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Abstract: The progress in understanding the fracture behavior of ceramics, from the classical
work of Griffith over a century ago to the present day, was systematically reviewed in this paper,
with special emphasis on the microstructure effects in brittle fracture.
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Figure 2 Illustration of the derivation of Griffith's criterion for crack propagation
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Figure 28 Surface (upper) and cross-sectional (lower) views of scratches on soda-lime glass made with a Vickers
indenter, velocity of indenter in all cases was 1 mm/s. Forces on indenter were
(2) 0.25 N, (b) 1.0 N, and (c) 4 N 13
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Figure 29 Optical micrographs of section views
showing subsurface grinding damages in two SizNy
ceramics (C: cracks; P: plastic zone). Arrows in (a)
indicate grain-boundary microcracks %!
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Figure 30 Strength variation of commercial
glass-ceramic with machined surfaces containing
indentation-induced cracks as function of
depth of material removal ©*!
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Figure 32 Measured bending strength of multi-point indented SizN,4 specimen as a function of
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Figure 33 Distribution of residual stress along the depth from surface of the machined sample: (a) tetragonal
zirconia polycrystal; (b) silicon nitride. See Reference [51] for the details of grinding conditions
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Table 1 Effect of specimen size on strength of silicon nitride (!

Sample size Span / mm Number of Average Effective volume

b x h (mm?) Test method L | specimens | strength / MPa Ve / mm?
4x2 3—pt bending 10 20 638 +57.8 0.28
4x3 3—pt bending 30 20 492 £50.8 1.57
8x4 3—pt bending 20 19 461 +58.9 4.65
8x4 3—pt bending 50 20 412 £55.6 21.63
4x3 4—pt bending 30 10 19 391+41.7 6.66
8x4 4—pt bending 30 10 20 357+ 35.9 16.01
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Figure 56 Load-displacement curve measured with a V-notched bar specimen !
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Figure 62 Optical micrographs illustrating stable
radial crack extension during breaking test of
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indenter ™2!: (a) surface view at beginning of

breaking test, indenter load of 50 N; (b) surface
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Figure 63 Optical micrographs illustrating stable
radial crack extension during breaking test of

hot-pressed SizN, bars indented with 50 N Knoop
indenter ™!: (a) surface view at beginning of

breaking test; (b) surface view at 90% of fracture

stress; (c) fracture surface after failure
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Figure 78 Relative toughness predictions from Figure 79 Critical mechanical-energy-release rate
crack deflection model for two-phase materials measured with SisN, with columnar grains of
with rod-shaped particles of different aspect different aspect ratios (R) **"!

ratios (R) [*¢

1] 78 P4 Rl AR EOUHER . dn SR AL PR R B AT — MR R AR R, BT RE
RPN BV R R ORI PIRCR o 1X— FAEXS SigNg P BRI T 138 TIESK . SisNg P&
(KIS RLR S ARE B4 i A2 R ZE 1 a-SigNy — S-SigNy AR K, SisNy e — B HE— K
ARSI AR, XA AR B A REAT KR AR R, I LR N e 2 A b 4l i
T OB R T R S50 -SiaN g BUREE T 75 o-SiaN, T4 A i i 4E K%, Faber A1 Evans M7
—H ARG AFERAREL SR SigNg P BREAT IR kKAt 1.2 B9RE 7 1, MR IR 5
FIAZRERETAA Ge WK 13 2.5 ff (&1 79) ESRJARMIBE TR, X —B5 Ge #6K ) 3 2 I K
AR (B0 6.1.2 /NT5), (EAHRIR SkL T B RS0 e AR R AR A — 52 DTk A -

ARG e RE B B (1 diy FE BATIR SR IN 45 & 71, RECRPOEY EHENS M. I RENR

] 80 7 F 1~ [7l 4 S AE #6544 10 vol% ThO, By 3 38 £ A Mt s Y R sy B 3% 2 19
Figure 80 Crack paths in two different glass composites containing 10 vol% ThO, particles !
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Figure 81 Crack path in AlL,O; particle reinforced LiTaOs; matrix composite 4!
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Figure 83 Variation of bending strength and fracture toughness with crystallized volume fraction for
lithium disilicate glass-ceramics %!

E 84 TE AR f oA B A AT Do R ER AT, (a)F=32%, TIHLE;
(b) f=32%, #ALE; (c)f=100%, TAE; (d)f=100%, ZE
Figure 84 Laser confocal micrographs of fracture syrface segments of lithium disilicate glass-ceramics.
Sample with f =32%: (a) top view and (b) perspective view; and sampe with f = 100%: (c) top view and
(d) perspective view !
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Figure 86 (a) Inside view of shell and (b) schematic of the brick wall-like microstructure of nacre
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Figure 87 Crack propagation paths observed in layered Al,O3/LaPO, composite: (a,b) cracking of first LaPO,
layer with increasing applied load; (c) after failure of specimen %!
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Figure 88 Arrest of indentation crack at LaPO, layer within Al,O5; matrix %
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Figure 89 Crack propagation paths observed in (a) SiC/BN, (b) SiC/BN+30%Al,0; and
(c) SiC/BN+50%Al,0, 15
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Figure 91 Variation of fracture toughness and fracture strength of alumina ceramics
as a function of texture fracture 1>
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Figure 93 Fractographies of the large-scale Ti,AlC: (a) fracture surface; (b) kink bands; (c) delamination;

(d) enlarged image of (c) 1*¢2
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Chantikul ZF NS HIARHEAT [ (79)], 102 HECRH 17 A B2 R H R AU N 13750 B R IE 5,
DAL b - 45 2 F) T 24 1 (S A% . Ak, Hoshide %5 A IR 25 il 2 30FE 76 800°C H ¥Rk 2 h
JEFRUGHEAT T 3R 2 70525 T HARR AR ATR AR5 21 10 W R PR s R

% 2 Hoshide % A B /B 44 # 7 3 14 £ 1%

Table 2 Mechanical properties of the materials examined by Hoshide et al. ¢!

