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Influences of crystal orientations and grain boundary
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Abstract

Fatigue crack propagation in a polycrystalline Ni-base superalloy was experimentally investigated at room temperature. Fatigue
crack propagation tests were conducted under a constant AK condition to clarify the effect of grains crystal orientation, grain
size and grain boundary, employing CT specimens with different grain size and grains orientations. A series of experiments
revealed that crack propagation modes within the grain were roughly categorized into the shearing and opening mode,
depending on crystal orientations and grain size. Crack propagation rate in the shearing mode was affected by the primary and
secondary crystal orientation of grains and its fundamental mechanism could be explained by the findings for the single crystal
material in our previous study. The crack propagation rate in the opening mode was affected by both Schmid factor and Young's
modulus, which increased with reduction of the crack length relative to the grain size. It was also found that the grain boundary
caused the crack retardation depending on the crack propagation modes in both grains across the boundary. In case the crack
propagated in the shearing mode in two adjacent grains, the crack retardation became more pronounced due to the discontinuity
and transition of the crack planes.

Keywords : Polycrystalline Ni-base superalloy, Fatigue crack propagation, Crystal orientation, Grain size, Grain

boundary, Crack retardation

1. #

Ni B E 405 & ZHERFEINC OV UL I N E TIZE < OIFFENRTHhIL T X 7= (Krueger etal., 1987, Telesman
and Ghoson, 1989, Okazaki et al., 1990, Lerch and Antolovich, 1990, Henderson and Martins, 1996). Z 15 OAFFEDIF &
A BV, BIRTOREEZHEREZ MG L L2bOTH Y, 800°CLL LD @Rk CIE, & 24T A fhlC T 72 % B
A% (Model) THERET 2 Z & (Telesman and Ghoson, 1996), D& & OMERME LI XZBAANZEE L%
WS TPEIAREHIPHAK (IR, 1994) X° T FESME (LA, 2005) THEIITE 5 Z LBHLMNTR>TND.
LL, EEOFELRHETH DAL — @it T, EFEOWNEmEAREREOMLIZ X > THEIFLE
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WECDBUSHNREL Y, ¥ — b s (R A U D RIEER COBE T & 2 Ok LIZ X D7 & 24t
BLEEL RTINS, FEDIIINET, MM 255U Lo BR ToREy & 2JERRBR TV, 20
BEECIEEZIT RNV EIZR T AR CHEE L, oL & oERHE ITARN FN & 2R F RO
B ALIZR <R 5 2 & (RO, 2017), H AW & S oERERE /)13 & 28 IZIEN 5 30 ROIGE &
TEREMIZFM CX 5 Z & (Sakaguchietal.,, 2017) ZHI NI L TE 7. RBFETIE, b OEEEMM ORE
AT, ZAEEM ORI T & ZLER AR LT & RS RIR 5 2 D BIZ O TH LI TH &
R E L.

—HRIZ, SRR B O I & ZERIE, A L ARSI 2~3  BEREICKET S ETT R HEIZ
Wo CTHANTRICHRETLHE TR L, ToRAMEICEEIZHOAE Mode 1) THET HH I B S
N5, NiEBAEEOZREMMITE ORIKIED 0.5~%% 10 mm & IEFICRE L, FMmEICED £ CThEdLkE
WTOH BRI ZERI L, SRDERT DREERLO SRR OFEZRZIT 5. oM
%, Wb HAEERRE N 2 HOBIE L LT 1980 D5 WL DD DOIF N e ST E 7. 21X, Tanaka
5 (1986) 1%, Mt AAHAALER 2 VT E MmO TR BRI L > CTHIESN D HIET XY HET
NERREL, BUNEROERITH SRR MZ T IOV TRF L7z, £72, Zhai 5 (2000) (X, 7=
U LHEENRE LT Co X EMEREH A RFI L, SRHmORQULNANKE WA TIIEWE DS
Iz SASRENAE U D Z & 2B BN L=, UL Tl Schaef B (2011) 723, Zifdnfb S ¥72 CMSX-4 Z x4 & LIzi%
55 & S RRBR 21TV, VYT X Z L BRI & D 3 IR BRI OWTHRE L TWA. Lnl, %
FEERAIC R D & S E R R EN L, X AIRAMLE T DAEMRRLO L, EFHE S L RSB OFRHE, B
9% 2 DORERLD FAL 7278 E DB DR - INEMEIHE A 5 T2, FERIOLBMRIIEE R ECHD. FnZ
NORFOEBEERNZHH T 57-9121%, AP ERT DRSO FAOR R 2RI L S E
TV, ZZERT o2 A2 EMICBIE T2 2 EREMIEEBE LN,

