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JITTI RINSEANA : FABRICATION OF ALUMINA-ALUMINIUM
LAMINATE COMPOSITE. THESIS ADVISOR : ASST. PROF. SUKASEM

KANGWANTRAKOOL, D.Eng., 115 PP.

ALUMINA-ALUMINUM / COMPOSITE / STRENGTH / ALUMINA

ALUMINA-ALUMINUM LAMINATE COMPOSITE

The purpose of this work was to improve the mechanical properties of alumina
ceramic especially impact strength for the best performance of armor protection. The
effect of the adhesive layers on the efficiency of alumina/aluminium laminate
composite has been studied. The composites were bonded and laminated with 3
layers, alumina plates thickness of 6 mm and 2 mm for aluminium plate. The
samples were bonded in the furnace with various bonding temperature and time. The
mechanical properties of bonded samples were compared with alumina plate alone.
Then the interfacial microstructure of bonded sample was examined using SEM and
the flexural strength, impact strength was measured.

The results of the research showed the suitable condition giving the best
quality of product was obtianed at 950°C for 45 min. The flexural strength was

139+4.18 MPa and impact strength, 259+2.70 KJ/m?.
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'TI"Uﬂﬂlﬁaﬂﬂzllﬁﬂﬂﬁi\l'ﬂﬁﬂTﬂﬂﬂﬂﬂuﬂﬁﬂ]@ﬂ!iﬂ]ﬂhlﬂﬁfnﬂﬁﬂymz muﬁm(’lugﬂm 2.4(N) 2

v o Y

=2 va = Aa . £ ' [ 2 A
waaaneauian13lenna (Good wetting) Fayuduraiosnd1 90° (0 < 90°) dwiuzin 2.4

= BZJ = A = . = [ ' o o o [

() dzuanstsantiamsdeni 1@ (Poor wetting) FIYNTUATNINAIT 90° (6 > 90°) 1MV
~ = vAa = A o Yo 09: A K
JUN 2.4() uaaadiauiansilenn@uin (Complete wetting) M 1WIagiia 2 yiiaga

Usgauiuuiy Fagududgaziny 0° (0 = 0°) dmiDzUn 2.40Q) dzuaasndanuiiiay

1 4
¥ v [ =

o W Y o {a <
yuduiavesiag suyududd wwunnietiostTuegiundnuiiivesvewis veunad uag

o A o Aa o o Y A I~ v
UNE Ngufa Iﬂﬁ]Wﬂ\‘I\‘ﬂu‘V]N’JﬂI@\WN 3 ﬁmuzﬂlm’m@ %Zﬁﬁﬂﬁﬂuﬁ1ﬂ1imﬂlﬂu Lﬂuﬁllﬂ’lillﬂ

Q

A

o
’st = ’Ysl + ’Ylvcose (2-1)

A @ Aa 1 [ [ 2
Iﬂﬂ 'YSV A9 NANNTUNNITEHINVDIUVULASUNT (MT/m)

A [ Aa 1 <3 2.
'Ysl A9 NAWTUNHITEUINUDUVILAZUDIUHAI (MT/m)

[ { A ' 6V
Y, A0 WaunrmszHINveuadtazung (MJ/m’)

0 Ao yududa (°)

a

0 < 90° Good wetting

~ v ~ Aa 1 <
'g',‘ﬂ‘ﬂ 2.4(N) LAANENUAN T INNATE NIV UVIULLAZVDUKIA



0 > 90° Poor wetting

A va ~ A 2 1 [
gﬂ‘w 2.4(v) uaasauianisilenin liAseviaveanlaazysavad

0 = 0° Complete wetting

~ v ~ A 1 <3
Eﬂ‘lfl 2.4(R) LLET@Q’QTZJ’UGIﬂTﬁlﬁl]ilﬂ‘ﬂWJ1ﬂ§$‘l’i’JN"Uf]\‘lll"ll\‘ilmz"llﬂ\‘ima’l

et

4 LT

E 3

4 5L 4B

Interfacial tensions

9
%

71N 2.4(9) vanandsnuNR sy FuRaUR I TAANG 3 An1uY

q

{ va v W ' <
El]ﬁ 2.4 Llﬁﬂ\iﬁ‘iJ'iJﬂﬂ1§!:‘]s_lﬂﬂlla$HNﬁl]Nﬁﬁ%ﬁQWQGU@QLTTa'JLLaz‘?U@QLL"IN

(5530 Aaviandn, 2542)
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AN 2.1 ueeayy dudd A4 mnmsdwae msneass  wagwasurmig

32U g inuas Jag Tane (Upadhyaya, 1998)

System T(K) 0 degrees Interfacial energy
Calculated Experimental (MJ/m’)
ALO,-Al 1500 98 60 840
ALO;-Fe 1823 150 141 1780
AlLO;-Ni 1773 136 129 10,000
ALO;-Ti 1950 129 - 1150
ALO,-Cr 2173 145 65 1590
AlL,O,-Nb 2325 116 40 571
ALO;-Mo 2325 105 25 574
ALO-W 2323 112 20 574
ZrO,-Fe 1823 147 111 1780
ZrO,-Ni 1823 134 130 1000

{ v @ 1 9 o [ {
1INA3 1N 2.1 uaaeyuduAan 1annmsfiuie NM1Inaaes LaznaIun
a 9 [ 1 ) a ) < Y ~Aq Y a a
Amihsesrosznidslinuaziaqlane  sxmiuldnszuuildozgiiunasitinuag
a a . Y [ {A Y [ 1 9
Hnina (ALO,Ni) vz 1dmWasIUNAIMIs0saoNINDY 10,000 UNNZIARDATTNINAT B
VN~ 1 AAa 9 [ ) z a dy = A J v Y
Haa 1 AU NN YRITAANY 2 FHATILUNUSL UYL TUN1ATINUTIY
iq ¥ PN PN Y1 o {a 9 R 9
sruui ldezgivussiinuaz TuTedion (ALO,-Nb) vz limmasnuiAmihsosasnouds
v v Y Y
Anlszana 571 wnnggadems LA LaasII AT esRouD I TaqNa 2 Yilatvzliiuse
[ 9 [~ [ Qs: d' 1 9 3 v A o [ d! d' Y a
Aoud1ara il s uenaniadenavuannanuudniu daidniladenianldniosan
A 9Y o o [ o o & [ a v Y A 1 o
madenlsiagdmiumsiwniiliaqialseneunuudageune AIN1IvA- VUA
(Coefficient of Thermal Expansion, CTE) ¥093aquilon1nanuiou Tashaimsva- ve1gdn
Y 1 9
Youiae Hianudayae Jaqlszneudirzdawansznuaemsyuguazszninms
o 9 Y] a = A Yo 1 A A o I 1 o
il I nuvesiaasalszney samsidenldiaausazyiaMiwniudiulsznovesiag
95RO UHUUSATD UL ABINAMTHA- VBRI AN 19U THINITH 91NMITIN 2.2 uaad

Y] Aa ) Y I ] o a v 9
'Jﬁﬂ“l/lulel’LﬂlI"lGlslﬂ‘]JUﬂ"JL!ﬂﬁgﬂﬂ‘ﬂﬂl’ﬂ\ﬂﬁﬂ‘Lsﬁﬂﬂﬁgﬂﬂﬂllﬂ‘ﬂﬂﬂcﬁﬂu
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A va A [ Aa o 9 ! [ a
A1TNN 2.2 LA TUUALBINAVDIITE) VIUEJ&IL!”I?JTGLGHL‘]JH E‘T'JH‘]JSSﬂﬂ‘]J"IJ?JQ'Jﬁ@]‘ ¥a1lsenou

MILEE L (Engineering materials handbook, Volume 4)

Coefficient of Temperature Yield Tensile MOE
thermal strength | strength
material expansion,

10°/K C MPa MPa GPa
Alumina 7.6 At 500 - ~5000 390
Mullite 5.1-5.8 At 1000 - ~4000 145
Beryllia 7.6 At 500 - ~4000 380
PSZ (2 wt% Y,0,) 7.5-13 20-1000 - ~4000 207
Alloy 42 7.9 20-500 295 550 145
(UNS 94100)
Kovar 5.2 20-200 410 534 138
Nickel 13.2 25-100 148 462 204
(Nickel 200)
Titanium (Grade 1) 10.1 20-815 170-241 | 240-331 102.7
Copper 17.7 20-300 69 220 115
(UNS C10100)
TZM 4.9 20-40 860 965 315
(UNS R03630)
Steel 15 20-700 115 310-380 205
(AISI-ASE 1010)
410 stainless 11.6 0-538 205 450 200

