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Fracture Process of Ceramic-Metal Functionally Graded Material
Under Three-Point Bending

Keiichiro TOHGO*® and Akihiro HADANO

*$ Department of Mechanical Engineering, Shizuoka University,
3-5-1 Johoku, Hamamatsu-shi, Shizuoka, 432-8561 Japan

This paper deals with fracture process of a ceramic/metal functionally graded material (FGM)
under three-point bending. The used material has a functionally graded surface layer (FGM layer)
on a stainless steel (SUS 304) substrate, and the FGM layer consists of partially stabilized zirconia
(PSZ) and SUS 304. In order to investigate the fracture process of the FGM, three-point bending
tests of rectangular specimens and numerical analyses are carried out. On the three-point bending
tests, crack initiation and unstable crack growth occur on the FGM layer, and the crack is arrested
at the interface between the FGM layer and substrate. Then, the crack branches and both crack-tips
grow stably along the interface with increasing deformation. After a some amount of crack growth,
the both crack-tips are arrested, and a new crack is initiated and grow into the SUS 304 substrate
ahead of the initial cracking of the FGM layer. The finite element analyses taking account of
distribution of a PSZ volume fraction and plasticity of SUS 304 phase are carried out for each stage
of fracture process. Based on the numerical results of the stress intensity factors and stress
distributions, the fracture behavior of the FGM is discussed in details.

Key Words: Functionally Graded Material, Fracture Mechanics, Finite Element Method, Ceramic-
Metal System, Fracture Process, Three-Point Bending

5.%af,§ﬂ4@@@$%%%%u,ﬁgﬂm&
1.4

il

FoDIE, UTFOZL2EET HBENRDS
BRHEAEFBIEGM)IE, FHEIORSIELILE B % H T (DRSBTS U RGBT SR RO IIL
CEMNCELEEBIEIC LD, WEMBB WG CRITTENORA

M AR DRER - WRREEEES & LM (QBES)FD FGM ADIR. FGM 1 O S ROMWIH

BT, £HEOSBTERINTLWSOO fFiziZ, HZEINT A—5 ORI LB 2T A—FITRIET

THRO—FOXREANET I v /A, BESREELD BFORE

E51, MEELLIRE FOM 315 3 v 7 AR (FGM FOBIRBS, BB, BRI 2R

ORI - TR - TR E SROEN, Piteg — EREIHORME.

BL, 7D, BUSHEBITESMEERD, Tt (DOEFBRHED LRI L T, FGM OBBHER

WEENE, MALIEEToEp0—F >/, £ B EOESMBERARINL RS, RAHERO
S3yrRESBOBEREADERMIEENTY  EEEICDES T, EREHEDRTE 2HRAOM
20, ZOMOMEHEEBITHEME S L TRV DI ROFTHNTRRIY, QOBENFOIBAITEL
i, B BUEN E OBEATO0, BHE - Tk, FGM iZHBV B EREMEHITHNTH, EH
T OB ET® Ot 3 BiEaRE % i R OB S & RIS HIERREIC L DB S NS
ST BEE B, REMEFEOGRLLET — RERREABIEET 5 oo an® @,
H5. FGM HOZRIIH LT, HEORE - HRIWAR TO
FGM 1Z, Wik, pﬁﬁ(ﬁ:j]f;’ga)%;gﬁﬁ, BEY IEATERERE K OFFTATHN, KIZKIEFTEMOZ
SIS, BONEY, MRS EOREREsRs  FUERINTLIOO. XX, FHSRD, €I
HROZICIS U TR 5 IR T o Y T ART OB Ry 7 ARICHBL, SR
BH R FARERIEML TN D FGM FARF DR

*ERRA 2003427 A 8 B.

1 ER, BRAS T4 (B 432-8561 SRARTL 3-5-1). REROMIT LD, SREHEHEOHBEIER RS
* A AR (R XX F () (2 432-8611 EMTHEE HRR I3 E AT TR & 2 BUEM A B T OB
1T 300)].
E-mail: tmktoug @ipc.shizuoka.ac.jp EAVWTRRTERZLEZREL TS, NS5O
—124—

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

7 3y 7 A—ERBRERRIEATE O = A& IC L 2 HEEE 125

B3, NI FGM OBIEREEIC b IEERE &
FARICEATESZEEZRBLEZHDOTHS. 3D
FGM HFOBEREO I ilL, FGM DOREEREEI DM
BEIUREFMZTO ETHBODTEETH 2. BER
MO EFET SBWHELHFEO—DELT, HBERM
BOBMYICRANZERVWSHENLSHVWLENTVD
N, WESEEOSMITHL T, EREBET N D
HDVEREENETNVERALEFRENREINTY
BN ULal, BEREOSMIT, EEWIT,