AHFFETIX, Ni EHEAESZHE M ORIR TOR Y & ZUER 2RI L, ffANOR bR 722 & O %0
K252 5B % ERPICGGHIT5 Z &2 HE Lz, BAREIZIE, — 7 mEEEM MGA1400 705, fbdh)T
REOKIFRN L2 D 9 KD CT RBR A 2 1ERL L, SRR TS In AR BRI — 2 4ok O oy & 2R 217 -
7o, FEERIN T 0 & S R EN S KIE SRS SRR O TR R OB E MR D & L big, KikIR To xR
DEFEHETN SOV TELE LT,

2. R BR A &

2-1 CTHRBRADO/ER
AT NI B B & — T REEEM MGA1400 TH 5. BRigtbf OFMBLIEH LB 2 X 11RT. X 1(a)ioR
TR 9IZ, I MEEEM TR S FRIZR[001] 5 A0SR L7 #5E 7 IS fE RIS R L TR Y, $RiE T m D3
AT U TR RRRIEE S 72 5. MGA1400 DAL 2 2% 112, U2 X 2 (TR, yREM O 220NN
KR Oy FREESGHTH LIk CH Y, Mifl L & FCCHEIEZFE2. v HTHFHOBRRERIX 56%, ~HEITK 0.5 n
m T&2 (Okadaetal.,2004). ¥ matrix
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Grain boundary

Fig.1 Casting ingot of MGA1400. (a) Overview and (b) Schematic illustration Fig.2 Microstructure of MGA1400. Cubic
for how to extract specimens from casting ingot. Bi-crystal, coarse grain shape y’ precipitates are periodically
poly-crystal and fine grain poly-crystal specimens were extracted. distributed in the y matrix.



A
Table 1 Chemical composition of MGA 1400 [wt%].
=== —— -1

Ni | Ccr] Co|Mo| W/ Tal| Ti | Al others _@L
Bal. | 14 | 10 | 15| 43 | 47 | 27| 4 | C, et . $4.0

W=16
20

19.2

B=1.0

Fig.3 Geometry of CT specimen (unit:mm).

Table 2 Summary of CT specimens employed in this study. Average grain size and grain orientation are also indicated.
IPF maps of the specimen Bi-1, C-1, C-2 and F-1 are shown in Fig.4.

. Average grain . Crystal orientation to Crystal orientation to crack
Specimen . Grain number . — . ..
size [mm] loading direction propagation direction
Bi-1 13 ) <100> <110>
Fig4 (a) ’ ® <100> <100>
. <100> <100>
Bi Bi-2 213 L
crystal ® <100> <110>
@® <100> <110>
Bi-3 21.3
@ <100> <100>
C-1 @) <130> <130>
. 114
Fig4 (b) ® <140> <140>
) <430> <430>
@ <100> <100>
Coarse C-2
orain Fig 4 (c) 3.63 ® <140> <140>
@ <230> <230>
® <430> <430>
<120> <120>
C-3 2.98 O
@) <430> <430>
F-1
. 1.22 - - -
Fine Fig 4 (d)
grain F-2 1.32 - - _
F-3 1.44 - - -

B OFFE ST TRE RS L OATREN S CT B 280 H L7z, SBRh oul L2 1(b)iZ, CT
R OHEZK 3 1R T. K AOIWRT L DI, BaEdm & BmE 2w bR TR S D CT BB (F-1,
F-2, F-3) LHKITHER SN D CTRBRA (C-1, C2, C3) 3T HUI L. F7z, PRddm & AT
BTN 2 DORESRITE T THERR S 5 MGE A CT B (Bi-1, Bi-2, Bi-3) & 3Mf/ERIL7Z. WFho
RS, FEARICHRIET FIZIIAESRIR 25 F 7. W - BRI K VRSSO T 2B L, FTE R SbhL
W2y FHRIGPALET DL DI A VIEMTIZ T, v F 2T Uiz, /ER L7238 04 Frdks KL ONEERL
BAEF 2R, RO EICITmEEE &I, 1994) AV, R0 5L, BiRoX 4 O IPF
<y THOF ST LG LTS, K4 IZREH L COZRWERBR A ICOW T/ v F a2tk 2k, KR &k
T EDORERRIERI@ & LTe. FT-, MR IXRLOEN LN 20, fEGhiE 5 OFLiIE LT\ b, R 2121,
ZNENORESRIZ I T DA G OREEE AL (—IRIAL) & EEOERIT MO (CRGAL) b OFETRE
L7 DURCIE, Mkl Fiaamiimo I 7 —i, SZERSTmO I 7 —EROIEICGER L TRTZ L
LT 5. Bz, ARARDN<I00>HALE 720, ELERSFB<110>FL & 72 D2 <100><110>k% & KitT 5.



