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Stress Intensity Factor and Crack Propagation Behavior of Thin a—Alumina

Hajime Matsuol-*!, Yusuke Kaiedal-*2, Nobuhiro Kojimal-*3,

Ken-ichi Ikeda?, Satoshi Hata? and Hideharu Nakashima?

Unterdisciplinary Graduate School of Engineering Sciences, Kyushu University, Kasuga 816-8580

2Faculty of Engineering Sciences, Kyushu University, Kasuga 816-8580

This paper reports the mechanical property and crack propagation behavior of thin ceramics. A method to evaluate the stress
intensity factor, Kj, of thin ceramics was proposed. Dependence of K7 values on the average grain size, d, of thin e—alumina were
measured by the method. K7 values of thin e—alumina decreased with increasing d values from 4.3 pm to 15.2 um, while the K;
values were almost constant for 15.2 pm <d<63.0 pm. The trend of K; values agreed with the dependence of fracture toughness,
K, of bulk calumina. The thin c—alumina specimens after crack propagation were investigated by scanning electron microscopic
electron back—scattered diffraction (SEM/EBSD) analysis. Branched cracks were hardly observed, regardless of grain size. The
result indicates that the toughing mechanism do not occur in the thin e~alumina. Dependence of the transgranular fracture rate, F,
and the crack deflection rate, D, on d were measured from the orientation distribution maps. However, the F values and the D
values were independent of d and approximately constant. The F values and D values depend on d in bulk o—alumina. It indicates

that the crack propagation behavior is varied by thinning a—alumina.
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AWFZETIE, BRIALL-ES I v 7 AMHC BRI ER S
¥ HHEEREL, #aITALENTRE R SR 30 O B2
RBEE TS5 AEEIISSL T1L 204 Bl S
B 572010, REE X% 50 um NFIC#R L L7z a=7 IV =
FEREE L TRV, RETHFEZHCT, RO
JETIHERGRE Ky HRIE L, 7SIV T RD o7 )V X F ORI
WK, LU 7o, &7, EFHRESTEGELET (EBSD:  elec-
tron back-scattered diffraction) % F\ 7= # ik 5 SLAENT RS
FRICESWT, d@h R OBZLEREE R L7z, LT,
50 um LA FIC#ER L L 72 a7 IV F @i TV, N
TRD =T IV I F a7 TIVIF EFET.
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L7AcAS Y —%EBLL 720, TORAS ) —% I EIEL,
0.6 MPa TR v ¥ ¥ AP L. ZOHK, TMBHE
h 22 F RS+ 1700~1850°C — 2~5h D4 THfE L,
SRR 4.3~63.0 pm OBERE (A A 1872, Fig. 1 ICHERS thiy
TN BRMBIR 7. Fig. 1IORT k510, Btk
M & P TR DR - 7o, BERE (AR 2> 5 150 um DE
B (fEIER A)IC 1 AR5 29.1 um TH - 7273, Bifs
(R 7> 59 150~300 pm O S (FE B) I 4515 % FHkr
3154 um Th o 7o, —77, WEEE TR OR LR ITIE
FEERCTH - 7. 22T, BERSARORMEE SRS 3.0
mm X 2.0 mm X 500 um ([ZYI0 B L, @ L% 3 o
L C, 3.0mm x 2.0 mm X 20~50 um O R Ak 2 fEHL L
72 RBE I H 20~50um 1295 & T, RABESITH L
T12OKNAZEBI WAL FR T 52 EATEL.
F72, MLOTAEBRET B72010, KGH 1600°0C—2h T
UL % i L7z, Table 1 ICRARIOBERE S, # R RO
YRR dBIOHENEEZRYS. 2T, didfvx—t~7
FEAERWTHIE L /PR AR L, BIEICi3B2GE#Z O
B ONAFFAMG G T Az, £, 2N ZNOFEOHR
BRI, TIVE AT AEA W THEIE L 7B RO 5 R
R

Fig. 2 1IC# R 30k 2 B AMICEE S 870 4 sl iR A
(a) & 4 s EREREEE (b) OBBANZ RS, KAD Ly 13k
WANVES, Lyid FHANNVES, AF#ERFRNCER
L8RS, BIFEKDOE S, HIEKOSIART.

The surface of sintered body

Fig. 1 Optical microscopy image of cross—section of a~Al,0;
body. Average grain size in area A and B is 29.1 m and 15.4 ym,
respectively.

