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ABSTRACT

In this study, a new analytical model which can describe (he relationship between the bridging stress and
microstructure has been proposed in order to inveshgate the microstructural effect on the R-curve behavior
in polycrystalline aluminas since the R-curve can be derived via the bridging stress function. In the currently
developed model function, the distribution of gram size is conswered as & microstructural facter w modeling
of bridging stress function, and thus the bridging stress function including three constants, Py, n, and €.,
can be estabhished analytically and guantitatively The results indicate that the n value is closely related to
the gramn size distribution, thereby providing a reliabilily of the current model lor the bridging stress analysis.
Thus, this model which explains the correlation of the bridging stress distribution and microstructural parame-
ters is useful for the systematic interpretation of microfracture mechanism including the R-curve hehavior
in polycrystalline aluminas.

Key words: R-curve behavior, Bridging stress function, Grain size distriburion, Microstructural parameter

— 583~



#7140 -

1. A =
A=e AE= 2 B4 S5t dE, 35
bzl dells B43ia Fopgk Ad= olsle] 24 A
e 22 A At i gleh wk2ba] Azpd
MEL FFEALF = oleigl 448 FEe AFH2
oled, FAHLRE Rourve BAMS] adgtel] 2 240]
2oz 2 glth Rcurve fAbe]gt Fdde]s] Zr}e)
upet wla] A ke] FrlsEle HAhoR, ojuslA] e
Brl2 w7ka A Egsd e 38 Hmo-
nolithic) th2 = Al=le] A 8e7b=] # 2} «|s] gie] v}
Elvh gleph

R-curve @4be] ol Ao elsd7ze #7434l
FA7)l gl FHOZ process zone o E3 bridgimg ¢|
Zo A= glcl® Process zone o] 2e]|2k Fdal
el AR process zoneol| A2 e = v HFe
A5} 2 o= B{energy dissipation)el <5
o) gt wal wedwilcrack closuree] A
o= W42 e o]8) 22 HARE Zr(we) e
L] shabe 4ulels 2287 (stress induced) A E
Yode WS Zasle Aebe] ByAatis F
He %Ej—.ﬁ‘ T u)dlFa2-g HAgsle o
Aﬂa}“’ iﬁzﬂi““”‘

TEH bridging o] &
2 243 Ta]ilzl

250

e A fede & Fuis
gRbEg of7AFlE A HTUT’G'PDP. claiﬂ brldgmg
o] Z-2 g7 fiber T whisker X7} Azl Z¢AE
ol A 2] R-curve "Anhe g o] m=idlwl o] o)
o, FZels dFelt Ashia 59 2L 9
b whd oha g Azje) AlEel M G480 gleeo
i thzA Aele) R4 bridginge A
g 7o g okx] e upel o] HXgEe]
w3 45 bndge® =83l g 9
. BE ele) ke F#HE bridging o] 22 =2
o] 1A T gel g o)Fo| ek &t AAR S
ZAT o Awi Aok "ol AAF TET s
o] £o] ol

A 10ed ARG Ax A cpdA Aupe A
2eAY Recurve 842 F7 paddole =|AF

rﬂw

Mool dm
pE 2
'E'_\‘l
)

I‘hﬂ Jﬂ}zu

1
l"-?l'd
)

o3& Aol 25 process zone O]Lﬁ- A=} T
#1} process zone &2 e H7) sl =3

7] transformation toughening)®] |4+ A Zs)A]
% pdelE Yesi 4T ZoeA oE W o

— o34 -

o) 43t - 9 %7]

A Ak B2 FEaly FrE dusle de
Aelelal frie Fle] =38 ZAoich wluby wlAlF
gyl Mo 23 #¥qly] F37) 7L process zone ¢}
S s orEA Aupy AE2o] Feel 79 Rz 4
g o]Bow A4 Rﬂibﬁﬂ”“*ﬂ A sl Hgly 3
Hrlrabe Aglrl @l glej) o) o)v] FExld =
Ae] AL vliFdE $AYE 7 oy 3
A vide] o7 A7 2F 5 H# e Ew renotch

