1 0 7
133344 | 1 0 0 8
Trucano, P., Chen, R., Nature (London), volume 258, page 134.525 | 3 2 0 5
136 (1975) 136.924 | 13 1 1 6
Calculate from NiST using POWD-12++ 145.522 1 3 2 1 0
Radiation:CuKal Filter: Not specificed 148.287 | 15 2 1 1
Lambda:1.5406 d-sp:Calculate spacing
SS/FOM:F24=
1000(0.0004,24)
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Pattern:00-027-1402 Radiation = 1.5406 Quality:High
Si 2th i h 1
Silicon 28.443 100 1 1
Silicon, syn 47.304 55 2 0
Lattice:Face centered cubic Mol. Weight = 28.09 56.122 30 3 1
S.G.:Fd-3m (227) Volume [CD] =160.18 | 69.132 6 4 0
a=15.43088 Dx =2.329 76.380 11 3 1
88.029 12 4 2
94.951 6 5 1
z=4 106.719 3 4 0
Vlecor = 4.70 114.092 7 5 1
Temperature of data collection:Patten taken at 25 (1) | 127.547 8 6 0
C. 136.897 3 5 3

Sample source or locality: This sample is NBS Standard
Reference Material No. 640.

General comment:Reflections calculate from precision
measurement of a,

General comment:a, uncorrected for refraction
Addition pattern:To replace 00-005-00565 and 00-026-
1481.

Color:Gray

Data collection flag: Ambient.

Natul. Bur. Stand. (U.S.) Monogr. 25, volume 13,page 35
(1976)
CAS Number:7440-21-3

Radiation: CuKal
Lambda:1.54050
SS/FOM:F11
443(0.0019,13)

Filter:Monochromator
crystal
d-sp:Diffractometer

Internal standard:W
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Sample source or locality:Specimen from PPG
Industries, Inc., Submicron SiC-lot no. 373-652
Addition pattern:To replace 00-001-1119.

General comments:Described by Regis, A., L., Bull
Geol. Soc. Am., 69 1633 (1958).

Addition pattern:See ICSD 24217 (PDF 01-073-1708);
See ICSD 28895 (PFD 01-075-0254); See ICSD 24171
(PDF 01-073-1665); See ICSD 28389 (PDF 01-074-
2307)

Data collection pattern: Ambient

Bind, J., Penn State Univ., University Park, USA.,
ICDD Gant in Aid (1997)
CAS Number:409-21-2

Radiation:CuKal Filter:-Monocromator
Lambda:1.54178 crystal

SS/FOM:F10 = 37(0.0270, 10) | d-sp:Not given

Pattern:00-029-1129 Radiation = 1.540600 Quality:Idexed
SiC 2th i h | k 1
35.598 100 1 1 1
41.385 20 2 010
Silicon Carbide 59.979 35 2 2 0
Mossanite-3C, syn 71.779 25 3 1 1
Lattice : Face-centered cubic Mol. Weight = 40.01 75.494 5 2 2 2
S.G.:F-43m(216) Volume [CD] = 82.82 90.007 5 4 010
a=4.35890 Dx =3.216 100.776 10 3 3 1
z=4 104.411 5 4 1210
119.992 5 4 | 2] 2
Color:Greenish yellow 133.400 5 5 1 1
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A151970 .1 uARIBATIE IUHEUN 1% charge ratio 10:1 20:1 30:1 40:1 ag 50:1 130U 1 219

g}./ Y s
GRECNEITRGEEY)

#1981 ﬁmﬁ’ﬂqﬂ charge ek UTTHINA
ua (M) ratio Si C @ Tu9)

15.7000 1.1001 0.4699

15.2068 1.0655 0.4552

15.0004 1.0510 0.4490

15.2144 1.0660 0.4554 ,
A10-1 10:1 1 813noU

15.3793 1.0776 0.4603

16.0093 1.1217 0.4792

15.8279 1.1090 0.4738

15.2737 1.0702 0.4572

15.2706 0.5350 0.2285

15.2017 0.5326 0.2275

15.7602 0.5521 0.2359 ,
A20-1 20:1 1 813noU

15.8061 0.5537 0.2366

15.4917 0.5427 0.2319

15.2722 0.5350 0.2286

15.2078 0.3552 0.1517

15.6151 0.3647 0.1558

15.9676 0.3729 0.1593

16.2888 0.3804 0.1625 ,
A30-1 30:1 1 813noU

15.3226 0.3579 0.1529

15.4331 0.3605 0.1540

15.5982 0.3643 0.1556

15.8347 0.3698 0.1580

16.0875 0.2818 0.1204

15.6998 0.2750 0.1175
A40-1 15.0504 40:1 0.2636 0.1126 1 913nou

15.6995 0.2750 0.1175

15.8934 0.2784 0.1189
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A13197 .1 uaReeAIIAIUNaNR 1% charge ratio 10:1 20:1 30:1 40:1 ag 50:1 1Ia1UA 1