Table 1 Sintering conditions, average grain sizes and relative
density of samples.

Sintering Average grain size, Relative density
conditions d/um %

1700°C-5h 4.3 99.0
1700°C-5h 8.9 99.0
1750°C-2 h 15.2 98.6
1800°C-5h 22.7 98.8
1800°C-5h 31.0 98.8
1800°C-5h 37.6 98.8
1850°C-5h 63.0 98.8
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Fig. 2() 12”4 X212, KES30mmx3mm(H) x 1.5
mm (B) OEGKAMICHR R A 825 Lo, BRI, ®
FEBMASHET OV TV T > HWc., BB B
FAMICESE T 52 LT, REERKOHRFFO EBSD f#
WaBH 1415 C EREE L b, TORERKR % Fig. 2(b)
ICRT LS, EMANNVENICHER RSB SINS X D1,
4 HHTFRBRIEEICRD . £, WHIBKRERE K &
BEIHEE OB R R 57201, BIEEE 0.005, 0.05,
0.1 5L 0.5mm/min DFFEMHTHRIEP AW LIz, L
T, CoRBFELERR 4 ST RBRZ: EPOD, KICS
DORBAHEIC X5 K ORHAERICOWTERS.

R 4 SRR, #h e Z&AamMIcEE
L, EMZANNVEITROFTRET—ETHAS. £2T, BHKD
UOF ke ERBOUT AeslTHFELWVWEEFE LS. LicHo
T, ARHCAR SN BIET os i

gs=Eses=FEsep (1)
Lish. TCT, Estd o7 VI FT DY /73K 400 GPa = H
W7D 4 SR BRIC S WT, BROMEETN TRk
KERIETT 08, max EIRKTIRO T A €, max DEIC

0B, max = EBEB, max (2)
B DALD. TIT, EBidEHKOYVYV7ETHY, 08 max
BRAD L DIcEINABY.
3P(Ly,—L,)

OB, max = 2BH? ( 3 )
;_ct( 1)N(3)J: 0, 0S, max) Bs
_% 3P(L,—L;)
O'S,max_EB ZBHZ (4)

e b, BARABO K % T 572010, kA D Edge—
Cracked Bending (ECB) & H O I J1 MRS 59 %2 v 7-.
K1=f 05 max{TA (5)
CCT, fRIBREETHD, 0155 M\ 729, AR
ARHCER L -2k 4 d (Fig. 2). 2RI HR 4
METRBRE AT, BRIV IFICRR T ERSE,
(4)~(B)IcE @R TIVITO K #HEL /-
BIROYV VTR Eg et 3572012, 4 SR RIC &
D, ESRAMIC AN SN2 08 max & €8, max DBIFRA MIE L
7. K& & 30 mmx3 mm(H) x 1.5 mm (B) DESK A O

(@ (®)
) Brass bar
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a-AlLO,
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Fig. 2 Schematic figures of four-point bending test for a thin
o—Al,O3 specimen. A brass bar is attached to the thin a~Al,05
specimen .
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WILOT AT —VaEEL, ZFEE 0.006~0.5 mm/min
DEMT 4 SRR E 1T - /2.

TV FOBIERBB AT A 70010, FERER
4% (Orientation Imaging Microscopy: OIM) % fifi 2 7= 7E £ #l
T P55 (Scanning  Electron Microscopy: SEM) % H\»
T, BAEREEOWMR 7 )L I J % SEM/EBSD f#HT L 7=.
Bl 221213 HITACHI %4 S—-4300SE 7% A\, Jni# 7 E 20
kV, HERMFE 1.00~2.00 pm O &M THE L7z, 72720,
F X —VT v THRP SO, RENCIIASEEL L 7-.