Density  Flexural strength ~ Young's modulus  Fracture toughness, Kic / MPa-m*?

Material

plgem™ ot/ MPa E/GPa As-indented Annealed
EC-127 3.15 670 270 4.0 5.8
EC-1211 3.26 735 330 4.1 5.7

Hoshide & A\ % P25 i 525 (Plane-Bending Test) iR 7 EC—127 MK ZLomE, UL
SELG (Ring-Compression Test) AR 77 EC-1211 (IWrZsR & . 7EREAT T WisRaG 2 J5, AbATidE—0xt
PR AT TSR, e 7 SRR R ARE SR FA A B &R, B 94 F1IE 95 435l HE 1 P il
AR 1) SEM I8 R o XA TR EAT IR 23 BT R I ACRE PRI BREA 4 1) = RS U T = SR ARAE S5k

Tension surface Tension surface

b

F 94 EC-127 A b E X BT 0 SEM BB A: (a) @A 24, (b) Tk m & 41t

Figure 94 SEM micrographs of the fracture surfaces of EC-127: (a) corner flaw; (b) subsurface flaw ¢

Tensio? surface

A 95 EC-1211 A B IRAF F W AMEHS: (@) ¥ E; (b) AFLEHHLE
Figure 95 SEM micrographs showing the inherent flaw in EC-1211: (a) view of fracture surface;
(b) pore type of flaw !
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Figure 96 Approximations in shape of inherent flaws !
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Figure 97 Variation of the critical stress intensity with the modified crack size: (a) EC-127; (b) EC-1211 [
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BT B RT3 58 Ky OB IR I M Kie, SOafEH T W’ 97 s Kic Bl A R4
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DEF LRI 1, IR S i R 200 (1 45 Rt — IR T .

5] 97 i s AL S BATZ AT FTIHE T A DL 58 2 A 1 - BEE R8RS 550 24ab 18K,
MBI K SBUH T MY RIS, HE 2Jab 8 KE—ERE LG, K A TGS
T FEH. RE K WIZAFEESHR AR Keld (8 2) WG, HEANERZ
AFAEX BT E—AN e W XETE AN 2 — A AORL 2 700 2 3 — [ AT B A7 R S [
%o IXHIRNTSEREF Hoshide 55 N3 TR IUE T —LLERERI 47 -

HEBICL L R RGEAARFERMER, TN ARAMGE, HARZENRNZ
773, Hoshide & Nt — 51k | —MEHERGUT (Equivalent Crack Size) Wi, MR 2E A
ARMKR G Y ARG UETEARE F):

Kic=Yos47C (84)



% 5-6 (HR#FLAMEZE) Advanced Ceramics, 2021, 42 (5-6): 287—428 . 363 -

52 X HEBUR A Cog -

2
%q=%(§§j (85
T EH 1 97 4846 K (R B B MR cog IV o 2 K5, S RANE 08 .
R0 FE AR (T 250 B 7R PS8 A BN 7250 Y 2.0 < 3 % 7
SR Griffith MERIBIFNA. HIEZ T, BN B AT L0200 17 S i 7
Griffith 65 .

Usami 5 5799 5 % (b RMAAT T A5, S50 T 00, A4 LR AT T H— {2
SR (RER 5 R 2 W) I — BTSRRI 2% P60 b bt e
FRBA . B, [ 99 7EH IS A KT T Hoshide 5 A ML, Bt BF. [ 99 i
RARAEN, CATEREER T L MR AT, SR AR A5 Griffith 6 H 4 Jb— 5L

(a) 400 (b) —— y
© o B T, © 1000f e
g 300f e Fgoo— g T
~ —on. < 800} ===
e 200 2
£z =
£ £ 600}
c c
S Corner flaw S I -
- (e} -
i ’ o Surface flaw w400
e o 2 : a Subsurface flaw
2 ndentation flaw 2 i
5 100 (RO Bbe 5 = Indentation flaw
= EC-127 T EC-1211
" 1 i L 200 " I i L
10 50 100 500 1000 5 10 50 100 500
Equivalent crack size / pm Equivalent crack size / pm

Bl o8 Wi Er & HARTHMAMAFR: (a) EC-127; (b) EC-1211 (%9
Figure 98 Variation of the fracture strength with the equivalent crack size: (a) EC-127; (b) EC-1211 [*®!

Slope = 1/2

0.5

®  Material d
Sialon
SigNy

s Si3N4

e SigNy

0.1

0.05¢ SicC

AlyOn
Al
ﬁl]()_:; | 1
107! 1 10 10° 10°
Normalized crack size
B 99 [l At A% A — o i S5 5 )T — AL R SUR B9 Ak R OO
Figure 99 Variation of normalized fracture strength with normalized crack size %%

Normalized fracture strength
Sh bd L e L LA d

=]




- 364 - RILE, MAEMB MR RS BN RN $42%

TERGT RN, 38 E -G R R W E Griffith FEiG B .

SR, TE LRI AT AR, Wi S ENZ A W, R TS R F O S S bRl
DL A1 2 DAFAE—Se i 22 W3 0 2 BRAR AR B AL R A o), BE S AE 3k N\ P B AR a2 iy
XU DA EM BRI T EEOR I IIE B4 S B K e B EUR SRk (K97) DL
Griffith #i& “ 2" (K1 98) MIMRA Rk HBEMAM BT TR FR T o 7E 223 /M E L1, 1E
LGRS SRR RS A A IEOL T, W3R I AR 2 I H — AN B A 2ESURST IR KT 3 K ()
# (K 15), XATREZXS Hoshide %5 N5 R — NS HMIMERE. F52 [, Hoshide 55 AN45 H I RE A
FELLIX — fOA SR TR A0S R BT RS Z A ANV L, 7R 280 v S BT X 38 ] R
G R RNEH, X —F RN IER X Ry R e L5 7= £ — e nsm . thah,
Hoshide %5 NiddE H: MR EURSH 5M LRSS MRHE RS AR S8, Wi SRR — ——
BIENESA R O R T, M FIWr S 1 A B %A B IE

