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ABSTRACT

At present, in astronautics, aviation and so many industry domains, each kind of
thermal spraying coating technology has already been widely used in enhancing the
performance of the mechanical components and lengthened their service life. The
integrity of coating/substrate system is critical for the components’ security, and the
union intensity of coatings has become one of many important standards in the
applicability of coatings. For the purpose of secking a method to evaluate the integrity
of coating/substrate system interface, the applicability of traditional fracture
parameter J integral in interface fracture problem and evaluation of interface fracture
behavior of FeCrAl coating/Q345 steel substrate based on the local approach have
been studied in this paper.

In this paper, the statistics theory of brittle material fracture is presented. And the
local approach of interface crack is shown.

The 3-point bend test has been used to measure interface bond intensity(critical
fracture load Pc) of FeCrAl coating/Q345 steel substrate system with prefabricated
fatigue crack, and the 4-point bend test had been used to measure interface bond
intensity(critical fracture load Pc) of FeCrAl coating/Q345 steel substrate system
with prefabricated notch. These experiments provide experiment data for fracture
mechanics analysis.

ABAQUS software is used in finite element analysis. The Jc values of the eight
C3PB specimens when the interface fracture occurs are Calculation, and it’s seen that
the Jc values of the eight specimens with prefabricated fatigue crack are very
dispersive. It’s shown that Jc can not be used as the single fracture parameter to
evaluate the interface fracture behavior.

With experiment data of interface bond intensity of two bend form specimens, the
local approach is used to analyze geometry and load dependence of FeCrAl
coating/Q345 steel substrate system for interface fracture behavior. In addition, the
local approach is used to predict the interface fracture behavior. It is found that the
Weibull stress(ow) for all specimen geometries almost are identical under the same
fracture probability when the interface fracture initiation occurs for different specimen
geometries. Moreover, the interface fracture behavior of one type of specimens with

notch has been predicted from the test results of pre-crack specimens based on the



local approach for interface brittle fracture, and the predicted distribution of the
critical load for the notched specimens gives a good agreement with the test results. In
a word, the geometry dependence of the interface brittle fracture toughness data can
be reduced through the local approach’s application. It showed that the local approach
not only can be used to describe the interface fracture behavior, but also can be used
in the integrity evaluation for interface between different materials.

In the case of the same constitution of Q345 steel substrate, the fracture failure
probability of FeCrAl/Q345 coating system is compared with that of LX88A/Q3435
coating system. It’s found that the fracture failure probability of FeCrAl/Q345 coating
system is higher than that of LX88A/Q345 coating system.

KEY WORDS: Coating; Interface fracture; Integrity evaluation; Local approach;
Weibull parameter; Weibull stress
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X8, m=24-2; o REMHBLAFE g@) MK FARXHNSE.

BETHMBHEXER, BREREFR (X, X,, X)) BHRIEFTALER
% (R0,X,), A 2-5 fi/R:

G, =1-exp

X,=Rcosb ,
X, =X, (2-19)
X, =Rsiné
LSR—ABAEHR, KX (2-18) Zh:
2 &o)
Gf=1—CXp[—”—SOE(au] da:l (2-20)

X FERNARET RO (BRELD H4F, AT LS B R I KA
B, Frolrakn (BRLD MARERREN A RIEXN:

. 5 . - m
Hf=1-exp[—;§Lf(a—u‘] dBdQ] (2'21)

RF, REXASEHHBLER, FBTE—NPHREN, BaERERR
FEHIX Q AR DX I8 B R 5k BT DA 1R 44 o — M R ZE R QU LSRR
Oy » AT BT 558 FO M 28 430 T AT Bt R S OB Y o, R (2-21)
Koo

B EMEAN RS RN —A TP, BAREANBRAEHE—FE
(FHED A, REAEMRLE ERERBNS 6, H:

2 21\ 4 ’
0, =| o2 + 20t ) (2:22)
2-v)

