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Study on Dependence of Ductile Fracture Progress on Grain-Boundary
Due to FCC Tri-Crystal Model
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Based on shock wave theory one of the authors derived the criterion of the micro-crack nucleation, namely the
micro-crack nucleation is caused by the jump of the velocity along the intersected crossing line between two different
stationary discontinuity bands characterized by vanishing velocity of an acceleration wave. In the previous paper, to
consider dependence of the progress of ductile fracture of crystal solids on crystal orientations, the algorithm of acoustic
tensors derived from the proposed model was built into finite element crystal plasticity model (FEPM) and the
progresses of the ductile fracture in FCC bi-crystal and tri-crystal were analyzed. Then, the role of the crystal
orientation and the grain boundary in the trigger of the transcrystalline fracture or intercrystalline fracture in the
bi-crystal and also the role of the grain-boundary triple junction in the trigger of the ductile fracture in the tri-crystal
were studied. In the present paper, the dependence of the ductile fracture progress on the grain-boundary is examined
due to the FCC tri-crystal model consisted with 3 grains which are chacterized by single slip system, in-plane 4 slip
systems and out-of-plane 4 slip systems.

Key Words : Ductile Fracture, Tri-Crystal, Grain-Boundary, Crystal Orientation, Acceleration Wave Theory, Shock
Wave Theory
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82 AN L, SEMEASTE OMEITIC & B SRR ORBIREE DR IC SV TP 2B T 5. B OlciksnTix
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Stationary discontinutity orientation
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Fig. 1 Schematic geometry of intersected crossing between two stationary discontinuity
bands and micro-crack orientation

Stationary discontinutity
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Fig. 2 Schematic diagram of strain jump progress
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1.1 L 3 (16)
G 6 ~ Gyn 2G(31+2G)
ZZTA G iF Lamé DEE, wq~rgld 3RFMEEE, FFHMENG ORFEREGE gy 2 ETHUE, 9E
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—OTHIUTRITERIE, —obiud~A2va - 77 v 7334, 3 EHME BITIEERGEEN 0 Thiu
7T BDHVNIRA REELFHIL TS, AREICIFARER ST T V&2 AW THEROISIREEL IO
ERREZREL, EROThE CHEROBEIREZ T 5.

HIREFREICBIT 2 E0EIE % 1 EORE SRR E 72 1 TEEE OB T 1 E ORISR & 70X, FERTALIER
3590 RICESEEL I N ARERELAELTT L (FEPM) (IR — 722 T HfEaki s s 5 7
E BN OEGEARGETE, [EEORERLMEHIETE D, &5IZ, FEROREL Y % E CE SR EIO 1152001k
BZFEICAT CE 5. FEE L DO— AL, TOFEPMIZEET o YV I EES SHEEEHI T L 2 ) X L Z ARAR,
Z @ FEPM THEHNT L7251 E O T AR IS &, MAGAATZHBERHET L2 U XA X0 KR OB EREOFA
ERLTNEO, Jhebb, KEFOIEVERREEZ 78 B ERE 2 hs R 3 L OVE R G o <
WEIZ L0, WA, RTER, W& E084E, %ﬂitif4F@%E@40@V«»Tﬁﬁbfwé.:C
T, 3 DOEHMNARD D ETOHEEI MWW SN DIRREFRAIEZ Ko7 RREE S ERE L, S&FEITIRA R
DRELIZBOEHEEL TS, T772bh, RLUIDRT X ICERY: OD?EJ%% EAONTHEE, OF A LUE
NDORHEREDOF M TRy L, BIEEE L O 2R REE 17 2V 1, O3 Al E IRk 4 U (4)
THUE SNDRFTERRARIEL T T 2, OFTHEER LOOT IR R AL, X (10) THES
LwArva - 7Ty PREREE DT Y 3, OFTHEE, OTh, BAICRERPAEEL, v~/ -7 T 97

N : Normal direction of X3

discontinuity band

M . Cut off direction

U Discontinuity
direction

Fig. 3 Geometrical relation of normal direction N of discontinuity band, discontinuity
direction U and cut off direction n of wave
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Table 1 Damage levels characterized by jumps of strain rate, strain and displacement

[£] [£] [u]

Continuous
deformation [£]=0 [e]1=0 [ul] =0
(Category 1)

Deformation )
localization [£]=0 [£]=0 [l.l] =0
(Category 2)
I\Ilcm—l-:rack [£]=0 [£]=0 [I_l] =0
nucleation

(Category 3)

Crack and/or 5 )
void nucleation [£]=0 [£]=0 [u] =0

(Category 4)

Categoryl  Category?2 Category 3 Category 4

%150 |
2 [001]
2100 }
5 Sa— —_—)
£ 50 F [010]
g’ 1 1 1 1
= 0
0 10 20 30 40 50

Equivalentstrain, %

Fig. 4 An example of ductile fracture progress of FCC single crystal under uniaxial tension

HDHVNIRA RRRELREE DT I) 4L LTEBY, FO—Hl2XK4 1R, Thbh, K48 5055
FIZER L7240 L~V E BT U 1 ~ 4 TP S8, S F 0 EER, FAE, mMiisdisgt, &
ZRRA RORAEEFNEFNFR, WA, fb, REESEIESE D LI TRk L T a.