E

test®F el 2ls] F3E] FHEHAC wk H 36
SojAe 9y 2wgE s Ase iy s
oA Agaby af Rl 49 R-curve 8142 247 brid-

gingel 2}l #Few ZAE| W g)low], bridgingel] sl
futEl e FARYP =L Filbe o BE B4ale] HF
|z ¢ir}. Bridging $28& T3}7] &4z bndging
=31g TAddYs9(crack opeming displacement ;
COD) e FRAsto 2y ele) A2 veh) i #4e)
Eqje] Aol pAH DFehelMst go] 2
QA FdEwe] 7)xske) slde| bridgingsl 7

7157} ®= #<o)l= bridging 29, P(u)E slrain-sof-
tening #E), & o}2 A3} 2L power lew T4 A
Azl 7e] dubde]e®,

P(u)=PM(1— L) (1)

o

o171 Py& Fdl52(peak stress), ue COD, u,&
bridging o8 9 4gtef| 4 2] COD, nd strain-softening ex-

ponente]ch ne =2} toughening 717 otg} =

o2 ke FA R, 1 2l A8 vdqFrels
mA s DA A Ao g 2AEm ol oo}
el o ghel e Py el = = A9 el=H e
Py 7hEe] 20 MPasll A 117 Mf'aoﬂ gzr clopst g1E2

T

el ol 23Ha 2 Alse v Foll odgkg vlw
e ARATEA fAdE ?l 71'21# st Pyel
vhakgt ghg dehle A2 AYNes =808k power
law 4% n %koﬂ g 22k felF] ffeln, o5
#4544 5 9 oj2H R Aye] Ry=2 glvh
Benmson & #HAge] 4 275 o] 445 bridging
Sendy ety e, o] 2d2%E bridegmg 57
Heple COD =i pgidngtezieel Fleld =44
L5 gadle g wevn wastgeh ole e
Az el &3] A4E AV 421 S neEn
2= ztadle ARSI F Ale]E RelE el
wpepA] £ APl A A4 4 dgsiwge
alg2Hel oAE e TdE #HYIr] gaje] H

LR



ol gt

Double Cantilever Beam W&

AAL =75 A48 Bennison2) & 413 A hridging £
YRSEde] WAYL|RES EQPesy 2
A ske ek o8} kel e w x)4a) ald Az £ bri~
dging % sk 4 A FAE et g

Agstsden, F 7 3 F 9E AYPAs)E {}
2wk RExg) o2 AHes) AR 77 8] Rxwel= 3
Aul J7g=ZrR o2 ASE dAHskm, R-curves] 7
e BAtoRd TR R ARslsl

i

=

=

e

2. Bridging S EERIS| FIY

Sohn 5% o}Zad oRolueld 2t Lum 7H7 9
AR AglEe] 4% 5922 bridgingel 7]o=icka

ZpRSE ium 227)9] | ¥R Al @Az see wha
w2lele] bridgings) o3k 7lele 2T ke my o}

+3 22 hndging $EPHE ekl
NY,
P(Y}= > Puf o
(Y)= }_ wt{1- lc)- @
—1C, iC,
when 'Q#‘SY;<J j=1'~N
N H
714 L A A Aeke] WA8E C & bri-
dging zome sizeo|tt. o 4 (2)2] bridging £ % 5=

o] 4]
o § Haseg O gie] 47 dds i slA o
seh wbA power law Fgea B gtel 4y gkl
Tl 5 Greens) "““”01] Alef] el e 24
Wb bk Ale g gdat

Green®] A& Rcurverts] £ 2713(AG)L

Ao d elga zke] veld 5 gloh
AG:G;G,;]:‘ Pludu

ehpe

(3)

G. ! Saturated toughness{Long crack loughmess)
Go
1, - Crack opening displacement at the end of the

*Inhal toughness(Inirinsic toughness)

bridging zome
P(u} | Bridging stress function

A power law FHPE A (Do el ol g} e
Ietdt 295 95 5+ ¢leh
Un " P oo
AG f Pul1— i) du= M2 @
1 u,, n—+
Eh L A (3o 2 Aol A =9lg) bridging &
R
A 337 A5 (1996

tha

3 ey

n}e] Bridging L2 &4 1

u. Py
ZN

Nu
Pul(1- —)du:

=1 : 1.