BTELER (222) HEBANERNN Ao, 50FK, B (22D Zh:

[ ) 4(rfy+rf,)]%

Yy 2_ 2

H,=1-exp ——-I—L 2-v) a0 (2-23)
0 o.u

RN BATRI S oy A2

13



BT RPESNTREREESROEREM

A

¥
1| 4zl +1))
5 L[a, oy | (2-24)

AP, MIMEHEXQ, LHRABENESZ FMFE.
Ba, R (2-23) ATLUBH:

Hf(aw)zl-exp[—(z_w] } (2-25)

A¥, m BRERBEARIGEHRSE, o, BT BRI RE
Z2H, BAIRN o, RIEEBTR TS S

14



F=F JE FeCrAVQ345 RERTME SREMN NN ELR

E=F QI8 FeCrAVQ345 # ERMESRENM A N ELE

A EX FeCrAl /Q345 IRERRHTHI R LK, 2HKA= AT HEN
R ik, REHFBERFTRECGAFFE R DAFER FeCrAl iR25 Q345
EAMATEERE (RAGAMBEN Pe), AEHMAESEERELRI

RUWTR I F L REEE

3.1 SR

K F DZ-ARC-400 =& IR R 5] & BEBEIBR FeCrAl B E, Eff
1 Q345 41.Q345 R4 W 3-1, B 3-1 & FeCrAl B BB T AL MTE R,

FeCrAl i EALZ R %K 3-2.
£ 3-1 Q345 MWMbZERS (%)

Fk C Mn Si P v Nb Ti

Q345 ¥ <0.18 1.0-1.6 <055 =0.03 0.02-0.15 0.015-0.06 0.02-0.20

# 32 FeCrAl REMALERDT %

w2 0 Al Cr Fe

FeCrAl 2271 8.06 1541 33.64

0 1 2 3 4 5 & 7 8 § 10 1 1213 14 15 16 17 18 19 X
R 948 cts YA 0.000kev ke

& 3-1 FeCrAl 2B M2 EDS i%




E=F WE FeCrAlVQ345 RERMASBREMMBHFLR

B 3-2 4 FeCrAl R EREIE ) RMA LTS, Bm R 2 RS IE,
BREHLHE, THAILE. ZRETAERBEIERFRLNLS, RTFE
RBHLA Fe, TEXLLT [RGB VT2 BRI, A&SMARBAL, H5h
Fe ZEHRZ MAREGEMMDBEM DRI, REHBEWEAKR, FRET

B 3-2 FeCrAl % 2T S MAL 5
32 AR R &

EXRLRT, BASFHER, —F WA TR 7 RGN = A% il
#¥ (Pre-cracked 3P bend, %K C3PB %), AFFHAWE 3-3(a), MR
50mm; —Fho R O AP0 525 #hiXFE (Notched 4P bend, fRjFK N4PB i&4¥) , i
FE A 3-3(b), A3 APERN 50mm, PISZABERSA 10mm.

pavj ' N

(a) A PRI RAN = A5 iR (b) iR LR PY 325 kA
B 3-3 PRI 0 il R K



H=F W FeCrAlQ345 R ER ML A RENM R ¥ LK

C3PB ABEANKE. REMEESH% 60mm, 19.7mm f 8.6mm, #E
B0 0.60mm, 3 HRERMALTMALE. FRHAEVHBRERFREN
RO EYVIH— AR FREREE, REN 02mm M0, R/57E PLG-20C &4
EHRRN (E3-4) EEWEEFHRY. BEHRYQERT L, FIrTEEBRER
M, PLHEN 4mm, WHE 3-5 fi/r. C3PB k3L 8 /.

4,_@ el

P 3-4 PLG-20C #8355 Hl

B 3-5 Tl B3 AL = 15 HiiAH (C3PB)

17



B WB FeCrAVQ34s BREF WA & RENER H12F LK

N4PB il FF 2K BEMBERE 254 60mm. 19.7mm 1 8.6mm, ¥R/Z
BREZ% 0.60mm, I HRERERSEMMEE. FRFEERRIEIBARERFER
ERPOMBEYE-ARFHRERE, RER0.2mm M80, WHE 3-6 Fix.