2.2 EHEHERSR
CT &RBERTIZHT L, K&« S|IRIC TRy S ZGERRBR AT o 70, BBRICITESIMTE g 57 R (B AT
10 kN) & 7=, Sakaguchi & (2010) 23T 7= Bk & kIS, RERT OmAN T R~DLER % P35 7=
D, MR Y 7 TRER T A A R, B L THuR LANE 5 2 7. BB ERIE TV, RN
DB WET DO EIT04 & L, Mu UEEIX 10Hz & L=,

T ) v FIEETOUA VREBEBMTLICL 2B EREZEE L, M »FITBIT5AK 2 14 MPam!'? & 72
DR UM EEAM LT/ vy F N HH 05 mm O FEREEA LRI & SEREREOFHU 2 BI4G L
7o, ABHPIIE AR SICADE T ELAZHIR I Y, SHEIICTED L TISDILRAEEPIAK 25 15 MPam!?
T—EERDHEIIC L. Zhicky, SZEREN 12 —EIROZENTES. AK OREIIZIEL, ASTM
E647-08 (2010) IZTHES N TWHLLFORXE W,

_ AP (2+a)

B W (1—0:)3/2

0.886 +4.640 —13.32a? +14.72a° —5.6a*) , a=alW 1
(1)

Z 2T, APIIMWERE, BIIEBRA OIEE, WIXMTEED LRGN E COHERE, o IREIHESITHD.
R, TN A e Aa—TEAWTEHEIZZFOHEER L. £, —EVA 7T LIS e+
Wrl, &&cinzatmmiosies Lo, Ui TR A £l o SEM #1223 L OVEBSD #7417 > 72. EBSD 24T
I% TSL % EBSD %5{& 2 v, JIERIFE 2~5 um, KIFEEM S°LL EOSMETIT o7z, D%, SRk 2=,
SEM | X Hffm@lEi A 1T -7-. F£7-, SEM D& SFHIBERE A L Chkim o4 2 17E L, EBSD THIE L 7=
BRI A A T — A ERAE LTI EHEFEE L.

3. R B & B

3-1 ZHOERBELWE

F2ITRLERF O CTRBR D 9 b, RFEFIE LT, MENH Bi-1, MBI C-1 & C-2, #BRitf F-1 D328k
FEREX 41T, BB R CHZ SN S Z R A IPF ~ v 7 RICRRA LK, KinE5E, =Z4bERE
A ETICA_NTORLTWS. S AOEREIK IR R ORK 2 50T, EmOKKEsBAaTRILLTWD.

Pk EaES Bi-1 OARGFIAIE<100> 50L& 72> THEY, IPF ~ v 7 ORI E ZHER T OGN T 5. 7=

FRIAA C-1, C-2 & HBRIAS F-1 1 XA A 0] & & R 5 m Ofb & HALIEE—T IPF < » 7 OAIEE O F AT
5. B, WEOAM T ENTWAENEL FCC 2RO ET D2 TH D {1110 madER LZEhcho,

AT S TORWEFTCIXZE OKE Sy N AW REICER L., EREED 7T 7 Biaid, biRopEsrs
7% E Ny T T TORL TS, FESERLR OREN L & ZUEAR O MBI SR U EE L= CTHN D SE L
C, Dugdale E7 /L (Dugdale, 1960) [ZH-2 T & 2UEBMIE-HEZ LT oA W CEHR L7z,

