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KAMOL TRAIPANYA : FABRICATION OF SALT-ACID RESISTANCE
CERAMIC TILE. THESIS ADVISOR : ASST. PROF. SUKASEM

WATCHARAMAISAKUL., Ph.D., 94 PP.

CERAMIC TILE/GLASS COATING/SALT-ACID RESISTANCE

The purpose of this work was to study the CaO-ZrO,-SiO,glass ceramic
coating on porcelain tile, which improvetile salt-acid resistance.The effects of the
amount of zirconia, firing temperature and soaking time were investigatedon the
thermal, physical and mechanical properties of glazed tiles. The glaze compositions
contained 12-16 %wt.zirconia weremelted at 1550°C,then glazed and fired at 1350°C
before annealed at 1050°C and 1150°C for 30 and 45 min, respectively. The
crystallization temperature and coefficient of thermal expansion were measured for
Ca0-ZrO,-Si0,glass powder. Glazed tiles were analyzed on the phase composition,
density and microstructure. The mechanical properties measured were flexural
strength and hardness. The presence of wollastonite, pseudo-wollastonite, calcium
zirconium silicate and cristobalite phases were confirmed by XRD analysis. The
highest flexural strength of 148.88+6.40 MPa and hardness of 975.65+59.54MP a
were obtained with the sampleof 14 % zirconia annealed at 1150 °C for 45 min.
Microstructural analysis demonstrated growth of calcium zirconium silicate from
wollastonite crystal. The weight loss in corrosion resistance test was confirmed to be

less than 1% for all samples.
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FEUNUNIHUNNDUNILINANTANNANLAZYIA B FI9LNANTANNANNOUNILINANIT AR
X /o a Y g ‘o ¢ o dad 2
uonniinavesesn leanauas liliuiuwinsgnysan lavnazoan la1lidss Fedana
Y a = Yy 2 ad A . A
Tiinamalasuuiladlng @i NauNTIwannNUHIAP,0, , TiO,, MgO 1ag ZnO iaziiy
1 @ [ v 1 I
AMNUNIA (CaO Az BaO) TusznIumsHiinuaz 519U1NA 14U TiO, 63928111 Nucleating

a9
agent 9NNIY
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Siligardi et al., (2011) AnyHavoIn 51 mA2 U2V Ca0-Zr0,-ALO,-Si0, Tagn1s
RV AlLO, SIERTRE 1,3,588% 10 mol% uﬁ”aﬁw"lﬂmﬁauuu Porcelain stoneware 19 Elcl“]sfj
NIZVIUMTHINUUYN 1220°C Tuszezinal 50 wrmleunulussungaa1uns N5
WUAIDINNTMTIAN ALO, 5 mol% Neauiiairananaz N1 anenIwangaluussaidingiy
v
NIriuAAe A1 linear shrinkage 3.5%, water absorption 0.01% 1az A1 Modulus of rupture 63.3
N/mm’

Siligardi et al., (2006) A3 V,0, INOANYINITIHIHLNIAZANITANKNANYDI CaO-ZrO,-
Si0, Glass-ceramic W11 18389 Glass-ceramic NUAMUUUUU 95% YDIANWAUILUUAIY

@ A o | o @ ] { a T v A
NOBRUAIINMIIHINENT 900 °C1iluran 192 Tualudred1idn v,0, tazwunignai

4 9

imaduludiedraiuilsznonlildae Wollastonite (CaSiO, ) , Calcium zirconium silicate
(Ca,ZrSi,0,, ) 18% Calcium zirconium oxide #AVD V,0, Troangangl lumswiniinuag
R A ° 9 . Loa 9
§995201509M511 1f1ve9 Ca0-Zr0,-Si0, glass-ceramic DnAY

Bolleli et al., (2007) 181415 a 3 wilah 14 lugaa1minssulaun BaO-ALO,-SiO, (BAS)
,Ca0-MgO-ALO,-Si0, 1 @ ¢ Ca0-ZrO,- ALO,-SiO, (CZAS) 110 15 Plasma-sprayed 8 4 U

[ Y
Porcelain stoneware tile WU MNTANN1N15 Plasma-spray HH ¥ aouasa18aaNUA I Porcelain
. Y = 1 :1 ~ a 9 A
stoneware tile llﬂﬂ LLG]EN?J?’I’J”IN“thJTLﬁll?JiTIJLSfJ‘]JﬂJ@QNZM‘LHLU@QiJ”I%”Iﬂmﬁ Plasma-sprayed
LAZINATB83121110991N Residual stress LATWUIIHAIINATTN Heat treatment 1@ 213/
ieumienduiavesniaiindouneunazWaIRiInIg treatment WUINTZUIUNTG Heat
1 wAa A 1 < o J
treatment InaAoauiAFInalaun Anuuds aAnumtion nazi ldindeuansonuniuae
v Al YA 1 3’; dy I =R A a 4%1 d" A o Y wa 1 449!

mstad laan natiiluwainanmsanwanimneduluiomdo i liainiaai q aau

Bolleli et al., (2007) 11013 Plasma-sprayed 1AL Glass-ceramic 1a81% CaO- ALO,-

. . o 3 a ' a =2 A

Si0, (CAS) 1tag Ca0-Zr0,-Si0,(CzS) inmsvaouiunialagnuai CZs UnsankHan

a

a a Y d' o é 1 a = dy [N} ] d' o Y a [
UTIUNINUINGUNNU 1050 C "IN‘W‘U’JTW’L]G]ﬂiiﬂJfﬂiﬁﬂNﬁﬂLL“lJ“lJullll\‘ﬂ‘c'luﬂﬂi]%ﬂﬂﬂlﬂﬂﬂﬂ

U

L A g o2 Ty =< o q¥ A
FUNUNYY Glass-ceramic NIFU LAAIYNTSUIUNT Plasma-sprayed i linsvoansannu

a

o Y A A (A =2 Y a da! A o A 0 I
a\‘]‘lﬂ‘ﬂ'lﬂln‘ﬂlﬁll@u@'Ja'ﬂWaﬂﬁlﬁlﬂﬂmul!aglnavnﬂ'ﬁ Heat treatment N@UHHU 850 C 1Wu

U

=

= < 1 ' 4 =) {
a1 30 widinaz 1050 °C (Huran 15 wiwuNanwan ldegnauysainazimswninia uaz

D

NauiAaFanananiulenffoufenny CAS FIWUIINTLUIUNT Heat treatment NYUNQ I

U

Y

0 I = 0 I = 1 o Y a =2 o
850 °C 111391 30 ag 950 °C 11uan 30 u1ﬂ1uﬁ1u1ﬁﬂ‘ﬂﬂﬁlﬂﬂﬂﬁﬁﬂNﬁﬂLLﬁ%‘ﬂﬂﬁ

A o o Y '
nlszieannduiluuniog

=1

1 J [
Linda et al., (2009) ANHINAVD soaking time NTA00IAYTzNOUINIA JUNT 1Az

v
=

TasesadreganinveundouN@IumaNV09 CaO-MgO-Na,0-K,0-ALO,-Si0, TuifSuah
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A

UANANNY 10 Q’ﬂiiﬂﬂlﬁ@ﬂmiiuﬁﬂﬁuﬂﬂﬂﬂ HUUYATINNITITY (Fast firing) tta & 111

a

W0 §1iAn15MAa0Y (Laboratory firing) Nguwgil 1215°C Tagld soaking time 1 1,4 11ag 24

U
v

o ' A 1w Aa X A~
#2139 WU szezna lumsnusiinade igaiainmayu laggasnilsiaves Mgo 5% lag

¥ v A o . . I o A A ' =
ninif3uavedingnia Diopside (undnuaziiamuszaznar lumsmnswy Nl
. 2 2 < { ' 1w
49939119 Diopside 1Az Anorthite iNWAW uaael¥iudeszeza1wusiinaneignin,
a = 2 A A s 3 o a

Ysuauazmaay Taveawan uenanilnaeUgasNuYINIAYeT Ca0 17% Tastimiinazing

< = . A A 13 o Y (a

11/uMan Pseudo-wollastonite iaztiotuIA U stHInsAvz 1T U100 Pseudo-
. d? dyd' [ v 1 A o Y

wollastonite ¥1NUYUUBNIINTUNTAI AU TAsl5zuIUYDI MO dip CaO AiD 0.22 323114

a v < ¥/

INAINNIA Wollastonite wuwnan

@ AAa A 1 4 o
Linda et al., (2007) Anyiwavesau)s lumsimnioninadeesnlszneuigninues
AR UAUNTAIUNANVDY CaO-MgO-Na,0-K,0-ALO,-Si0, Wu1M 3 1¥5geznanmugiuiu
g [+] a QU { L} % 1 QU 1 1 1
Juagihiinadgniafiuanatenuluazwuai 6a51821uv99 MgO Ao CaO ¥1NN11 0.2
a o I 1% 1% 1 v o
924093119 Diopside tJundan d1oas1aauTagszu1amvo9 MgO Ao CaO Ao 0.2 911 1%
a @ I o ! a [
1A 75 n1A Diopside 11a ¢ Wollastonite 11 W% §n 61 CaO u1nN31 MgO ag1iainnin
Y
Wollastonite 118 ¢ Pseudowollastonite 1D N 1N UUT U 1M V04 Si0, v AINAADBNITLINA
H Y H
Wollastonite 1182 Diopside 928 528zt lumsrnnuuiuazi ldinamsnlaeuigninnn
I
Wollastonite 111 Pseudowollastonite
Linda et al., (2009) ANHINANIIUNUNIUUYDIND D Diopside, Plagioclase, Anorthite,
Wollastonite 1182 Pseudowollastonite 1UIAADUNVNNADEITALA1BAWNIATIIU ISO 10541-13
W11 HAN Diopside 1UYNAANTOU WAN Plagioclase gnAANTOUIINNTATATAUAZNIA la AT
a { a [ 1 { @ 1 [} o 1 % a £ @
Ane3NNUINMI0eRRITHIIHanRInuRAnLa bigniansouTaothuSqns mednrennse
4 1 o 1 a 4 =
Twunendon lanson lad wan Anorthite lugniansouTasnsannriia e inlilsmmves
o A 1 @ 1 . ! 3 < @
ALO, 11N NUNUNIUABNTAIANTOUFI HANYDI Wollastonite N3 UnsuTludugnia
1 A £ 1 1 =2 . A .
ﬂ:iauT@amiazawmqmmﬂumq AIUNANUVDI Wollastonite ‘VliJgﬂ‘l/lN!,L“UiJ dendrite 11130
nuMInANTeUIINA IAaNIwazMsazatensa luamnsonansou g
Y Y ' o 2 X A a a
vinmsauanunludagpiunszuaunmsvugilnssideundeuwinsianuniy
' w1 I, D, < Y & o o
ABNITNANTOUVDINTA LA UNTT 19 Plasma-sprayed (T unianuaz uanviniigaansaii i
o v o a v 1A
Uszgna lgnuidawsiin lanatedszinnuag laauiaaudeinis uaiioninnszuiums
gwdyow 9 PR W A wg/ de’ld Y a
Plasma-sprayed 1183009100 11U 1U999UnTalFI9U 510N AUUIVITBUIUTUN Y
[ k4
WmmsAnuagiteneInunszuIumMsndeuAIveInsIlo uwsiin Tagldnsuiumsuuy
. ] ' Y Yy = o o 79 Yo
Conventional #99z ¥18aaaunuldiosacturmziumsth lddszgndldnugadivnssuves