#2719 (#9)

g}./ Y s
GRECNEITRGEEY)

#1981 ﬁmﬁ’ﬂqﬂ charge ek UTTHINA
UA (1) ratio Si C #T09)
15.4710 0.2710 0.1158
15.2735 0.2675 0.1143
15.8306 0.2773 0.1185
A40-1 | 15.7093 40:1 0.2752 0.1176 1 915nau
15.6300 0.2738 0.1170
16.0589 0.2813 0.1202
16.0570 0.2813 0.1202
16.2994 0.2284 0.0976
15.7682 0.2210 0.0944
15.501 0.2172 0.0928
15.3553 0.2152 0.0919
15.4577 0.2166 0.0925
16.244 0.2276 0.0972
14.9415 0.2094 0.0894
A50-1 15.66 50:1 0.2195 0.0937 1 ’éJﬁ'ﬂﬂu
15.9459 0.2235 0.0955
15.8522 0.2221 0.0949
16.1908 0.2269 0.0969
16.388 0.2297 0.0981
15.7984 0.2214 0.0946
15.5431 0.2178 0.0930
14.8477 0.2081 0.0889
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A13197 V.2 uaaeeasI@IunauNIFIawa 1 2 3 4 5 6 8uay 10 5313919 charge ratio 20:1

4
Wmungnua

g}./ Y s
GRECNEITRGEEY)

CPRERN charge al UFTINA
(N53) ratio Si C #1119

15.2310 0.5336 0.2280

15.4150 0.5400 0.2307

15.2100 0.5329 0.2276

15.5423 0.5445 0.2326 ,
A20-10 20:1 10 915n0U

16.1560 0.5660 0.2418

16.0583 0.5626 0.2403

14.4644 0.5067 0.2165

15.5155 0.5436 0.2322

14.3766 0.5037 0.2152

15.7554 0.5520 0.2358

15.6546 0.5484 0.2343

16.7153 0.5856 0.2502 ,
A20-8 20:1 8 915n0U

15.1551 0.5309 0.2268

14.9874 0.5251 0.2243

15.4998 0.5430 0.2320

15.3310 0.5371 0.2294

15.3212 0.5368 0.2293

15.0152 0.5260 0.2247

15.1132 0.5295 0.2262

15.0594 0.5276 0.2254 ,
A20-6 20:1 6 915n0U

16.1211 0.5648 0.2413

15.7877 0.5531 0.2363

15.2356 0.5338 0.2280

15.2010 0.5325 0.2275

15.1011 0.5290 0.2260
A20-5 16.2323 20:1 0.5687 0.2429 5 ’éJﬁ'ﬂ’éJ‘L!

14.7955 0.5183 0.2214
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A13197 V.2 uaaeeasIdIunaunlFIawa 1 2 3 4 5 6 8uaz 10 531391% charge ratio

20:1 (919)
CRRERN ﬁmﬁ’ﬂqﬂm charge naad (N5) 1 UFTENA
(N53) ratio Si C #1119
14.2370 0.4988 0.2131
15.1130 0.5295 0.2262
A20-5 | 15.4846 20:1 0.5425 0.2317 5 915neu
15.6578 0.5486 0.2343
16.1765 0.5667 0.2421
16.0153 0.5611 0.2397
15.3113 0.5364 0.2292
15.4563 0.5415 0.2313
15.0201 0.5262 0.2248 ,
A20-4 20:1 4 215U
14.4604 0.5066 0.2164
15.1122 0.5294 0.2262
16.0598 0.5626 0.2404
15.4468 0.5412 0.2312
15.1139 0.5295 0.2262
14.4458 0.5061 0.2162
14.3939 0.5043 0.2154
15.7672 0.5524 0.2360 ,
A20-3 20:1 3 215U
14.5561 0.5100 0.2179
16.1112 0.5644 0.2411
15.8988 0.5570 0.2379
15.0189 0.5262 0.2248
15.1717 0.5315 0.2271
15.2112 0.5329 0.2277
A20-2 153111 20:1 0.5364 0.2292 2 81ineu
14.9545 0.5239 0.2238
16.1255 0.5649 0.2413
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A13197 V.2 uaaeeasIdIunaunlFIawa 1 2 3 4 5 6 8uaz 10 531391% charge ratio