2
_F[ Ky
wp_S(GYJ @

Z T, KIFE— RLGTIERIRE, oy IFRRIETITHD. Ni AT L > TRIRIS IR 5720,
HLAE AR, CMSX4 1D<100> 517 & <110>J7000 B 5 iR AR 2 I 72 & & D 0.2%Ii /1 O 950 MPa (Kagawa and
Mukai, 2012) Z[&RIES L LT, =027mm & L, KRR O 027 mm 24RO E 22 7 Fil & Lz
FTARCORBA CERTRHERRNZER L TRV, MR EEERIIR N7 BB RmNHBIZE SN
5 ZENTT RO > T2 AW CH - 72, Bi-1 OBk Fm CHlE Sz 22 SEM Hifg %X 5 12T
INERDE, FEUTREEF{INLEICH S TYfETAR LR OER L TWAD Z ERnbns. L, ikm
RS E, BRI CIX AR RE A w2 B OB CHE R L QO b £ < b, C-1 R F-1 TilEt A
EOMEICB W TR ORI TR L (X4 20).
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Fig.4 Crack paths, fracture surfaces and crack propagation rate of (a) Bi-1 (b) C-1 (¢) C-2 and (d) F-1 specimen. Crack paths are
drawn on IPF map of front surface. The detailed fracture surfaces of the specimen Bi-1 and C-1 are shown in Fig.10 (a)
and (c), respectively. Hatched area in the crack propagation rate are corresponding to the regions near the grain boundary.
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Fig.5 SEM image for shearing mode crack path observed on the specimen surface of Bi-1.
The crack propagated along slip plane cutting through the y’ precipitates.

£, BEEA Bi-1 OMERRREE ki (K 4() 12 LU, RRFToki@ (<100><110>60) CTHEAIIZEBWT
AR CHERR L7-. B2 ORI (<100><100>41) (23T b AW KB 7Z 5 7228, KiFURrfEClig A
W & B ORI 2SRAE LTz, ZAUSKE L CHBIAT C-1 (K 4(b)) T, BB Ri2iEt AW Ok 23 5 £
DM, 1FEAEOEIBARICTHEER LT\ e, £, R C-2 (K 4(c) TiE, / v F ik (<430><430>
b)) TIXH AW CHERE LT ey, [8 CALICEL R L72Ri®) (<430><430>H7) CIEBA 8GR L Cuve.
Wit F-1 (B4 4(d)) TiE, C-1 & RERICHREICITERDHNCE AWTRIORm A 5N D0, 1§ & A ENB N kR
L Cu =,

FHE O, BRI NKH-304 72> 558 i O— R 5L & " IRIFALDN B 72 5 <100><100>, <100><110>, <110><100>,
<110><110>DF} 4 FEHO CT B 28900 tH U CERIE TORYy E ZHERRBR 21T 57228, T ToRBRA Iz
THAMTCHER L2 (RO, 2017). 7z, HAWTEZRD 3 KTk 2 BEL U7 fEsh BT X -
T, <100><110>TOH AWHRMERERE) /) 23 i bR E <, <100><100>—<110><110>—<110><100>DJIE T/h= < 72
5HZEBHBLIE Ao T D (Sakaguchi etal., 2017) . X 4 ORI & el 2 &, B AT OFIA 13<100><110>
B (Bi-1 ORID) TEL, <100><100>ki (Bi-1 ORiQ), <430><430>Ki (C-1 DRiB) DNEIZIEL 72> TEY,
HfEanA NKH-304 TOH AW & ZOMERERE) SO & BB LE—H L TWaD. LL, FRCHRB clgx
NP NBICHER L2 @b 2<, BUERAM S I3ERN R 5. ZiuE, MR I SRIN O3 E 0 kb
ERLIC R E 4L, FINTOZEEROT RO BNl SN2 ER—REB2 6D, Fo, R THWZ
MGA1400 & HifEsaAt NKH-304 Tl yHr D OTCIRSAFER N B2 5728, & ORI OEWITER L7222 E
BHIOME b ERZEBICEEL 5212 E2 N5,

3-2 EWHEREREE

AL TIL, AK —ERBRZAT > T\ AT, o+ — P IEREE T —EThsb. LirL, K4nx
SHERSEIE D7 T 7 % D &, EEERT DGR O AR SRR DR B A 2 CHERR LI 1.5X10°~3.0
X 10%m/cycle D#EEFHCRE S LB L7=. F72, FUKNZ XN ERT 55 LERBEEOLEEIIRE V. 40
DFEBRTIE, ZERI5FFEE 0.85 um D A — L Lo R W T Z A% 100 pm DL U7- & & il s 2 34T 52
WL TWA2, FHIRRZEIT 1 %L FTH Y, EEREENFHANCEE T2 2 L 20 Ok E o & SR
ThdEEZLND.