(UNS S41000)
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2.1.6  ¥Havedlaqwalszney

[

[ a qgj d‘ d? Yo a 4
’Jﬁﬂl‘lﬁﬂﬁzﬂﬁmuu ﬁ”lll”liiﬁ/l%$ﬂ5$ﬂ@ﬂﬂlu%1ﬂﬂiiiﬂflﬁﬂ7\lﬂﬁluﬂi , 89

51300 w30 Jdq lave ednlasdnilaniulsgnouiu gemmnson Uwtiaveide

9
v A

warlsznpumusiavounadeiindldadl
1. Ceramic Matrix Composites (CMCs)
2. Metal Matrix Composites (MMCs)

1 I a wvAa
3. Polymer Matrix Composites (PMCs) uieenu 2 FHamMNANTANINANY

9 a d A o o Aa
FDUVDINDADS AO (NOT LKA LAZINDS IUNATFAN

o,
/” {‘czamic:;\x
i b1
| \

719 2.5 naawtinvesTdqralsznou (Chawla, 1993)

o v a A I Y BZ Y (Y 9 2//
Tumsi Jaqdalsznoy wield laauiid vesTaqumangiumsldaniu

= o & A A 9 = o 9y va A @ @ 1
uauIuuededinzdesanyazianun lvauiianseguanyazmmizalveunas

[ ~ ) 9 % A o & % a
aasvziinunlys i el uiaqwalsznou
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M350 2.3 naasaNtanTenuan UMY TdQUAAZFIA (Chawla, 1993)
aulAnToAUANHULIANIZ Jaquas1in Jera Taviy Taquoaues
ANUAULUY A-g9 A-ga @

< °
AN 68 1unan i
< 1 = o o
ANUUYIUITIADNTAY d1-1unag GR i

< ' o
ANUUIILITIADNITNA 68 unana-ga dr-unan
ANADUHAD q4 A-g4 @i

= : :
ANUADYS 68 dr-unan i
MIHA-YLIHA) d1-1hunas unana-ga 68

) 9 o
MIUIANNITOU unang 1unane-ga A
anudumumsii i q4 @i 4
AUAIUMIUNTS 1unane-ga @ @i
AT
Y 1 o
ANUAMUNMUADNT O d-hunang unan
NANIOY
Y ' = o
ANUAUMUAMII/asu M hunane-ga o
QUNNNOINAUNG
60
50 MMCs
40
S
% 30
o
# 20
10 ey
o ——
1960 1970 1980 1990 2000 2010
Year
Tyne Spey RB211  RB199 535F4

317 2.6 vaaam iAo Tan¥alszne (Terps, Pex, and De vries, 1995)
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v Y
1R 2.6 agwin1dn JagFalsznovlidineiuiaqilondn Miilu e
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]
% =

a @ o Yo @ T 1 A £ v Aav
L"Iﬁ”lllﬂllazﬁﬁﬂiﬁ‘ﬁ$ﬂ”lﬁ‘1\1"l,ﬂ5°]_lﬂ"li‘1/‘mﬁﬂi’]EJNG]@LU’ENIH’EJUWW] Gﬁﬂ!ﬂuﬂﬁuii}ﬂ]ﬂQUﬂﬁﬂﬁl

autaamansonaun

a\

2.2 929NU1 (Alumina, ALO,)

Y

4
a a -

a Al a al v W £ & A ] 9 =
pzgluFREINNNE T5UMAN AoTUAY Fuiluush liuign Jannualugives

q

'
9 =

Faqn1dlumsdag TasaoSuauazsaudaus  Andalusite, Silimanate 1Az Kayanite i3

< 1 a aa { [ a0 o 7
Andalusite 3oz gl Tudana Taslinnuddesianuaunazguugiiai 9 asanud iy

[
a

LI = = ~ . [ o a < T £ Aa
113 Silimanate ¥uaD8INYUNYNFY 9 (Ring, 1996) TMTUBLQNMT (ALO,) WiuTagnilany

'
v A

o v o3| U = = wa A J Y ' = =~
ﬂ’J13Jﬁ1ﬂilluL‘lJuE)fJN§J1ﬂ uuﬂamqqmmmﬂuaumﬂﬂﬂmuwmﬂmu U NYIAUABULVAIN

= < A A A £ a < A A
’ej,'\‘i mmmlmqq lLﬁ%mﬁﬂﬂ‘igﬂﬂNlﬂNﬂq\i mazgnmgﬂumwnmmmaﬂ UINUASNUNTU

1 (% 1 1 1 Y.
ADNITNANTDUUDINITALATANAN ) “l@ﬁ

M13719% 2.4 uaaaauiavedegiul (Nicholas P. Cheremisinoff, 1990)

oc-AlO,
Density, g/cm3 3.96
Melting temperature, ‘C 2054
Elastic modulus, GPa 520
Coefficient of thermal expansion (25-1000°C), 10 °K 8.5
Indentation hardness, GPa 20

O Oxygen ® Aluminium

517 2.7 naasTnseasavonzgiiun (Worrall, 1986)
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o [ 9 =2 a g = A a A 1 2 A
dmsuIaseasananvetezgiunivegll 2 J1luny Ae ezgiiuiedluginanie)
a A

;g 1 4 ) < 4 1] a
(Single crystal) HFuduozaiuNTyanigann Wiesnngnii llddinseslseau nazeraiivn
g ry U U U U U

~ 1 9 < A w 9 . 3 =\ ~ 1 [ [ A Aa
wagiugﬂiﬂiminwaﬂmmum@u (Polycrystalline) UUITUIININGNNI uaniludngauny

Q

unumed i lugaamnisuan q Tasmwizgadmnisundesms Isnunguugiiga

a o 1 [ ] a o 4 a o
pzglivigmirly1denlugaamnssuan q edrainy  mewu kaaduaiozgiiunldn
Y] 9 A A o 1T @ A A A 9 Y (Y] 4
ANUALASHINNTVUDUA IATOINDAALAI IR Lﬂiﬂ\iﬂﬂﬂiﬂfiu\ﬂuﬂ1quﬁ1 AAAOIUTUAN

E4 9
a 1 o a 1 1Y 4
’JG]Q‘V]‘L!IIW FUTIUAADUATIYIINNTS U ADAIUFUAIUVDIDIBITNAUNU TUNIINITUNNY

1 Y = I FY
U VADNISYNINYY Wuau

0 A O Oxygen
| ¢ C, . Aluminium
< B “ Vacant Al site
i _L{
CZ
.
.& r A
,O" C3
> B
o B
o=
Cl
ﬁ A

517 2.8 uaasInseasananvesdarh1- oxgiiun (Anderson, Leaver, Rawling, and

Alexander, 1994)

a A = ~ 1 o a R Y I
pzginnuaNuadesnNgaeglugl davh-ezguin (a-ALO,) Fallaseasauiy
1 J QBJI oszl 1Y
1@ 1nUea (Hexagonal) Wiiaadued Inseainilsznouaieduved lovoy 6 suvmuniu
4
uaazdulszneudie loseuvesezgiiiisunas losouvosvendouussqodiion 2 lu 3 veq
o ' :JI . A Y a s =
Aumtananiug (Dioctahedron) tiel#iszqaugaszuinveslossn ezgiiiion uaziins
v A @ o [ ] 1 9 o 9 Ja .
12138947 3 JUUVD A HvereIININ TATIaT e MlavTAeesaAua  (Coordinate)
yo4 leoounInny 6 uaz leosuauminy 4 vuavessall leveuszgiitionazoondion

91101 0.053 1az 0.138 W1 TUAT AIUAIAL
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=