3. Tri-crystal IZE T EMEBIRDERE

3-1 BIETIL

fENTET VO E LT, £ 36mm, fiF 24mm 35 X UMWIE 2mm Ok % X 5 (2R3 551K 1728 (36x24%2)
DRFEOBETARET NV E LTz, 7285, K613 T & 91208 L7z LAEOSLA AL 5 8 o MU AR 3 TRk L
TW5., £oT, BT /NVOERE L FHiABOBRBITENZI 8640, 2775 L7225, AEfhAIEIK 6 12”7 & 9 728
— R %% Casel, N4 TNYR%E Case2, mS4T_XVFEECased &L, ZNHEMAGDOETI Il
—a v E{Tol. Tbb, K723 d Casel, Case2, Case3 DA HC Tri-crystal &7 /L2 HERk L Tk
PR R DR 23k A7z, 728, Case 1~ Case 3 OfEds 7L (Euler ) 35 10O Schmid £3%& 3 2 12~

8IZK TR A THARDEIZET /L% Typel, Type2, Type3, Typed 3%, Typel & Type3, Type2 &
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Fig.5 Analytical model shape

Fig. 6 Synthesized cubic element

Table 2 Crystal orientation

Crystal Euler angle, radian Schmid’s
orientation @ 0 % factor
Case 1 /5104 /4 —m/4 0.5
Case 2 /2 0.0 T y\%
Case 3 /2 —7/4 7 %\/3
Caie 1 Caie 2 Caie 3
[001]

(111) [I170]

9
[010]

[001] [010] -

|

|

T

Fig. 7 Slip directions of Case 1~3 crystal models

Case2 | Case3 Case3 | Case2 Case2 | Case3 Case3 | Case2
/asel Casel Casel Casel
Type 1 Type 2 Type 3 Type 4
y

Fig. 8 Tri-crystal models
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B Plastic deformation Localized deformation M Micro crack development Bl Crack and void development

(@) 7% (b) 12% (c) 14% (d) 17% (e) 27%
Fig. 9 Ductile fracture progress of tri-crystal model type 1

3-2 Tri-crystal OEMSBIRER & ERAROREE

AHECI Tri-crystal O FEMERREEE R (2 MIE 3 HESRL R OB B L Tt & ik 7z

9 (Z Hidih5 [BRERT DN 2 S OF L IEMEOT HM 7%, 12%, 14%, 17%, 27%\Z81F 5 Type 1 OIEMA:R
R Z AT, 7ok, BIRAMIIRAIEN THZTHY, ’PERIT 20 FICIERK L TORL TV A, X 8 XAk L
7o 17 Y 1~4 T U258, ©F 0 BIHER, RTER, M & &84, ER/HORA FREEZZNENEA,
it fkf, JREEEIER T LICEaMT TV, 228, X913\ T Case 3 DFEIK CRbhI T BTttt
U SN ERIIREEEE TR H 2 EHE TH S, £, MR EZFAOMTERL TS, Z0D
FER, F£9 Case 1 OFEIE CHEAL L T D AESRIAUSIS » CTRFTER, BiRE & NER L, #H48E0T 208 12%
DT XZIRRA RAFAELTWA. F7-, Case 1 DFEIRNHHAE LTV A XZIRAR A A5 Case 2, Case 3 DFF
Bz LT 2 e i3 <, Case 1 OFEIRIN T J51A138 KOV i O FEE7 7] 0 [ 5 [N ZAEEAk )
BLTW5.

10 |2 Type 2 DAEMERGEEHERR 2 753, Type 2 DAL Type 1 DIFERE L CW BRI 2 ANEZ D & L BT
Case2 & Case3 Z ANEEZT=HLDTHS. Type2 & Type 1 DIEMEREEMERAE R A L4 25 & & B 5 bitahi AT
LD DR Z EDERRLUZIN - THER L TSR35, LvL, Type 2 DA RN A ROBER I
HER L CO D RERRRIRICIR © T I OIE S AICHEE L T D, Bllg R0 I8 W TR LI RT =20
RIS TR Y AN 45° R A HE &SR FIaICEERE TH Y, EMEEITZ 0 85 500mEICH > T
RS 5Z EBALNITAR>TVEY. LEER-T, SIED HIC 45° R DRERRIA e D356, BR
2o TEMERSEDNERT D ONRKS THH Z LRI S, $£7-, Case 1 OfEE IO CIIRER T~
DIHOEE S ENIRET DI ENMHILTEY, Type 2 %R0 Type 3 B L4 2B W T RO NG S
TW%. Typel DAL Case 1 OFEIIZ I\ TR mHEE T AR AR SMFAET 5 72 Z O Jm~O Gt
EES I, 70 FEICHEENER L TS b0 LHEESIND. ZOREE LT, Typel OLEAIZT IV E
OIEE ST LT FEOmH AT 5720, K 9(e) &K 10(d) OFET CNWEF O 5 B S H
72X D1 Type 2 LV HAEMAEERDMEE L T D Z ERbnd.