i

L

()

o] Al

J- a?r_}

2LE] power law 3

#H

ol 4 (612 2V power law F579] Al pe AW
HZ7e] 2 E2E VehIElE AE 4 5 o 4 (6)4)

#7141 Lpum ”]’D}'A AR IR E vElgE Fle]m

5‘

gl

Z A= 2 (6)8 Zfl— A g B FAwas

=

g vehlm, Ne A wdyar) e

¥
“perdch o714 Z Lt 25 dshres gl

+EY

=

_?_]_

=

YR e b Agsl WAl
dlo Bk o)<l g WAl o @
NEY AFiac) 493 £ 3

HE A
=g

o,
-

=

Fl&!u

ebfc). &, power law

vl 24 el

A] (6—4 7:1_‘4,5
ERETEXY
al

LY
m=3 f {7
1=1
o3k el Greens] 2§ o)f-sled Asfate Za
2 218 B} g A (DR vehy =, A
2dlo] oulsbe uls A8k Jepd gl

=)

2 gl o

AR

3. Bridging S3E-r2lo] 2

A 23kl A7) % bridging
A obg) e -'?71'7‘]
FHEstgdoh oyl #e-
SEENEEE
Q_T,i_r,:;a?-z: IE i

I+ R-curvedl

AAH ez ddslz] $ate] rhabs

234

=
)
=3
e,
=)
aq
O

—585—



74

A——n=2
B—e—n=3 E .
c nea Xpenent n increases
——
g C B A
k=
15}
Il
[
|+
o
o
B
T,
Grain Size
(@
A a=2 f Muxmum srain sizes of all cures ace equal
B ——n=13 J bulmean grun sizes we dulferent
[ n=d
-
=4
a
§ A
g
= B
w
7]
4]
=
(5] C
=
=]
=

Crack Extesion (or COD)
(h)

Fig. 1. (a) Imaginary grain size distributions of three
aluminas which show the same range of the
grain size distribution but the differeni average
gram size. (b) Corresponding R-curves of the
three aluminas wn (a).

3.1, Case 1
o] At ARPIIRLY Wsle B wEah,
2 3 270 Abelr) ol Al TR GFEviube dig
71pe) ae AHT Aolck ole@ A e 2
RN 2R IARE delsle] HYY g7 gAY
7} 4 <19 AL AR e
el 2elbge) A4 AR EES Tl A
=, T ABY AU e Fig. 1y A
erFErjule] ZAYPAFRETE el 7oz A
B, C ¢o= AAYI7|7} 2ola|wd, ofo wa} 4 (7)el
S8 A% ngkel FAE Hel T3 gleh FeA ol
Green2] 44 ol HFHY Rcurved T34,
ASl R2E Jiz a7k A AL udkd 20 Hol 4
3k 3 A e e A HohFig 1b). o5 2o
ﬂﬂﬂﬂ*”aiiﬂﬂﬂﬂ%ﬂﬁ%ﬂ%ﬁﬂﬂﬂ
Ay FAEE Jebise A (5 medstd #gs)

—b86—

ol et 4]

ok &, 4 ()8 $Hle Pyufnt 12 2, Fig a2
2 FEHAY B 2292 bridging zone£)
ﬂ?ﬁum, Coe Al FFupleds 25 2a, Pyd A=
Fo 2 Ay, cek g 2712 Aol gl
ngkAl %ﬂ'ziﬂr o|l2 alsle] a9l sla)Agle] =
g Aol F vrepiA Hi.

A ne] AR vlAFRYd BAgs 1H)Y e
7hAlchs 7|E AYEDE olhsirul FlEa a4
EEPNE o] gk Ao 2 A G2 ehPe)AlE Reu
rve 2] Ao Fripe 2 ndedl 23 g Ay A
o]7b §l& Felch e B mwe] g% Aaage
7|E8] o]2EEBEMal= rlacd o|f oA Awslabd,
olf o] 2% AHEFH Y Rcurve 48] Ho SoEe
22 d7E 98 5 A Rcurve AH) 2744
o ErHETA e o] FTHtransient region)e] A &Ha)
g 2 wde gsjHnt 7}steleE FHold