3. MR LEE

BRAMIZ 4 SRR 2T - 7R, BEROv V7R
Eg 7106 GPa ThH A Z DB OLN L7z, Thid, —fi%
W72 BESHROY V7% (110 GPa) & B\W—FH & Rd10, F7z,
OB, max 7 300 MPa LI FiCk W T, BHEEICEDLL S, &
(2)DBAL L 7=,

Fig. 31C#i i 7V 2 T OILIE KRB Ky & PR d o
BIfRZ nd. R 4 SRR A > CHIE L 7oA
TIVIFO K #REOHT/RL, Single edge notched
beam (SENB)EIC L Dl S 72/ L7 TV I F D K. DR
BIRE®E Y A T/R LY, Controlled Surface Flow (CSF) =
ZHWCTHEIE S N8RS 7 OV S O KT (0001) &~ =B
W{1102} D> K, # W CTRL Y. R TIVIFTO K 3E
THEBEIZEH & F, (TR RICE > T D, Fie, &
ToHEEE IR D 69, K€ 31.0 um & 63.0 umm T K AME
ERBREOME L k-7, ThOEDRERLE, W 7IVIFTO
SRR K 3EBEREICKREL W EE2DN5.
Fig. 31ZRd E21C, A7V D K id, FRiee 4.3
~15.2 pm O TEABITLT L, FHREE 15.2 pm BL BT
F—Elx Rz NV TIVIFOK AL, 156 ym LIF T
KR L, 15um LA ETIIFIE—EME & % 59, fEORERD
b, BHTIVITO K OREERFEE V7 TIVIF D K,
ORERFHEDOMEB B —FL TWB T RIS & 7.
£, BATIVIFTOKENSVIZTIVIFTOK LDE
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Fig. 3 Dependence of stress intensity factor, K; (@) 0.005
mm/min, A 0.005 mm/min, [l 0.1 mm/min and ¢ 0.5 mm/
min), for thin alumina and fracture toughness, K., for bulk
alumina? (O) on average grain sizes. Dashed lines show K. on
the basal plane (0001) and the cleavage plane {1102} for
single—crystalline aluminal’, respectively.
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X, WHTIWVIFOK BNV ITIVIFTOK XV 2
MPa -m!2 B\ MEA R L 2. RIS, BR7VIFOK L #
D o7 IV I (BEERTIVIF) D K, i+ %. CSF
A AT SIN/CBEEEL T VI o K id, JEmEO0001)
DK K ERD, ~NEE{1102} O K, i/ &k
DL, znzno K, % 4.54 MPa-m'/2 & 2.38 MPa-m!/2 |Z
5. Fig. 3ICmT Lo, @750 K 3Rk 15
pum L ETEFL, #7MPa-m'2 O—EfEICk 5. Th
i3, EEO0DD K, IVEWMETH 5. Lich-T, KR
KDL, BRT7IVIFTO KISV TV F & Bl
TIWVIFTDOK, FOEWEICS. ZOBEREENT 5720
12, BELERKOER 7 IV I % SEM/EBSD f##7 L /2.

Fig. 4 ICFHRIEE 4.3 pm OFH 7 )V I FITHER L /- A
? SEM % (a), fE@mITELGAE (D) B LT o7 IV 2 F DO
2T VA =ZAF () Rmd. Ko (b) O,
EHE 27 U A=A (0) OIS IR 5. K57 R 5 i X
(b) Tk, B AERL 2B S TR, RALTERL
7oA FER TR L. BRI S MR D) L0, #Eaks
e TRINTWA. Jhid, fERLZ 7 IV IF R
SIERIATH D L BRT 5. PR 4.3 um OWERF T
WIF T, BEPSIEL COSHEEPFHICEHEIN
(Fig. 4(a) OMATHA Z#E) . LaL, FHRE 8.9 um
P EOREHZ B\ TiE, BHMAGIE L - fkizBE S hzh
S £z, WRTIVIFTIE, RRICED LS, ZEHER
A E ERIIEEIN o7 BEHRE, T3
FOELRIEETH L2200, EF 7V TldmE
Ik A KO EREZRIBRVWEEZONS. DT Eh
B, 7V FOIRTIERRE K & S K333
FLVERERES.

wic, #h 4 miERERvE, SENB ks LU CSF 0
ZRICEALT, BR7VIFTOK P/ ITIVIF LH
w7V FO K L0 ESVWERZ®RHFET 5. #7039
O K i3#ERE R 4 SRR eHCClliEL, V77V
FLEELTIVIFO K 3 ZnZh SENB i & CSF &4
HAOWTHEESN TS, ZhZNORBEOR N LT,
SENB# & CSFEETIE / v FRTFRAULEAT LR, R
A4 SHTRBRETIE /) v FRFRATEAL LWV, F/,
SENBZETIHEALK /v FOMBEEPKEL AL E K,
PEAFHI SN 5D, Zhid, /v FRTaAUPEARLTIC
K. #RE L 7235E, Ko PaKFHESh 52 E2FRL T
L. AR 4 AlTRBR T, BRTVIFIC v FRT
BALBEARFTICK ZHEL(Fig. 2). TOT &b,
BHTIVIFTO KBRS hZEE2OND. £z,
WH7IVIFOK & K 3FIFE%E LW (Fig. 3). L7
T, WRTNVIFTO K BEKFEM S N7z, #RT7IVI
FOK BNV TIVIFL0ELHESh L EZLND.