Bl 3-6 #fk O A 575 ik A (N4PB)

X F BB R R, MAEH A S0 TREMSE, AR TR
B 12 MLE ERRZER, RIEBCESENEN SRR 2R .

33LRAE

R TN =25 iR KNS iR CSS-44100 J7 R RHAKAL b
1, RENEZETH#T, ARIEFERTREDSUB-BAXR. HHR
HHERETHE, w37, mEdES, HTHREAMBLER (D
RREMBFE) WORFTE, A NEREEMERAEFERIRE (FRO)
PHERIR (W 3-8), EEMBAUE=%H 1 LB, TLEEREME AT
HFERERMA BN (SREOARAMTE). BYRE (RGO LEG
B —> CCD M—ABRESETHHFRE LR RHK. LTHEHFEH

18



SB=F WE FeCrAlVQ345 HERMSA S IRENMR N FLK

gf RRE (REOARGMHEE) i, F1ENR, IMREBGERSERAT
REY R (B OLRGMIFE) KT RAFLR TR,

(a) tm#EHi C3PB b (b) N N4PB iAH

A 3-7 EFERIHL LS dit

A 3-8 MEMBI R PR FERLRN (RO HTEEMEE

19



B=F JUE FeCrAl/Q345 RERME S BENH RN F LR

3.4 REER

C3PB AMAEL MR, HJ|ATHME— B, RANRLREFFan
EREIFET B, EEMBETTUEEBNESFERNLMT BT H, LA HM
AT SE SO BIR R £ 8T B. . N4PB RAEED HiA i, /A mE —eR
R, MBROAFHEEREREN S (BMETALURERD, SrEmE
i SE XA R AR L. . B 3-9 F1 3-10 4518 —A4 C3PB ik#¥ (No.1). Al
—A N4PB iA#F (No.1) HIZZRNG (BRI PR X BR7e 53 1 I 3460 /= 1) B0
R .

(a) ¥ RERr

) FBIS

& 3-9 C3PBiAH (No.l) FEHLRNMHEXMERLY Ril/EMNRA

20



FE=H WE FeCrAVQ345 RERME SBMNNRNF LR

) ¥ E’iE
 3-10 N4PB B (No.l) ik OMHEXBAERSY BHENEH

M 3-9 5310 FI BB ATLLE H, NSRS RN = m% thid#
(C3PB), BRI A2 HhikAE (N4PB), REWRBIAHRAEERE L.
Bl 3-11 4% S NO.1 (] C3PB RFETED #R I BTNk S AL B -8a dh k. o]
LLE S iR R BB, A RENTRIERMBA.
P 3-12 h%55 NO.1 ) N4PB iRFE7ED iR P N S AL B -t 2k . 7]
UEHE RR IR BEE S, RERET —ENBHEER.
XEF, NFHEFREAM= AT HIRFE (CIPB) Sirst O AN L2 il
(N4PB) R&Z#T—pl. 4P H C3PB 5 N4PB AFE, ALLRDHITE i
RREHNRERENERARERA, MANRET —ENBHER.

21



B=F JR FeCrAVQ345 R ER M ABRENW R HELR

WA P (ND

LM P (ND

10000

9000 -

3000

7000

6000 -

5000

4000

3000 -

2000

1000

ROy R
Pc=8368N

C3PB No.1

00

6.1

02 03 o4
ngESf% (mm)

05

3-11  C3PB WAH7EL i3 P BN AU -3 2

11000

10000
9000 -
8000 -
7000 -
6000
5000 -
4000 4
3000
2000

1000 -

Ry Rt
Pc=9220N

N4PB No.1

0.0

0.1

02 03 04
hBESEH (mm)