23 8¥@iiigN (Aluminium)

a ]

pvgiiioniulanziitomniunldsy Towilunaned ilesniulanz il
A
f

AMANHAUZIAUYA15LN5

q

o
| I 1 & A T . 1 0 o
1. i Tangd lifluinaes1anie (Nontoxic) taglinimsthanuiouge ldhnaue
MIAUDIMITUAZHOTOITUD NS
a 9 A A a Faw a 9 [ = Y o '
2. HIMT190992QuItlonyI gn s UASHMIasNoUNAUVDEIgINIn 33 15w
1 4
azioulunarnrogd suaztounaslulan i Tnihsooud
3. UANWANIUWIE (Specific gravity) 1 Tagozglitianlinnuasunzlszuna 1
{1 1 3
U 3 U uran
= ~ ' @ @ o o L m Y
4. ianumilengs souaage annsoaauasaziihinauinld i lade
<3 v :‘ o . .
5. AANULVTIRININD (Strength per weight ratio) g4
1 a a 1 q‘./ Y 1 ] 1
6. numuasmsinaaiuazmsgniouluussenema l1daun ua lununiude
v Y
msnanIeuueInsauntaza1ni i (naqael avaine, u.1lal)
a A I Aa ] o o Yy gl o =KX a o L
7. azqiouiluTarenianuvumiua Mlvniminm sedeuinnlslu
QATINNITNOINIAYIY (German, 1994)
v A a A a P 2 o = o Y Y =
a9 N0 gHloN T gAML M Jih IHaNuIIUIMUMIAnnseved lans
a y 1 9 o I Y o w {o o 9 .
yiatnoud i Yuudednandinglunisldan (Smith, 1993)
1 < o a A 9 9 1 3 9 o R =K @
pg1lsnaw msihTangezgiionlU1dnuluduae 9 1y desmiiladeguanyus
~ [ 9 1 9 £ o a A = dgl (K%
mwnzimunzauiumsldauluuaazau Falaen ] anzezglifioulivaromnsadiugnu

u

1 £ o Y a A J = wa A 1 ] 9
AIUNTY ﬁ]\iﬂWiW@%QNLHEJEJGIM!mﬁ%LﬂiﬂuﬁuﬂﬂﬂllﬂﬂﬂNﬂuqﬂﬂ’w
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A15197 2.5 uﬁmﬁmﬁﬁmmazgﬁgﬁau (http://www.knovel.com/web/portal/basic_search)

Aluminium
Density, g/cm3 2.7
Melting temperature, °C 580-660
Coefficient of thermal expansion, 10°/°K 23.4
Elastic modulus, GPa 69
UTS, MPa 90-400
Thermal conductivity, W/m*K 150-220

(v Y

av ad
24 JHIENINYIVD
0o @ a a a a o a 1 va A
mainiluiaqralsznevezgivusiin lnsmsmuiaguiemaAuuasaniagIng
.. A &£ A @ wa a a 4 £ @ A
(Additive) uAFvHs Nz awnsolSul jsantidvesozgiiuuasiinld - Fanswauiag vio
Y Y
msAuuasaniasinaas l luezgliuniionantiuamnsoi ldnanednuay wu  msila
(] ] . . . Y 2 . .
aglugiueeynIANIza18A7 (Particles dispersion), tdu lo1d3uI59 (Fiber reinforcement) #30
Y
o Y [ a 1 A A [ ] 9 . .
Tuusene e auuasantiaaenaludnyasunuilssnuriaedy  (Laminate, Multilayer
. o Y
composites) 111 UAY

' < o v a A y & L g v
'E)fl'l\clllﬁﬂﬁ'lll ﬂ'lﬁ‘ﬂ'nﬁﬂﬂﬁﬂﬁgﬂ@'UIﬂﬂﬂig‘]JQUﬂWiﬂﬂﬁW?jJnlajuu Glu&ﬂf]ﬁ@uﬁ@\‘l

a

U W 3 { A 9 o @ 1 a
Anpriladenaiuaiinerdesiunszuiumsmaeseniandalsenou s U guugil nal

[
0 @ A

Y < 9 £ 3 dyc:{ @ A 9 = @
AUAU UITTEINA Lﬂu@]u Glf\iﬁ’ﬂ']'lﬁﬂ\jﬁilﬂltllﬂu@jllﬂﬁﬂﬁ']ﬂmﬂsl‘]fsluﬂ'ﬁlﬁﬁﬂujﬁﬂ

g

welseneu
. Y= wa ~ . A
Ksiazek et al. (2002) llﬂﬁﬂ‘kﬂwaellmﬁﬁJ‘UﬂmiLﬂﬂﬂ(Wettmg) HAZLTUNOU (Shear stress)
lumsifaiusy seriuduezgiuagozgitl  on Fwwuezgiud 19dvinaduriu
4 Aa A a A ] [ 1 4 a a
AUINAN 17 Uaawas 817 5 Jaawas ANNKUIUY 3.8 NTuABgNINANUANAS 1UTual

9 A A 9 "9 oy Y o [ a A =\ a a"a}
INIUTYAT 0 gureduieaniisvas 0.1 lasivin dmsvezalioniinnuuSanssosas

U Q

Y Y
99.9999 Tastiwtin wazitiminids s 210 Uaansu wuNTagralsenovezgiiu-

A A

Pzl NAIUMIINsza1 (Bonding temperature) NgIngil 1323 1A (1050 89N
q 9

QU Q

=

= = = v W ti' c' A 1 A
KEQLFYE) 138130 UIN Eﬂw\Ji\lI“JJ’s’flltN’s’f(Contac‘[ angle, 0) NONYA ADUDYNI90 BIAT LAZUTUNDU
d‘ YA d‘ d‘ a c'. 1
nldfiannige Uszinm 48 wnnzihama luvmghguugilumswilszaiuding 1123

a =~ 1 v @ 1 & 1 Y = A F=
AU (850 DIAUHAUKYT ) MYNTUATNINNTIT 90 DI Gﬁﬁﬁ]gﬁ\‘iwaﬁlﬁﬂ%ﬁ\‘]Lﬂ’f)l!‘ﬂllﬂﬂﬂ1

9 [V ~ A o w
a@amm"lﬂma Llﬁﬂ\iﬂ\igﬂﬂ 2.9-2.10 LAagNIT NN 2.6 AUaIAL
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150
]
120 * 2 221212
Sé * » -
& * <
o 90 § ! -
E x /R rn 9
g ® 953K
§ 0 1 a 1023K
=
E * o Al/ALO,
30 4 m ok
M 1323K
0 T T T
0 10 20 30 40
Time of contact, min

{ v o 1 Y
517 2.9 n51 A U FUWUFIEHIN Contact angle NU Time of contact Y9I

U

Jaqralsenouveanuezgiun  -ozgiition  (Ksiazek, Sobezak, Mikulowski,

Radziwill, and Surowaik, 2002)

50
1323K

40 Al (extruded rod)
<
[T
i 30 A
s
5 20
g Al/ALO,
n

10

0 L] L} L] L]

0 1 2 3 4 5 6 7

Shear lenght, mm

{ v o 7 1 @ o a
7111 2.10 A9 MEAIRNUTUHUTTEN I Shear stress 111 Shear lenght VoI Taq¥szno
YBIUHUO Q-0 Qiltley (Ksiazek, Sobezak, Mikulowski, Radziwill, and

Surowaik, 2002)
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M13199 2.6 LAAINANINAADY VBIIAYFIUsENRUVOLINBLN WI-0zgiitiey

(Ksiazek, Sobczak, Mikulowski, Radziwill, and Surowaik, 2002)

System T (K) O (degrees) Max. Load (N) T (MPa)
Al/ALO, 953 126 107 19.1
1023 121 178 29.5
1123 96 352 35.0
1223 79 810 46.3
1323 74 912 47.7

. Y o = vAa =t . I
Saiz et al. (2003) Tavmsdnymavesauiansilen (Wetting) LAZAINLUILT 3UD

a A )

WU (Bending strength) Y03 araua91)3znauszriaunuezgiuagezgiitlondmsums

Q(SJ

a a J ] a { a
TFunedugaaunssudaansoind  uruezgiunldlianuuigniseosas  99.999
Y
Tagtimiin waglivuia 10 dadwas x 10 Taamas x 2 daawas (1319 x 812 x g9) 5y
A A AQ Y a =y J o ad o o
pzguitloy N1FUANY VTGNT Jooaz 99.999 Tamimiin uaziiminlszuna 0.2-0.5 5
wuNTaqralsenevesgiun-  ezglittien NFUMswWlszaiy  (Bonding temperature)

a v

Nguuiigandn 1000 esruvaded anuay 10 wanzihaaiat a1 1 521w neld
q

U U

[T

9 ' 9 o
YINA Fﬂgﬁﬂguﬁup‘lﬁ (Contact angle, 0) HauNI1 90 9IA HASTINAANTINAADIAUSHIVY
o 1 Ay Y o < . 9
amnsnhan Idndwiunuudanse  (Bending strength, 6,) 1891ngAT ©,=2.69A + 116