20:1 (919)
CRRERN ﬁmﬁ’ﬂqﬂm charge naad (N5) 1 UFTENA
(N53) ratio Si C #1119
15.4114 0.5399 0.2307
A20-2 14.9811 20:1 0.5248 0.2242 2 81ineu
15.3346 0.5372 0.2295
15.6233 0.5473 0.2338
15.5100 0.5434 0.2321
14.3337 0.5022 0.2145
16.1250 0.5649 0.2413 ,
A20-1 20:1 1 215U
15.7140 0.5505 0.2352
15.6300 0.5476 0.2339
15.2013 0.5326 0.2275
14.6590 0.5136 0.2194
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CRRERN ﬁmﬁ’ﬂqﬂ charge mséﬁﬁ'u(ﬁu) 1 UFTENA
A (NFU) ratio Si C @2 7319)
16.4528 0.5764 0.2462
15.2286 0.5335 0.2279
14.1515 0.4958 0.2118
15.2322 0.5336 0.2280
15.4705 0.5420 0.2315
15.5991 0.5465 0.2335
15.2013 0.5326 0.2275
15.0156 0.5261 0.2247
14.5656 0.5103 0.2180
15.4911 0.5427 0.2318
15.2344 0.5337 0.2280
143131 0.5014 0.2142
14.9545 0.5239 0.2238
A20-5 15.2211 20:1 0.5333 0.2278 5 81ineu
14.7757 0.5176 0.2211
15.5882 0.5461 0.2333
15.6653 0.5488 0.2345
15.2120 0.5329 0.2277
15.3844 0.5390 0.2302
15.3022 0.5361 0.2290
15.4454 0.5411 0.2312
15.1615 0.5312 0.2269
14.7887 0.5181 0.2213
15.6563 0.5485 0.2343
15.0519 0.5273 0.2253
16.0014 0.5606 0.2395
14.7573 0.5170 0.2209
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CRRERN ﬁmﬁ’ﬂqﬂm charge mséﬁﬁ'u(ﬁu) 1 UFTENA
(N53) ratio Si C #1119
14.9811 0.5248 0.2242
15.4255 0.5404 0.2309
16.2300 0.5686 0.2429
14.7899 0.5181 0.2214
14.9866 0.5250 0.2243
15.4232 0.5403 0.2308
16.0162 0.5611 0.2397
15.4965 0.5429 0.2319
15.3811 0.5389 0.2302
14.9912 0.5252 0.2244
15.4545 0.5414 0.2313
15.4344 0.5407 0.2310
14.4950 0.5078 0.2169
A20-5 15.3737 20:1 0.5386 0.2301 5 i’]ﬁ'ﬂi’]u
15.1556 0.5310 0.2268
15.1988 0.5325 0.2275
16.2101 0.5679 0.2426
15.9800 0.5598 0.2392
14.9992 0.5255 0.2245
15.3313 0.5371 0.2295
15.4563 0.5415 0.2313
15.4677 0.5419 0.2315
15.5525 0.5449 0.2328
16.1679 0.5664 0.2420
14.3244 0.5018 0.2144
15.4590 0.5416 0.2314
15.3218 0.5368 0.2293
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qm” Designation: C 373 - 88 (Reapproved 1994)

Standard Test Method for

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

This standard is istued under the fixed designation C 373; the number immediatety 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 lasl cevision o reapproval.

1. Scope

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

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with ifs use. It s 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 fo use.

2. Significance and Use

2,1 Measurement of density, porosity, and specific gravity
is a tool for determining the degree of maturation of a
ceramic body, or for determining structural properties that
may be required for a given application.

3. Apparatus and Materials

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

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

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

34 Container—A glass beaker or similar container of
such size and shape that the sample, when suspended from
the balance by the wire loop, specified in 3.3, is completely
immersed in water with the sample and the wire loop 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 shall
contain no cracks. The individual test specimens shall 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
Subcommittee C21.03 an Fundamental Properties.

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

heating in an oven at 150°C (302°F), followed by cooling in a
desiccator. Determine the dry mass, D, to the nearest 0.01 2

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
accordanve with 5.3 and 5.4 In this case, the second dry mass shall be
used in all appropriate calculations.

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

5.3 After impregnation of the test specimens, determine
to the nearest 0.01 g the mass, S, of each specimen while
suspended in water. Perform the weighing by placing the
specimen in a wire loop, halter, or basket that is suspended
from one arm of the balance. Before actually weighing,
counterbalance the scale with the loop, halter, or basket in
place and immerse in water 1o the same depth as is used
when the specimens 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 sucface, 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 | em” of water weighs 1 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-3S
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6.1.2 Calculate the votumes of open pores ¥op and
impervious portions ¥jp in cubic centimetres as follows:

Vop=M—D
Vp=D-§
6.1.3 The apparent porosity, P, expresses, as a percent, the
relationship of the volume of the open pores of the specimen

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

P=[(M-D)/V]x 100
6.1.4 The water absorption, A, 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~ DD 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-3)

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

B=Dyv
7. Report

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

8. Precision and Bias

8.1 This test method is accurate to +0.2 % water absorp-
tion in interlaboratory testing when the average value
recorded by all laboratories is assumed to be the true water
absorption. The precision is approximately + 0,1 % water
absorption on measurements made by a single experienced
operator.