0.5

3-12 N4PB RBEZETS MK N A AR - AT R



F=E W FeCrAlQ345 RER AL S RENMB N F LR

R 3-3 K 2 B R0 BFVES i R SR I A AR TR I ik ST T EL

R 3-3 PRREHEI I R A W R B 5B

w5 1 2 3 4 5 6 7 8

C3PB
MGF-8H Pe(N) 8368 8384 8440 8472 8688 8696 9000 9472

N4PB
MR PcN) 9220 9415 9700 9800 10054 10100 10200 10400

AEFTIBH C3PB 5 N4PB EAHE MG AW RER, H/FHA ABAQUS H
FRITEA ST IR ERNEA RS HIKBRAT L REEE.

23



BINE REETRE FeCrAVQ345 BMERMA M TN

EME FEEITEE FeCrAlQ345 A ERME TR RN A

AEF, HAMR ABAQUS FRITHKMAHMHITiEE, HFA ABAQUS H
B, =A% (C3PB) 504 (N4PB) BRRBEHITERITAN: T
ENBIBRSHREFERIERT I RS 0FENE, HNEEE—HRSEIR
SV 5E FeCrAl/Q345 MR E R A A MMHAT IS : KA BA KNS H/HMWER
PR FeCrAlVQ345 MR ERSL, XA AAERE: X FHEA/RSHH T %
P BHATAR, HFABARSHUE TR K SRR 5 Rk R
SE; ETRBZEZH—FMETFHRAORIAN=LZ HXFE (C3PB) MH—FiK
BOMPY S AR (N4PB) MFAENRT AT &E, EEASRSH

R T, % FeCrAlQ345 #Eﬁﬁﬂ@ﬂﬁ%&#&ﬂﬁ%fml HRE LX88A/Q345
BREREHATR . '

4.1 ABAQUS 43

LI P R TR VTR ABAQUS H MR T 4. ABAQUS RINAEIR
KB RTHE, TUSWERNBEEDENEMHFRE, BREEEXER
ISR, MEEEIREMRE. ABAQUS MET M —SHMN HEMEYE
B, RRATUSER AL R HTRIBFFE. ABAQUS fERERT 7 RI1E,
AILMRA G A E R B RE AT, AP FRESHILAER,
MEMEE, DR ZGHNERN TAZITERE. EEEESTP, ABAQUS BH -
FEFEEERBEIE B ARSHER, FESTEREP AN REXESHE, B
RIRBREHANBRE.

4.1.1 ABAQUS 4471318

—/NE¥H ABAQUS HHTE R, BH BN SRAK: aE. #
M EMELE. = MPROVKARRERKARXE (E 4-1) IF:

(1) Bi4t# (ABAQUS/CAE)

TERTACE B BLE & 3 in) B A R 34 i — A~ ABAQUS Mi AU, %
RIS R E ] ABAQUS/CAE SRHE BT EMER, ZEEBHAETERMERE.,

24



HE FIMEVEE FeCrAVQ345 BER MM HIN

— /i B 1) F e AT B P SO 48 2R R AE L ABAQUS S A S«
(2) E#li+E (ABAQUS/Standard)

B E K B ABAQUS/Standard SRFHERLFT 8 X WEUE &, EEIER
BT RENEEGHBELEN. —/NR i B aEaBgNh, B
FEREAE bSO P DMEHET B AL EE . SE R — N RARIL A2 B T A (E] /T LA LA
R JLRASE, XRATHMEBHEREENTENNEERS .