= o I Y 1 < ~ [ ~ 0o o
Fanh1d Idmanuudasengalszana 400 wongihania uaaeaegli 2.11-2.12 awdau
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ﬂﬁ 2.11 n9luaraan U UE 321319 Contact angle bl Temperature "UEN’JEW]HNﬂi“’ﬂ’E]‘]J

VYRIHUDZQIUI-D2ililieN (Saiz, Tomsia, and Suganuma, 2003)

Bending strength (MPa)

400

300

200

100

; T - ' |
- _l —
-f-r'E?i
o B
e Y e
i Bonding Temperature Ob(MPa)=2.69A+116 I
m 700°C
1 800°C
| @ j000°C |
T T 1200°C ]
1 1 | 1 |
70 80 90 100

Fraction of bonded area (%)

‘ﬂﬁ 2.12 A5EAIRNNF U T321 19 Bending strength U Fraction of bonded area (%)

VoI TaI1)5ZNeUVRIHLDE iN-DEgiileN (Saiz, Tomsia, and Suganuma, 2003)
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'
v A
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UBNINNMIANET 1L UAT ABANETITEaUNINEIVBINUNILUIUNIMIINTON TR
a d! = = Awv o d’ Q' =\ Y U 1l a
F915EnoU FINMTANYIALIVEINUIULINNNGIMNLA MMM O ITUAHUINT 12513 D
(Ceramic tile) Lﬁﬂ‘ﬁﬂ\‘lﬁull’i\‘]ﬂﬁzlmﬂmﬂﬂizqu Tagmstimnu lave (Backing plate)
[ ] a . . Iy v [ 9 A~ 09/1 A Aa J
P1UTLAUNVLHUINT1Z$510D (Ceramic tile) IMNanHULon Foununuiusunsonzeni
. . g ] Y Aaw o A A 9
Laminate composite #4921 1A9199113983 11 UMD AN IV
Madhu et al. (2005) ARy IHAvRINITNATBUANITA  M3TINUUTINTLUNNDIN
AU (Ballistic performance) ¥94TAQ¥I5eN DUILHINMAHUDLQUUUYTINUASLIHY
a ) [ I 4 5 ] Aa a a a
Tangogginiion dwmsuldihunsizeoud FwruezgivussindlSuavesezgin
9
o v ] 1Y 1 4 a
ooz 95 uaz 99.5 Tagtimiin uazlinnunruiniy 3.68 uag 3.85 NTuADYNUIANIFUAILAT
MUy FamazuruazlFvinaanunNaazeun  10uAD 50 HaawAT x 50 YAANAT

1 = [ A 09: 1 a a o [ 1 a A 9
Lmﬂ’)'lll'ﬂuﬁ]%llﬂTi‘]J‘i‘]J!‘]JﬂEI‘LlGN!m 10, 12 1oy 14 Uaaluag mmmmﬂamazgmuﬂﬂ%

IN5A 7017 AMWHUMLUY 2.9 NFUABYNUIARIFUAILAT YUIA 200 TAIUAT X 200 TAAWAT X
H 4
40 fadwas (1319 x 817 x g9) N TaqFalsznevssgiiui- exgiidloy NliA1wUTgnige
A A A a U 9 oy o o Y va A ay
n3eNTnavetezglunnn (Govag 99.5 Tagtimin ) sz ndaninsinavesduan
A 42[ o 9)44?’ 9 @ Qall Y=
mnIuensotesiunsanszunnnnnszgu I9aTUAI8 18991n1U Madhu et al. TaANw1
iian Taon)TsuMeun NNV AL QI INN 9INNANTNAABINDIIHUDL N
A Aa a A = Aa A [ Y
i nnATANNMT 10 Daawas sxldszaniamlumsiles funsenszunnnnnszgulda

Nga Laanaagln 2.13-2.14 mMuaey
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U

A

=
N

1.0

o 0.8
Q
=)
.2
Q

= 0.6
o
o]
[}

S 04
<
g
]

Z 02

0

_ . €99.5
.
H‘“-_,_\_\_
——
H“‘-h_,___
T T, 830mss
-\-\_\-\_\-\-\_\_""\—\_\__\_\_
—_— “‘-\H\ —m@m  700m/s
>< e S T
9 10 11 12 13 14 15

Thickness (mm)

1591)5znevpzgiiuI-ozgiition (Madhu, Ramanjaneyulu, Bhat, and Gupta, 2003)

v o 1 @ @
13 n3uaad AN FUWNUEILHIN Normalized efficiency N1 Thickness UYIIAA

1.0
. 0.8
Q
=]
.2
o
= 0.6
(]
=
g
= 0.4
<
£
o
Z 02
0

14mm Ceramic (C99.5)

12mm Ceramic (C99.5)
10mm Ceramic (C99.5)

400

500 600 700 800

Projectile velocity (m/s)

900

24

v @ 4 1 o
2.14 n51ieae ANUANNU 5521219 Normalized efficiency NU Projectile velocity U3

Jarawailsznovesgiiu1-ezgiiiiley (Madhu, Ramanjaneyulu, Bhat, and Gupta, 2003)
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Y= = ~ Y] Ao 1
Puente et al. (2005) ldAnymsfSouiouanuminvesiaglssauniinanonts
Hostunsanszunnannszgu vouiaqdalsznoussnaruez gliuiasilinuazuru Tang
a A o [ ] a d‘ Y a t:‘{sl 3’ Y] 4!
pzgiiloy dmsuuHuzgiuNlFANWDT  gnisesay 98 Tastimin FavuIAv0q
uruezgiuIll 2 vwmAe 1. 100 Uaawas x 100 Jaamas x 12 Taamas (1319 x 817 x

q9) 2. 51 Haamas x 51 Naawas x 8.3 daamwas (1119 x 817 x g9) uazuruezgitionly

£

Aa A

1039 2017-T6 FIUUIAVDIAUOZ QUL Tow T 2 Yi1a Ap 1. 100 adwas x 100 HaaNAT x 6
Haawas (1119 x 817 x g9) 2. 51 Uadawas x 51 Taawas x 12 Taawas (1319 x 817 x g9)
Tagl%iaquszenu  Epoxy Hysol EA 9361 Wumnanuwul vediaqlssauimingauy

ngani i iaqdalszneves gilu-ezgiiioy aunsoflesiunsinszunnainnszguuas

Q

9
9 % a

o Y =KX a o Y 1 1 o v A
M liiagiiaesriamunsndaaanu 1aa laglungasousoniiniu nansasgii 2.15

L | | | | | I | ] | I i
12 —
10 -
2 " \
g "
o B "'._‘ A
6 | "\I'I' /f@\ —
G—ed) &—=e .
4T S oy
r So—o |
2 — —
] ] ] ] | | | | | ]

0.1 02 03 04 05 06 07 08 09 1.0 1.1

Adhesive layer thickness (mm)

{ v o d 1 o
319 2.15 nsmlaad ANFUIUT 581919 Remaining armour thickness N1 Adhesive layer
thickness Y093aQ1¥1) 52N DL QiIUI-0¥gUIleN (Puente, Arias, Zaera, and

Navarro, 2005)
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3.1 gUnsaimismaees

A = s 9 = @ 1 a 4 wt:qsal
Lﬂi@\ﬁ\lmlagq‘ﬂﬂim%1%1Uﬂ1§Lﬂ58Mﬁ3@81ﬂ AUATICULUASNATDUTUUANIHUA

aartanaluasan 3.1

= sq Y
M3199 3.1 naasginsalnlslunisnaass

gilnsal Anan LU/
Particle Size Analyzer Malvern Mastersizer S
X-Ray Diffractometer (XRD) Bruker D5005
Ball Mill P.S.CM. Alumina ball mill
Dryer ELE Model SDO 225E1
Vibrator/Shaker Retsch AS200
Compression Machine (200 tons) ELE ADR2000
Vernier Mitutoyo Diamond
High Temperature Furnace (ISOOOC) Labquip Vecstar/VF2
High Temperature Furnace (ISOOOC) Nabertherm P320
High Speed Diamond Saw Buehler Isomet 1000
Grinder&Polisher Machine Buehler Ecomet 5
Ultrasonic NEY 28H
Ion Sputtering Device JEOL JFC-1100E
Scanning Electron Microscope (SEM) JEOL JSM-6400
Universal Testing Machine Instron 5569
Charpy Impact Testing Machine DMG Leicester LE67 SFT
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AT N 3.2 ’J’L’fﬁ]LL@%ﬁ”IiLﬂll‘]ﬂi‘])’iHﬂ"liTlﬂ@@ﬂ