A=t Case lo|+{e] 808 7|29 o|2o2% d3s
FE3E A9 5 ol AEd “BAYPIr|r Al
w2l F7 A gfe] FolAt & dutEa) Ads B 2
T AHePerg 2 HAde EE 2 AiAn A5
B dgad < gl dlel gloh 2 7)Ee] e
o] &% Aols 2 EE]4ql 9rE dwEA B
Aol 2 nghe ez AAdel ste ghHE wr
& o} 347 vl ol o]l dl el WL 2 HE WS
He zhede] Eoh mely eaig EAE s dsk
& 2 dFolMe ngtel Eeld gn]& Heisiz, o2
FatHe 2 A sle] dFgte 24 B} AEHY R-curve
AL A4 stk

I
2 2o e

L

3.2. Case 2

Case 2+ ¢ A=) 2o 2 Bxags)

2 % ot2utell gt o)t} Fig 2a)d A Bo
FZHAE, 297 B ANT oF 150% o we 22X
HHE e YFuiE dehgnh 4 el s
B7} Avcl ngle]l o z=A =z, o|2BH HFEHA R-
curveo| A= A7} BRr} 43 sl =32 711 relz)
oA = gtk geld e BE gxgarsiE 2
2E7} FE,E $4 Rourve AEL 2hev) o)
Fig. 2(byell v}el} 9l%e] A7) BEc) o) 2o 24 e
vehl 3 4le AS Abdeld I oslele rl4slo, g
el AL gl e Al 4 5o 2 2ee
R Abel7) o] e TR o 54%e) AubA] g
et ol2igt AL A Ee] Bl Fjo)st
R AdA e 24 Haka gded, o dagar

£ e



Double Cantilever Beam w2 o]43k 4% <Fvv}2) Bridgmg $HEF A4 I

A—— Narmow Dustribulion
B— 150 % wader Disinbutien than A
0
=4 [
2 g
g A
o
[
[,
o
x
<
B [
Grain Size
(a)
Mean gram sizes of both curves are equal
but grain mize disinbutions are different
.
=
Q
&
[
=)
=
v
w
o
=]
=
[
=]
o<
= A— Narow Dhsinbutioa
B.—— 150 % wider Distribution than A

Crack Extesion (or COD)
{b)

Fig. 2. (a) Imaginary grain size distributions of iwo
aluminas which show the same average grain
size bul the different range of the grain size
distribution. (b) Corresponding R-curves of the
two aluminas in (a)

BRI EEL] Fo) zfelzls A5 WAEE nl4
g B3 =) &he] £7)}7} R-curve 42 wlol--THeransient
region)el] 4 LA3Fes wHel FE5% Hert gl R
rve 42l Mol ke popin 4L FREe FHER
W alEd e Faay Ao vs " At
ok ek ol gt mlae] Fvle AT Tl
ZF7HE ARl s BeRt ads] @3 Al
T4o) Frk A2 HeR Case 28 2742 =T AW
F7)7} wlsgt Aol s 2L RlelY HAYINEZE
A7 Az 5 Wl AAPATIEEE HlE
Amncl $53 A2HIFE vehicle Fejoh

o) 4zt Z& Case 13} Case 214 A71" 3-+-Fl
s =abe 2, RAA, A2 HF @AYz

2~
=

A 339 A5 E(1996)

_vﬂe%—‘gtl_ Et«]g]ZZ.ZhQE,E‘],'iEJiE. Aénéo
ARY 2t 345 Rourve 4] shlaly Fo1%
AR Zelw, Sadze A7 A4
A% 2 $ES] o] e5E sslA gl F7h

g Aol

~

L e
A

i

|o

f

o
2ol

4 1 &

AAe 9 bridgings) &+ A3 Rouvedr A
ekxl o2 AvEly] el =<l bridging 53 ¥ Pw
n, 0 {C. )8 A 77 AFE IR 4 ekl Q) FE)
weha] A 2ol e} el T AL REE AFLR
A Ak #hEgy mabEbe