(3) J54t# (ABAQUS/CAE)

—BRERTEMTERIMNE. MK EELTE, BTN TEE RSt
TovEs, EEAHE. B%, EAEEMEH ABAQUS/CAE BHE/FAEK
R AT A A SR B FEFR 38 R A B A AT, A0 — 3t il 1 800 B A
G, UM REEHAZEERER, BFEEASHELE, TRBREM x—y
LR E.

g Os:
ABAQUS/Pre &Lk

I AF: job.inp

g )
ABAQUS/Standard

}

AL job.res,job.fil

e
ABAQUS/Post 3% 3L ¥ 4

B a1 pAbEE. Rl FRAENEKR

4.1.2 ABAQUS S48 gh4H AL

ABAQUS HEEH mETARKEAAR, ENERMR T FratrasyE
HEMFRANER. —MOWREZESEAFMTHRER: LATRR. BTk
P MEEGE. FERAILAEME. SHTRBMETHER,

(D LR

25



BT FEFIFE FeCrAl/Q34S R ERME M T B EMN A

HRETTHY AL T ABAQUS BMMMMBL LA LR, B—
ARTARET SHNRBES, 5 BTRIHERMRT 51, ¥ MG
SLASET REHARTIESS, B0 JLFTTAR i 15 A AR 2 I S 44 T
B . BT 8 STRT A S RAR N PO . T, PO R SRRAEH JLAT
TR BRI |

R ETTAI, TR, AR R R MR %R, P
MBS CRERIH B TTHRAX), 4R AR,

R U, AHT4 RS RBIE R, (EA T AT B AR
. B, HERAFENNRABOEIRE, BRI TR
LA, FIRAFIE, ST A AR RT YR A SR R

(2) Bk

ABAQUS #iIH ZHEBELERENE, HHFEEns/ LB RAEEEH
EATH mARFRRE X Bltn, HEMERHEERTFREERNREYSH
A REiEIT B TT AT AR X o IXEEHE I i) LR B B ST AR E X, X T
EXERBAENJLATTRRIFE L ER.

- (3) PR ME

X T HTA B A EAOREE, AT R R AR IR R RAEE RN,
IR F—EREROMEER, ABAQUS THHERMNA R EIBNAH
T P P 0 2 L Y PR 1o

(4) DnERAL 5FE&A4F

MBAEEMBRRF=ERN S . KREBIMEHEXEIE:

« RBH

« REEH

k7, MEN

BT

AR FGRAFEHME I RFE AT (FAB) BT BRI
W GERMB). ERESMTPEELENILF &MU LR AT H LR
NS B, FFEIEFRBEFLSRENEMEERMIEIESR. &
THEEEP—BEEHRAR/RET HE, ABAQUS KEHERFR, EHEE
P—HEER, AFEMENAEEXE ABAQUS KIBHHRFER. WERS
N A E LEE(E B “numerical singularity” (BUEA F)8 “zero pivot” (F

26



BNE BYEE FeCrAlQ345 RER T AT RA NN

FTEANT), LARBELER SIS Hik /b R FIRA-Fsh k34K .
(5) %R

KEHEAFEORBRBEMT, IESRERTRELANKYImREN.
EREERT, TRSANBNBHEMBSMHBIERN: Fil, EEHEHEFL
EAMBHIEW, BhEAIRE, RIEMRRNRAYIRN.

ABAQUS FIUSLHHZARBHIER, EREXAHEHABENR—K
BT REL: BATEERIN ST

(6) MHER

ABAQUS M E IR L= EXBNAHEIE. hTRESHAXENE
B2, B TR SOR R, RETHER RN S RE,

4.1.3 ABAQUS &#&

ABAQUS H T EERTE, W 4-2.

Sketch (42 »\AL Pt (BB I*

rPropcxty () la
'

Assembly (A

!

Step (447 5)

!

Interaction (HE1ER)

'

Load (25)

!

& | Mesh (PR

£

i)

Job (H#frfEd)

I'd

fisualization (ERME) o

Bl 4-2 ABAQUS HIZHHiER

27



HINE FEETE FeCrAl/Q345 R R HEH BN

4.2 HRITH

A TREBRGRE (O HIEHIN NEY, #HXEERTRE
ABAQUS6.5-1 X =/&% (C3PB) 5MAZE (N4PB) BIRE AT T =%
HRITHHT.