512 Lawn $%: RRREK

JUF5 Hoshide 25 AR, JEIREIZE /242938 A Lawn A i) ) ST tH ARG T — AN EE 2 (1 5256
BL4U, Rid, Lawn 5 A LAE A T 2R H 283 TR R W 2O R IT R0 . N TR JR W 2RI 5T T
SR A AL o 8 FE R ) R AR AR = AN T . B, RS LR AR R LT R B, B
JRATLA S5 M A 1) [ A RSOt R R T LIN TR+ 20 AR, X ANMEA R T BT W 1210
SEEBMNT, T ELGT AP RE SR W 24T O BRSO L e v 1 LV, B TR R TR R R A e, TR
ZA RSF AT DLIE —AMR 58 A TE Bl A A8 1 (Lawn 28 AR I E0RSHE LR ECN 2 pm ~ 100 pm),
XA AT Lawn 25 N 0] LR R — RS LR RIS T L B 2447 2, ATTEEFT 1 7 Hoshide %5 A T
Ve B B R ) 2R A L 2 T O B s, BT R RSURRFE T i e e, oA
B IREE R SHERT DR 2 M iR O _Bafi e, 2 BT RORS Af 2 S mT S %8 Hoshide %5 AR L
& B AR ATkt .

Lawn %5 N335 T P AlOz B & iEA T8 70 o JX B Al R} 0 42 SCERARE R ST d 43308 3 um A1 20 pm,
i DCB 75 (T 2401 K 43 309 3.9 MPa-m™ #1 6.6 MPa-m™?. 7EFER 40 9 EH T — %R

700 .

[4+]
o -
=
P -
[=)] I e
= 1 *
o e \ 7
& d=20pm L N
8 1\§§\_
| E\
100 |- \\\\\
! o 1 I B |
10" 10 10' 107 10°

Indentation load, P/ N
&1 100 7 AlOs [ 4 5B 5 dh 2 5% JF I JE 78 7 2009 4 fh 2 2 1199

Figure 100 Fracture strength as a function of Vickers indentation load for two grades of alumina ceramics **!



% 5-6 (HR#FLAMEZE) Advanced Ceramics, 2021, 42 (5-6): 287—428 - 365 -

{ T [ T | T
Alumina !
1.0 5 e ta
A - 3 o —
- = y&% Sapphire 4
g 0.8- HS,D -
S B / 7
2 [
2 o8 p .
2 43 pum
N B / v 4 um B
E J © 20 pm
s 0.4f / «25um ]
* o6 pum
| / *35um
| 1 1 | | ]
10 10° 10? 10*

Normalized indentation load

101 Al,O5 [ % JE JE & WL 971 1 B JE R A7 B 2 e x 2070

Figure 101 Apparent toughness as function of indentation load for alumina "

PR Vickers IRIRRALZ G AT 7R E IR, 45 a1E 100 Frs. B & —AN 88 S e 20
15 HEAFER MR EE R, T AN HE A A IR RS BRI g 45 2R . IRBAR, 1EHE
R BCEUIS (B R IRRGURNT RN BIESL R, PR 98 B - He R R 3 (e IRREURAT)
KA TR — PG, W6 XS 58 B AR 20 8 T AR “ ARfEREE” , R
TEFRIRFER 2 g B (B B X3 7R) . 1X 5 Hoshide 25 NFISEIG S5 R (K 98) &AL,
A2 AMUAET: 7 Lawn NI TAE, RBLORZIB KA, MEHEXRhHas Pk
B [ (79)1-

1 Hoshide %5 A {1 T/E2540, Cook 25 AXTEE 100 Fissesb B itiT 7 —tedp e sb sl ), s
100 HF & XSG R R K PR SE K, {2 5 i dR XS (K o ~ P BLERAS T i, 58 S M
XTI ) R i 1 4B P* N — AR B R IE S 4G TG, XTI 100 s gl 3R DL RO Hoph— &
G SRR R ST & AFIE ) ALOs M RHEEAT IAALS P R A5 (B 31T 84 3, 4530 7 — 20—kl

] | I T o 1 I I T I T I T
(a) Barium titanates (b) Glass-ceramics
o ad e}
1.0 ——— 1.0 Rowl -
- m.,g’.{o - - -
208 ;.4 - & osf- o ~+
£ ; 1 £ :
=) / =4 o
3 0.6 s - 3 o6 Fi —
hel el
© © /s = 41 pm
E o7 pm £ :
5 0.4+ o1 pum — 5 0.4 1.3 pm
z z 1.1 pm
* 150 pm
| | | 1.6 pm i
| 1 | | | | ] 1 | L | |
1072 100 10? 10* 107 10° 10? 10t
Normalized indentation load Normalized indentation load

[ 102 (a) $KERAUME K (b) B & FIR & L H M R R JR AT BBy & ALk R 0T

Figure 102 Apparent toughness as function of indentation load: (a) barium titanates; (b) glass-ceramics %



- 366 - T, BRI B S T A R %42 %

7 7
(a) (b)
o 1.7 pm
6} 6F T v 4.3 pm
— | 268pum
E bt
< 5F & st )L//?/fw
s T
= = L -
= - % + T o .
o4 3 L 0 T
X  4F X g4t [ S 'jl%%;—i—r
1 1 1 1 1 L 1 1 3 1 1 1 L L L 1 1
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Crack size, ¢ /um Crack size, ¢ / pm

/103 T [E R+ TiC Bk 48 58 iy AlOs 16 % JE /8 4 1 i [EJR 2 SUR <+ i AL % 21
Figure 103 Indentation toughness as functions of indentation crack size for Al,O; ceramics reinforced with TiC
of different particle sizes %

ZEE Kic/Kic™ (GE Kie A ibn RN ) 2 PR T AR B R, K — M=
e, HAASCRAE T Ciehas ) 5 IR RIw K PIP* Bk ALk, il 101 o (B
PRE T S FORPRLR P2 bR ) AR, IX 25 25 Hoshide 558 NUAS &1 97 B2 ARMAMT: FERHK
WL R B T B R ARG GRS K ss,  mife P BCRIE O~ SOZdm&iL+—4
FE1E.