The American Socisty for Testing WMMmmﬁmwvadwmmmhm
with any ltem mentlonsd fn this standard. Users of this standerd are exprassly advised that determination of the valldity of any such
patent rights, and the risk of infringement of such tights, are entirely thelr own responsibility.

This standard is subject to revision at any time by the responsibla technical commitiss and must be reviewed evary five years and
if riot ravised, either raapproved or withdrawn. Your comments are Invited elther for revision of this standard or for adoitional slandards
and should be addressed to ASTM Headguarters. Ywmmmmmunmﬂmw

tachnlcal committes, which you

may attend. ffyouwmmmrmmmrmvenmmmuafarrheaﬁngywsaowdmaksyuur

viaws known to the ASTM Committes on Standards, 1976 Race St., Philadeiphla, PA 19703,
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qmb Designation: C 1161 - 94 (Reapproved 1996)

Standard Test Method for

Flexural Strength of Advanced Ceramics at Ambient

Temperature'

‘This standard is issucd under the fixed desipration C 1161; the number immedistely following the designation jndicates 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
superscripd epsilon (1) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This 1est method covers the determination of flexural
strength of advanced ceramic materials at ambient tempera-
ture. Four-point-V4 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
safely concerns, {f any, associated with its use. It is the
responsibility of the user of this standard to establisk appro-
priate safety and health practices and determine the applica-
bifity 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
Temperaturesy

2.2 Military Standard:

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

3. Terminology

1.1 Definitions:

311 flexural strength—a measure of the ultimate strength
of a specified beam in bending,

3.1.2 four-point-4s point flexure—configuration of flex-
ural strength testing where & specimen is symmetrically
loaded at two locations that are situated one quarter of the
overall span, away &omtheuutermnguppuﬂbunnss(ﬂ
Fig. 1).

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

| This. test method is under the jurisdiction of ASTM Committee C-28 on
Advincod Cersmics aed is the direct responsibility of Subcommities C28.01 on
Propertics and Performance.

Current odition approved July 25, 1994, Published February 1993, Originally
published ax C 1161 - 0. Last previous edition C 1161 - 90,

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

umwmdmw Vol 1103,

* Available from

Docaments, Order Desk, Bidg, 4, Section D,
700 Robbing Ave., Philsdeiphia, PA 19111-5094,

4. Significance and Use

4.1 This test method may be used for material develop-
ment, quality control, characterization, and design data
generalion 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
mfluenced 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
mrs,asducmdelLSl‘D 1942 (MR) and Refs (1) and
(2).* Specific fixture and specimen configurations were
designated in onder 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 tesis 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

3The boldface numbers in parcntheses refer to the references at the end of this
w3t method,
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Nore—Configuration:
AL=20 mm
B: L= 40 mm
C: L= BO mm
FIG. 1 The Four-Point-%4 Point and Thres-Point Fixture

Configuration

introduced during the early course or intermediate ma-
chining.

6. Apparatus

6.1 Loading—Specimens may be loaded in any suitable
testing machine provided that uniform rates of direct loading
¢can be maintained. The load-measuring system shall be 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-\4 point fixtures
.{I_FI& 1) shall have support and loading spans as shown in
able 1,

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

6.4 Bearings—Three- and four-point flexure:

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

0o less than HRC 40 or which has a yield strength
00 less than 1240 MPa (~180 ksi). Alternatively, the
ylinders may be made of a ceramic with an elastic modulus
between 2.0 and 4.0 X 10° MPa (30-60 x 10° psi) and a
Dexural strength no less than 275 MPa (~40 ksi). The
portions of the test fixture that support the bearings may
néed to be hardened to prevent permanent deformation. The
cylindrical bearing length shall be at least three times the
specimen width. The above requirements are intended to
ensure that ceramics with strengths up to 1400 MPa (~200
ksi) and elastic moduli as high as 4.8 x 10° MPa (70 % 10°
psi) can be tested without fixture damage. Higher strength

TABLE 1 Fixture Spans
Configuration Suppert Span (L), mm Loading Span, mm
A 20 10
B 40 a1l
c B0 &

TABLE 2 Nominal Bearing Diameters
Dismeter, mm

20w2s
45
20

oo

TABLE 3 Specimen Size

Coniguwaton Wit (s).mm  Depth (), mm L‘“’"#“f" in,
A 20 15 25
B a0 a0 It
¢ a0 80 90

and stiffer ceramic specimens may require harder bearings.