Aq Y ~
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Uszinnans Fons FIA/ANTA Awan
A13AIAU Aluminium Oxide CASM Suzhou Dexin
Advanced Ceramics
Co., Ltd.
Aluminium Alloy Plate | 6061-T651, 6 mm.* | -
6063-0, 6 mm.*
6063-0, 2 mm.*
6063-0, 1 mm.*
(Aluminium+Aluminium | Al 70wt%+ ALO, Fuka.Co.,Ltd.
Oxide) Powder 30 wt%
Frit Low temperature Ferro (Thailand) Co.,
fritted glazes 980°C | Ltd.
Litium Carbonate Li,CO, 99% ACROS
Titanium Alloy Plate Gr2, 1 mm.* Baoji Baoye
Titanium-Nickel
Industry Co., Ltd.
ATNUMITTANIY Tapioca Starch Premium Quality | Kriangkrai LTD., Part

HHELYie L AU
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a A

d
3.2.1 mazgumﬂuaaﬂ"lmﬂ (Aluminium Oxide Powder)
Aa A 4 a = 9 I a
meozglitioueonlea (ozgiiun) gasall ALO, lHinsa CA 5 Mifluezgiun
{ a = g’ Y a [V 1 4
nlinwusgnisesa s 95 Taoimin audetundn ldun TwdAsueenled Sovaz 03 Tag
g; o aa Y 3, o = IY :j o <]
widn  Famiesay 0.2 Tasvhmiin uaaFenosn laaiosaz 0.1 Tashwiin wazman
9
J o o . .
0N 1@ (Fe,0,) $o8az 0.02 Taorimiin (Yo3ya91n Suzhou Dexin Advanced Ceramics Co., Ltd.)

a A % d

322 uRUezgitilaNdaaoua (Aluminium Alloy Plate)
] = [ 4 =\ B = dy Y o [ 1
uHuezgliloudaaen  gasal Al F391AM AN DoAY SIS ULHY
A a o s P} ~ A
pzguiloudaaean 14 1un1Inaaeddl 2 103 A
a (Y] d
3.2.2.1 W URZgRINENOAARYA IN5A 6061- T651
1 a Y] 4 J Y]
uHURZQllNdaaen  1N3A 6061- T651 03AYIZABUHEN
Y a A 9 091 [y} S A Y 3’ [}
Usznounie oxglitionsosny 96.47 Tagiviin  wunil@eudseay 1.0 lagriviin
an g‘ v 4 091 Y]
FanouJosar 0.6 lasiimiin aollesdesar  0.28 Tasiiviin laseudoeas 0.2

g/ [y a 4 9 oy o { 9 a a
Taerimin tazuanuou o Jeeay 1.45 Tagnividn  uazanuuunly 6 Hagwag

(61911 9310910 http://www.knovel.com/web/portal/basic_search)

a A % d

3.2.2.2 unuezgitiandaaosn 1A 6063- 0

U

1 a A @ J J Y 9
HHUBRZQUIENDARRYA INIA 6063-0 ﬂ@ﬂﬂﬁ%ﬂﬂ‘ﬂ Wﬁﬂﬂ‘i%ﬂﬂﬂﬂ’w

Y Y
avaitiudovay 97.85 Tagrhwin uunildeudosay 0.70 Tassiviin Sanousosas 0.40

U
Y ]

o o a A 9 oy o Aq ¥ a a 9
Iﬂﬂ’tﬂﬁuﬂ aguanuoau ) segay 1.05 TﬂEJHTViUﬂ ANy 1,2 Uag 6 Yaaluasg (Gllfllluﬁ

910 http://www.knovel.com/web/portal/basic_search)

(Y] dJd
323w lnnuilguoaassa (Titanium Alloy Plate)
1 ~ @ J ~ . J @ Y
uru Innutloudanosa s Gr2 gasall Ti odlszneunanisznouaie
~ 9 g‘ o s 9 oy o 4 9
Tnnutisndosas 99.627 Tasimiin wandesaz 0.09 Tasimiin asuouSesas 0.02 Tae
oy o 9 cy @ 9 oy Y a 9
i Tulaswudesas 0.01 Taeimiin lalasnuissas 0.003 Tasimiin oondauissas
:‘ @ a d’ 9 oy Y] d‘ 9 a A 9
0.15 Tagniviin uazuanudy 9 3080z 0.1 Taesiniin Aumunly 1 Nadwas (Toyaan

Baoji Baoye Titanium-Nickel Industry Co., Ltd.)


http://www.knovel.com/web/portal/basic_search
http://www.knovel.com/web/portal/basic_search
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VYUADULLUASITNITINAAD LLET@NIL!E‘]JVI 3.1-3.4
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WIDSQNUT . WQLLllﬂuL“BfJiJ?JE]ﬂ]lGBﬂ

99.7 1 0.3 wt%
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Y v
utlaadu : snau

3 .97 wt%

A 4

va/mauluniioua

(Alumina ball mill)

MINUNTIANE

A 4

DU 110°C, 48 ¥ T34

HIZQUUINAY | ANFIUNTTAINY

94 16 wt%

AZUNTITOU 170 1%

LLﬂiHﬁ/@]%l!ﬂi\ﬁﬂu 18 1Y

4
v =K

oalug1 Hydraulic 20113361 40 AU

(LMUNUWULIA 100 13, X100 W)

Y

1650°C, 2 %2 134

=
LWTAUN

UHUBL QN

9
711 3.1 HaaaTuABUMSINTENIHUDE i
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(% 3 1 a a d' 9 = d‘ o
ﬁﬁ\iﬂ?ﬂuuLLNHQSQNU"IL"HTmﬂ‘ﬂ]lﬂﬁ]"lﬂﬂig‘]JTJLlﬂﬁmiil‘JJ“l‘ng‘]J‘Vl 3.1 U1

aTRARUANUTIMMIZIAzATIdRUANTAFINadaaslugli 3.2

UHUBZ QI

AIAOVANHULINN

\4

A ARUANIAFING

A 4

- YUIAUDINTU (Ferret’s method)
- AUHUUUY (Archimedes’s
method)

- JFnagngu

- AUNUABNTAA 1A (Universal
testing machine)
9
- ANNATUMULTINTZUND (Charpy

impact testing machine)

711 3.2 HAAINIATINADVINH ULIMWIZHALMIATIVADVAVTAFINAVD IHU DL AU

uRUEZQUUNEI NN 1A1INNTTUIUM ST oNIE WD glWIINgU N 3.1 azihug

@ 1 Aa A [V 4 A d? Ll
Usgnu nuuruezgliifioudaaosd iowsgauaugy1d]

a A v 9 [ d'
DEQUIUIY LUVDATOU @NEU‘V] 33

g
Yo a a
avaq  walszneveguun-
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UHUBZ QU unueggiitloudanosn

(100 Y. X 100 UU. X 6 U.) (100 W, X 100 WU, X 2 Uu.)