szinalne



3.1

UNA 3

ABAUTHUNIIVY

gilnsainisnaans

A A SAq Y =) @ 1 a 4 A
Lﬂ5@QllﬂuazQﬂﬂiﬂlﬂi%iﬂﬂﬁl@]iﬂﬂ@n@EJN ’JlﬂiWSWLLQZVIﬂﬁBUﬁﬁJU@]LLﬁﬂﬁiu

A
M7 9N 3.1

A PR
M13199 3.1 naasgilasainlslunsnaaes

4 Y a 1
9in3al HHaA HUU/FU
X-ray Diffractometer (XRD) Bruker D2 PHASER
Furnace Carbolite RHF 1500
BEB 17/5-
Glass Furnace ELITE
241642116
Hydraulic press CARVER Model 2702
Scanning Electron Microscope JEOL JSM-6010LV
Universal Testing Machine(50 kN) Instron 5569
Simultaneous Thermal Analyzer (STA) NETZSCH STA 449 F3 Jupiter
Diamond Saw Buehler Isomet 1000
Ball Mill - Polyethylene Jar
Dilatometer NETZSCH DIL 402
Galileo micro-
Vicker hardness tester -
hardness tester
Field-emission scanning electron
JEOL JSM-7800F

microscope

Hardened Steel Mold
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¥

32 Jaauazansnil

< o ad
MTNNN 3.2 LLEWN7.]ﬂ'ﬂuﬁzﬁ”ﬁmﬂﬂi%}iUﬂ"ﬁﬂﬂai’N

Uszianas Fomsm N30 HWan
Silicon Dioxide Industrial Grade Sibelco
13 G?{J A Zirconium Oxide 99% pure Sigma-Aldrich
Calcium Oxide 95% pure Ajax Finechem
N - Sodium Carboxy Methyl
TITNUNTIALNTE Industrial Grade -
Cellulose
Body PCA body Industrial Grade Compound Clay
G]'IiNﬁ 33 ’t’]\?ﬁ'ﬂigﬂ’E]’]J‘VIN!ﬂﬁﬂJE]QLﬁ’EJﬁUW@%%LﬁH PCA
peAtlszRo MRl Zawaz Tngrimin
SiO, 43.30
ALO, 44.90
Fe,O, 0.89
MgO 0.44
CaO 0.23
Na,O 1.02
K,0 2.94
TiO, 0.25
Loss of ignition 6.03
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321 auliamememnIazHa v U AUWS WAy PCA

AVOITUNE = 1.75-1.78

ANUTiiA = 1.8-2.5 poise
ANMUUAUWTINDUIHN = 50-75 N 1aNSUADAITIFUALNAT
vaANNazdeaau >10 luasen = 15-30 %

vinaaulasmas D,, (lunsou) = 3-6 lunsou

MIHAANINAIDU = 3-59%

MINAAITIN = 13-15%

magaduh = 0.00-0.14 %
ANUUATINAUM(1280 °C) = 1250 N 1aNTUADAIT B UALIAT

33 5mInaasd

331 maesaunza

o w a 9 1 = 4 14 = Aaa o
1) mmaﬂu"lmm LLﬂﬁL“])’EJ‘JJ’E)’EJﬂUl"Tfﬂ, 505 1A LasTanT NINANAUAN

Q

Pinarfisyy 13 lumsei 3.3 Taelduiloua (Polyethylene jar) 1Hunan 6 $2Tuq

a a

2) waeuingaulu Prcrucible Tagldimgungiige 1700 ‘Cgumngi 1550°C

U G

Q

unan 199 Tug mﬂﬁ’uﬁﬂﬁ’gﬁuﬁamTﬂsjmﬁ”@qﬁuﬁwaamﬂmﬁaaﬂuﬁmfhﬁamia

3) vaaavinanEaildlas1dInd e ouruazunsa 325 maudnhrane lal
UATIEHANHUSIANIL (FY 11 Glass transition temperature(Tg),Qmﬁgﬁ@]ﬂwaﬂ (Crystallization
temperature)tLﬁ%ﬁTﬁ’lNﬂﬁxaﬂ%mW”Izslli’Nﬂ”li"lJMEJﬁ’WlNﬂ’NlI%}ﬂu (Coefficient of thermal
expansion)

33.2 nﬁﬁugﬂw‘%mﬁeﬁmﬂzﬁ%’gmﬂ

1 e afiseurmuazins 325 Wy Fanminglonseei 2 duialy
laded1eay 1.5 nu

2) hwalEaRFaimiaudanausu PvA anududu 5 % Tasldingeua
wers ey it

3) ’é"ﬂéﬁugﬂ“lmmumqﬂizuaﬂmmmﬁ’uvhug{us]'ﬂmq 1Ly UALNAS

] v A = Y =X
UHTIDAN 3 UINUAIIDDALUUDDN
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b4
(J I % a

o Y A a o <3|
4) il Idgnaafgaurgl 1350 °C ifunat 30 Wi Mniuangungiiag
{ 3 ' 3 o { A o
117 1050 °C 1Funan 30 uag 45 wiudlaeslfidudaingungiivios uagimnligndn

U q

~ a o I = S a A 0 I
Ny 1350 C Lﬂunm 30 4N VINUUAAYUNINAININ 1150 C L“]J‘L!L’Jﬁﬂ 30 ey

Ay ' vy o ~ Ay ~
45 U umﬂaaﬂiwgﬂuﬁaaqwqmwﬂmwmmmmumww 3.1

U
[

o w [} { o a Jd o a é’ 4
5) e 1 lluaazideaudnirliinsgiignaiinadulaeldnso
X-ray Diffractometer

dy &’ a A a 4 &’
333 m:isuugﬂnszmmmﬁ1ummznmﬂaeumﬁmmmnizmm

a

o A 4 { o
1 UIAUNDIHAUPCA NWﬂﬂllﬁlﬂﬁqmﬁﬂN 100 C

QU

v
% o

' ' s 3 @ 4 ]
2) FoUMIUAZLATIVUIA 200 0y 21U TdFai v ndeinT 0999
2 a1 1ddee19as 65 nSu
o é’ 9 [l < 9 ~ A v W k)
3) eavuglTagldunuumanndmssd@asuiniauuin 5.5 x 5.5 cm A2Y
1 Y
ATLUIUMIOAUT (Dry pressing) NANVAY 500 Kg/em 19115960 5 U1H101UDDADON

INLVY

a

o 2 d’d’g Y 3 . A o g’./ o £ A
4) uwmm‘mugﬂ”lﬂ“lﬂgm Biscuit NYUUHU 800 CIMNUUNNTUITUIND

Rl

w3BuIAARLAD 1)
H 9 Y ' ' g
5) maumarsan lanntuneumsessursanuilusnsiaiunsaneii 55
b4 1 A H o .
45 % Tagthviinuaz laensiiunsoame 0.1 % lagiminlunifoua (Polyethylene jar)
I o
Wuna 6 ¥ 1ue
v 2 1 L. vy ¥ A Agqud & 2L ¥ v
6) UFUNUHIUMIIH Biscuit Ao uado U InmFuau a3 i

) o A a < =t 2 a
7) i ldenIdgndagugi 1350 ‘ciifunan 30 wii mnivangurgiiag

[
v A

~ o 2 A9 1 ] @ A a g Y
110 1050 ‘Crilunan 30 tag 45 HWV]LL@'J‘IJ'@@EJGLWLEJHW'J@Q‘VIQNWQNW@QLL@%LNWIWQﬂ@n‘W
<3|

a I kS a {
ganN 1350 "CluaT 30 WM MNUUAARUNYNAWN 1150 ‘CiIluiial 30 uag 45 N

Y

' vy o A Ay A
llajﬂaﬂﬂlﬁlﬂu@jaﬁﬂqmﬁﬂuﬁﬂ\iﬁ'luuwuﬂ']wv] 3.1

U
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gunN(’c)
A
30 W9
1350 +
° =\ 30,45U10
1050 1 5C/ 1M
5¢/uf
a1 (W)

a

517 3.1 Maw AT CaO — Zr0, - Si0, Mgl 1050 'C 1381 30 LAz 45 U1d

Y Y

o, 3 o w
waz 1150 °C 1funan 30 1ag 45 WNauaIa

1090 3.3.3 dnsndjldandrundunazguugirIudegurginly

Tums Annealing 1@daans1en 3.3



v 9
A5 3.4 uﬁﬂq’e@1imauwﬁmmmimﬁ’ummmﬁau CaO- ZrO,- SiO,

24

- Annealing
Si0, CaO ZrO, | QUUNUIAI -
. UMY 1381
(%owt) (%owt) (%wt) (O . -
(O (W)
53 35 12
53 34 13
3 33 14 1050 30
53 32 15
53 31 16
53 35 12
53 34 13
53 33 14
53 32 15
53 31 16
1350
53 35 12
53 34 13
53 33 14 1150 30
53 32 15
53 31 16
53 35 12
53 34 13
53 33 14 1150 45
53 32 15
53 31 16