w2 peak stress, Pu2 A%3] 233 45 sha
glonph AAze A/let o/E T LAT Ao

o2 AT Pud AFEE opdt dA] vpdA W

Agrh 2 2 2oke] Ay ZARTEE g
Hzale] @olEt £
24dYga7] £ A
zolz g8 GTFE A UE
AR A= B8 AAYAr) me APV EE
e d# Qg wal ok AR vl AEdpR
Sl i
g, 7| &g AFEPE M| olelH, bridging £
B2 A Eks A AbT F bridging zone =7 (u., C.)
ARg 7| e Age ddTRe % i
e hFstn glch Z#la ®g nel HeElde bnd-
ging 717l elsf AAEe woza == riglo]
el s Fe= dgd Be fEe 2F FEEd
2R TR AFALGAGRD, oleal ol f =AM AR
P2 2R ghe 7hael she peak stress(Pu)7)
ojz] ghe R alwksls ZAE ke R A4S 7]
F2] Aol e AT nd digk 28s g Ael
1 SRk 71 TS A ngkel AR
o7t gladdd A o uf, ol @ =2 EL “nulv]
qMEe| wlAPEe) FAEgde Ay dejuhehs @

ot

el

Bze) il vREE 2 FARY RS AASHE
AAAE WA BAGD E OB FATIAE 2

Al e FAvie A

stchwknl sl ok o & So Cook 592 9
Tl e A ne] 18 3 3

FPE FES wgw, Steinbrech £

= —
ne & Bevldte 3 skn 4ok 22t

ly

2=
L=

W
i

—287—



A:]A

& ddHes AF ng 7‘HE9—1 vl F25 JeEhe
AR EAAEeRH 27t FEoaqk AR A
nell i3t u]E oA ZFe] slzbele] FA|gich
2 el gk 2del] ofsid, u (C ) dAFA
7)ol 2ls) EH == v Azt °UHJl’r FAlel A
nE FAAYPI7|FEE Gukitz A5 o)Az
olz}:n 72 ek o LA olgske A
°d MEAL4) peak st-
resss —T’”‘fa" ok JEE o] md s i Bl
u.(C)2F no] 25 zge) 9dz2l3 P=i== extrin-
sicEr Al gl 2 2 4 A J2 intrinsicd gkl peak
stress® AE3A SR H Wiz s

—ln

5 82 of

Zxa ,q];_; ] A goj A dulx e 2 vlel)e R-curve
22 bridging 233 FRHGR T
2 glenz A&l bridging S-WPFS FHO
24 &3 Rourved 4HEH = ol defa 22 R-
curves] g H5F4 7= brndging §H¥TE A
2]3lw, o] & o]&sle] Reowrved AHEFH= o] %
sk, £ el A=

%7} Rcurve 7% =3 g3

1552
daq gRuldeld A4z
QAo E o

=

£4 4 9l bridging ¥ 9] 29 E Adeiden,
o] 22 elAls Falalglch gk 5§ ovhal bk
A3 Z Hg AAParie 2 B0t o8 A8
ARG =)L) BEws)e At Agzr)s) o8 A
& dA5le] B g fa4dL aRsdch oH
ol23ql Tyl HyoeR A dFuite] oz
A QA & ARAYN A7 RE) brdging SHEF ) Z
ks v Ak A8 Aabely e, bridging £-H 3
al 48] Al A Py, n, u, (CO2] Al 7FR AR 2wl E
AR ANE TE ATl b Azss aw ¥
Haleleh olelat bridgmg $H T ZRE ATe

Gdy dfulte) e AdE o) tae} dAsie] 3
Ao sdd 5 gy d7EA Ahd Aze v
A2 78) A e =24 =288 & Aoz
7l

REFERENCES

1. RW. Steinhbrech, “R-Curve Behavior of Ceramics,” 1n
Fracture Mechanics of Ceramics, Vol. 9, R.C. Bradt,
D.P.H. Hasselman, D. Munz, M. Sakm, and V. Ya. Sha-

W« o)A}

106.

11.

12

13.

14,

15.

—588—

. A.G. Evans,

. R.M. McMeeking and A.G. Evans,

. M.V. Swain and L.RF. Rose,

. L.RF. Rose,

. C.5. Yu and D.K. Shelty,

. D.B. Marshall,

o 47]

vchenko eds.,
187-208.

Plenum Press, New York, (1991) pp.

“Perspective on the Developmenl of
High-Toughness Ceramics,” J. Am. Ceram. Soc, 73(2),
187-206 (1990).

. A.G. Evans, N.H. Burlmgame, W.M. Kriven, and M.D.