Y

TARININAENTEATHNT Y

193 1200 N3 %

A 4

]
=

urluted Inuansoaduaudg

(Ultrasonic) 30 UIN

PUUWI 110°C, 24 ¥ T4

A 4

Y
M31sLnunuY 3 U

ALO,/AV/ALO,

A 4

W1sEaIu 950, 1000 tag 1050°C

15, 30 t1ag 45 WA

A 4

a

Jaquralsenou

prgiiu-ozgiitiion HuUdAdoU

dl oajl ag d%} Y a a Aa A v 9
El]‘ﬂ 33 LLﬁﬂQﬂluﬂf’Juuﬁ&J‘ﬁﬂﬁﬂJugﬂ’Jﬁﬁ]!ﬂ)’fiﬂﬁ$ﬂ’f)‘]J’f)$@j3Ju1-’E)$@j3JLMEJ3J HUUDAYDU
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9 v
wasnmiuihiagse Usenovezgiu-ozgiidion nuudadou flaain nszud uns

wIsndaralsznonlugli 3.3 axinasdeudnvazmnziazasndeuauliang

auaaalugii 3.4

JagL

2zalu1-0La

U )

a

F¥alseznou

a A v 9
UIHIY LLUUDAYDU

AINAOVANHULINN

Y

9
- Tnseadegania

YOIAINNT Y (SEM)

A ARUANIAFING

A 4

- ANUNUAMIAA 1A
(Universal testing machine)
- ﬂ'J'I‘JJél}'luﬂ'lullﬁ\?ﬂigllﬂﬂ

(Charpy impact testing machine)

719 3.4 ugaINInsNTOUANY VMW ITUAE NMIATIIADVANTAFING VoI Taquailsznou

pzgiu-ezgiition uuDdadoU

~ [ Qa: ax = [ dy
mﬂgﬂw 3.1-34 ?ﬂiﬂ3ﬂLL‘]JQlﬂuﬂluﬂﬂullazﬂ‘ﬁﬂTiﬂﬂaﬂﬁIﬂﬂﬁ%!ﬁ]EJ@] AU

3.3.1 MIdNUUUMINAADY

=2 &' Y v -3 =
3.3.1.1 MIANHUUBIAU (NBHNINITNAABIVIN)

== tﬂy 9 Y o dg’
AN NITAN BINITNAADI LU ulﬂ“l’]'] N3 NAABDN NI suu'gﬂ

Falsznovezgivi-ozgliiion nuudadou auaadlua1ied 3.3

%

49
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A = =2 Ay 9 ,3 [ a
M131N 3.3 LLﬁﬂ\ﬁTﬂagli’JﬂﬂﬂTiﬁﬂE"IL”LI?N@]L!ﬂTiﬂlugﬂﬁﬁﬂL“ﬁﬂﬂi%ﬂﬂﬂ
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F2

IHANIDE Tagaedu ANUHUT (Haawas) | an1znIsnaaed
A16061-6-750 Al 6061-T651 6 750°C, 30 W17
ALO, 6
A16063-1-850 Al 6063-0 1 850°C, 30 W17
ALO, 6
A16063-6-850 Al 6063-0 6 850°C, 30 W17
ALO, 6
A16063-6-750 Al 6063-0 6 750°C, 30 W17
ALO, 6
Al6063-Ti-700 Al 6063-0 6 700°C, 30 WA
Ti 1
ALO, 6
Al6063-Ti-750 | Al 6063-0 6 750°C, 30 W1
Ti 1
ALO, 6
Ti-1000 Ti 1 1000°C, 30 w1l
ALO, 6
Frit-1000 Frit 1 1000°C, 30 w1l
ALO, 6
Al6063-Frit-700 | Al 6063-0 6 700°C, 60 U1¥
Frit 1
ALO, 6
Al6063-F(L)-700 | Al 6063-0 6 700°C, 30 W17
Frit (Li,CO, 15 wt%) 1
ALO, 6
Al6063-Pb-350 | Al 6063-0 6 350°C, 30 W17
Pb 1
ALO 6

273




A S = dy 9 tg [ a 1
M131N 3.3 LLﬁﬂQi?ﬂazli’JﬂﬂﬂTiﬁﬂH"IL”]J?N@]L!ﬂ?iﬂlﬂgﬂflﬁﬂﬁﬁﬂi%ﬂﬂ‘ﬂ (919)

IHANIDE ‘Eamigqﬁ’u ANUHUINAAWNAT) | aNIZNITNARDY
A16063-Pow-750 | Al 6063-0 6 750°C, 30 W
Al/ALO, powder 1
ALO, 6

[

a = =2 d%’ 9 dg’
VINATNN 3.3 Haaeswaziven veInsanyuiesdunsvugilide
- 4 4
#15znou FaHansnaaewazjnmaztaasluuni 4

3.3.1.2 MsfanyaznaaasluauIde
o I d‘ ~
vinunuAagl s neassive a1 vean 1w Uszau

~ 9 1 a di N Yo a a =1 A
winzauige ldun quugd taz nan e ld laTaqselszney exgiiun-ozgiitioy il

vAa A { [ 9 [ {
andaFananmue aununs 19 aauanssigazoealuainean 3.4

1 4
A15199 3.4 LAAIANNHUIVOS aTauUT Lay azgmﬁﬂu UagdaNIE N9 mamﬁm%’umﬁu

v
@ a a a v 9 o
siTaqralsznevezqiiu-ozgltiondadon nuy 3 Fu

A19619 AU (Haamuns) ANUNUITIN QNI N

fi RGN Fuit 1 uii 2 uft 3 naalsznu | (esrmuwalted) | (W)
pzgiiun | oxgiiilon | exgiuw | (Uaawag)

1 3L-950-15 6 2 6 14 15
2 3L-950-30 6 2 6 14 950 30
3 3L-950-45 6 2 6 14 45
4 3L-1000-15 6 2 6 14 15
5 3L-1000-30 6 2 6 14 1000 30
6 3L-1000-45 6 2 6 14 45
7 3L-1050-15 6 2 6 14 15
8 3L-1050-30 6 2 6 14 1050 30
9 3L-1050-45 6 2 6 14 45

v E4
MINAITNA 3.4 LAAINIT DONLUU NI NATEY FHTVMIY U1 Tag
a a a A v 9 oa/’ 9 ] a o ] 2 1
LG]N1_]33ﬂ@ﬂﬂ$QNu1-ﬂ$QNLuﬂN@ﬂ%ﬂu UUY 3 YU Tﬂﬂmmuazgnmmmu 2 LINY a0

urulinun 6 Jadwas uazuruozgiiion 1 iy Tawwu 2 Jaawas ¥99z 1dnn
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a

NUNTIMNAINIUsEUIMIAY 14 Jadmes dmsvgargllumswmlszaiuy miny 950, 1000

U

ez 1050 p9rssaIFed agal 15, 30 1ag 45 W1N MNa1ay

332 M3ATIDADUANHAULANIZVDIATITAIAY

a

3.3.2.1 NITHIVHIAUASNTIINISNYIUNAVDINIDS NN
ﬂﬁ‘?ﬂ"llu'lml,a%ﬂ'liﬂizﬁ]'lﬂ@uﬂ'lﬂﬂlﬂﬂﬂﬂﬁlzgﬁLﬂ Iﬂ&lﬁﬂﬁ&mﬁﬂﬂﬁ
a c? I A ~ J 33 1 o a Y A
NITNITIVWLATNITLIAYIUUUDILLEA Tﬂﬂclﬂfamﬂu-u'aaugmcﬁail,ﬂugmmmmmma 1(’]1!15]59\1

Particle size analyzer VYOIUTHN Malvern

gﬂ‘ﬁ 3.5 LARANLATOA Particle size analyzer

as = @ T A a 4
ATNITATIUAIDYTNUNDNITUATICU

1. Fanadd0813 Taaguilsunm 2 n3u
=) Y 9 S 3 4
2. 1938081582818 Calgon ANMMUNIY 1 1o51FUA
a % % 1 a o
3aavmsazatelude 2. waunumededlulsna 50 gnuian
EEUAINA T
° "y 4 g A 4 o = .
4. i lwdrdrenIesduaziion Taoaaudean1wdge (Ultrasonic
I ) a g
bath) 1Hura 30 w1n udni ldAnsizsiae
a d J .
3.3.22 Msasimeriosndszneumana (Phase analysis)
a 'd o a Y o
M3n3293RIzHeeRszneumanaveezgiun Taglenuan ns
dy v 4 . . = Y ad
MIAONVUVDITITONS (X-ray diffraction, XRD) VINHANVOIE15IL INLUWNNTY  (Pattern)
Y @ 1 a 4 4
MR AUURNIZAIVOIATUAAZ FUANINNYUOILUING  (Bragg’s Law) TagldinTes XRD

QY 9 < 1 o A o a
VYDIUITEN Bruker Glslf CuKy Wunraanuiasea
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ax =) o L] dl a r'd
ABNMISINTEUAIDENUNONTUATIZH
1. Tilsamanzgiiunasuunsonlanedine1a (Sample holder)
9 1 a d' 1 ! v 1 YA 1
2. ldurunszannansezgiuneglunsouldamedrednalviseuuiu
o v A Y] 1 Y] 1 o a r'd
3 hhudatladnsunseulansdediadnirllas1in sz