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

6.4.3 The bearing cylinders shall be carefully positioned
such that the spans are accurate within +0.10 mm. The load
application bearing for the three-point configurations shall
be positioned midway between the support bearing within
40.10 mm. The load application (inner) bearings for the
four-point configurations shall be centered with respeet 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 ourward 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 Anticulating-Four-Point Fixture—Specimens
that are as-fired, heat treated, or oxidized often have slight
twists or unevenness. Specimens which do not meet the
parallelism requirements of 7.1 shall be tested in a fully
articulating fixture as illustrated in Fig. 3.

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

7. Specimen

7.1 Specimen Size—Dimensions are given in Table 3 and
shown in Fig. 4. Cross-sectional dimensional tolerances are
+0.13 mm for B and C specimens, and +0,05 mm for A. The
parallelism tolerances on the four longitudinal faces are
0,015 mm for A and B and 0.03 mm for C. The two end
faces need not be precision machined.

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

LOADING MEMBER

SUFPORT MEMBER

T L —i
Nore 1:
Configuration L, mm
A 20
B 40
c B0

Nate: Bearing Cylindirs areheld in place by
low stitfness springs of rubber bands,

NoTe 2—Load i applied through & ball which permits. the loading member |0 1l 83 necessary to ensure uniform loading
FIG. 2 Schematic of a Semiarticulated Four-Point Fixture Suitable for Flat and Paraliel Specimens

the following four specimen preparation procedures:

7.2.1 As-Fabricated—The flexural specimen shall simu-
late the surface condition of an application where no
machining is 10 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
mstance. 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.

1.2.2 Application-Matched Machining—The specimen
shall have the same surface preparation as thai 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.

1.2.3 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 Procedires—In the instances where 7.2.1

. through 7.2.3 are not appropriate, then 7.2.4 shall apply.

This procedure shall serve as minimum requirements and a
more stringent procedure may be necessary.

7.24.1 All grinding shall be done with an ample supply of
appropriate filiered 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 paralle] to the specimen long
axis shown in Fig. 5. No Blanchard or rotary grinding shall
be used,

'.'.2.4:2 The stock-removal rate shall not exceed 0.03 mm
{0.001 in.) per pass to the last 0.06 mm (0.002 in.) per face.

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

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

7.24.4 The four long edges of each specimen shall be
uniformly chamfered at 45, a distance of 0,12 £ 0.03 mm a8
shown in Fig. 4. They can alternatively be rounded with a
radius of 0.15 + 005 mm. Edge finishing must be compa-
rable to that applied to the specimen surfaces. In particular,
the direction of machining shell be parallel 1o 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.

1.2.5 Handling Precautions—Care should be exercised in
storing and handling of specimens 1o avoid the introduction
of andom and severe flaws, such as might occur if specimens
were allowed to impact or scratch each other.

1.3 Number of Specimens—A minimum of 10 specimens
shall be required for the purpose of estimating the mean. A
minimum of 30 shall be necessary if estimates regarding the
form of the strength distribution are to be reported (for
example, 2 Weibull modulus). The number of specimens
required by this test method has been established with the
intent of determining not only reasonable confidence Limits
on strength distribution parameters, but also to help discern
multiple-flaw population distributions. More than 30 speci-
mens are recommended if multiple-flaw populations are
present,
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Note 1:

Configuration L, mm
A 20
B 40
[+ ]

M|

154

NoTe 2—Bearing A is fixed 50 that it will not pivol about the x axis. The ather tiree bearings are free to pivot about the & axis,
Fa. 3 MMIMMFMMMMWWMW

8. Procedure

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

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

8.3 Slowly apply the load at right angles to the fixture,
‘he maximum permissible stress in the specimen due to
Initial Joad 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 5o 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
1.0 x 1074571,

8.6.1 The strain rate for either the three- or four-poini-Y4

point mode of loading is as follows:
i=6ds/L?

where:

&€ = strain rate,
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FIG, 4 The Standard Tes! Specimens.
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d = specimen thickness,
5 = crosshead speed, and
L = outer (support) span.

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

8.6.3 Times to failure for typical ceramics will range from
310 30 5. It is assumed that the fixtures are relatively rigid
and that most of the testing-machine crosshead travel is
imposed as strain on the tast 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-Va point flexure is as follows:

IPL
S o

where:

P =breakload,

L = outer (support) span,

b = specimen width, and

d = specimen thickness. i
9.2 The standard formula for the strength of a beam in‘

three-point flexure is as follows:

IFL
5= T0p @

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

Note 1—It should be recognized however, that Eqs | and 2 do not
necessarily give the stress that was acting directly upon the flaw that
caused failure. (In some instances, for example, for fracture mirror of
fracture toughness calculations, the fracture stress must be corrected for
subsurface origing and breaks outside the gage length.)
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NoTe 2—The conversion between pounds per square inch (psi) and
megapascals (MPa) is included for convenience (145.04 psi = | MPa;
therefore, 100 000 psi = 100 ksi = 689.5 MPa.)