Cook % NOUERE— 25 % HAARIEAT 7 UM MR AT, 45 o T 102 (B bR 7 450
ORI B R RT) o IR LS 25 AR W] 1] 101 P LR B A it

K 101 AN 102 HIE R RS f R R IR R R . JaoRIBT i AL, RN EISR
IR AR W R, SRR E R DL Tt RE S BRI R . 18] 103 4511 T Gong 4%
N5 (1) — A S . BRI LA, Gong 25 Al T — 551 30wt% TiC BURIEF2Y AlOs
B i6e, SR FAS TR (A AR AE AP RL R THT R 1) T Vickers FRIRZLAL, Mg T RLUGE, M fE iR (74) i
FATEN T MR EINE Kico BIFPZEH T & DMRES T TIC BRLAG RS . WEFRATELE 1, TicC
RORLT- 11 RO AR 2 S BN IR i T R M A S5 AN R IR A B TR .- TiC R0k 25 RF KT 3 pum
FEAZ G, WKW PIPER B2 1RGO KT K

Cook %5 AKX 101 FIE 102 Fm 233 G 1 40 it O 1E 2 SIS N T o AL B 53 b7 —
TR EEE, Cook SR NABLARLR ST & — RS SRRSO, Wk 100 Fra s S~
A 2 i 25 FEAR TN IS Fox B e IR A AR AR R . Bt A U, AT FE R AR B B bR ST 48
NTEBLR, SR AT LA S ER I AT KA & . T2, Cook FA1F2] 15 Hoshide 55 A\
LR RO SRR A AR RO A 0, W R 2 A i e — s
I BRBOR Q2 RAT BRI 22T %A P g IE .

5.1.3 BHMEMIEFH H

FE ORI il RS AR 2 S S A RUBE L SRR LR S R B 2 0 2 BB 4 — 2K

MER BB B AT RHE A R LT R AR R B RALIB RN K
RINZRLOE S [ FVE N R S BURNRS,  HE RN SR 30 70#82 B - R s M A X A vk 3 B =
RS, MRS AR T RSN S I G2 gt AR, SREUETE 2 Ja i T3R5l 77 i i
BEAR M0 iR B s T MREE P HRIRES o XA R ST BRSO R s H R X I ) 58/ 28 1k




% 5-6 (HR#FLAMEZE) Advanced Ceramics, 2021, 42 (5-6): 287—428 . 367 -

A AL B AR S8 T RS . AR, BRSO R 3 b A (L
UM BAECRAETT, HF A T3]A R R o 5 IA. 1 B
M PR T R 22 5 TS BT T RS R ] 101 AEEL 102 s o &
1 2 AR

B, Cook S A0l FE RS HOBRAE J) 22 BB HEAT T 21E. Cook 2 AR 7E 2403 AL HE AT
A R A A O 5 B R R R R R AR T LA
ARG, TS, Cook A Stk — 35 Bk HEL 0 I A7 B AL 7 7238
I Koy SR 58I- 5 FE TR A 0 0 A7 e R,

m=§% (86)
(RA2Q J— AV BPRVIEC, 15 BDEL B F ) ELPR A4 36, Cook 8 A2 A B LS HIIEE) 13 7.)
L TRACEAIAL B R K, BT DL

P
K|:Ka+Kr+Km=y/aa\/E+% (87)
C

E}Eﬁiﬁ*iyiét%ﬁ%ﬁﬂ" EXO'a=O'f, C=Cm» ﬁ (87) /EEE'
(2P +4Q)

cm3/2

K& =pogfcn + (88)
EHH K" RREE 7 RIS 1520 54 T A2 BRI,  DADON T K% B R
UXZH I 52 IS A 2 Kico SRR, Q05 2 f 5 M SR BN 7 () 51 1A S e B il HH 2l 25 A 0 S0 e R 5
We 31, DU AT PATREA Ko™ RZ R A — AR 4.

3 (88) XTI 101 A& 102 Fron s3I Gt 47 Wi 7722 2 (1 3t o Xt AN [) 1) Ao 251X 30 4
M.

BAmERB EEa X, BT P >> uQ, N (88) HMuQ WA LA AT, XFERL S
R R IR B2 ) 2B S 1 — 8. B9 3.3.3 /N HIRTie, 1 DL AR I B 2458 B o 5 1 IR s A
faf 4k P Z (B R RN

3(Kje)*? P

o ot (89)
44/31//(er)1/3

Blor 5 P RIE L.
A REBR FERATHDUR, T 4P << Q. X (88) 1P WIR] LLZEE AT, FHRHI 58 i
WARES IR SE o [FIFER] DL -

B 3(K|0(%)4/3 B
Ve O¢

AR, TEARTAT R X I R} AR 588 P AN AR T 1 P 1 28K 77 2 E0 A — AN o 4

T 55 P — 1R TR A 2R OO B Ak bR R, 30 (89) AIEl (90) 4 IR BN 5 EL2k, W] 104 T
XA BELHZT P =P, Kok IEIRM R R T A X EESIEMN K ELIIR Sk =
o, 44 (89) AIE (90) fETTLLAFF:

O¢ (90)



- 368 - TR, BRI B S B AE RN %42 %

Strength

Indentation load

Al 104 BE-ERMTRAAdL: LEER (92) &, HFELAATHNHEE LN 24
B (89) Frx (90) 4
Figure 104 Plots of strength vs indentation load: solid line is general solution of Equation (92); dashed broken
lines asymptotic to this curve are limiting solutions of Equations (89) and (90), respectively

1Q :er* (91)

KR AL 17— E RS IRE) ) Q B EETTE.
PEHFRER AT EMEXIET, 4P 5uQ AT FHELS, MORSREEK I E E

0\4/3
o = 3(Kie)”

Hi: £ P 5uQ MBI T, BTAEAMENEMERIEN IR U ROy AL 17—
P*IR), [ IR A 22 5 B RE LA I TR I 228 0 2 BB R T 4 SRR — .