“Martensitic Transformations in Zirconia Par-
Acta Metall, 29,

Drory,
ticle Size Effect and Toughemmg,™
447-56 (1981).

“Mechanics of Tra-
nsformation Toughening 1 Britle Matenals,” J Am.
Ceram, Soc, 65(5), 242-46 (1982).

“Strength Limitations
of Transformation-Toughened Zirconia Alloys,” [, Am.
Ceram. Soc., 69(7), 511-18 (1986).

“Kinematical Madel for Stress Induced
Translormation arcund Crack,” Jf Am. Soc,
69(3), 208-12 (1986).

Ceram

“Transformation Zone Shape,
Size and Crack Growth-Resistance {R-Curve) Beha-
vior of Ceria-Partially-Siabilized Zirconia,” J. Am Ce-
T2(6), 921-28 (1989).

“Crack Shielding in Ceria-Partially-Sta-
bilized Zircorua,” J. Am. Ceram. Soc, 73(10), 3119-21
(1990).

ram Soc,

. C.5. Yu, DK Shetty, M.C. Shaw, and D.B. Marshall,

“Transformation Zone Shape Effects on Crack Shiel-
ding in Ceria-Partially-Stamlized Zirconia (Ce-TZP)
Alumina Composites,” [ Am. Ceram. Soc, T5(11),
299194 (1592).

A.G. Evans, “On the Formation of a Crack Tip Micro-
crack Zone,” Seripla Metall, 10, 93-97 (1976).

A.G. Evans and K.T. Faber, “Crack-Growth Resistance
of Microcracking Brittle Materials,” J Am. Ceram.
Soe, 67(4), 255-60 (1984).

M. Ruhle, A.G. Evans. RM. McMeeking, P.G. Chara-
lambides, and JW. Hutchinson, “Microcrack Toughe-
ning in Alummna/Zircoma,” Aeta Metall, 35(11), 2701-
10 (1987

). Radel, ER. Fuller, Jr. and B.R. Lawn, “In Situ Ob-
servation ot Toughening Processes in Alumina Rein-
forced with Silicon Carbide Whiskers,” [ Am. Ceram.
Soc., 74(12), 3154-57 {1951).

G.H. Campbell, M. Ruhle, B.J. Dalgleish, and A.G.
Evans, “Whisker Toughening: & Comparison between
Aluminum Oxide and Silicon Nitride Toughened with
Silicon Carbide,” [ Am. Soc., 73(3), 521-30
(1990).

P.F. Becher, C.H. Hsueh, P. Angelim, and T.N. Tiegs,
“Toughening Behavior in Whisker-Reinforced Cera-
mic Matrix Composites,” [ Am Ceram. Soc, 71012},
1050-61 (1988).

Ceram.

854503 =



Double Cantilever Beam nWhyg o]83 o}z 2F0)u)¢] Bridging $3ax #4 I

16, ]. Homeny and W.I. Vaughn, “R-Curve Behavior in

17.

18

15,

20.

a Silicon Carbide Whisker/Alumina Matrix Compo-
site,” J Am Cerem. Soc, 73{7), 2060-2062 (1990).
P.E. Becher, P. Angelini, WH. Warwick, and T.N.
Tiegs, “Elevated-Temperature-Delayed Failure of
Alumina Reinforced with 20 vol% Silicon Carbide
Whiskers,” | Am. Ceram. Soc, 73(1), 91-96 (1950},
H. Hubner and W. hllik, “Sub-Critical Crack Exten-
swon and Crack Resistance in Polycrysialine Alu-
mina,” ] Mater. Sci. Eng, 12, 117-25 (1977).

R. Knehans and R. Stembrech, "Memory Effeci of

Crack Reswstance during Slow Crack m Notched AbQ;

Bend Specimens,” [ Mafer. Sci. Left, 1(8), 327-29

(1982).

PL. Swanson, C.J. Fairbanks, BR. Lawn, YW, Maj,

and B.J Hokey, “Crack-Interface Grain Bridging as

a Fracture Resistance Mechanism in Ceramics: 1 Ex-

perimental Study on Alumina,” 7 Am. Ceram. Soc

70{4), 279-89 (1987).