FT, WG Bi-1 ORI 2 B CAhb &, R EOMERIERE T, BRRTOROCRLI % ORI@DRINT
DOHEEE L VKL o Tz, E 72, KN TIIWS R b AW T 2R L7228, #REE TR (<100><100>
k) L0 HRD (<100><110>K1D) DIE D WEL Rotz. ThUE, HAEMICIT 5 AW & S0 R Rk i
FALEAE (R A,2017) SEAA—E L TWAH. X, MKk C-1 TiE, ZZITRO (<130><130>h0) &L
@ (<140><140>%7) D 2 SOFERINZ B ORI CHERE L QU ad, RI@Q TOHMERSHENC0m < oo 72, hifur
PBETIIETOEREEDK TN R SNEA, Bi-l TOZFN LD L TOREII/NSV. C2 TIE, BHITS
ODREIRLZ TN L1273, R@ (<140><140>) TOREREEDOLEENIEFICRE V. Uk, KNTOE
Doy« JRINZ L EREPHEBEICE DD Z LT, RN EFEOICEIE L2 2 &R0, WENTND O/ &
HEDOHBUZ L > TR L7z 2 SICRFRT 5. HBRISHRES F-1 T, 9~10 EREEORE SR Z Bl 08T & 40



HERR U727y, WGREEA-SOMRIRS & LD LR EE O LB/ SV IOARIES 2 . (F2, F-3) 2BV THIA
RO 2R LTz, RINOHERIEE O ARFMEIZ OV TR 4.1 #iT, R CTORBERENIZ OV TIT 42 HiTH
£21%.

4 = ®

FARIN T D & ZOERTZRE & R L IR ARLO HAIZ R ARIE LT, E7o, KRR TIRE RHOBIENBIE SN
Tohs, T DOIBEDEE VNIRRT ORGSO TN & BIE R B o7, ARETIE, RN TO &Rt LR s
DEFEEFSONTENENBLET 5.

4-1 #HERANTOEFEREREE

RQ)THEM Lo FUEHkIc 55 < &, MR CIXRE LS 50 & 2V E IR A I A LE L TR,
KINEZHER L LT D 2 SIXE0 T, 207w, MEMR & R OFF 6 A OB T o & SR 4k
Witk L L TEET 5. 6 i OFt 11 A OSSN CHIE S 7= T & KR OfE s iz £ &
TRIIIRT. T T, PDIFCE > TEREENRKE S EH) LRI ORE TR DR 2R LT
LA ERANL, FEERRIN CRER OB L Z T PITHER U722 T OB ICE LoV A 7 VTR LT Tt
HEAZRL TS, F£o, SARTAWE L DA TR LESE %2 000 Cildli L T s,

(a) FAMEEZRERICRETHREMOFEOEE

F9, AW TR U7c 5 EORESRIN T O RERE 2 i 95 &, <100><110>K1 COHEREE 3 R b
K&, DUT<I00><100>hE, <430><430>hi COMERBEED /e 72> TS, 328 TR L 212, ZDJAE
FelXHAE A C BT 2 BRKOf, 2017) &—EFHLCTW5b. %0, ZUEROT— R 1RSSR RS P
MEILTH-TH, THLETNYEHOBLEIC X > TEAWRL O REFE 3SR RIF RSB, kAT
RONTHRIE SR ORIN TOR AW S ZLERICFOFE F U TUIE .

(b) BAOR=ZNERICRFTHRIBSLOEE

DX, IO CTHER L7z 6 DORSSRRLCOSEHE RS 2 b3 5. B O R E R R 2 i S 5 6 CHEBL L 7=
FEREZX 6 17T, D 6 DOREEERIE, WTILb AR SN & EEERG M OMKRFANRFE T THY, 20K
NVEK 4 R OMRR A O FIALET 5. X6 TIE, Wil X o 0 TR SR D 0L Z R, P50 s
e U CHEREE A 7 ey b L. £, TRENORER DY 2 2 v MNATEH AT, MR E R
THETRL TS, ZThaide, Yoy METFRRKE 72 5<130><130>H1L (C-1 DRiD) ToOHREREEE
DIRKIZIR - TR, <100><100>HAE0<110><110> 507 ISV E SRR L 13<130><130> 500 L D /S0,
L7735 C, FEmRL ORI EREHE IR ERPEL 52 TNDH EEX6N5. 72721, <100><100>1Z
WAL (Bi-2 ORIDRC Bi-3 DRI@) & <110><110>ZUT W FHAL (C-2 DRGSR C-3 ORiD) CTOHEREE & Lhlg

Table 3 Average crack propagation rate and crystal orientation in eleven grains. Here, the average crack
propagation rate within the grain is evaluated excluding the rate near the grain boundary.