{ a 4
anmznlslumsdagized

Generator tension = 40 KV
Generator current = 40 mA
Start angle = 10°
End angle = 60°
Time per step = 04s
Step size = 0.02°

717 3.6 UAAUATOI X-ray diffraction, XRD

333 MAAIENINUEZERMN
=~ 1 o a ==} L ] 1
1. wsendunay Tasmssantoz giiu ez muuntidouoon laa lusasiaiu
Y [ :l @ o ~ Y A 3 o
Fouaz 99.7 619 0.3 Tasitmiin 1 lduarnaunuuilendiansosuasauuuuanuisIdl  (Ball
3 o
Mill) (funan 24 ¥ T4

o 1 ] a [ a ==} oA 9
2. 1!1?{'31!Nﬁll‘lJﬁN'Jﬂif]ﬂﬂi$1’i’ﬂ\1@$@)1]1ﬂlla$uilﬂul"]fﬂll@@ﬂ"l“lfﬂﬂ]lﬂ"lﬂ

=

9 a =~ <3| Y]
DULVININQUVIPN 110 DIFLHALFY T Wuan 48 ¥ lug

Q
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9 [ 1]
3. wasoninihdaumaui 18 lduaudedae Tnge e Lildeymamanisvu

v v g

aanwiludou udnimen 18 lsouruazunsavua 170 e (Mesh) uarvz lansozgiivind
= < v
eeynn lasmaannii 90 lunsou
v Y v
4. w3euansumssame Tagrininauuasudlasii (Tapioca Starch) M Way
Y 2
ludasrarudosas 97 ao 3 Tagtihmiin wasaniuii lUduudvinmsniunauauniudl aiu
I g’ =}
azagauruanaredluiinimiien

o a Ay ¥ Y @ A = Ay Y 9y
5. mmazgnum”lﬂmﬂ UD 3. 1]TUﬂN’ﬁilﬂ‘lJ’s’fﬁLWllﬂ'liEJﬂl,ﬂ’lz‘VIllﬂ"l]'lﬂ U0 4.

[ 1 9 ' g’ o le/ ) a A ~ 1 T
Gluemwmu 080 94 M9 6 Iﬂﬂu'ﬁ’iuﬂ AMUUUT WIDSAUUN mmmmum‘lﬂ TOUNIU

£

A qumy Aa o & v 2
AZUNIIVUIA 18 LY LWE]GlW]lﬂ@Eﬂ'lﬂﬂ“ﬁﬂ]&lﬂ!%!ﬂu!ﬂﬂuﬂiu‘iiﬂ ﬁ&lmmimugﬂ

o A A Y ¥ o 1 Y A4 o
6. vmezgiuunsyaimson 1dvn 4os. uihimsdadugiienIedauuy
TaTasan (Compression Machine, 200 tons Y94U58N ELE International) Tag #3990 40 fu
1 [ 4
wiRIidATIA 100 x 100 Hadwas Fawdu ozgiiu1ildninmssatuglaziivuianiumn

6 Haaag

T OISR
Py “;.;{

4 4 o Q
311 3.7 uaauniesdauuy laTasdn
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33.4 MWK
) 1 a A @ dg} y = 9 a
WEnezg I NMIUMIoaTUU0ING0 3.3.3 MUMHTNAIBIA KUY
¥ Y v
(High Temperature Furnace (1800°C) ¥p9U3HN Labquip) tesh 1#3uaiugnduaziiuni

' Yo 2 Aq Y ~ A
nuuInnuyuau aangilslunmsneaswuaaluasan 3.5 uazgn 3.8

a13199 3.5 uaasdeyalumsmniinuruez gliun

24 QR 8as s lianuion ALY WL
(p9rIsaLFea) (p9fyaIFea/11N) (W)
1 25-400 1.5 - -
2 400 - 120 w3y
MIBANIL
3 400-1650 3 - -
4 1650 - 120 QUNUNNINA?
5 1650-25 5 - -

NOHe & * V3semalng

gatigil (°C)
A

1650°C, 120119

3°C/ani .
5°C/ani

400°C, 120179

1.5°CcAnNi

v

181 (WA)

A 9 = ] a
717 3.8 nanluaasveyalumswintinuruezgiiun
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335 MsAsRdUANNHINMHIAzYSINMNI UV IRZgin
M3A3ABVANNN UL LAz A FHIUYBIDLgUU R AN UMTATIVTDY
AUNINTIIU ASTM C373-88 (1994)
ABMIATARUANUHU ULz TINAIgHTY

a

1. hwdu ezgiiun Arums w wiln Tddmseuudafigauvgl 150 eam

£
v v

091} ) o < 4 . o o o @
e 3ntiui lihin IA%eulunieganiudu (Desiceator) ndrvain lilsaiminuda
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qmp Designation: C 373 - 88 (Reapproved 1994}

Standard Test Method for

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

"This standacd is istued under the fixed designation C 373; the number immediately following the designation indicates the vear of
original adoption o, in the case of revision, the year of last revision, A number in parentheses indicates the year of Tast reapprovat, A
superscript epsilon {¢) indicates an editorial change since the last cevision or reapproval.

1. Scope

1.1 This test method covers procedures for determining
water ahsorption, 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 congerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate sqfety and heaith practices and determine the applica-
bility of regulatory limitations prior 1o use.

2. Significance and Use

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

3. Apparatus and Materials

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

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

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

34 Container—A glass beaker ot 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 Pgn, 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 end is the direct responsibility of
Subcomenittes C21.03 on Fundamental Properties.

Current edition approved Sept. 30, 1988, Published November 1988. Originally
published as C 37355 T, Last previous edition C 373 - 72 (1982).

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

Nore—The drying of the specimens to constant mass and the
determination of their masses may be done either before ar after the
specimens have been impregnated with water, Usually the dry mass is
determined before impregnation. However, if the specimens are friable
or cvidence indicates that particles have broken loose during the
impregnation, the specimens shall be dried and weighed after the
suspended mass and the saturated mags 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, 5, of each specimen while
suspended in water. Perform the weighing by placing the
specirnen in a wire loop, halter, or basket that is suspended
from one arm of the balance. Before actually weighing,
counterbalance the scale with the loop, halter, or basket in
place and immerse in water 1o the same depth as is used
when the specimens are in place, If it is desired to determine
only the percentage of water absorption, omit the suspended
mass operation.

5.4 After the determination of the suspended mass or after
impregnation, if the suspended mass is not determined, blot
each specimen lightly with a moistened, lint-free linen or
cotion cloth to remove all excess water from the surface, and
determine the saturated mass, M, to the nearest 001 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 I cm’ of water weighs | g. This is true within about 3
parts in 1000 for water at room temperature.

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

V=M-§
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6.1.2 Calculate the volumes of open pores V. and
impervious portions ¥jp in cubic centimetres as follows:

Vop=M—D
Vp=D-8§
6.1.3 The apparent porosity, P, expresses, as a percent, the
relationship of the volume of the open pores of the specimen

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

P=[(M - D)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 - DyD] 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=DjD -8

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

B=Dpyv
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 Socisty for Testing end Materials takes no position respacting the validity of any patent rights asserted In connection

with any ltem mentioned In this standard, Users of this standard are

exprassly advised thal determination of the valldity of any such

patent rights, and the risk of infringemant of such rights, are enlirely their own responsibility,

This standard is subjact lo revision at any time by the responsibls lechnical commitiee aid must b reviawed ovary five yaars and
if ot revised, either reapproved or withdrawn. Your comments are invited either for ravision of this standard or for additional standards
and should be addressed lo ASTM Headguarters. wawmmmdnmwmw

technical committes, which

you may atlond. If you feel that your comments have not recolved & fair hearing you shoutd make your

views known to tha ASTM Commities on Standards, 1976 Race St., Philadeiphis, PA 19103
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qm}) Designation: C 1161 - 94 (Reapproved 1996)

Standard Test Method for

Flexural Strength of Advanced Ceramics at Ambient
Temperature’

This standard is issued under the fixed designation C 1161; the number i diately foll ignation indi the year of

ang;mladupnonor.mthmofmnmlhemrd]&mmmAnmhammMmmﬂmmmﬂaﬂmlA
superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

1. Scope

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

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

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

2. Referenced Documents

2.1 ASTM Standards:

E 4 Practices for Force Verification of Testing Machines®

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

2.2 Military Standard:

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

3. Terminology

3.1 Definitions:

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

3.1.2 four-point-Y/4 point flexure—configuration of flex-
ural strength testing where a specimen is symmetrically
loaded at two locations that are situated one quarter of the
overall span, away from the outer two support bearings (see
Fig. 1).