10. Report

10.1 Test reports shall include the following:

10.1.1 Test configuration and specimen size used.

10.1.2 The number of specimens (n) used.

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

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

10.1.5 Heat treatments or exposures, if any.

10.1.6 Test environment including humidity (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 (5) and standard deviation (5D) where:
IS
Sr- 1 [3)

n

. =2
Z(5-8)

5D= S 4
fn=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 onc 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 a maximum of 27 % (average of 11.4),
Both vaniations 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 whicl:
are well within the inherent variability of the material.

115 An interlaboratory comparison of strength of a
different alumina and of a silicon nitride was made between
seven international Jaboratories. Reference (7) is a compre-
hensive report on this study which tested over 2000 speci-
mens. Experimental results for strength vanability 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 t0 5.0
mm diameter shall be used.

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

3182 0.3 nn-] SEE DETAIL A
ol i "
| = I &
I A5 mm MIN
b—t 5354 0.03mm Di?;.:}.;lt!ﬂlgg
L) I .
| [s[o0is mm) bETLA A

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

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

X1.6 All other testing procedures and tolerances are a5
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),

l— 0122003 mm TYP, 4 PLACES

DETAIL
ALTERMATE METHOD

FIG. X1.1 The Altemative ‘D’ Test Specimen

REFERENCES

(1) Barata, F. L, Quinn, G. D, and Matthews, W. T., “Ervors
Associated With Flexure Testing of Brittle Materials,” US. Army
MTL TR §7-35, July 1987.

(2) Quinn, G. D, Baratta, F. L, and Conway, J. A., “Commentary on
U.S. Army Standard Test Method for Flexural Strength of High
Performance Ceramics at Ambient Temperature,” US. Army
AMMRC 85-21, August 1985,

(3) Hoagland, R., Marshall, C., and Duckworth, W., “Reduction of
Emrors in Ceramic Bend Tests,” Journal of the American Ceramic
Society, Vol 59, No. 5-6, May-June, 1976, pp. 189-192.

(4) Quinn, G. D., and Baratia, F. L, “Flexure Data, Can It Be Used
For Ceramics Part Design?” Advanced Materials and Processes,
December 1985, pp. 31-35.

(5) Quinn, G. D., “Properties Testing and Materials Evaluation,”
Ceramic Engineering and Science Proceedings, Vol 5, May-June
1984, pp. 298-311.

(6) Quinn, G. D., “Fractographic Analysis and the Army Flexure Test
Method,” Fractography of Glass and Ceramics, Vol 22 of Advances
in Ceramics, American Ceramic Society, 1988, pp. 314-334.

(7) Quinn, G. D., “Flexure Strength of Advanced Ceramics—A
Round Robin Exercise,” U.S. Army MTL TR 89-62, July 1989,

(8) Davies, D. G. 5., “The Statistical Approach o Engineering Design
in Ceramics,” Proceedings of the British Ceramic Society, Vol 12,
1979, pp. 429452,

(9) Ritter, ). Jr., Bandyopadhyay, N., and Jakus, K., “Statistical
Reproducibility of the Dynamic and Static Fatigue Experiments,”
Ceramic Bulletin, Vol 60, No. 8, 1981, pp. 798-806.

(10) Weibull, W., “Statistical Distribution Function of Wide Applics-
bility,” Journal of Applied Mechanics, Yol 18, 1951, p. 293

(11) Tennery, V., “International Energy Agency Annex [L" Ceramic
Technology Newsletier, Number 23, April-June 1989,

The American Society for Testing and Materials takes no position respecting the valicity of any patent rights asserted in connection
with any item mentioned in this standard. Uisers of (his standiard ane exprassly acvised that determination of the valkdity of any such
palent rights, and the risk of infringement of such rights, are snfirely their own responsibiity.

This standard ls subject fo revision at any time by the responsible technical committes and must be reviewsd every five years and
¥ not revisad, sither reapproved or witharawn, Your comments ane invited elther for revision of ihis standand or for adaltional standards
and should be addreased to ASTM Headquarters. Your comments will recelve careful consideration at a mesting of the responsible
technical committes, which you may attend. If you feel that your comments have not received a fair hearing you should make your
vigws known to the ASTM Commities on Standards, 100 Barr Marbor Drive, West Conshohocken, PA 19428,




136

qmb Designation: C 1327 - 96a

Standard Test Method for

Vickers Indentation Hardness of Advanced Ceramics’

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

pt epalon () indi

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 Ewropean Standard:

CEN ENYV 8434 Advanced Technical Ceramics, Mono-
lithic Ceramics, Mechanical Properties at Room Tem-
perature, Part 4: Vickers, Knoop and Rockwell Superfi-
cial Hardness*

2.3 Japanese Standard:

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

2.4 IS0 Standard:

1SO 6507/2 Metallic Materials—Hardness test—Vickers
test—Part 2: HV0.2 to less than HV5®

3. Terminology

3.1 Definition:

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

! This test method is under the jurisdiction of ASTM Commitiee C-28 on
Advanced Ceramics and is the direct responsibility of Subcommities 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.