] 104 R SRR BIOA S (92) A2 3. IX A Se 2k 5 18] 100 Pl S 45 SR 2 8] (AR AU
W _E SR PR B Ve 20 M DL T DU gt fif R s 96 45

AR, BATE SO K 101 AE 102 Fros s g, B+ EmEbAT (B 4, AT
FERURE 2 XX — SCI B RS 1o X P97k B P AR AR A2 U — AL PRIV RD K e/Kic™
Horb Kic AP E IR WD) 2 BR TSRS SR B W MRS, 10 KPR LK (88) #fiE . Ak,
¥ (79) M5 A:

(92)

7 Ty P )
TE P 50Q AT R —3mB &4 T, ¥ (93) AR (92) Hhn LA 2.
1/4
P
Kie=Ka| —— (94)
e

K 105 Aran ol (94) MIZ i, X4 7E IR 5 101 A 102 Al i S2 56 45 52 A
(F): Bl EIRAAR IR, R K 2PE B RIE LT, KX KEA LR



% 5-6 (HR#FLAMEZE) Advanced Ceramics, 2021, 42 (5-6): 287—428 - 369 -

e RSRRAE S AN
KR WK 2 P > P* i, R (94) 4
T K o K 105 SR i T
1 AT R, MR Rk R
1 2R, RS HRS R T i
FERTLAFARI . S B 5 B A T (1
R A SRR, REUR B,
LI 15 BRI R ST PR 2 A
1 LN, IR RS TR
- Bkt AT 5B T T
e s MBSO ER 5T
B o100 Do of e esave  WVALRTH AR A EAIN— MPRAEL.
indentation load FEEEIL, (£ T WA
RS 3% RITRALTA e 48 2 51RO 105
R AT 55 Singh 2 A\ WPI7E 6
S £ B 17 4 IR E R, AERLUR S 5 BRSO LT, B0 R X S
WAL K RUNBELUR S HEATIA . B R KT NS 3, K ECR T 106
T KB ATARTN T — T HO M, (AET SRR hPENT 2, 5 RN B A
S5 L T LM — F TR T B (SR SR SR 5. PO, A
fE— 2R L BT BRI R A, TR0 55— e LU e T SR A D2
SRR ST S 1 S S R 25, B TRMLA & R A, (R EE S A DT R %
SRS HAh, A FSbRbHRNTT S, FMF A — et T — A PR KD — i
o (EF SRR T, Kic® BT ¥ WA s AT SRR s Koo MRt
BT L0 T AL

Apparent toughness

Indentation load

re
x’g g Approximate
e . .
47 Analytic function
IIII
0 A
Kic
I ] 1 I | ] ! 1 i
0 2 4 6 8

Ratio of crack size to grain size

E 106 A MM XA B MAIR T 5B R T HEHEAX R TR E

Figure 106 Schematic of variation of effective fracture toughness with the ratio of crack size to grain size "



- 370 - RILE, MEMB M RS B RSN RN %42 %

Cook % A M AR5 F500 1) 2 00 BT AL DI BE R4 SRS (A8 (b a3 (&1 105) 51 106 A2 A,
R (94) HILTEHE FIRME Kic’ IOFEAE: MR, 3 (94) BRI P — 01, Kc— 0. XEMRE
NG, IXHE Cook S NI TAERAAAEN — DA LA FEOX— AL HIRA AT Cook 55 A
¥ A PR SR R AS PR RS RIS (R PSS H SR B 77) B 1 — M E T R B0 AL 1) 57
[ (86)], XAV T IR Ty 22t It rp (I S BB s X T R 5 B W R AR R AR
B NREORUL, PRI R TIEAL” NAZAE A RO o

RUgHL,  Cook % A [iX — TARE AR 5 L. & Hoshide 25 A ) T8 30 B %1
HogE Ry 7 — A T LT T B AR LR BT A REUT RN, MORRIRTRAT N
R L A H AR R R AR R S AT R SRR AL
ALY PR B W #AL T 2K, ImE T AR S R D RV L BRI eR AU 1 A
PR — LA 13 105 Fros I SIG R CHARIZMAGRLAXS 1), TR RATEE BB A1)
BAIE UL, AU T Y] RIS I W R B BUE RO SRR “ AL IE " K™ A (34
SR, SENB J5 ik i TA7AE U) I BAL RN W S22 A8 — ML AR) o R, #ESEBRZ2 1A 101 A1 102 1,
Cook 55 N FIR A Kic™ Bt /2 B DCB %81 DT V&I E 1) Kic.

5.2 BRI R —IMRIERE?

T I T DG TP AR B - A M S R IV TS, AT LS B — KA B L5 18 Bis
P B0y i b 2 10 2 W 447 £6f 73 g B A e P T 80 T TE — MRS IR R GOR TG TR A R B B R SR
SHRIBE R RIS MTEX —RGUHERE N, MR B R RIS A = S 8. R Os
HESE: X250 T E MM R R E R, R T —2ebb k), WM R SO T T AR
PG 53—, T 53— b e [R]— B 508 X AR 7 20 XA, — AN [ R B T
W7 24470 1 ) JES I S AN — AR B

KRR NS i, R AR SO — N EE W AR TR AR5 — ) AT
AHTNE, A — AR LA E S LS E 0 T Irwin JT % & IR L R G 5 78— AN S s Ak b 1,
P, ERSCRGUTRARIE AT, Irwin FTe ORI Kic MiZ2& — MR 1X—
AN 97 5 101 Fiom i seie gt AR DA MRGURST RE R, HTFMERBRRIE T
HESAFRE ST N, BIAPRIA] DUE B AR R N8 S Sk, I 2 A A i 3 B o — AN 3

RESRTE S i 32 5 B B 2 A2 P AR T I Koo RPN — AN E 5L, BATRA G Wi
VI EH N —DNEN, Bl B K AEE G R TAL T EMEMBARRIOESFTEF
R )RR TR A HEE . B, RIEX—E X, BAIHE S LRSS —AMEE
Kic, TIADIH LI H —23E i 97 sk 101 Ao 7. 458, FERHMNL, BEE Ke
[ AN 2 U — AN RIS A2, Kic RERAURE R R BB Ry LA . I 13X —BR i
AR, WIRPIELLCT S RE R IR X — PRI R LT .