A . @ a 9y Y . .
*Qmﬁgmiumi Annealing 533809 UNANHUSIRWICIWIANNIDUAIINTDN Differential

Thermal Analysis IWoH 1QUNY

]
Aad

n

9
IHUNSTUNUTIUNTUUY 9




das1aIuNaNNITINA Zr0, 12-16(%wt.) Aduaad luas1emuIuIn
3Ca0 + 5Si0,+ Zr0, —----> Ca,ZrSi,0,, + CaSiO,
3(40.08+16)+5(28.09+(16x2))+(91.22+(16x2)) -------> (475.74)+(116.17)

m3zneiuag1d Ca0 ~29 %, Si0,~ 51% , ZrO, ~ 20%

25

Wﬂqa U Porcelain body
Ca0, Z10, ,Si0, n
v . 2
oAUl
mmsnaonlu Pt-crucible ¥
7 1550 °C e 30 Wi
I Biscuit
o . ¥ A o < o
MM quenching Tuiniter 1idunEe ATNAOUVANHULIANZ
v -1)91A
C e s o
UANAL -duilszanimsvesiiniennuiou
v

AINADUANHULINNE

LagaNyANINe

werunaeUs e CZS M Binder

v

Glass transition temperatu

A o A X
IWDNINITNADUUUNTSLIUD
re

: v

WuAGOY CZS Ngungiia1eg

|

v

A

nagoudNlMFINa

<
-ﬂ’ﬂllll%ﬂ, FITULLUILLT o
fATVADUINNA

ﬂﬂﬁf’)ﬂﬂ’)"lilﬁﬁﬂ‘lmuﬂﬁﬁﬂ .
WINNUHUULUU

nIOU

as1vdouIaseadiagann

3‘].]‘1/] 3.2 meﬂizmumsmugﬂﬂszmaummwuwuﬂﬁ@
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A A Y =R a v A A A A 2 Y
MITUDIH A NATIZHANH AUSIRWIZUDIRUATOVNATO VU UFUIIU IR
g va Aa <3
19019 (Phase), Iﬂiﬂﬁ%ﬁﬂi}ﬁﬂiﬂ (Microstructure), nagovauiimFinaludiuniuud
I @ 1
(Hardness) B0 AITNLLUILLT (Strength) HAZNAFBUANVAIUNIUNITAANT DY (Chemical
resistance)
334 MInTaNYAMINLTInu5eu(Differential Thermal Analysis)
msasndovauiadinnuiouldanmsiannuuanalsvesguugiiile
g IdsuanudeululfSnainminu
Aas
FMInadeu
= Y 1 o a 4
D sumanSanuaaz@earmuazinga 325 iy uianai lansizvidae
IA594 Simultaneous Thermal Analyzer (NETZSCH ju STA 449 F3 Jupiter)
=Y < - o 1< % o g’./ H [
2) wansaluutanrmumInasurand v ldigudas aaiwaenlenld
U [} o a o d‘ Y [ a [ d'
Mog1ainnunandiy Weiloanunsaavo N anuMyuz U

annznldlumnaaeu

QNN = 1350 °C
TERIALRL £ TuTasou
PATIMINNQuUQN = 5°C/ni

[ 24 A aa =1
8n3IMs IMavewna = 50 a@ans/AuM

UIUAIBE 5
33.5  PMSNAAUMSVENYAINIGANNIoN (Coefficient of Thermal Expansion)
MINAADUANLANTVI10A29097e9 19 Dilatometric expansion A181A503710
MIVGIAINTNAINS0U (Dilatometer) 80 NETZSCH U DIL 402
° Y A < a ° ' A A 9
D hudanrumsnasuvmdurimbuunlduunTanenssqmaoy uds
1 < o 4 @ @ ]
Yaeelmdudiaai o lumumiielesnumsuaninvesdieda
o w 1 . v 3 . ! y o A (%
2) tharegen Id lldmiluginssimaendannsosdan 1o ludamess
TR 18110 5 x 50 x 5 (1319 x 817 x g9) Badwas (0.5 Hadwas)
3) MInAdaUANIANTVEIBAINANINS OU
I 1 o a £ @ Y Y A Yo
umsnageumamduilsz@nsnmsversimunnudouvesiagiie 145y

Y
QNG
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A
anmznlFlumnaaey
1 ad‘ 9 0o
AIQUNYNN 19 = 950 °C
PATIMINNQuUYQN = 5°C/i
INUIUAIDN = 6

a d d v
3.3.6 miﬂi?%]!ﬂi]xﬁ@ﬁﬂﬂizﬂ@ﬂ?{]ﬂ]ﬂ (Phase composition)
a 4 4 @ A a dﬂg @ 1 9 o dy
M3nIUAIIEHdnlsznouigmannavuludiedia lsnanms@enuu
v oad o =< & Yo ) A A A 2
YOITITDNFHIUNANTIVE IR anBUIRNIZAIVIguUNITaNANYI1INQIUMNNY VDI
4 Yy A o dy v a 1 = A Y [
HUSNA (Bragg’s Law) 1a8191030390N15108010UU059q0NFHIUAAN 8410 BRUKER §1 D2
PHASER
Aax
IBNMINaaol
D hwansanldannnsoauiadiiumawitazualiaz@eau lalunld
#10819 (Sample Holder) 1haniiveansdedne ¥z euauenunuveuvesi ladiodna
2 ihnladesraladlddseneusuunuiiediedis seiase e ld
ABENHNBONU

annmznldlumnaaey

Generator Voltage = 25KV
Generator current 5 12 mA
Start angle (260) = 10°
End angle (20) — 70°
Step time = 0.5s
Step size = 0.02°

337 MINAADUAINNUMUABNIAAIAIVBINIZIUBABNNNFHANUNIANAD
(Flexural Strength)
1 (Y] 9 9 d’
NATDUAIUNUADNITAA TAIAINUIATTIU ASTM C1161-90 TaalHinTo
maamwqﬁmammﬂmaﬁﬁﬂ (Universal Testing Machine)
1) MIHIIUAIDEUNONATDY

v o

] dy Yy A = Y
e A ’J@EJ'Nﬂig!Uﬂﬁiwﬂgﬂﬂiﬁﬁlﬁﬂﬂﬂmuqﬂ 10x50x 10 (NN x

a a Aa a 9 4 % <3 o @
g1 x fqlf\‘i) VAALNAT (0.5 HAALUNT) ﬂafmﬁm@ﬂﬂ’nmimﬂ%’h@ﬂm%i
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d' [ 1 9 = 9 o
. aumaimagmlmm@mﬂﬁﬂclﬂm’izmymmazmﬂmm’mﬂﬂ
NAaDU
annmznldlumsda
Tudamasvnaduriugudnais 5 i
ANNBITOV = 150 TOU/MUT
Y
WINUNNANA = 250 NT Y
2) MINATDUANUNUADMTAA 1A
< ' Y Y] v A A =
fumsnagauanunuasnsaa Ind laglsasealonaaousinaazisg
v
navesiae lHusanT A FUIU 3 99 (Three-point flexure)
Aq Y
annzhlglunmsnaasy

2 Yaaag

' 4 v @ '
"Uu']ﬂlﬁgf}uW’luﬂuﬂﬂa’lﬁﬂlﬂﬂﬂqﬂi@ﬂTU@]’]’[;]'(’J'N

ANNNANVDIIATOITUAIDEI (support span) = 30 HaaIAT

< @ A A
ANUE21uMInAAATAY (Crosshead speed) 0.25 Yaauas/uM

NUIUFIUNAY = 20 @IUNAN
y , 2
NAFDUKINIDENIAY = 3@39
d' a 9
NAADUNYUNN UK

fﬂi‘ﬁ”lu’Juﬂ’Nll1/]Ll@'ﬂﬂ1§ﬁﬂjﬁﬁﬁ1u3u1ﬁ}ﬂ1ﬂﬁﬂﬂ1§ 3.1)

3PL

MOR = ~—MPa (3.1)
] @ Y 2 = ] I
Iﬂﬂ MOR = mm‘nu@mmmﬂiﬂwawmmuwmmﬂu MPa
A o Slay v A 1 I a o
P = mummamaqﬂﬂmwﬂwvmmmsmwﬂ Wiy daau
[ (3 1 [] < a a
L = AMNNIUPIRATEIT U001 ivtitetlu aduas
Y @ 1 = [l 3 A a
b = AMUNINVDINIBEN el Haawwas
Y ' 1 I A A
d = ANMUGIVRIAIed MUY Tadns

MIMuUIUAURAIANUAINUADMITAA TR Tdonanms

X=2X/N (3.2)



lag X =
X =

N =

auN3 (3.3)

S.D. =
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qﬂm Designation: C 1161 - 94 (Reapproved 1996)

Standard Test Method for

Flexural Strength of Advanced Ceramics at Ambient

Temperature’

This standard is issued under the fixed designation C 1161 the number i diately foll

ing the desi 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
superscript epsilon (¢) indicates an editorial change since the last revision or reapproval,

1. Scope

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

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

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

2. Referenced Documents

2.1 ASTM Standards: -

E 4 Practices for Force Verification of Testing Machines?

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

2.2 Military Standard: b

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

3. Terminology

3.1 Definitions:

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

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

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

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

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

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

3 Annual Book of ASTM Standards, Vol 11.03.

* Available from Standardization Documents, Order Desk, Bldg. 4, Section D,
700 Robbins Ave., Philadelphia, 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
generation purposes.

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

4.3 Flexural strength of a group of test specimens is
influenced by several parameters associated with the test
procedure. Such factors include the loading rate, test envi-
ronment, specimen size, specimen preparation, and test
fixtures. Specimen sizes and fixtures were chosen to provide

a balance between practical configurations and resulting 8

errors, as discussed in MIL-STD 1942 (MR) and Refs (1) and
(2).% Specific fixture and specimen configurations were
designated in order to permit ready comparison of data
without the need for Weibull-size scaling.

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

5. Interferences

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

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

* The boldface bers in at the end of this

test method.

refer to the refe

—HE se oo o

=

B892 g8E8pgaeggds




65

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-Y; point fixtures
(Fig. 1) shall have support and loading spans as shown in
Table 1.