42.1 C3PB ERITH#

Pi2b

.................................................................

pavs
B 4-3 HHEETRIP=mZ AR (C3PB)
FIHESTRIAN= RS A (C3PB), Wi 4-3. HF=AE AR

RERLHXRYE, 5= AT R 14 AT,
(1) 7 Part ThEpEth, WS ERERBGEIE. LE 4-4.

FeGeAl 2
/
«— B

Q345 &%

B 4-4 BIERIM
(2) 7 Property DhEetiish e, REIBMEIMBEHEE. MATHEHRETH
FEMEEBE, WK 4-1. 4-1(a)H FeCrAl BRI ZMEESH, 4-1(b)Kh Q345
MER N ERRESH.

28



BNE BIEIERE FeCrAlQ345 B E R Bt HN

# 41(a) FeCrAl BEh¥MaE2H

B EMPa) AL BRRSA(MPa) BHNE

FeCrAl 4902 0.0
] 50000 0.25
B2 4902 0.1

£ 4-1(b) Q345 MBS EMESH

B E(MPa) JHAH  BRRHMPa) BN

380.4 0.0
446.32 0.01815

502.67 0.03265

55148 0.05065

Q3454 585.97 0.06935
= %3 206000 03 613.31 0.09055
635.82 0.11415

656.33 0.14225

676.47 0.1880

680.05 0.20841

(3) 7€ Assembly THREMEER T, REEHM4. BRACIERHIEFRE—
ANEAFEE, BIXS R REH IS . P68 ML 5Lk (independent instance) ,
XA AT LA R S SEAR K 3 R A%

(4) 7E Step ThRE#EHR T, i Step Manager, BT E. JEHE MBS
AR &M HERBL 247 HREI; Al Field Output Manager, EFHIH 1135
R, WM. N&; A History Output Manager, ##HHHKHEEE, X
B ARG R MGEX R T BRME.

(5) 7E Interaction ZHEEMEER T, radi Special 3H T Crack I, FKEX
WiTH ., BARKRBAYT BAE, WA 45, ERE LEERG M ABERR
TR T R

(6) 7t Load Ihetsiskeh, i Load Manager SREEGN T H I,
AL EABEE—MEERME, BRI =85 fiRL $ B 2K T ERLGF
UK R R (B Pc X/ME 1/4). B @7 Constrain Boundary Manager 3K N
W&, EHEBREZLFMEREN X RPN RANR; ERENEET R—
MK Z FREIRAR; EREmENEBESME, Y Hr ERAigyy
W W 4-6.
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BIE FBEEITE FeCrAlVQ345 B ER ML FZ 8N A

_\_|
|

T )
1

L

Kl 4-6 C3PB BIM# R4 H

(7) 7 Mesh DhEetsRS, KA 8 W AN AR F 4856 (C3D8R), &
NETTH 8 MRS A MRS WP 4-7 FTR, 7E S EZE0H 5 BHE R 5w R
B A ) X S P A R R 4, A2 B T R BRG0P R R B . KR
12 BEERISY 15 B, EEEBEKKA (NAFRmEIFREHESD: 0.260, 0.292,
0.328. 0.368. 0.412, 0.463. 0.519. 0.582. 0.653. 0.733. 0.822. 0.922. 1.034.
1.160. 1.302.