* Annual Book of ASTM Standards, Vol 14.02.

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

* Available from Japanese Standards Association, Tokyo, Japan,
 Available from International Standards Organization, Geneva, Swi

L2

an editorial change since the last revision or reapproval,

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
dugonalsk;ad of the resulting impression after removal of the

NoTte |—A general description of the Vickers indentation hardness
test is given in Test Method E 384. The present method is very similar,
has most of the same requiremenis, and differs only in areas required by
the special nature of advanced ceramics. This test method also has many
elements in common with standards ENV £43-4 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-

L
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ments over a broad range of indentation loads. A compre-
hensive characterization of this type is recommended but is
beyond the scope of this test method, which measures
hardness at 2 single, designated load,

6. Interferences

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

6.2 Cracking or spalling arcund 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 oocur in a time-
dependent manner (minutes or hours) after the impression is
made

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

6.4 At higher magnifications in the optical microscope, it
may be difficuit 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. Apparatos

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 inveried-stage microscope, Descriptions of the various
machines are available (1-3)7

7.1.2 Desige 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
reference materials may also be used to check calibration
when needed,

1.2 Indenter:

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

7.22 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 exantined periodically; and
if it i8 loose in the mounting material, chipped, or cracked, it
shall be replaced.

¥ The boldfice numbers in parenthesss refer to the st of references at the end
of Ihis test method.

- -
- -
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FIG. 1 Vickers indenter

Note 2—This requiresent is from Test Method £384 and i
especially pertineat 1o Vickers indenters used for advanced ceramics,
Vickers indenters are often used a1 high loads in advanced ceramics in
ordes to creals cracks. Such usage can lead 10 indenter damage. The
diamond indenter can be examined with 4 scanning electron micro-
scope, or indents can be made into soft copper 10 help determine if
chip or crack is present.

1.3 Measuring Microscope:

7.3.1 The measurement sysiem shall be constructed so
that the length of the diagonals can be determined with
errors not exceeding +0.0005 mm,
umwmmwmmmmm
Method E 384, Ordinary stage micrometres, which are intended for
determining the approximate raagnification of photographs, may be too
coarsely ruled or may not have the required accuracy and precision,

7.3.2 The numerical aperture (NA) of the objective lens
shall be between 0.65 and 0.90.

Note 4—The apparent length of a Vickers indentation will increase
as the resolving power and NA of a kens increases, The variation is much
less than that observed in Kunoop indentations, however (2, 5, 6), The
range of NA specified by 1his test method corresponds to 40 to 100X
objective lenses. The higher power lenses may have higher resolution,
bt 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

3.1 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 Joad, but the indenter should contact the
sample. Methods of verifying the load application are given
in Practices E 4.

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

8.3 Verification by Standard Reference Materigls—Sian-
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 centified
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 varations in the
thickness.

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

NoTe 5—This requirement is necessary to ensure that the surface is
flat and that the indentation is sharp. Residual stresses from 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 measured ceramic hardness.
Hardness was only affected when the surface finish had an optically
resolvable amount of abrasive damage (7). (Extra caution may be

appropriate during polishing of transformation toughening ceramics,
such as some zirconias, since the effect upon hardness is not known.)

10. Procedure

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

10.2 Specimen Leveling:

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

Note 6—Greater amounts of tilting produce nonuniform indenta-
tions and invalid test results. A 2° tilt will cause an asymmetrical
indentation which is just noticeable, and will cause a | % emor 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 anmy 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

"Nﬂhﬂl]lﬂilmofsmmewpwmm
fials Program, Gaithersburg, MD 20899.

¥ The sole source of supply of the apparatus known to the committee at this
lime is the Tukon Tester leveling device, available from the Wilson Division of
Instron Corp. If you are aware of alienative suppliers, please provide this
information ta ASTM Headquarters. Your comments will receive careful consid-
eration at a meeting of the ible technical ittee, which you may
atiend.

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

10.5 Application of Test Load:

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

Note 8—This rate of loading is consistent with Test Method E 384,

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

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

o

!
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FiG. 2 Closest Permitted Spacing for Vickers Indentations
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ACCEPTABLE INDENTATIONS

O <

s
.
1N porosity

*
i bowed edges

UNACCEPTABLE INDENTATIONS

O

large tip .
cracks asymmetrical

tip region ) :
displacad chipping and
ragged edges

AR

pore at tip

sDalLd edges ‘

ragged edges
(grain displacement
pullouts)

indent on a
large pare

FIG. 3 Guidslines 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.