ANHEHRAR, AT RIS E K™ Sbr bl B e L2 R R eI 5w & =0
PHEA — S LB R IRIE, MILTEFF IR RATIE XN WL N Kieo MAEA T B S E Kic
TEFTHR IR ZHUE DL R #1025 e B A F e i i 24 RS 2000, SR ROZFR 2 R aL
YRR As FIRE NS AT & 5 A e A — B L8 iR IE, MWBLE TR IRATHER AN S EOE N Kre SR
XHERIbRICER G, 30 (94) WA T AR

p 1/4 95
o=t ) >



% 5-6 (HR#FLAMEZE) Advanced Ceramics, 2021, 42 (5-6): 287—428 .371-

FEBHAN B SRRy BEES, ROy BH Ke B85 RIAALO T8, Kg R
SURSF ¢ AL R IRV 2 sy B 1 /) wh & (R—iHZR). BLAMBTE R 106, SehribeH R-HZk |
—RERAFAEAT — AN BT K (R FRAE, FRATHEXA FRREIEA Kroo

XFFHUREERE IR Gt mT AT BB X TERGUT B T A s A sl DX /N R A T B
HLT T 2B BT B SN U RS BEBCRICA Ges 1E/NREUAT S Bl T2 0 224 R B di4s
(Il U RERETBCR AR A RS R, 188 Gr: [FIRE, RAW L) GrAAE— FIRAH Groo

IR T W Kic BT E SO TAERE 78 B BN BT 32 5 B I 24T i b 2R i 1 7 282 ) 2
SEAFI . L1 Cook 55 AFTHUIARKE, X BT FATTH F545 AR R RS0 g i 72 s me FH — A e 40
(IR F33A RN CAZR IR, i T DA [ A B 45) 5158 2R A o3 il R — A E an e B2 FH - Irwine (1923840 fie F140E =X
(28) [Ex (47)] FAERLUARRIWZELAITE X (82).

ER DA R I, TELR 2 HUE L T BATRA T M 45t “ A IRE) 117 ik,
XS ERATIER 78 B BN R S AW 2T NI TovE BN R A e i 0 (28) [8iX (47)] A0
ORI RLAE N (82). UFTEFRATTRT LA F R LA Wi ) 2 7 AR ey R B ) K
SO R R (R-MIZR), XAEERATR 2K (82) 2ts Mk

N

7
CE

\

N

\

G>Gg
dc  dc
o

K >Kpg

%ﬁ>ﬂﬁ_ (96b)
dc dc

I 7 A T A R 2 2 S ST A R 07 T LA BB SR R AE It

B R (96) WOMBIHON IR = SR B ROUTELAIR,, TP 03— 5L T Y RO

W RS FE IR S A

5.3 HGLLin Y B M R

EEFRATE BT A AR L 58 B SEIR AP B T A ES X R AT R, IR R T
A “EUEEIRE) )17 SN R AE IR R ) B BT TBIE . SR R S0 Bt R W
SERITTREN ALY R RE AR T R, (HGR L R S SR R B SR BRAT S M E TR TR
SU R RN 5 RS AR EAR RS . Xt A A SR e R BE LA — 5 PR (RUAR
fiti b, XA RO SR EMEE MR RST (R RST) MR OL R, REE Ll ki
RO TSR HIRI 2O — NN LRI FOVE RGN SIAESENE R, SLRsE R
SFREWTR ) B TR I 45 R 8P T ZE . N T IESEIX — A, AER B it A,
AT RA T B 1 H % B R G f vh R AU 5 A ) Z AR AR T A B & Bk ot /&
Yo AT AR IRAT R SR SRS R LAIE B A R S0 i B DX AN 1) 5] AN 465 1) S ol 5 ) i S 0o 24
SR A T BRI, 5 FREEAT — SR A ER AA

5.3.1 Knehans—Steinbrech % %

FENHE R LT Ieu 5 B4 ¥ 2 18] (A RH B4 i 190 BB, Knehans A1 Steinbrech 71T+ 1982 4RE 1 —
TR B ) TAE R ARREAR S ). 72X TAE, Knehans 1 Steinbrech #%4% 7 —Fi5 F AlL,Os #1413k



- 372 - RILE, MEMB M RS B RSN RN $42%

200]
| = = §
4 | | LN
150 | { %k\‘\
: ' N
4 J I \
F 1 J } \\\\
L I =
€ ] | s
50;  —~ | \\:
] =% = E o
™ R
N
0 I
0.3 0.4 05 0.6 0.7 08 08 1.0
(a/lW)

& 107 Knehans—Steinbrech 5z % % 2174
Figure 107 Results of Knehans-Steinbrech experiment 74