Fracture Specimen and Average crack propagation T Crack propagation
: -8 Loading direction o
mode grain number rate, 10 [m/cycle] direction
Bi-1, @ 2.20 <100> <110>
‘ Bi-1, @ 1.50 <100> <100>
Shearing Bi-2, @ 207 <100> <110>
mode
Bi-3, @ 1.67 <100> <110>
c-2, @© 0.877 <430> <430>
Bi-2, ©® 1.10 <100> <100>
Bi-3, ©® 1.39 <100> <100>
Opening c1, @© 1.52 <130> <130>
mode cl, © 121 <140> <140>
c2, ® 0.814 <430> <430>
c3 @ 0.977 <120> <120>




T5 L, HEHMERRED RN/ & 22<100><100>K2 TORMEN 2 fEFRERE <, ZHUL, RS ORRIEREI
K17 LTGRO B Z KM LR B2 onsd. T770bh, RNEZ OB TR 2 X Aot REE
W20, FESRRL OGP & AP R L CRB R S X I LRI SN D, 7272, Zh b ohiN & S8
BT, EZIRAMLET DREERITE T Crie <, ORI 2 & DI INEH OB ARPIN R EL 5. 2 T D
AREME L B 5. Ak, FERRIONA E T LI ARERET VIS L0 ZZULROMIE 15T A — 5 BT L,
FEERL D FNLRL A N HEREREN 1112 5 2 D B R et DM ERH 5.

(0 ZHEREEICRIFTHBHNEOFE

ATTE E C Cifiam L7RIN T & S Rl IR R B OB L Z T T D EEBEZBND. £ 3 I(RLE 11 {#
DG ERRIN O SEEHE R A SRR & A E S OMX-HEDORM L LTI 71777, oo, Mhikf o
B RO EREE L ey LTS, 22T, X7 H0 dIERBR A 2RO SRR, o 1ZERRH
LR AR LTZBEDZ ORIN TOHIRE EHESTH S, KNE T AW CHER L7-7 — 2 1ZA, BIORI it
B U727 — 213, KR O EEE I T ey LTS,
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5X10° p— ‘ i s 0.40
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Crystal orientation to loading direction

Fig.6 Crack propagation rate in opening mode as a function of grains crystal orientation. The crack
propagation rate in the opening mode was affected by both Schmid factor and Young's modulus.
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A : Shearing mode
T 4x108 m : Opening mode
© m : Fine grain
> 8
L 3x10°
e
e
@ Bi-1,D Bi-2,C
T 2x10° A___A
= Bi-3,D
c A C-1,0
2 A F1
= ) :
o] Bi-1,© m ™
. C-1,
< B2, Bi3® g @
o | c-3 F-3
O 1x10® ™1 w g
E-2

Q_ A L,—H’ 5 -
X c-2,a u
S ;
IS
| —
O

5x10°

0.1 0.5 1 2 4 6 810

a/d

Fig.7 Average crack propagation rate as a function of a/d .Here, a and d are projected crack length and
average grain size, respectively. Average crack propagation rate increased with reduction of a/d.
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Fig.9 Definition of crack propagation rate before and across the grain boundary. Here, dai/dN, and da»/dN, are corresponding
to the average crack propagation rate within the grain (D and @), respectively. dacs/dNgs and dags /dNgs’ are crack
propagation rate across and before the grain boundary, respectively.

Table 4 Cracking mode and crack retardation rate in six CT specimens. Crack retardation across
the grain boundary (R) was more significant than that before the grain boundary (R”).

. . Cracking mode in Cracking mode in RL] . RL .
Specimen Grain boundary . . (Crack retardation | (Crack retardation
grain before G.B. grain after G.B. rate across GB) rate before GB)

Bi-1 Between /2 Shearing Shearing 0.29 0.73
Bi-2 Between (D/@ | Shearing + Opening Shearing 0.40 0.92
Bi-3 Between /2 Shearing Opening 0.56 0.86
C-1 Between D/ Opening Opening 0.94 0.65
co Between (D/Q Shearing Shearing + Opening 0.56 15

Between @)/® | Shearing + Opening Opening 0.85 19
c-3 Between (DI Opening Shearing + Opening 0.57 0.83
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Fig.10 Fracture surfaces near the grain boundary at (a) Bi-1 (b) Bi-2 and (c) C-1 specimen. Transitions of crack

propagation mode were observed in the specimens Bi-1 and Bi-2, while the crack propagated in opening mode in

both two adjacent grains in the specimen C-1.
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