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

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

NoTE 10—In many ceramics, porosity may be small and finely
distributed. The indentations will interssct some porosity. The measured
minmmmmadimmm«m
rtlativelothemllydenmadvamnd ceramic. The intent of the
restrictions in 10.6 is 1o rule oul obviously unsalisfactory 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
after it is made (instead of making five or ten indentations
and then measuring them).

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

10.10 Number of Indeniations—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 optml
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
mﬂmcmmvmmuumﬁmhlhemufmumﬂ
guidelines for optimum procedures. Additional information is presented
in Test Method E 384, In general, the field diaphragm can be closed so
that it barely enters or just disappears from the field of view. The
aperture diaphragm can be closed in order to reduce glare and sharpen
the image, but it should not be closed so much as to cause diffraction
that distorts the edges of the indentation.

Note 12—Uplift and curvature of the sides of the impressions may
be substantial in impressions in advanced ceramics, which may cause
Mﬁhdmmmmhﬂhﬂyonto[mmﬁmdm
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. da. The
indentation tip should be just visible in the fringe of light on
the side of the crosshair or graduated line as shown in Fig, 4b
or 4¢. In some measuring systems with twin crosshairs, the
measurement is made with the inside edge of the two lines as
shown in Fig. 4b. In other measuring systems, particularly
those with a single moveable crosshair, the measurement is
made with the same side of the crosshair as shown in Fig. 4c.

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

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

11.1.8 For transparent or translucent ceramics, where
contrast is poor, the specimen may be coated (for example, a
gold/palladium coating) to improve the measurability of the
indents (4). Such coatings shall be less than 50 nm thick and
shall be applied afier 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.

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

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

HV = 1.8544 (P/dY) 2
where:
P = load, kgf, and
d = average length of the two diagonals of the indentation,
mm.

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

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

HV = (0.102)(1.8544) P/d?) (3)
where:
P =lpad, N, and
d = average length of the two diagonals of the indentation,
mm.

NoTe 15—This computation is consistent with SO 6507/2, ENV
8434, and JIS R 1610.

Mote 16—Equations 2 and 3 compute the Vickers hardness number,
which is a dimensionless number, for example, HV = 1500, HV
formerly had been assigned units of kgffmm?. Equations 2 and 3
produce the same Vickers hardness noumber.

Note 17—The factor 0.102 in Eq 3 becomes necessary through the
introduction of the SI unit newion 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:

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

A/Z @V - HV,}

n=1
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Crosshair

(a) INCORRECT. Crosshair completely covers the tip.

Light fringe (Size is exaggerated)

Crosshair 1 Crosshair 2

Setting the Zero

- -

(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 tninge) of each crosshair. The measuring system is zeroed by bringing the inside
measuring line inside edges together as shown on the right.

S

|
|
il
1
Tip in the fringe |
)
I
|
I
|
|
[l

Setting the Zero

Crosshair, position #1 Crosshair, position #2

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

FIG. 4. Croashair Measurement Systems

12,6 The hardness symbol HV shall be supplemented by a
number indicating the test force used, expressed in newtons
multiplied by 0.102 (and therefore equal 1o the test force
expressed in kilograms-force), and optionally a number indi-
cating the duration of test force applications in seconds. So,

for example, HV1/15 means the Vickers hardness for an ap-
plied test force of 9.81 N (1 kgf) applied for 15 5 at full load.

13. Report
13.1 The report shall include the following information:
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13.1.1 Mean HV,

13.1.2 Test load,

13.1.3 Duration of test load,

13.1.4 Standard deviation,

13.1.5 Test temperature and humidity,

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

13.1.7 Surface conditions and surface preparation,

13.1.8 Thermal history of the sample,

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

13.1.10 Deviations from the specified procedures, if any.

14. Precision and Bias

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

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

14.3 Instrumental factors that can affect test resulls 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)
Number  Average Repaatability Reproducibility
Load, of  Diagondl Eyoanded Coeff- Expanded  Coefh
PN} Lobora Lengthd e centol  Uncer  clentol

Tories M ety  Variaton, tainty®  Variation,
{um) % {um) %
amA 10 3452 056 0.58 294 3.05

ame 8 57 0.62 0.64 270 279

4 indentations made by organizing laboratory. Outiler results from one labora-
tory doleted.

8 indantations mace by laboratones. Outlier results from two
laboratonas delated. Ond other laboratory did not do this part of the exerciss.

© Goveraga factor of 2.8, comesponding to a 95 % confidence interval,

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

14.5 A round robin was conducted to evaluate the suit-
ability of tungsten carbide-cobalt specimens as standard
hardness test blocks (10, 11). The results of this eleven-
laboratory round robin can be used to evaluate the precision
of Vickers hardness measurements for a hard matenal (~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 afier 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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