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

! This test method is under the jurisdiction of ASTM Committee C-28 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.

4 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 in the standard rule out the use of this test for
continuous fiber-reinforced ceramics.

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

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

5. Interferences

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

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

5 The boldface bers in hy
test method.

refer to the refe at the end of this
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FIG. 1 The Four-Point-Y4 Point and Three-Point Fixture
Configuration

introduced during the early course or intermediate ma-
chining.

6. Apparatus

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

6.2 Four-Point Flexure—Four-point-Y4 point fixtures
(Fig. 1) shall have support and loading spans as shown in
Table 1.

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

6.4 Bearings—Three- and four-point flexure:

6.4.1 Cylindrical bearing edges shall be used for the
support of the test specimen and for the application of load.
The cylinders shall be made of hardened steel which has a
hardness no less than HRC 40 or which has a yield strength
10 less than 1240 MPa (~180 ksi). Alternatively, the
Cylinders may be made of a ceramic with an elastic modulus
between 2.0 and 4.0 X 105 MPa (3060 X 105 psi) and a
flexural strength no less than 275 MPa (~40 ksi). The
portions of the test fixture that support the bearings may
Deed to be hardened to prevent permanent deformation. The
Cylindrical bearing length shall be at least three times the
Specimen width. The above requirements are intended to
ensure that ceramics with strengths up to 1400 MPa (~200
ksi) and elastic moduli as high as 4.8 X 10° MPa (70 x 10°
Psi) can be tested without fixture damage. Higher strength

TABLE 1 Fixture Spans
Configuration Support Span (L), mm _ Loading Span, mm

A 20 10
B 40 20
c 80 40

TABLE 2 Nominal Bearing Diameters

Configuration Diameter, mm
A 201025
B 45
Cc 9.0

TABLE 3 Specimen Size

Configuration  Width (b), mm~  Depth (d), mm L""g“‘rr‘:" min,

A 20 1.5 25
B 4.0 3.0 45
c 8.0 6.0 90

and stiffer ceramic specimens may require harder bearings.

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

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

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

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

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

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

7. Specimen

7.1 Specimen Size—Dimensions are given in Table 3 and
shown in Fig. 4. Cross-sectional dimensional tolerances are
+0.13 mm for B and C specimens, and +0.05 mm for A. The
parallelism tolerances on the four longitudinal faces are
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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b3 L T]I
Note 1:
Configuration L, mm
A 20
B 40
c 80

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

the following four specimen preparation procedures:

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

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

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

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

7.24.1 All grinding shall be done with an ample supply of
appropriate filtered coolant to keep workpiece and wheel
constantly flooded and particles flushed. Grinding shall be in
at least two stages, ranging from coarse to fine rates of
material removal. All machining shall be in the surface
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.
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Note: Bearing Cylinders are held in place by
low stiffness springs or rubber bands.

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

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

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

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

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.

i
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Note 1:
Configuration L, mm
A 20
8 40
Cc 80

L

S B i |
154 —

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

8. Procedure

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

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

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

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

can be distinguished. Carefully drawn pencil marks will
suffice.

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

8.6 Loading Rates—The crosshead rates are chosen so
that the strain rate upon the specimen shall be of the order of
1.0 x 10~ 571,

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

=6 ds/L?
where:
¢ = strain rate,

TABLE 4 Crosshead Speeds for Displacement-Controlled
Testing Machine

Crosshead Speeds, mm/min
0.2

0.5
1.0

Configuration

om>
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FIG. 4 The Standard Test Specimens

FIG. 5 Surface Grinding Paraliel to the Specimen Longitudinal
Axis

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

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

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

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

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

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

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

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

9. Calculation

9.1 The standard formula for the strength of a beam in
four-point-4 point flexure is as follows:
3PL
S=ibe o
where:
P = breakload,
L = outer (support) span,
b = specimen width, and
d = specimen thickness. i
9.2 The standard formula for the strength of a beam in:
three-point flexure is as follows:
3PL

S=>—=

268 @

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

Note 1—It should be recognized however, that Eqgs | 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.)

308
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Note 2—The conversion between pounds per square inch (psi) and
megapascals (MPa) is included for convenience (145.04 psi = 1 MPa;
therefore, 100 000 psi = 100 ksi = 689.5 MPa.)

10. Report

10.1 Test reports shall include the following:

10.1.1 Test configuration and specimen size used.

10.1.2 The number of specimens (n) used.

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

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

10.1.5 Heat treatments or exposures, if any.

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

10.1.7 Strain rate or crosshead rate.

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

g10.1.9 Mean (5) and standard deviation (SD) where:

/3557
1
(n=1)
10.1.10 Report of any deviations and alterations from the
procedures described in this test method,

3

(O

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

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

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

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

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

11.5 An interlaboratory comparison of strength of a
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

318+ 0.3 il

SEE DETAIL A

7IaJ0015 mm)

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

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

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

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

}— 45mm MIN ————| I [:A-]

m

T 6.35£ 0.13mm

TYP, 4 PLACES .
DETAIL A

q I-O.iZt0.0BmmTVP,4PLACES
45+ §° &
\ 0454 0.05 mmR
A

DETAIL
ALTERNATE METHOD

FIG. X1.1 The Alternative ‘D’ Test Specimen
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Charpy Impact Strength - ISO 179

Energy per unit area required to break a test specimen under flexural impact. Test specimen is
held as a simply supported beam and is impacted by a swinging pendulum. The energy lost by the

pendulum is equated with the energy absorbed by the test specimen.

¥ r¥
Edgewise Impact Flatwise Impact

Testing is performed on either notched or unnotched specimens. The impact blow is in either the
edgewise or the flatwise direction for most materials. For long fiber reinforced specimens the
impact is either normal or parallel to the orientation of the fibers. Type 2 and 3 specimens are

used for long fiber reinforced materials.

Charpy Specimen Types
Type Length (mm) Width (mm) Thickness (mm) Span (mm)
1 80 10 4 62
2 25X Thickness 10 or 15 3 20X Thickness
3 11or 13 XThickness 10 or 15 3 6 or 8 XThickness

Three different notch types may be used. Notch Type A is preferred.

Notch A B C

Notch Base Radius (mm) 0.25 1.00 0.10

Similar Standards ASTM D256



http://www.ides.com/property_descriptions/ASTMD256.asp
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Izod Impact Testing

(Unnotched Izod)

c-l.l.ll
L |
AR ASTM D4812 and
1ISO 180

Scope:

Unnotched Izod Impact is a single point test that measures a materials resistance to impact from a
swinging pendulum. Izod impact is defined as the kinetic energy needed to initiate fracture and
continue the fracture until the specimen is broken. This test can be used as a quick and easy
quality control check to determine if a material meets specific impact properties or to compare

materials for general toughness.

Test Procedure:
The specimen is clamped into the pendulum impact test fixture with the thin edge facing the
striking edge of the pendulum. The pendulum is released and allowed to strike through the

specimen. If breakage does not occur, a heavier hammer is used until failure occurs.

Specimen size:
The standard specimen for ASTM is 64 x 12.7 x 3.2 mm (2'2 x % x 1/8 inch). The most common
specimen thickness is 3.2 mm (0.125 inch), but the preferred thickness is 6.4 mm (0.25 inch)

because it is not as likely to bend or crush.
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The standard specimen for ISO is a Type 1A multipurpose specimen with the end tabs cut off.

The resulting test sample measures 80 x 10 x 4 mm.

Data:
ASTM impact energy is expressed in J/m or ft-1b/in. Impact strength is calculated by dividing
impact energy in J (or ft-1b) by the thickness of the specimen. The test result is typically the

average of 5 specimens.

ISO impact strength is expressed in kJ/m2. Impact strength is calculated by dividing impact

energy in J by the area under the notch. The test result is typically the average of 10 specimens.

The higher the resulting number, the tougher the material.

Equipment Used:

TMI Impact Tester
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