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

6.4 Bearings—Three- and four-point flexure;

6.4.1 Cylindrical bearing edges shall be used for the
support of the test specimen and for the application of load.
The cylinders shall be made of hardened steel which has a
hardness no less than HRC 40 or which has a yield strength
00 less than 1240 MPa (~180 ksi). Alternatively, the
cylinders may be made of a ceramic with an elastic modulus
between 2.0 and 4.0 X 10° MPa (30-60 X 10° psi) and a
flexural strength no less than 275 MPa (~40 ksi). The
portions of the test fixture that support the bearings may
nieed to be hardened to prevent permanent deformation. The
ylindrical bearing length shall be at least three times the
Specimen width. The above requirements are intended to
tnsure that ceramics with strengths up to 1400 MPa (~200
ksi) and elastic moduli as high as 4.8 X 105 MPa (70 X 105
Psi) can be tested without fixture damage. Higher strength

A
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4 ¢ TABLE 1 Fixture Spans
4 % Configuration Support Span (L), mm Loading Span, mm
A 20 10
? + B 40 20
s | c 80 20
+ +
a TABLE 2 Nominal Bearing Diameters
I “1 Configuration Diameter, mm
A 201025
B 45
c 90
TABLE 3 Specimen Size
<4 Confguration Wit 0),mm~ Depth (), LeP9% (), min
2 Y A 20 15 25
: ; B 40 3.0 45
] c 8.0 6.0 20
i,_ : e ; and stiffer ceramic specimens may require harder bearings.
! I 6.4.2 The bearing cylinder diameter shall be approxi-
) mately 1.5 times the beam depth’ of the test specimen size
S o employed, See Table 2. )
B:L = 40 mm 6.4.3 The bearing cylinders shall be carefully positioned
C:L =80 mm such that the spans are accurate within +0.10 mm, The Joad
FIG. 1 The Four-Point-4 Point and Three-Point Fixture

application bearing for the three-point configurations shall
be positioned midway between the support bearing within
+0.10 mm. The load application (inner) bearings for the
four-point configurations shall be centered with respect to
the support (outer) bearings within £0.10 mm.

6.4.4 The bearing cylinders shall be free to rotate in order
to relieve frictional constraints (with the exception of the
middle-load bearing in three-point flexure which need not
rotate). This can be accomplished by mounting the cylinders
in needle bearing assemblies, or more simply by mounting
the cylifders 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 Articulating-Four-Point Fixture—Specimens
that are as-fired, heat treated, or oxidized often have slight
twists or unevenness. Specimens which do not meet the
parallelism requirements of 7.1 shall be tested in a fully
articulating fixture as illustrated in Fig. 3.

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

7. Specimen

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

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

305
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LOADING MEMBER

SUPPORT MEMBER

BE.

NoTe 1:
Configuration L, mm
A )
B 40
c 80

NoTe a—mmmapp?dwmahumwmhshmmmwmasnmmmmuﬂmm
d Four-Point Fixture Suitabl

FIG. 2 Sch

the following four specimen preparation procedures:

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

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

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

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

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

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

tic of a Semiarti

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

for Flat and P Specimens

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. 3

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

7.2.4.4 The four long edges of each %pecimen shall be |
uniformly chamfered at 45°, a distance 0f 0.12 + 0.03 mmas |
shown in Fig. 4. They can alternatively be rounded with 4
radius of 0.15 + 0.05 mm. Edge finishing must be compa- |
rable to that applied to the specimen surfaces. In particular,
the direction of machining shall be parallel to the specimen
long axis. If chamfers are larger than the tolerance allows, |
then corrections shall be made to the stress calculation (1).
Alternatively, if a specimen can be prepared with an edge -
that is free of machining damage, then a chamfer is not
required. g

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

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

gz
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Note 1:
L, mm
A 20
B 40
c 80
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Note Z—BearingnBﬁstoMIwiwﬁmamnﬂnxa:h.motuﬂeebeaﬂ;smmmmabmhexm
FIG. 3 Schematic of a Fully Articulating Four-Point Fixture Suitable for Twisted or Uneven Specimens

8. Procedure

8.1 Test specimens on their appropriate fixtures in spe-
dific 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.
The maximum permissible stress in the specimen due to
initial load shall not exceed 25 % of the mean strength.
Inspect the points of contact between the bearings and the
Specimen to ensure even line loading and that no dirt or
tontamination is present. If uneven line loading of the
specimen occurs, use fully articulating fixtures.

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

can be distinguished. Carefully drawn pencil marks will
suffice. :

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

8.6 Loading Rates—The crosshead rates are chosen so
that the strain rate upon the specimen shall be of the order of
1.0 x 1074 5~1,

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

é=6ds/L?
where:
¢ = strain rate,
TABLE 4 Crosshead Speeds for Displ t-Controlled
Testing Machine
Configuration Crosshead Speeds, mmj/min
A 0.2
B 05
c 1.0
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FIG. 5 Surface Grinding Parallel to the Specimen Longitudinal
Axis

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

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

8.6.3 Times to failure for typical ceramics will range from
310 30 s. It is assumed that the fixtures are relatively rigid
and that most of the testing-machine crosshead travel is
imposed as strain on the test specimen.

8.7 Breakload—Measure the breakload with an accuracy
of 0.5 %.

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

308

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

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

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

in accordance with 11.2.

9. Calculation

9.1 The standard formula for the strength of a beam in

four-point-V4 point flexure is as follows:

g 3PL

where: .

P = breakload,

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

9.2 The standard formula for the strength of a beam in

three-point flexure is as follows:

go3PL

strength of a specimen.

Nore 1—It should be recognized however, that Egs 1 and 2 do not
necessarily give the stress that was acting directly upon the flaw that
caused failure. (In some instances, for example, for fracture mirror of
fracture toughness calculations, the fracture stress must be corrected for

subsurface origins and breaks outside the gage length.)

b (O

“2b7 @ 1

9.3 Equations 1 and 2 shall be used for the reporting of |
results and are the common equations used for the flexure 3

E§F__EYBEEFE_= 3_

=
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Note 2—The Uouw:rsmn between pounds per square inch (psi) and
megapascals (MPa) is included for (145.04 psi = 1 MPa;
therefore, 100 000 psi = 100 ksi = 689.5 MPa.)

10. Report

10.1 Test reports shall include the following:

10.1.1 Test configuration and specimen size used.

10.1.2 The number of specimens () used.

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

10.1.4 Exact method of specimen preparation, mcludmg
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 (SD) where:

3)

3(S- 57
! )
fm=1)
10.1.10 Report of any deviations and alterations from the
procedures described in this test method.

11. Precision and Bias

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

11.2 Experimental Errors:

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

four-point configurations B and C. (A conservative upper
limit is of the order of 5 %.) This is the maximum possible
error in stress for an individual specimen.

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

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

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

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

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

12. Keywords

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

(Nonmandatory Information)

X1. ALTERNATIVE PROCEDURE

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

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

" loading span of 19.05 mm (0.75 in.) shall be used for the
four-point loading.

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

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

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

mm (1.8 in.).

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

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

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

0.12 £ 0.03 mm TYP, 4 PLACES
3102 0.3 mn /— SEE DETAIL A }
D | A ) 915 rnm
= 45% ¢ 5°
—mm— T | be
— 0.5+ 0.05 mmp
] 6354 013mm : 5 008 mak
-— /]8]0015 mm] DETA
lLTERNﬁTE METHOQ

DETAIL A

FIG. X1.1 The Altemative ‘D’ Test Specimen
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45"‘) Designation: C 1327 - 96a

Standard Test Method for

Vickers Indentation Hardness of Advanced Ceramics’

This standard is issued under the fixed designation C 1327; the number i diately
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of

lowing the the year of

reapproval. A

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

1. Scope

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

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

2. Referenced Documents

2.1 ASTM Standards: .

E 4 Practices for Force Verification of Testing Machines?

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

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

E 384 Test Method for Microhardness of Materials?

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

2.2 European Standard:

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

2.3 Japanese Standard: o

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

2.4 IS0 Standard:

IS0 6507/2 Metallic Materials—Hardness test—Vickers
test—Part 2: HV0.2 to less than HV 5%

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
tomputed from the mean of the measured diagonals of the
indentation. It is assumed that the indentation is an imprint
of the undeformed indenter.

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

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

* Anmual Book of ASTM Standards, Vol 03.01.

* Ammual Book of ASTM Standards, Vol 14.02.

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

* Available from Japanese Standards Association, Tokyo, Japan.

from [ ional St: ization, Geneva, Swi

$ Availabl dards O

543

4. Summary of Test Miethod

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

Note |—A general description of the Vickers indentation hardness
test is given in Test Method E 384. The present method is very similar,
has most of the same requirements, and differs only in areas required by
the special nature of advanced ceramics. This test method also has many

, elements in common with standards ENV 843-4 and JIS R 1610, which

are also for advanced ceramics.

5. Significance and Use

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

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

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

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

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

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

6. Interferences

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

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

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

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

‘? Apparatus

1.1 Testing Machines:

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

7.1.2 Design of the machine should be such that the
loading rate, dwell time, and applied load can be set within
the limits set forth in 10.5, It is an advantage to eliminate the
human element whenever possible by appropriate machine
design. The machine should be designed so that vibrations
induced at the beginning of a test will be damped out by the
time the indenter touches the sample.

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

7.2 Indenter:

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

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

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

7 The boldface numbers in parentheses refer to the list of references at the end
of this test method.

136*

N

.J“,

FIG. 1 Vickers Indenter

NoTE 2—This requirement is from Test Method E 384 and js
especially pertinent to Yickers indenters used for advanced ceramics,
Vickers indenters are 6ften used at high loads in advanced ceramics in
order to create cracks. Such usage can lead to indenter damage. The
diamond indenter can be examined with a scanning electron micro-
scope, or indents can be made into soft copper to help determine if 3
chip or crack is present.

7.3 Measuring Microscope:

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

Note 3—Stage micrometres with uncertainties less than this should
be used to establish calibration for the mi pe. See Test
Method E 384. Ordinary stage which are i ded for
determining the approximate magnification of photographs, may be too
coarsely ruled or may not have the required accuracy and precision.