ATOEFE, HFEH 7 mm & x5 mm 58 x 62 mm K = A il B D) O RREE, ) ) i AR
2979150 um; fE =SB g U, RA T —AMNEBARRIINEGE S 10 pm/min (B ) AR
Kic B BT R FH BN 25— 50 um/min) XHAREREAT AR, @it R AR e BRI & 1 i RE e R 3,
R PR GURGT RSN AT # AR &, MR T RS R 2 AR RGURT alW (W i
mE, a AU R BT A HE U] R BEAE N IR EURNT) SAMINIMRS RIksh 71 G Z A&k
S AWML . W N T PR FERIE Y R E (a/W =0.4 F1 ag/W =0.6) [IREE, AN a/W ~ G Hidi 7
BITETERE 107 R FTRRIVEE N . REAR, X —s2508s AR 15 28 DU & o Bk v 1 5 > i
BUGH TSI M 25 S — B0, RURAEIX B S0 i 2802 X — SR MR AUE H 2 08 e i 78 v gt ATl
ISR, T 7E 28 DY 3 rp i 20 2 R A RIS R 45 R 2 8. EERIE 107 A AR AL
G, RO AL X N R ALY R AKEN 1) Gro (B A RE Lo H XS AR AT LT G 1E) 52
GRS TER, Gro ~ 205 + 3.8 N/m; Hk, RAEVIEY NIREMAFR ST 2B ihigEsAn
[F], (HRSURF S AT RS RIS S 52—, X — 85 SR T RAE 5.2 T LT
ZLBN M RL B BT

Wi Knehans—Steinbrech 5236 RiFAT 21X B, AKX —TAEREAT T K T. RTHE—F
PRIT S8 107 Fror R—i 2647 7= 26 (AR 5 R [F], Knehans—Steinbrech S it T — /M Al B 256 .
AT TR PRAR I UG U] IR BE ao/W = 0.4 BERARE 3 79 75 T Tk A BT R FH R m s 2% 44 Ik &2 — 5@ /K
HARRGY RE aW ~ 0.62; EXANEERES, WEK— R alW ~ G Bt &yEE T L—Ik
MR B ag/W = 0.4 FRAESRAG I BAE XIS A (B S0 i R)s AREIE g, ikl R A —
FEEEIRA LG, FAGRTFE PSR BIRLUHE—PP R B T a/W ~ 0.66 (B0 ATR): Hets il )
B, EIEGERE RS R T RLNY R, SRR OY RE oW ~ 0.72. &5, A1
SIFEIX PR IRARE (1) 1 A S8R4T D) VAR SR, (0146 D) TR EESE K2 ao/W = 0.6, A5 FATINEE =
AR, XB, —MNEBRIEKET : REWFHEZ Y REES, MBI —R550E 4



% 5-6 (HR#FLAMEZE) Advanced Ceramics, 2021, 42 (5-6): 287—428 .373.-

AR T R ag/W = 0.6 HIRAESRAS I REAE X I 14

HERBERHAFEAT BRI O 200, VIR Oy RE T W ~ 0.72 (RS, TEH
DI AR FEAA 2 B T a/W = 0.6 X —u Bl AR, gt i 2 e iAs 1 2404 2 33 4 X I ) 2
TR, TN SR A X AR K AR M A e A R R, UL A 7E Knehans—Steinbrech
SIS EE R AN BRI RR RN SEERLY B R AN 3 B R 0] G £ A e
b T2 BRI — AN R 3 IX K N« Knehans F1 Steinbrech B4\ 5 /4 W5 Fh ] 68 4Lk ] LA
FREBADA TSR IR — R G ML X & T KRR MMRL: ARGy Rl , &
LA i JF2 IS 3 TV B A HEL RS AN P () 24T 5 ok 2 IRV AE A — AR AR A, Edn i B 2%,

PLE K, Knehans—Steinbrech S48 F 44 g B Rk Wi 4 ) 2500t 70 16— N B ZE STk vl e /E T e 1)
P AA B2 AT RITE R S 72 51 B T ZE 80 b AT S it ) 5 S 0 ) (AR B A O T - BB AT
PR TS, FEAIAMELOKE L IGUE T Knehans 1 Steinbrech SA iR i AT A W8 5% 21 (1) 5
I PSR H A PRI, T ELIE 3 — 5 7 VR R R T A A W 5 S SR AR LR F DA b
BHIPE T THEG T RE R . ARG — 3, FRA TR X L 78 3 v s G AR M — 3 o
JRIFTHE .

5.3.2 Al,O3 & v 89 dh Ak d

TR T RGeS KA TR AH AR P f LB S B0 UE B B Swanson 25 A AEHRIE ) - Swanson
FANM X — L5 v LA 1FE 2 X Knehans—
Steinbrech 4G I #h R A% HIE, {H5 Knehans—
Steinbrech SEIGAH L, 1X—SEIG FT S oR 45 500 @) ]
Ej\jﬁ}%*%o

Swanson £ ARl —Fb gk RSE A 20 um
(11 AlLOs i kAT T B 78 o SR 4[] 108 FraRify
SRS A XU B RE 7RSI [ﬁ
Ab RN — A G2 JB AR T, I ) 4 B AR RN T
TREE DA RIS e, 1 i 8 i 2 e R O
FEMEAEY R A FIB B Sk 42 BRI, 360 =
W54 FR T 109, Sy i 48 Hh R 5N B
fogn=s, KRS AL By C =X MRS

~TH 110 (b) Objective
EXIE A, TG B — NSk nEr 6 ‘ \

AR B 5 R G A AH BAE F B AR R  FE 2R
(192 SR AR T A N R s A G (P S E
T BEAG, TR AL 53— ) BT — SR A
Lo ARRLR TR TR 6, FH EEGEW
AN TTERE AR ) — AT . BENZISE 11 BB
Je » RAE R 5 XA ohL 18] [ ER 12 C 22 1
KE| T 2] 0.75 mm, 1XA Gtk A AH B4 55 1 9 B B 108 F TEmE LR FAERAY R om0 E
S L AT ARV A I, R L7 (0 B SR ) A BN EE R A @ WHE; (b) MAHE

N o e 1 S Figure 108 Schematic of tapered double cantilever
V. HEIE N PrE ki BRI RO AT beam test specimen used to observe crack growth
7E SR B 5 Sk 1 £ R SUE B I T during loading: (a) top view; (b) side view