W7V FTORIEREH R T 5. BRERKD
SEM 4 (Fig. 4(a)) & #&dk X (Fig. 4 (b)) & i+ 5%
b, KB AR (b) D5 AR PR E ST b R A e &
TWAFRE EMICHANTES. 22T, @R7ILVIF0OH
MR 2B & BRI 472012, FAM o (b)
ICESWT, MNBERF CAZLTEER D #lE L 7-.
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Fig. 4

(a) SEM image and (b) orientation distribution map of the polycrystalline alumina surface with average grain size 4.7 um

after crack propagation. Color-sharing in (b) corresponds to that of the stereographic triangle in (c) and represents the orientation
normal to the specimen surface. Full lines and dotted lines in (b) show intergranular fracture and transgranular fracture,
respectively. The rectangle area is a branched crack. The arrow shows the direction of crack propagation.

T;: Transgranular fracture
1; : Intergranular fracture

Fig. 5 Schematic figure of crack propagated in polycrystal. 4,
T; and I; show the length of crack, transgranular fracture and
intergranular, respectively.

Fig. 5 IC &M AICER L - BAOBMIN 2R a0k
il e HBAT E TOERARKRSZ A, NAZER
LBk s% T, A wERL-BRRSe L35 L,
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Fig. 6 Dependence of transgranular fracture rate, F, on
average grain size, d.

HAH. Fiz, NV TV IFREREE 0.05 mm/min LT
DM TREWIEL, FOEMF T TRBHRI R 51112,
2T, AW 0.05 mm/min LLFTHR 7V I FICRE
FICBAPERL CWDEL, ZTOEMFEFTOD %R,

Fig. 6 \ICRNTREER F & PR E d OBRERT. @i
TIVIFOF #RBEOMTRL, NEEWES RS LT
WEEINISVTTIVIFOF B TRLID. EF TV
ITOF I, MESLEMEEICED S 4 0.33 TH - 7.
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ISV T IV FO FI3SERER d 25 30 um BLET# 0.3 &
—EH L7250, d 30 um LUF TR A9, —, Z¥
FEE 0.05 mm/min LA FICBT2ERT7IVIFDOFZ, dR
0pum L FCTHITIE—EMHTH -7z, ThHDFBEID,
=T IVITEHEREL, REMCAUTERIEL L
T, BEERZEHONEKFEAIH SN EEZONS.
Fig. 7 IC &2 T mE D ORRBIKFEEZ RS, BREE
0.05 mm/min LA F CHREAERIE7-EF 7V IFDD %
BEOHTRL, KENICRBANERL /EZD/NV T T IV
RFTODEANTRLAY. BR7IVIFO DI, RSP
EREEICEDOLFIZIEETHD, 116 THorz. N
W7 TIVIFE, RERKEL LB ICONTEBHENES
. 2Dz, NEE20um LTV T7IVIFo DI E
FIBW. Liciho>T, A7 IVIFITET 5 D OREIK
i (Fig. )5, 7V FCTREBSRESRE W
ERRENS. T, AELEREOMBES (Fig. 4) &—
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Fig. 7 Dependence of crack deflection rate, D, on average
grain size, d.
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#%9%. 22T, RAMNICEMICDAAR S TO AR
a2 d -7 35, FEHRIT, LEMICERL Az
NEOFERRL % 3 KICHNTEE - 55 LBsRE T 51314,

ZhiE, ESIRENEC 5700100, REMICAH R S
B2 T, BAERHE S 472 0 ICEBOME AR S %
NTWALIZEPNETHLI L EEWT L. LirL, #BRFT
WVIFTHE, RAPIRIZEE2ICEBAL TS, 2O Ep
5, BZB 3 RICNCTRT 5 & PREEC 7 - 72720 T
%<, AREIHROEMSIRERNIN/EEZ2LNS.
FD7b, HhT7IVIF TR, NEPEBREICEDL ST,
TRBRDRPILC Dinp o T LHEHII NS, RIS, $Edh A
M D, @R 7V FOIRTHEKR K BARRICIKET 5
FER % B 5.