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

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

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

8. Preparation of Apparatus

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

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

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

9. Test Specimens

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

9.1.1 Thickness—As long as the specimen is over ten
times as thick as the indentation depth, the test will not be
affected. In general, if specimens are at least 0.50 mm thick,
the hardness will not be affected by variations in the
thickness. )
°9.1.2 Surface Finish—Specimens should have a ground
and polished surface. The roughness should be less than 0.1
pm rms. However, if one is investigating a surface coating or
treatment, one cannot grind and polish the specimen.

=Note 5—This requirement is necessary to ensure that the surface is «

flat and that the ind 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 1 % error in
hardness (9).

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

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

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

# National Institute of Standards and Tech logy, Standard R
tials Program, Gaithersburg, MD 20899,

?The sole source of supply of the apparatus known to the committee at this
time is the Tukon Tester leveling device, available from the Wilson Division of
Instron Corp. If you are aware of alternative suppliers, please provide this
information to ASTM Headk Your will receive careful consid-
muamminsoflbe ible technical ittee, which you may

Mate-
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requirement, or due to cracking problems at 9.81 N, then the
reporting procedure of 12.6 shall be used.

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

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

10.5 Application of Test Load-

10.5.1 Start the machine smoothly. The rate of indenter
motion prior to contact with the specimen shall be 0.015 to
0.070 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 5 (+2) unless otherwise specified. After the indenter has
been in contact with the specimen from this required dwell
time, raise it carefully off ihe specimen to avoid a vibration
impact. =

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

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

10.7 Acceptability of Indentations:

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

%l;l_m_'i @
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FIG. 2 Closest Permitted Spacing for Vickers Indentations
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ACCEPTABLE INDENTATIONS

O <O

LY porosity

UNACCEPTABLE INDENTATIONS

¢

bowed edges

g

large tip : . ‘
cracks asymmetrical Spall.:ed edges
tip region :
displaced chipping and ragged edges
ragged edges (grain displacement
pullouts) e
i indent on a
[y et large pore
FIG. 3 Guidelines for the Accep of Indi
ance in this assessment. If this occurs on most ind ions,a  ind for measurement purposes.

lower indentation load (recommended 4.90 N) may be tried.

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

1072 I an indentation tip falls in a pore, the indentation
shall be rejected. If the indentation lies in or on a large pore,
the indent shall be rejected.

Note 10—In many ceramics, porosity may be small and finely
distributed. The indentations will intersect some porosity. The measured
hardness in such instances properly reflects a diminished hardness
relative to the fully dense advanced ceramic. The intent of the
restrictions in 10.6 is to rule out obviously unsatisfactory or atypical

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

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

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

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

11. Measurement of Indentation

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

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

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

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

* NoTE 11—The lighting intensity and the settings of the field and

aperture can have a noticeable effect upon the apparen
location of the tips in Vickers ind i Consult the f s
guidelines for opti p i 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
apmumdiaphmgmmbeclnsodinmderlomduceglmandsharpen
the image, but it should not be closed so much as to cause diffraction
that distorts the edges of the indentation. 1

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

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

11.15 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
emrors can occur due to improper crosshair usage. Procedures
vary considerably between different equipment. In nearly all
instances, the crosshairs should not be placed entirely over or
fully cover the indentation tip as shown in Fig. 4a. The
indentation tip should be just visible in the fringe of light on
the side of the crosshair or graduated line as shown in Fig. 4b
or 4¢. In some measuring systems with twin crosshairs, the
Mmeasurement 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,

547

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

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

12. Calculation

T TR I ¥ % T

12.1 Vickers hardness may be caiculated 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/d?) 2)
where:
P = load, kef, 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 =load, N, and
d = average length of the two diagonals of the indentation,
mm.

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

Note 16—Equations 2 and 3 comp the Vickers hardness number,
which is a dimensionless number; for example, HV = 1500, HV
formerly had been assigned units of keffmm?2. Equations 2 and 3.
produce the same Vickers hardness number.

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

12.4 The mean hardness, HV, is:

— ZHV,
HV =

(O]

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

s\ ZEV = HV,P )

n=1
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(b)
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Crosshair
INCORRECT. Crosshair completely covers the tip.

Light fringe (Size is exaggerated)
Setting’the Zero

1

Crosshair 1 Crosshair 2

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

Light fringe

Setting the Zero

I

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

FIG. 4. Crosshair M ts

Crosshair, position #1 Crosshair, position #2

BE REESEFSS IREE ERER

—
-

i

12.6 The hardness symbol HV shall be supplemented bya  for example, HV'1/15 means the Vickers hardness for an ap-
number indicating the test force used, expressed in newtons  plied test force of 9.81 N (1 kgf) applied for 15 s at full load.
multiplied by 0.102 (and therefore equal to the test force 3. R
expressed in kilograms-force), and optionally a number indi- T oo
cating the duration of test force applications in seconds. So, 13.1 The report shall include the following information:

A

548




77

R

b c 1327

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 anv) 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
testér, and consistent, careful measurements of the indents
by a competeht operator.

14.3 Instrumental factors that can affect test results in-
clude accuracy of loading, inertia effects, speed of loading,

vibrations, the angle of indentation, lateral movement of the .

indenter or sample, indentation, and indenter shape devia-
tions. Results are particularly sensitive to vibration or
impact, which will produce larger indents and lower ap-
parent hardness results.

14.4 The largest source of error or uncertainty in hardness
usually arises from the error and uncertainty in the measure-
ment of the diagonal length.

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

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

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

549

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

Within-L y 1 y
Number ~ Average
Load, of  Diagonal Eypanded  Goeffi- Elpnmis\‘.l Coeffi-
P(N)  Lebora- Length.d (ncer- cientof Uncer-  cientof
tories (M) jainty©  Variation, tainty®  Variation,
] % (um) %
9814 10 452 056 058 2.94 3.05
9818 8 34.57 0.62 0.64 270 279
tory deleted.
8 made by p . Outlier results from two

mmmmmwmmmmdmm
© Coverage factor of 2.8, to a 95 % confidence interval,

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

14.5 A round robin was conducted to evaluate the suit-
ability of tungsten carbide-cobalt specimens as standard
hardness test blocks (10, 11). The results of this eleven-
laboratory round robin can be used to evaluate the precision
of Vickers hardness measurements for a hard material (~15
GPa) that does mot pose difficult measuring problems.
Within-laboratory repeatability and between-laboratory re-
producibility were evaluated in accordance with Practices
E 177 and E 691. The results are listed in Table 1, which
shows the repeatability and reproducibility in measured
diagonal lengths. The hardness repeatability interval when
expressed as a percentage is double the diagonal-length
repeatability interval. Participants read five indents made at
9.81 N at the organizing laboratory, and also made and
measured five of their own indents at the same load. The
within-laboratory hardness repeatabilities were 1.2 and 1.3 %
(coefficient of variation, COV), respectively. The between-
laboratory hardness reproducibilities were 6.1 and 5.6 %
(COV), respectively. The reproducibility estimates were
made after deleting one or two outlier sets as noted in Table
1. The reproducibility uncertainty includes both the hardness
measurement uncertainty and the variations in hardness
(2.8 %, COV) of the eight blocks used in the round robin.

15. Keywords

15.1 advanced ceramics; cracks; indentation; microscope;
Vickers hardness
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QH"') 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 issued under the fixed designation C 373; the number i diately following the desi

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

1. Scope

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

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

2. Significance and Use :

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

3. Apparatus and Materials

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

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

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

3.4 Container—A glass beaker or similar container of
such size and shape that the sample, when suspended from
the balance by the wire 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
Sub ittee C21.03 on Fi Properties.

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

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

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

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

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

5.4 After the determination of the suspended mass or after
impregnation, if the suspended mass is not determined, blot
each specimen lightly with a moistened, lint-free linen or
cotton cloth to remove all excess water from the surface, and
determine the saturated mass, M, to the nearest 0.01 g
Perform the blotting operation by rolling the specimen
lightly on the wet cloth, which shall previously have been
saturated with water and then pressed only enough to re-
move such water as will drip from the cloth. Excessive
blotting will introduce error by withdrawing water from the
pores of the specimen. Make the weighing immediately after
blotting, the whole operation being completed as quickly as
possible to minimize errors due to evaporation of water from
the specimen. =

6. Calculation

6.1 In the following calculations, the assumption is made
that 1 cm® 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-S
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6.1.2 Calculate the volumes of open pores Vyp and
impervious portions ¥jp in cubic centimetres as follows:
Vop=M—D
Vp=D-S8
6.1.3 The apparent porosity, P, expresses, as a percent, the
relationship of the volume of the open pores of the specimen
to its exterior volume. Calculate the apparent porosity as
follows:
_ P=[(M-D)/V] x 100
6.1.4 The water absorption, 4, expresses as a percent, the
relationship of the mass of water absorbed to the mass of the
dry specimen. Calculate the water absorption as follows:
A=[(M- D)/D] X 100
6.1.5 Calculate the apparent specific gravity, T, of that
portion of the test specimen that is impervious to water, as
follows:

T=D/(D-5)

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

B=D/V
7. Report

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

8. Precision and Bias

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

The American Socvanrrorrasmvgwuaermmesmposmm respecing the validity of any patent rights asserted in connection
advised that i

with any item mentioned in this standard. Users of this standard are exp
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

ion of the validity of any such

and must be

This standard is subject rorewsm atmyﬂmebym
if not revised, either

are invited either for revision of this

4 to ASTH H = 1

and should be add)

awMyaafsam
or for

will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your

views known to the ASTM Committee on Standards, 1916 Race St., Philadelphia, PA 19103,
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Pattern: PDF 49-0696 Radiation: 1.54060 Quality:

Formula Ca2 Si4 Zr 012
Name Calcium Zirconium Silicate
Name (mineral)

Name (common)

Lattice: Monoclinic Mol. weight =
8.G.: P21im (11) Volume [CD] =
Dx=
Dm =
|1ncor =
a= 739900 alpha =
b= 1365100 - 108.90
c= 531200 0
alb= 0.54201 gamma =
cb= 038913 |Z€= 2

475.71
507.61

-1.000

Sample Preparation: Prepared by the conventional ceramic technigue at

1400 C
Additional Pattern: See ICSD 73801 (PDF 01-081-2342)

Primary Reference
Publication: J. Solid State Chem.
Detail: volume 102, page 242 (1993)

Authors: Colin, S., Dupre, B., Venwrini, G., Malaman, B., Gleitzer, C.