Specimen

=l

|| v




-374 - BULE, VA EATR Mt BT R 6 RS R ¥ 42 %

El 109 Al,Os W& & Rt Bt F 40y B 1 B W BL By B 4 B8 R 17
Figure 109 Micrograph mosaic of crack evolution in tapered DCB specimen of alumina, showing six stages
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& 121 Zenotchkine % A P4 & 8 J& {2 3 #] a—~SIAION & % & & #4514 :
(@ Y-1; (b) Y=2; (c) Y=3; (d) Ca—2; (e) Ca—3; (f)Ca—4
Figure 121 SEM micrographs showing microstructures of in-situ toughened o.-SiAION ceramics fabricated by
Zenotchkine et al. ™ (a) Y-1; (b) Y-2; (c) Y-3; (d) Ca-2; (e) Ca-3; (f) Ca—4
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Figure 122 R-curves of in-situ toughened a-SiAION ceramics fabricated by Zenotchkine et al. %
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Figure 125 SEM micrographs of alumina ceramics with (a) equiaxed and (b) elongated grains
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Figure 126 SEM micrograph showing crack in
(2) A,05-WC 1 and (b) A,04-CrsC, #%!
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Figure 127 R-curves for the monolithic SisN, and SisN4-BN composites containing 20 vol%, 30 vol%
and 40 vol% BN 22
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Figure 128 SEM micrographs of crack paths, obtained by indentation, of (a) the monolithic SisN4 and
(b) SizN4-BN composites containing 30 vol% BN. Arrows in &a) indicate grain bridging while
those in (b) indicate BN platelets **°!
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392 -

FULE, T EAR M M T RN A5 1 B

® 42 %

RAEMRIR ISP & 542 K W - i g2 2]
L5, fERmALY BHE L, Mo Bk
VENMFEA G R A T BN 35 BB AR I 5 1 A
7 1 ) T DA S R BT Mo R R
A A S

& 132 (a) AXEARREHI % Mo )
Al,03-Mo & &R RHI] CHRREREAT N 43 211
ff gk~ RS M2, ORI 23R T e T LA @ i faf
WAL T M EAUG AR, &REREM
B W R T BERE Mo & 238 K 3w, X
e S AR AT LU R T Mo 2B AR . & 132 (b)
O TR R R-IZE, LR R R AT
Mo & &K F] 20 vol% I, E&HRHE Rl
LA B X T 3R AR 255 181 132 (a) 1 (b)
A PAFEMN: 75 Mo & &1k T 20 vol% i, Wik
T AE A4 i m] R ER T AR T Mo i
FLPEPEIZAS, 1 Mo & &0 20 vol% i R—ph
LRI N RZ AR T Mo FURLTE 248Uk v
HX IR (MrEzIX) FIMrEz R o

6.2 WX 1EH)
6.2.1 AL X3 #8) — AL MR E

K] 132 FTRsEI Il RAMA AR 7~ T 4P 50
R B E P SR T T R, sk B
WIS 7 Jf M P B I 1) 5 — B AL ] o A T AT
B3], £ Mo S &5 T 20 vol% I, WL mfe

@

-~ ]

&l 131 Al,O;-Mo & & B R4 T 112 &
LR T B AT B Mo BUAL -
() RERLHER; (b) b7 0B
Figure 131 Stretched Mo ligaments (cf. arrows)
bridging the crack faces as observed on (a) the
crack profile and (b) found, after complete
crack-face separation, on the fracture surface of
a Al,05-Mo composite 2%

e v T e 32 R T REURIm BT Mo RIORL PR T AR . AT AAE B, Mo UKL IX A B8 1 T AR 25 1

(a)

llllll!llllll[l]l'[lIlllll

60 vol% Mo

40

Load /N

20 |-

15
Displacement / pm

0 5 10

(b)

K,/ MPa-m"2

12 T l T l T ] T [ T I T

[}

1.9

1.2

0.4
Crack extension Aa/ mm

0.6 0.8

F 132 47 0 RN H ALOs-Mo & & Mk (a) FHR-H & (b) R—ih &2

Figure 132 (a) Load-displacement curves and (b) R-curves of Al,Os-Mo composites measured

with notched specimens 2

3]



% 5-6 (HR#FLAMEZE) Advanced Ceramics, 2021, 42 (5-6): 287—428 .393.

Damaged zone

Well-developed zone

AKg

Partial zone

Frontal zone Damaged zone

A 133 d BRI REE
Figure 133 Schematic of process zone toughening
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Figure 136 Two-beam optical interference micrographs of surface of notch-induced crack in CT specimen of
Mg-PSZ showing surface uplift associated with transformation-induced dilation at (a) notch and (b) crack tip.
Each fringe represents height change of half-wavelength of light (~ 0.25 um). Broadening fringe contour pattern
ahead of notch measures transient evolution of transformation zone. Width of field 2500 um. (c) Raman
spectroscopy signal as function of scan distance from crack plane at intermediate location between notch and
crack tip, indicating strength of tetragonal-to-monoclinic transition ¢!
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Figure 143 Load-displacement curve of a controlled fracture test *")
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Figure 144 Effect of loading rate on the measured R-curves for Al,O; "
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Figure 145 Effect of initial notch depth on the measured R-curves for AlL,O; ™
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Indentation Indentation toughness, K,c / MPa-m*2 Weibull parameters

load, F /N Minimum Maximum Average Ko / MPa-m*2 m

Soda-lime glass

4.9 0.56 0.98 0.85 0.88 12.1
9.8 0.54 0.90 0.77 0.80 14.8
19.6 0.52 0.88 0.75 0.78 13.2
49.0 0.58 0.89 0.75 0.77 14.4
98.0 0.44 0.88 0.73 0.78 11.2
AlLO;-TiC
49 3.23 6.53 5.04 5.4 7.22
98 3.87 6.85 5.29 5.6 9.23
196 4.23 6.71 5.46 5.7 11.52
294 4.28 6.64 5.70 6.0 11.35
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