IV TV 2 F OBHENEE K. OB RS, B
ICRBI 5 BZEREFPRRICL VR L LPRERTH S
EEZLBNTWAY., —J, @7 VIS CllazERE
IR ERIRFEIZRO O N - I Bb 69, 7L
I FDOIETIEKRE Ky (SR Ik T L /- (Fig. 3). DO
N 7% f B 0 DR 5. 3R 7L 3 T OBZE RS
BB AR IR L 7\ 1O, 22T, e RE S
F2SPATTh 5 EMREL, RABEIC X DR S W7l O
TR D5 A A FA L 7=, Fig. 8 10k 4.3 um(a), KR
15.2 um(b) 35 L UKLEE 37.6 um (¢) DBEIE ST 55#i X A =9
Fig. 8 12 ¢ L2510, MRS K OBAE LD MmN RIS,
B 4.3 um (a) IZ3B\W T, {11003 B 15° D AEEZEDN B
5 {5504} DHE A E L, R 15.2um(b)IC W TiE, ~&
BATE {1102} & {1210} OFAE 73 <, Kk 37.6 um () I B\
TiE, ~EFE {1102} OMBE A Ev. 22T, {1100},
{1210} B LU EBHIE {1102} OB I K. 12, ThZh
3.14 MPa-m'/2, 2.43 MPa-m!/2 35 X {F 2.38 MPa-m!/2 & 7

(b)  (0001)

{1702}

07123 {1700}

{oilb}

Fig. 8 Inverse pole figure maps, which show distribution map of fracture surface indexes for average grain size (a) 4.3 um, (b) 15.2
pm and (c) 37.6 um, respectively. The frequency are high with being black.
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LYV TNOORERP S, #FR7 IV O K DABICET
T % 4.3~15.2 ym DT, RENLKEL LBICONT

BN K O bW~ S {1102} b L < 12 him vy
K. ThHH{1210} w BIRWICHIET S EE 2 Dh b, T/,
Ky BA—5E Ml & 7 AR 15.2 um DL BT, REICED
59, BANNTHE{1102} 2@ EMICHERT L L E25
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BT AHZEDEREL > THELLEEZONS.

4. #&

il

ABIGETIE, WREL/ES 3y 7 AMHC AR Z R S
EHLFEARE L. ZOHERHCT, AZLERKOWER
TR FOIETHER B OB G BIE L /2. ki
EBSD M s RIS WT, BRIV I FIGERL -8
HERZEE RN L /2. ZORERL T O a5/,

(1) AR A4 SIFRREE AT, o7V I F DIk
KRB ZHEEL 7=, R 7V F O IR REIIREE 4.3
~15.2 ym O TEBUAET L TR D, FEL 15.2~37.6 pm
U ETIHEREEOME LY R L. £/, /SVZ TIVIF OB
WIS & BEESL 7 OV 3 OBERIME L 0 & o 7

(2) SEM/EBSD f##t 5 H1% b/ fs fh i S RN 365
WTC, a7 IV IFOBILERZE LB L . TORR,
A7V T THRHMICREOZIEAR T 5753, RIERRI E
IOV ERHLh LRSI, SO EnD, HATIVI
FCRIEIERRREO LRI ShvweEEZLNS.

(3) Wih 7V I F OB REET) A ERIICHHE S 5720
o, BZER%E O 7L 3 O EBSD TS RICE S W
T, NABER BT R 2 PE L. 7V FOR
PR & AT ER IR R ICKESE S, ThFhf0.33
#1116 TH - 7o

HWHALL 72 =7 )V X T OIRTHRK AL & A ZHE R 2% E) 29

(4) FERFEED OER TV I F OIS IIEA BRI
KHET AIRAE BRI AH72OIC, B GTLOME A L
7o ZTORER, KENKEL LDIZONT, HERNEEOK
WIEHOBEPE L 2D EDPWHLL E7n 7. TOT B
5, #RF7VIFOITHERREORRIKEED, NMENK
EL BT ONT, BHEEHMEOEK N E % BRI BN HER
TAHZETHLUIEEZOLNS.
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