Calculated

d 28 I

7.00000 12,636 12 1 0 0
6.82500 12.961 39 0 2 0
6.22800 14.209 10 1 1 0
4.90300 18.078 g 1 0 -1
488600 18.142 1 1 2 0
4.71600 18.801 3 1] 1 -1
4.61500 19.217 25 1 1 -1
4.04600 21.951 i 0 2 1
3.98200 22,308 21 1 2 -1
3.81500 23.208 9 1 3 o
357100 24.914 29 1 0 1
3.50000 25.428 3 2 0 0
3.44200 25.864 6 2 0 -1
3.39000 26.268 26 2 1 0
3.37300 26.403 ] 0 3 1
3.33700 26,693 30 2 1 -1
3.11400 2B.643 41 2 2 0
3.07300 29.034 46 2 2 -1
3.06700 29.092 18 1 4 0
2.82300 31670 100 0 4 1
2.77400 32244 12 2 3 V]
2.74500 32,584 7 2 3 -1
2.60500 34.399 5 1 1 -2
254300 35.265 3 1 5 0
251500 35.671 16 2 0 1
251200 38718 2 V] il 2
247300 36.297 ] 2 1 1
247300 36.297 8 1 2 -2
247100 36.328 15 0 1 2
245100 36.635 12 2 0 2
2.44300 36759 6 2 4 0
2.36000 38101 7 2 2 1
2.35800 38134 11 1] 2 2
2.30700 39.011 10 2 2 -2
2.20700 40.855 3 3 2 0
220100 40.972 4 2 3 1
2.15800 41.826 4 2 3 -2
215200 41.948 5 2 5 ]
215000 41.989 3 3 3 -1
207200 43.649 2 0 [ 1
2.06300 43.849 3 1 [ -1
2.02400 44,740 16 2 4 1
202300 44,763 4 1] 4 2
1.99100 45,522 12 2 4 2
1.80700 47,649 15 2 [ 0
1.89800 47.889 19 2 1] -1
1.89000 48.104 2 3 3 -2
1.84500 49.241 24 4 o =1
1.82500 49,932 3 3 2 1
1.82100 50.049 7 1 4 2
1.81200 50.315 2 1 7 -1

Radiation: CuKal Filter:
Wavelength: 154060 d-spacing:
SSIFOM: 168 (0.0044,41)

Mot specified
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Pattern: PDF 01-0720 Radiation: 1.54060 Quality: Low precision

Formula CaSiO3 d ] ] h K I
Name Calcium Silicate 5.70000 15,533 5
Name (mineral) 3.42000 26,033 15
3.23000 27594 100
BRATARSCommman) 2,80000 31.937 75
! 2.45000 36,650 10
1.98000 45790 63
1.83000 49.786 8
169000 54233 3
161000 57.168 8
Tatice: R 154000 60.026 3
S.G. Ivolume [CD]= 0 1.48000 62.728 8
Do 1.40000 66.763 5
om= 126000 73330 3
Mcor = -1.000 125000 16.084 8
1.18000 81,506 3
o= alpha = 1.14000 85.017 3
. beta = 1.11000 87.889 3
c= gamma = 1.04000 95,578 3
al = z=
o=

Deleted By or Rejected By: Delete: Berry parcel of August 6, 1957

Primary Reference

Publication: Anal. Chem,

Detail: volume 10, page 475 (1938)
Authors: Hanawalt. et al.

Radiation: Moka Filter: F
Wavelength:  1.54060 d-spacing:
SSIFOM:
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Pattern: PDF 39-1425 Radiation: 1.54060 Quality: Star (*)

Formula Sio2 d ] | h
Name Silicon Oxide 4.03974 21,985 100 1 0 1
Name (mineral Cristobalite, syn AsIa ano ! ! ! 0
N ( ) y 313502 28439 s 1] 1]
ame (common) 284116 31.462 9 1 0 2
: 2.48740 36.080 13 2 0 0
246750 36.381 4 1 1 2
234170 38.410 1 2 0 1
21791 42 656 2 2 1 1
2.01957 44,843 2 2 0 2
Lattice: Tetragonal Mol. weight = 60.08 1:92935 e it ! ! 3
SG.: P41212 (92) Volume [CD]= 17124 187147 iy o] ] PR S
Dx = 1.75607 51.940 1 2 2 0
Dm = 1.73033 £2.869 1 0 0 4
e - 169221 54.156 2 2 o| 3
’ 1.63488 56.220 1 1 0 4
a= 497320 |alpha = 161217 57.084 3 3 0 1
b= beta= 1.60131 57.507 1 2 1 3
c= 692360 gamma = 157207 58680 1 3 1 0
ab= 100000 |Z= 4 1.56745 58.870 1 2 2 2
b= 139218 1.53356 60.304 2 3 1 1
1.48520 62.019 2 3 0 2
1.43165 65.102 2 3 1 2
1.42102 65.650 1 2 0 4
1.39908 66.813 1 2 2 3
1.36560 68.676 2 2 1 4
1.35277 69.420 1 3 2 1
Sample Preparation: Cri lite was prepared by the Trans Tech 1.34650 69,790 1 3 0 3
Company using Berkeley 5 micron MIN-U-SIL(R). A two kilogram sample 1.33398 70.542 1 1 0 5
was heated at 1600 C for eight hours. The sample was then air ) §
quenched, treated with 6N HCI and then jet-milled. The +325 mesh 1.29976 72690 1 3 o3
fraction was then removed by sieving 1.28133 73.508 1 3 2 2
Additional Pattern: See ICSD 75484 (PDF 01-082-1404); ICSD 75430 123318 77.312 1 2 2 4
(PDF 01-082-1410); ICSD 30269 (PDF 01-075-0923); ICSD 34827 (POF 1.22375 78.020 1 4 0 )
01-076-0935); ICSD 34928 (POF 01-076-0936); ICSD 34929 (PDF ’ 5
01-076-0937); ICSD 47219 (PDF 01-077-1315); ICSD 47220 (PDF 1.20599 79.394 1 4 1 0
01-077-1316); ICSD 47221 (POF 01-077-1317) 118427 81.150 1 3 2 3
Color: Colgrrlriss . ined by Peacor (1) 1.17576 B81.862 1 2 1 5
Temperature Of Data Collection: The temperature was ~25 C 1.16384 82884 1 3 1 4
Polymorphism/Phase Transition: There are a number of other forms of 1.15546 B3.620 1 3 3 1
02 ) ) 1.11050 87.840 1 3 3 2
»;;:Imnal Pattern: To replace 00-011-0695 and validated by calculated 1.09783 £9.120 1 4 2 1
1.09628 | £9.280 1 1 1 [
Structure
Publication: Z. Kristallogr., Kri i Kristallch
Detail: volume 138, page 274 (1573)
Authors: 1, Peacor, D.
Primary Reference
Publication: ICDD Grant-in-Aid
Authors: Wong-Ng, W., McMurdie, H., Paretzkin, B., Hubbard, C.,
Dragoo, A, NBS, Gaithersburg, MD, USA.
Radiation:  Cukal Filter: M
‘Wavelength:  1.54060 d-spacing:
S5IFOM: 83.3(0.01,36)
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Pattern: PDF 27-0088 Radiation: 1.54060 Quality: Calculated

Formula CaSio3 d 20 ! h
Name Calcium Silicate ;i::ﬁ i 4 I R
Name (mineral)  Wollastonite-2M 472200 1817 2 1 1 1
Name (common) 437100 20,300 ] |
4.19500 21,162 3 3 1 0
3.83900 23150 18 4 0 0
373200 23823 8 3 1 1
351700 25.303 2 0 0 2
3.40000 26.189 5 4 1 0
Latlice: Monocinic Mol. weight = 116.16 g:g‘:% igf;g 23 i 3 f
8.G. P21/a (14) ;:l:me [CDl= 79434 320500 27814 3 P 2 ]
22 akoo| | 2| 2| o 2
|1ieer= 1y 3.02200 29535 o] 2| 1| 2
a= 1542600 |alpha= 297700 29.992 100 3 2 0
b= 732000 |beta=  95.400 2.83200 31.566 3 5 1 i
c= 706600 [gamma= 279700 31.972 6 3 2 1
alb= 210738 |Z= 12 2.72400 32.853 5 -4 0 2
cb= 0.96530 256000 35.023 5 6 0 0
2.55200 35137 5 5 1 1
253000 35.452 3 B 2 2
247500 36.267 15 1 2 2
235300 38.218 9 5 2 0
2.34500 38.354 4 0 0 3
233600 38.507 7 6 0 1
Sample Source Or Locality: Specimen from Sky Blue Hill, Crestmore, 2.30400 39,064 1 -2 0 3
32{'{;2;'.‘% USA P - 221400 40.721 3 3 2 2
Opical Data: A=1.618, B=1.628, Q=1.631, Sign=-, 2v=57"(calc.) 2.18400 41.308 16 5 2l 1
Color: White 2.16900 41.604 3 K 0 2
2.02400 44,740 5 5 2 2
1.98270 45,724 4 6 0 2
1.91970 47.314 2 8 0 0
1.89350 48,010 2 5 2 2
1.88170 48.330 4 7 2 0
1.85560 49.054 4 -7 2 1
1.83000 49,786 15 0 4 0
1.81760 50.150 3 4 3 2
1.80920 50.399 2 8 0 1
1.79500 50.826 4 3 2 3
1.75870 51,952 [ 0 0 4
1.75050 52214 4 2 0 4
1.72420 53.072 10 5 2 3
1.71780 53.282 0 -7 2 2
P s G T - A B I
N - rohn 1.60620 57.316 [ 7 2 2
Authors: Smith et al., Penn State Univ. University Park, PA, USA. 1.60250 57,460 8 2 4 7
1.57450 58.581 2 2 4 2
1.55190 59.519 2 3 2 4
1.53830 60.099 2 9 2 1
153570 80.211 3 10 i 0
1.52910 60.498 2 7 2 3
151910 60.939 2 4 4 2
Radiation:  CuKal Filter. - Not specified 1.48870 62.320 2 [ 4 0
Wavelength:  1.54060 d-spacing: 147920 62.766 5 3 2 4
SSIFOM:  126.1(0.0028,85) 147250 63.084 3 4 4 2
1.46250 63.566 2 9 2 2
1.45870 63.751 4  -10 0 2
1.43300 65.033 2 2 4 3
1.36120 68.929 4 10 0 2
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Pattern: PDF 72-22 Radiation: 1.54060