11 (2 Type 3 OIEMAlIE R 4759, Type 3 1% Type 1 DER} L= fEsbbi ROBEEZ - D TH D, Ml
ZINVRIR 3 B & BRI B4 LIRD TS Z L vbnd. SRR A RIfbabki i & R 3 BAGITEN D
AL, P~ & HERE L CU 2 DS IEMEAREHE B O ) A% S T A ORE RN A U Type 1 X 0 & Type 2 OEEHRREIC
LTV S,

12 (T Type 4 OIEMASEER 2773, Type 4 13 Type 2 DB L2 k5 R OAEEZ T2 D TH%. Type 3
ENVTIEVIRIE X AR 3 LD DIAE L TR, ERSORA RIS 3 AR SRAEL T D, £,
FEMERREE N T e & Case 1 DFEIE CTH F2x BRI 3 Hp~, Case 2 OFEME TR 3 BB AR 457 Jajic &2
RORA RBER L TWDZ 0D, 20 Type 3 & Type 4 TiE, Type 1 & Type 2 D X 5 (ZAEMEAE OHERE 1
REZRFETAOIT, M 11(d) &K 12(d) D et < CNEFR Ol 5 BB 6 5378 K 9 I R FISE 7 FEP LR 2
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(a) 6% (b) 11% (c) 18% (d) 28%
Fig. 10 Ductile fracture progress of tri-crystal model type 2

(a) 6% (b) 13% (c) 20% (d) 28%
Fig. 11 Ductile fracture progress of tri-crystal model type 3

(a) 6% (b) 12% (c) 19% (d) 28%
Fig. 12 Ductile fracture progress of tri-crystal model type 4

REZHDEEZD.

33 Tricrystal DEMBIRAR & XZELY Y SLVEDOREEN

AHiTIL, Tri-crystal model @ Type 1 & Type 2 DIEMAFBHERIZLE S RV A vE, TES o, TAWIS
77t o, B L OLINEOF A & ORI OV TR 2 A 7.

T C TR AVE L TR OB RN RN T, BETH TR ETTRY AR HBICEEN 0T Y
BVNBELDHERH Y, ZOREZ jog MRS ISR AET S, SRMORBAEITE ST EHEE, b
THERGRE (TR < BT 5 Z L AEE SITREPM LT D, FURTIE, BT O SR A 2 BRI
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KHODHZLITHREETHY, FTRVROT RV E ZIRT RO ROFTET R REGIVE D TRVEHND
AL OB ) GV AR jog DR ZHEE L, ZAUTHE L CTRRMATEET DD LBEL TN D.

13 1213 9(a) ~ () IZHHE L T jog FEAERITHAIT 5 EHEE SN L ZGEN D B VED iz, SbIZ, X 14
WZH9bDITKIT D o DK 14@ ], <, DA 14 ()], FEEHEOT oMK 14 ]2~ L, K151
9@IZBIT D o, DM 15@ ], ©,, Of[1X15(0) ], FLBIHEOT 24X 15(0) 1 27~

0.000012

0.000008

0.000004

0 Ll : i tf
(@) 7% (b) 12% (c) 14% (d)17% (e) 27%
Fig. 13 Distributions of intersected cross slides between primary and secondary slip
systems corresponding to Fig. 9(a) ~ (e), respectively
300 5 LTI
200 :
@
100
0 i
(a) o,, MPa (c) Equivalent
plastic strain, %
Fig. 14 Distributions of o, t ,and equivalent plastic strain corresponding to Fig. 9(b)
300 " S 30
Fad
200 ‘ 20
10
100
0 - 0 ) .
(a) 6, MPa (b) T, MPa (c) Equivalent

plastic strain, %

Fig. 15 Distributions of o, t ,and equivalent plastic strain corresponding to Fig. 9(e)
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B2 BRI 57372 K 91T jog DFEAEN RO HEATIC E ZE0R A R R L TV, jog DFsA L TRORA RO
ERIITMHEENEDOS 5 2 L 2/ TE 5. Eio, HSBIEOT 040 IEVEAEEERE & OFBIER R o b, F
7o, ZOETNAOLERD 45 (THERL TS EXR0RA Nidoyl, ARl 457 (TR LTV D X R0RA R
Ty lCRDHBNRENEZOLND. Fifbibbit ECIIRER AR Den o773 Case 1 & Case 2 DfEfHkhI E
TRER T g BWHHLTND.