. G. Velunis, M.F Ashby, and P.W.R. Beaumont, “R-Cu-
rve Behaviar ol AlD,; Ceramics,” Acta Metall Mater.,
38(6), 1151-62 (1990).

. J. Rédel, 1.G. Kelly, and BR. Lawn, “In Situ Measure-
ment of Bridged Crack Interfaces in the Scanning
Electron Microscope,” [ Am. Ceram Soc, T3(11),
3313-18 (1990).

. SR. Chol, JA. Salem, and W.A. Sanders, "Estimation
of Crack Closure Stresses for In Situ Toughened Sili-
con Nitride with 8 wt% Scandia,” J. Am Ceram. Soc,
75(6), 1408-11 (1992).

24, C-W. L1, D] Lee, and S-C. Lui, “R-Curve Behavior

and Strength for In-5itu Reinforced Silicon Nitrides
with Different Microstructures,” J Am. Ceram. Soc,
75(7). 1777-85 (1992).

25, M Sakai, J-[. Yoshimura, Y. Goto, and M. Inagak,

26.

27

A 338 A5 E(1996)

“R-Curve Behavior of a Polycrystalline Graphite: M-
crocracking and Grain Bridging in the Wake Region,”
J Am Ceram. Soc, 71(8), 609-16 (1988),

X. Hu, EH. Luts, and M.V. Swam, “Crack-Tip Brid-
ging Stress i Ceramic Materials,” [, Am. Ceram. Soe.,
74(8), 1828-32 (1991).

. X Hu and Y-W Mai, “Crack-Bridging Analysis for

28,

30.

31.

32

33

34.

34.

36.

ar.

38.

Alumina Ceramics under Monotonic and Cyolic Loa-
ding” [ Am Ceram. Sec, 75(4), 848-53 (1992).
B.R. Lawn and YW. Mai, “Crack-Interface Grain Bri-
dging as a Fracture Resistance Mechanism m Cera-
mics: [[. Theoretical Fracture Mechames Madel,” J
Am, Ceram. Soc, 70{4), 289-94 (1987).

. SJ. Benmisen and B.R. Lawn, “Role of Interfacial

Grain-Bridging Sliding Friction wn the Crack-Resisla-
nce and Strength Properties of Nontransforming Ce-
ramcs,” Acte Metall Mater, 37(10), 2659-71 (1989),
A G. Evans, AH. Heuer, and D.L. Porter, “The Frac-
ture Toughness of Ceramics” m Fracture, Vol 1,
University of Waterloo Press, Ontario, Canada, (1977)
pp 529-56.

%K. Ballaring, SP. Sah, and LM, Keer, “Crack Growth
in Ccment-Based Composites,” Eng. Fract. Mech, 20
(3), 433-45 (1984}

RW, Steinbrech, A Reichl. and W Schaarw chter,
“R-Curve Behavior of Long Cracks in Alumina,” [
Awm Ceram  Soc, 73(7), 2009-15 (1990},

1L, Hay and KW, White, “Gram-Bridging Mechani-
sms mm Monolithic Alumina and Spinel,” [ Am Ceram.
Soc, T6{7), 1849-54 (1993).

K.-5. Sohu, S. Lee, and S Baik, "Analytical Modelng
for Bridging Stress Function Involving Gramn Size Di-
stribution in a Polverystalline Aluming,” J Am Cermn.
Soc, 78(5), 1401-05 (1995).

B.R Lawn and T.R. Wilshaw, "Fracture of Brittle So-
lids,” Cambridge University Press, London, UK.,
(19786},

R.F. Conk, E.G. Limger, RW. Steinbrech, and F.
Deuerler, “Sigmoidal Indentation-Strength Characte-
ristics of Polvervstalline Alumina,” § Am. Ceram. Soc,
TH2), 303-14 (1994).

P. Chantikal, S.]J. Bennison, and B.R. Lawn, “Role of
Gram Size in the Strenglh and R-Curve Propertics
of Alumina,” J. Am Ceram Sec, 73(8), 2419-27 (1990).
R.F Cook, CJ. Fairbanks, BR Lawn and Y.W. Ma,
“Crack Resistance by Interfacial Bridging: Its Role
m Determming Strength Characleristics,” J Mater.
Kes, 2(3), 345-56 (1987).