: Caicuiated

CaSiO3

Name Calcium Silicate
Name (mineral) Wollastonite 1A
Name (common)

calcium catena-silicate

374853
5
342658
33373
323594

Lattice: Triclinic
SG. P-1(2)
Dx=
Dm =

a=  7.89600 alpha = 90.000
b= 7.28500 beta = 95.270
c= 7.08400 gamma=  103.370
ab= 108387 Z= [}

chb= 097241

|Ncor =

Mol. weight = 116.16
Volume [CD] = 304.67

3.07
0.800

3.18486
3.12964
3.10652
3.00308
296297
296297
292037
292037
2TREET
278687
272355
272355
268057
268097
255863
254503
252714
25214
247826
247233

247233

242453
242453
237145
236195
23907

ICSD Collection Code: 020571

Test From ICSD: At least one TF missing

Additional Pattern: See PDF 00-042-0547

Remark From ICSDICSD: Pyroxenoid group

Test From ICSD: Calc. density unusual but tolerable
Article Title: The crystal structure of Wollastonite
Wyckeff Sequence: i15 (P1-)

ANX: ABX3

234185
23188
23312
233312
232817
230908
228449
227342
227342
224507
223882
222756
22075
221673
221008
221028
219141
215141
2112
21z
217209
216523
216523
214536
208270

Structure

Publication: Dokl. Akad. Nauk SSSR

Detail: volume 107, page 463 (1956)

Authors: Mamedov, K.5., Belov, N.V.

Primary Reference

Publication: Calculated from ICSD using POWD-12++

Radiation: CuKal Filter:
Wavelength: 1.54060
SSIFOM: 70.1 (0.0074,58)

d-spacing:

Mot specified

1.97909
1971
1.96419
1.93933
153833
193202
143084
192274
152274
191192
158567
183867
187327
187327
185626
184852

182125
1.81760
181760
1.60283
170423
179423
17845

1.77605

28 I Jhjk]lI d 28 I Jhlk]lI
11562 110 1 al o 17760 51407 12 il 20 1
12| 2| o of 1) umees| swaor| 12| 4 2| 1
12sa) 2| o 1] o] ums| sesis| oaz| of 4| o
14.929 5 - 1l o 1771 91535 12| 2 4 0
e2sa) | 1| o 1] umdes| sees| s of o 4
17925 2 o 1 1 1.76309 51.813 ]l 4 1
as| 2| 1| of 1) umseer|  seoe0| 32| | 0| 4
wos| 72| | 1| 1| | seas2| 7| 4| of 2
oom| 12| 1) af 1| razes| s27mn 4f 4] al 1
21| 36| o) ) 1| rvase)| saver| ws| -2| 2| 3
43| 183 2 ol o 172254 ST w3 3 2l 3
anr| s| 2| 1| o] imem| same| se| of af 4
Bn6| 29 L] o) 2 171340 53430 as) 3| 2| 2
25979 =] -3 1 1 171349 53430 a5l - 2| 2
26.801| 48| -1 al 2 1700974 53556 L] 0 4 1
21542 il 2 a1 170574 53855 -] 2] 41
27993 84| o | 2| 1ssess| s3em 4 al a] 2
28497 n o 1 2 168009 49 T 4| 3| 0
274 e0| | 1| 2| wsseas| se2re o] ] 4
28841 23| 1| o 2| sesiz|  sean s o3l af 2
137 see)| 1| | 2| ississ|  sessy sf 1] of 4
30037 999 1 o0 1.68358 54.457 ] of 3| 3
30588 | -2 9 1 1.68026 54573 4 1 3 3
wses| 36| -1 1) 2| 1eeoes| sess| w| 4 3 1
o 2 A 21 166068 54948 0 3 A 3
wroa | oo 2| 2| 1] 1eess| ssome| | 1| | 4
szzss| a4 2| o 2| iseeers| ssom| w| 2| 3| 2
seasg w| 1 1) 2] 1eswes| ssz| o 4 1| 1
33308 3| 1| 2| 1| vesues| sszm| w| 2| of «
335 I oz 2] 1 165733 5530 ol 2 il 3
saass| 6| 3| 1| o] ieserr| ssse al 3| of 3
BATE 85 3 of o al 4] A 2
35.404 ] o] 2| 2 5| 2 1 4
sana [ 60| a1 z2f 2 5| of 3| 3
3|28 04 2 o] 2 H 1 4] 0
36308 | o) 2 2 2 a3 4] o
e o 2 Ep o4 -] Z
37040 af af 3| 0 : zn| | 4] 2
o4 4f 2] ) 2| ewiz| sesss| m;m| 1| 4] 2
maw| 13| 3] ) o] rewmsss| sessa| s af 4 1
38068 sl of 3| of eas| srora| | 1| 1| 4
825 #®| o] o] 3 161245 51073 Bl oaf 31 3
a7 ne| 2| 2| o] 1eoea| srars| es| 3| z[ 2
|a07| ne| A 2| 0 160213 57475 L] a 2 2
87| | | 2| 2| somas| svess| w| o 4| 2
3ss7| mw| 2| 2| 2| somas| sveed| w| 2| 4| 2
38.642 k- 3 ol 1 159243 51858 n ol 2] 4
3sgra) s | o] 3| 1sse3| svese| m| | 2| 4
Han & 1 -3 1 1.58360 58.212 3 2 3| 2
e wl o2 -2 1 1.57960 583713 2| 4 1 3
sen| 1w 3] 2 1| seseo| save| 8| of 4] 2
4om6) ol ol 1 3| 1seee0| samer)| 15| 2| 4] 2
4oz ) 1) 3] o of seser| seev2| | o| 2| 4
40462 6 ] il 1 1.56497 58472 16 1 -2 4
0462 6] 1 3 1.56123 5128 12 i 3] 0
ADEES =0 1l 3 1.55608 58305 5 4 of 3
dome| | 1| 2| 2] 1ssae| seass| w| 3| 1| 3
0152 E] 2] 2| 2 155308 5450 ul oA -2 4
LIRE 7| 1] o] 3| ses|  seem 8l 2| af 4
41,159 7| 3] -] 1 154814 59678 8l -3 3| 1
£1447( 180 2 Fl 154044 60.007 7 4 2l o
41442 190 3 o2 1 154044 60.007 7 1 3| 3
41542 3 2] 3 1 153258 60.347 M) 4 2] 1
41g80| &z | -1 3] isaese| eomar| | s 2|
416800 a2 3| o) 2| 15:84| e0ame| ;| s| o o
42084 8 i a3 1.52698 60.501 1) 3| 2| 3
a3ie6| 7| 2| o) 3| rsmes| e0son| ;| 4| 2| 3
43458 10 3 1 1 152 60.779 af -3 1] 4
4373 1] 2 1| 3| swes| eossr) | 3| o 4
44310 o1 1) 3| sun| euss| 2] - 4] 2
aagso) 41 2| 2| 2| sum| eiise| 26| 3| 4| 2
dagsof 41| | 2| 2] snes| ezr| 3| 4| 1 2
45143 3 1 i 150159 G172 H 3 il 1
45241 4| | 3| 2| amss| ezvas| 7| 1| 2| 4
45812 w2l of 2| 3 147985 6275 T2 2| 2] 4
4spiz| 32| 3| o| 2| vamese| ezes| 40| 2| 1| 4
45.988 B 3 | 2z 1.46638 63.37m n 5 al 1
46,179 2 af 1 of tassae| esam| | 1| 4| 2
45,806 2 of 2| 3 146047 63,664 &l 2| 2| 4
46 806 n 1 -2 3 1.46047 63,664 B B 2] 4
4sed| ) 2| 3] 2| resse| eamos| 13| 4| 2| 2
47025 71 3] 3| 1| vasvse| exses| 3] 8| z| 2
47235 8 2| A 3 145473 E3970 a) 5 ol 2
a775 8 2 o] 3 145423 (=1 al o 5| 0
47518 9 4 a0 144990 B84 0 a9 4] 4
wiazf | oz 2 2] taee|  edsss 4 5] 3| o
83 B 3| 2| 2 144247 B4.554 4 2 51 o
4561 44| 3| 2| o 144247 | BaSS4 4] 4| 1| 3
48561 a4 4| 2| of t4mme|  eaes0 8l 1| 4| 3
40035 w0f | | z| rasee|  easm0 sl 1] 4| 3
49203 62| 3| 2| 1] v4mes|  eagw 5| 4 4| 1
49243 B2 4 I | 1.43007 65.183 B al 4| 3
sopaz)| 8| 1| 4 o vasor| ese3| 33| 2| 4| 3
50150 | -3 ol 3 142656 65.363 LE] -1 | 1
soaso| s 3| v 2| ramse| es3ea| w| 1 s 0
sosea| 18| 4| o 1 65748 s[4 3| s
50849 ] 1 2l 3 65.748 5 4 o] 3
sosn| m| 2| 2| 3 65564 3 o s] o
51209 5 1 i 2 B5864 3] 2] s 1
staor| z) 3] 2]
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Effect of ZrQ, additive on phase composition of Ca0-Zr0,-Si0O; glaze

Kamol Traipanya' ? and Sukasem Watcharamaisakul'®’

School of Ceramic Engineering, Suranaree University of Technology,Nakhon-ratchasima,
Thailand, 30000

*traipanya@hotmail.com and “sukasem@sut.ac.th
Keywords: CaSiO;, Ca,ZrSiy0,,, Glass Ceramics

Abstract.The effect of ZrO, content on phase composition of CaO-ZrO,-Si0, glass system was
investigated in the present rescarch. CaO. ZrO, and Si0, were used to made frits. It was found that
glass  samples of high 710, confent cantained wollastonite, psendowollastonite and Ca,7rSiyO4,
as the major components of crystalline phase and samples of low ZrO, content mainly included
non-crystalline phasz. The present results also confirmed that firing temperature and soaking time
have influence on the phase transition of wollastonite. At high temperature, the wollastonite phase
was changed to the pseudowollastonite phase which was wverified by thermal analysis.
Microstructure observations of glaze samples revealed the formation of crystals in different