16 12 10 (@) ~ (d) IZ*}S LT jog F&AE BB 2 LHEE SN AHRZAED D GWVEO M E, IbIZ, X 17
21X 10(0)I1Z31F D o x DA K 17 @], ©xy DA 17(0) ], HHSBHEOT 2540 (X 17(c) 147~ L, X 18
210 12615 o x DA 18(@) ], 14D/ A[X118(b) ], FUMEMEOT Z 547 (X 18 (c) ] 47”7

2B B2 K 918, Type 1 & [RIERIC jog 36 K UMEYEEME O 04 & & 0N A ROMERIZIZFEBIED
SND. FYBHEOTHN 11%D L E, ZOFT /LD Case 1 & Case 3 DFEIWRIAR FIC X ZI0R A RORAITR
DIV KRER ¢ WAL TS, L LARN D, IEEEERA~OF 5IIRE < iThneEEbhb.

34 UVDFAPEGEREAERIC & SEMHRLR AR

K (14) THEH L2 OF HAREFRIR TR b1 2 (IR L & 512 dE,) / de O/ b AEVEk#ITE
JROBEZFHITE 5. dE,)/ de 1JIS-OF AR & FH2 B & 0, X 19 12 Type 1~Type 4 OIS/ -OF
DR Z T BUROIS-OF AR O HERMREITIFIE dEf,) /de 1255 L <, Type 1134f0> Type (2 bz L TO
AR R KR E S T D 7o DI ORRE N —F R E <, KWT Type 2 28K XV . Type 3 & Type 4
HIZIEFRBETH Y, 3 -2 HiChmik L7z X O ICIEPEEE RS K OVRHT < CNETRIREE & O BAF 25035 6
TW5., Lo T, O AAREREOFEE X0 AEPEREE R O & SRS FTREIC 2 5 b O L HIRFTX 5.
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Fig. 16 Distributions of intersected cross slides between primary and secondary slip
systems corresponding to Fig. 10(a) ~ (d), respectively
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Fig. 17 Distributionsof o, t «and equivalent plastic strain corresponding to Fig. 10(b)
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Fig. 18 Distributions of o, t and equivalent plastic strain corresponding to Fig. 10(d)
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Fig. 19 Stress-strain curves of Type 1 ~ Type 4
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AMFFETITEE D O— ADRE LT BMERIEEZZE LTS8 T oV WSS UEMHEEHML 2 74 7 UV A %
KA TE B BRERZAERETT VA HNT, B—3 0%, mN 4 3T0 28 Km0 RNIEEIT 5 b
TN AT 5 =0 FCC B, THERRL L 7= Tri-crystal <& 7 /V % IV Tl i R A PRl B R - R F 5
RELAHET LT, TORE, LTS o,

(1) H—9 Y RICBNTTEFEHREN T FacHwE T30 ﬁ@{iﬁﬁlﬁ DRET DB & 2 A3 AL
REBEOFRE L LET L HENERET 285G, T OMBRFICI O I (T30 FESET) I HIEEN
B UIEMERE AR LT D, I72b b, fEshkiIR o) & fr%aajiu & DRABA DRI I > THEMEAl T
BEELRET 2HAPFETHZ LA LN L.

(2) FEMEAR R L RO R OB 0 GV TAE U S jog AR L O S IPEONT B0 Am L 1X B VB S 7.

(3) FEMEAREEE R & R < ONEEOHEROFLE L 1T B WSS G LN TR Y, e I-OF AR H Z s
KEtETnW5. T7bbh, BT U“h%éiﬁiﬁ%’@lﬁﬁﬁﬁ@?@i/)‘?ﬁk%b\ii'—/a\ (X 9), IEI-OF BRI
TN L, RFT < ONEENSFETRWGE (K1), ISH-OF ZHBENTIN TRILIZ R o hzn.
AUTIEPEREEE R DL AR E L T D,
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(4) OFHAGE e B O FE DA A & JEMEABER O L 1T L Tl Y, O Akt OB IEIC K 0 JEMEg
Bt R O E BRRHEO FTREE 2 I T & 5. BIZIE, AW TH Y #- 7= Tri-crystal &7 /LTl Type 1 OB#H]
B v MR I A THEHES —F R E < (K19), L7223 > T Type 1 OO AARHE R &N -7 FT /LD
TR OFEETH I ENEHETE S (K2). ZOREFRE LT Type 1 OIEMAEORREN Z 6 O T b i
BITDHTHAIZENHEETTRETH S.
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