%D FGM DERICEIDEREINZIREHDTH D,

EREREOEBICEID, EROTFRETIINOZYM
MBASMEARD, X 5|7 FGM OREREFH ORI, &
ERMERTEEIC 2D D EBhNb. LI A0, I
BIRFZEICLERT, RBMEOAF ORE#E =5 5 ERE
HEEZDBRNOBNERTH S, BINEFELR) T—R
Ao ARFRMIRF R EE2MWE FGM £57 )V #
BHIX T B ERFIC ), 53397 A -&E%R FGM
XS B EREICTCONFEINTNS.

KRETIE, MORELINIAZTEAT L AHM
MERBEIIVvIA—LEHR FGM IZDWT, g
BB O = TR Z T, CCD AATITE
LWERROEE, BHOEENETEMERZR L
OB ORRBREHTICLD, Fil FGM O
BRI DONWTER L.

2 MEMHEERRAE

MERFEHT 3mol 7w MU TESRERS NV IZT
(Zr,0,-3molY,0;, PSZ) MR ERT L A
(SUS304) ¥3K#%E 10:0, 8:2, 6:4, 4:6, 2.8, 0:10 D
HHEEIGICEAE, HIP SEETHEINEZBHOT,
%) 0.75mm DIEEE(100%PSZ—20%PSZ) & SUS304

©

#(100%SUS304) 585 FGM THhH. K 11T =i
TRBE OBIREERBOFMERT. EHEI PSZ
HREENL T I v I ARED 100%) 5 EHRE & Hi
FED 20%FE TEREMIZLLTB0ZEBER>TWY
5. 2 i FGM D% @ O AR D F AR E 7Y
8 (SEM) ICE2BEHEEZRL TS, 100%PSZ
NS 60%PSZ BIZHB W TIT SUS304 KiF7% PSZ < k
Uw 7 ARIZTHEL, 20%PSZ BMnS 0%PSZ BIZH
WX PSZ KT8 SUS304 < R U w7 ZdIZ 8L T
Wb, 72, 40%PSZ B TIX PSZ 8 SUS304 HHA4HE
HIBBLERBER->TWS, I2bb, FGM @
MARARARIL PSZ RER OB E EBIZ, PSZT U v
U Z DM S SUS304 ¥ N w7 2D S
LTW5, /2P, SUS304 HIZR 55 Z28RDEIL,
HBEHIT OOy F oI L BHERPATHS.

ZHEETERIL, M1IRT D7 3 KORBAIC
D2WT, BRRKEFTIZ7O0AAYy K+ ZE—R
0.05mm/min TiThN/z. MBROM, MELFHELALT
ProBEfRE R L, BEBEORTFERBRAFAIEL D
CCD AAZEBELTETAICERL, HEIZEEHET
BT EITERD, HBRE, WEBEHEFTELLO
L. ¥/, BEOBR%E SEMIZLDITo k.

SUS 304

"l
[/ 20%PSZA0.15mm \
4 [ 40%PSZ]0.15 mm |
3 FGM layerf\A ‘ 60% PSZ | 0.15 mm j
S 80% PSZ | 0.15 mm
G - T\ ]

» 100% PSZy0.15 m
W=5mm S=16mm ‘

Thickness B= 1.7 mm Details of A

Fig. 1 Specimen geometry and details of FGM layer.

®

Fig. 2 Microstructures of FGM layer.
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" (a)Stage A

(b) Stage D
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Fig. 3 Load vs. load-point displacement relation.
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Fig. 4 Fracture process observed by a CCD camera.
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Fig. 5 Micrographs of fracture surfaces.
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Fig. 6 Numerical models for each stage of M
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Fig. 7 Finite element mesh.
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Fig. 8 Load vs. displacement relation obtained by
FEM analyses.
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" Fig. 9 Stress distributions along the center line of
the smooth specimen (Stage B, oy, = 707 MPa).

Table 1 Stress intensity factors of the cracks for each stage of fracture process.

Stages of fracture process E F
K, (MPaym) 29.0 7.86 216
K; (MPavm) 8.64 -
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FGM layer

Plastic zone

(a) No crack (B in Fig. 3)

(c) Branched crack (E in Fig. 3)  (d) Cruciform crack (F in Fig. 3)

Fig. 10 Plastic zones for each stage of fracture process.
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Fig. 11 Stress distributions around the cracks for each stage of fracture process
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