Airantinng Tha tharmal avw .-mnr.nn igmmatnh hatiimman olaza and hadsr 1ad +a tha darralanamant AfF
(SN TR LRI b LuUs uiviilial \.AlJ CLIIAVL LLIADLILALL U LVVC Ll E\L(ll_\ e FWLN Y UUU-,\" 1w L ll.ll— LL‘.\‘LAUPUJ.LJAK Ul
microcracks.
Introduction

The Ca0-ZrO,-Si0, (CZS) glass system has been studied due to its advantageous properties
such as the low thermal expansion. thermal shock resistance and chemical durability [1]. The tile
covered with a glass-ceramic layer could be utilized in a hostile environment especially under
chemical attack and wear conditions [1]. Hong er a/. [2] investigated the potential of conventional
sinfering process and Siligardi et al. [3] utilized microwave heating for improvement of CZS glaze
properties. Several frits were introduced for production of crystalline glaze in order to enhance
chemical and wear resistances of glazed tiles [4]. Glazes containing ZrO, have shown a high
chemical durability and good mechanical properties. It was found that the conrol of crystallization
process during 91276 firing is important for properties such as swength, appearance. wear and
chenucal 'hllablllfy of the final p10duct [5]. The crystallization mechanism depends on the basic
composition. nucleation. crystal growth end heat treatment to determine the crvstal phases, size and
imperfection of crystals. Zirconia is present in the form of wollastonite (CaSiOs3) and calcium-—
zirconium-silicate (Ca,ZrSi;04.) phases in the glass system. In this work. ZrO, additive as a
nucleating agent is used to promote the creation of Ca,ZrSi4O;> phase in glass system and the effect
of the amount of ZrO, additive is investigated on the formation of crystalline phases in the glaze on
porcelain tile.

Experimental procedure

The glass compositions comprising 53 wt% Si0, (Industrial grade. Sibelco). 31-35 wt% CaO
(95% pure. Ajax Finechem) and 12-16 wt% ZrO: (99% pure. Sigma-Aldrich) were melted in the
platinum crucible at 1500 °C for 2 hrs and then quenched in water to made frits. Table 1 shows the
chemical composition of raw materials. Mixed oxides were ground in a ball mill for 12 hrs.
Particles less than 44 pm in diameter were pressed into pellets with a uniaxial hydraulic press and
then annealed at 1050 °C for 30 min. The glass ransition and crystallization temperatures were
determined by differential thermal analysis (DTA) (NETZSCH. STA 449 F3 Jupiter). Platinum
crucibles were used for both sample and reference. The phase composition was analyzed by X-ray
diffraction (BRUKER XRD D2 PHASER) using Cu Ko radiation. The glaze was applied on the
surface of porcelain tile by a sprav gun. The glazed tile bodies were heated at 5 °C/min to 1350 °C
and fired for 60 min. Two different thermal treatment schedules were applied for subsequent
processing. A single isotherm schedule involved cooling from 1350 °C to 1050 °C at a rate of 5
°C/min. soaking for 60 min and slow cooling ta room temperature. The two-step soaking treatment

All rights reserved. No par. of coentents of tis :Sager may be reproducad or transmitted in any form or by any means without the written permission of TTP,
www ttp.net. (I0: 202.28 41.16-14/08/14,08:45:58)
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was also performed according to a double isotherm schedule as follows: cooling from 1330 °C to
950°C at 5 °C/min. soaking for 60 min. heating at 5 °C/min to 1050 °C. soaking for 60 min and
slow cooling. Fired tile samples were chemically etched with 10 % hydrofluoric acid (HF)
(Analvtical grade. AnalaR) for 10 sec. The microstructures of glazed samples were observed by the
scamming electron microscopy (SEM) (JEOL JSKRIG010 LV). The thermal expansion coefficients of
fired samples were determined with the dilatometer method (WETZSCH. DIL 402) using the
heating rate of 5 “C/min up to 900 °C.

Table 1: Chemical composition of raw materials (wt%a)

Samples 510, Cal L1004
Z12 53 iz 12
713 33 i4 13
714 53 i3 14
Z13 53 iz 15
Z1a 53 il 16

Result and Discussion

The XRD patterns of bulk glass samples pressed into pellets and annealed at 1050 °C for 30 min
are shovwn mn big 1. These data confirms that samples of lugher Ari): content (£15 and £16) are
more devitrified than those of lower Zr0, (Z12, 713 and Z14) with higher amount of a crystalline
phase including wollastonite (CaSi0;. JCPDS No 27-0088). Ca7151404; (JCPDS No 49-0596) and
510, (Cristobalite, JCPDS Mo 39-1425). Wollastonite and CaZr5140h; as the main constituents of
crystalline phase show the high intensity peaks Tor the sample Z16. The XRD profiles of the bulk
glass samples with low Zrlm content evidence ligh guantities of wollastonite and low of
CaxZr5140n2. The intensity of XBD peaks of CaxZr5is0gz phase increases for samples of high
percentage of Zr0s in the raw matemals (Z15 and Z16). because the amount of Zr(0, strongly
influences on the formarion of Ca,£r5isOya.
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Fig. 1 XRD patterns of bulk glass sample.

The differential thermal analvsis curves of glass powder are illustrated in Fig 2. The glass
transition temperatures are detected at 790 800 °C. exothermic ervstallization peaks at 1050 °C,
endothermic peaks at 1250 °C due to the phase transition from wollastonite to pseudowollastonite
phase and endothermic peaks corresponding to melting of glass powder at 1340 °C [6]. Z15 and
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Z10 powder zlass samples show more sharp exothermic peaks than those of Z12, Z13 and Z14
samples i agreement with XRD results.
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Fig. 2 DTA curves of Z12-Z16 glass powder at 5 °C/min.

SEM images of the surface of glaze samples thermally treated according to the single isotherm
schedule are fllustrated in Figs. 3(a)-(f). The wollastonite and Ca; 7151404, crystals can be observed
o thess images. Z14 sample shows a columnar structue of wollastonite and a hexagonal of
pseudowollastonite [7] due fo the high firing temperature and long soaking fime The phase
transformation of wollastonite to pseudowellastonite will tvpically take place at high temperature
[6]. The pseudowollastonite phase is not detected in results of XRD analysis of the bulk glass
samples because of their low ammealing temperature. Wollastonite is uwsually formed at lower
temperatures than CaxZrSi:0pn. However, in the case of tulk glass sample. XRD results do not
clearlv show peaks of CanZrSia0qz in Z14, but CaxZr5ia0q; small crystals appear on the SEM
microstructurz of glaze tile sample. The microstructural observations of surface micrographs of 215
iFig. 3b) and Z16 (Fig. 3c) samples confirm the existence of small white crystals of CayZr5140; in
the glassv matrix and in the crvstalline phase as well as the transformation of wollastonite to
peendowollastonite as the crvstal shape changes fom columuaar to hexagonal.

Fig. 3 SEM micrographs of glaze samples annealed following a single isotherm schedule: (a) Z14,
() Z15. {c) Z16 (non-etching). {d) Z14. (&) Z15. (3) Z16 (etching with HF acid).
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The mternal ervstal structure of glaze laver is observed on the samples of glaze tile body etched
with HF acid. Microcracks were detected in 715 and 716 samples. but not in 214 sample, due to
the different amount of Zr0; in raw materials and probably owing to the formation of
peeudowollastonite in Z15 and Z16 during firing at 1330 °C for long time that could be effected to
the change of crystal shape and thermal expansion mismatch between crvstal and glassy phases.
Crystal growth and thermal expansion mismatch promote the formation of microcracks [6].

. LR S yd (2) [ wl a2 . ;‘; *-'

Fig. 4 SEM micrographs of glaze sample annealed following a double isotherm schedule: (a) 214
(b) £15. (c) £16 (non-etching). (d) Z14. (e) Z15. (1) £16 (etching with HF acid).

Figures 4 (a)+{f) illustrate the microstructure of glaze tile body samples thermally treated
according to the double isotherm schedule The cristal grows in Z14 double-isotherm sample is
more pronounced than in 714 single-isotherm zample due to the additional nucleation step during
isothermal heat treatment at 930 ®C for 60 min. The SEM micrographs of Z15 and Z16 double-
isotherm samples show CapZr5140q;. wollastonite and pseudovwollastonite crystalline phases with
higher amount of psendowollastontte than in the case of single-isotherm sample. SEM examination
of microstructure Z14 sample (Fig 4a) reveals the growth of colummnar wollastonite crystals in
parallel and perpendicular directions to the surface due to the recrvstallization process that has
enough time for infernal crystal formation as well as for crystal growth from the surface to infernal
However, the psendowollastonite phase still remains because of the high firing temperature and
long soaking time. SEM analvsis of samples etched with HF acid confirms that the crystalline
phases could resist acid attack more than glassv phase.

LLE

Temperatare ()

Fig. 5 Thermal expansion of glass.




93

Advanced Materials Research Vols. 931-932 141

Figure 5 chows the thermal expansion of glass with sudden shrinkage around 200-000 °C The
faermal expansion mismatch between file and glaze inflvences on crack development. A olaze
withont eracking or peeling shontld have the difference of thermal expansion coefficients less than
1x10 ¥°C [§]. In the present case. the thermal expansion ceefficients of body and glaze are 6.4x107
5°C and 7.5 to 8.0x 10%°C. respectively. indicating the possibility of crack formation.

Conclusion

The micmostructure and phase composition of CaO-Zr0.-510, glass system were found to
depend on the amount of Zr0y additive. Glaze samples of low Zr0» content of 12 and 13 wi%e
rmainly contained non-crvstalline phase. but samples of 14, 15 and 16 wit% included wollastonite,
peendowollastonite and CapZr5130); as the main components of crvstalline phase. This study
confirmed that the firing temperature and soaking time have influence on the formation of crvstal
phases The phase transition from wollastonite fo psendowollastonite was revealed in samples fired
at high temperature and soaked for long tune. Microstrucure observations of glaze samples have
verified the formation of crvsrals both from the inside to the glaze surface and from the surface to
e inside of glace. The micieaacks delecled mthe glased e sauples of ligh Z105 conlent weile
attributed to the crystal growth and thermal expansion mismatch of glaze and body.
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