BISRGRGE —ANMEHTERIX 3, (0.6mmx0.6mm) 1324 A9RI%,
M RRGRIG I — R TTRIUE AR TT, KM 1/4 45 S 85T, FRERLZLN
R EsetE, E4-8. G4LMRE AR/ N TR J: 0.030x0.030%0.260,

30



HME REEIFE FeCrAl/Q345 & /B T 45 #a se ¥ vk i N B

) , ’,'Jl{'?y';ﬁf .F! —f—F—7 7
. J] ' 0'} ‘ﬂ”ﬂl{i HMI" / /.- T ;f ; ' _‘J
NN T 7 77 77— —
{ fﬁ;/fff il A A TS Y I R R i
\(‘{ i m’f il ; T / ’f! /
i A [ B B i |

B 4-7 C3PB %4k 1/4 BIRIMH%

b [ [ /
T )
".\l! l{)‘
1] -
[ '.....- 1
|
|
L B { [~
/ R
[ | 1
[ | \
7 | AN

Kl 4-8 C3PB FIZLGUIR X 145

(8) HEA Job ThREMEHY, fiii Job Manager, IR C4F; s Submit,
R HriENk; fidi Monitor, T UL RIZITRE, SIBERMT
T2 B 25 A4S 245 B 46 Job Manager & 19, Status #7285 F &7~ Completed,
BUA T R R . RIEE N G EEEE, HHATHRME.

(9) #A Visualization ThREHERE, AIXIH R E HEIEHT R AR

B, WL HERERANERE S TN AR, HATUABRIN G, N
TR .
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BIE REFEIEE FeCrAlQ345 IR E &5 e B I N A

8, Mises
(Ave. Crit.: 75%)
+6,801e+02
+6.234e+02
+5.667e+02
+5.101e+02
+4.534e+02
+3. 968e+02
= +3.401e+02
=i +Z.835e+02
+2.268e+02
+1.702e+02
+1.135e+02
+5, 685e+01
+1.505e-01

J-normal
ODB: Job-normal.odb ABAQUS/ STANDARD Versio

d,f\mm

Step: Jtep-20, Step-20

Increment 1: Step Time = 1.000

Primary Var: 8, Mises

Deformed Var: U Deformation Scale Pactor: +1.000e+00

49 C3PBHY 1/4 BLR Mises F RN B = E

& 4-10 C3PB HIRZURM KM Mises BN 135 &

P 4-9 25 C3PB 1 1/4 K $4k Mises BN H13m =, B 4-10 % C3PB )
RYREX BN Mises BRN 1% =E. TLUEH, C3PBRERET —EHNE
MR, RERmEXSEN AR K, REAREME.
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EIE REIEITE FeCrAVQ345 EF M &1 e BRI N A

4.2.2 N4PB BR TSR

HEE ORI A A (N4PB), W 4-11. BT M AL iR A & Bt OB
B, Mol AR E 174 RS T .

LS A

B 4-11 RO MU ST i (N4PB)

N4PB BRI g7 540475 C3PB EAMF, XHETHE (5) Interaction
IheRit. (6) Load THEEBIHR. (7) Mesh DhREMIR

7E N4PB RIS BH, i TFETHIETRY, TR MHIRIGHT
EX, FrLl4 gt Interaction ThEEAEHLER1E,

Load ThAEtEtRS, DA MAOmMBMLES=SZBAR, LE4-12.

Kl 4-12 N4PB iR 4R
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BE RBIWEVEE FeCrAlQ345 it E R ML e BN A

F T 25 R R ok 1 B R, O DY A R SR 1/4 PR REAT L
FFl 8 WAL SATBRAER BT (C3IDSR), HANETE 8 MDA Mk
R4k 4-13 B, $EH 10360 A1, 8860 ANHIT. ZEGR OB F 5 A )
B3 B X 33 P R 4 W A, R B SR T AN sk O M 7 PIAR RIS B . R
12 BERS 10 B, FEEBKEH (NGFREBXNIREHEES]D: 0387, 0.463.
0.554. 0.662. 0.792. 0.947. 1.119. 1.368. 1.620. 1.937.

N =
AN N N X

; RN
A R Y

SR AL oSS S S
A

e e e
e

fE 4-13 N4PB (H3E1E 1/4 BRIRHE

S 1 X35 BT () P R 43 T v 5 = A5 25 ol L I B L Y 28 0 4 o X 38 B 3
KRR T EAR . BgH 0T — NN AR EL (0.4mmx2.2mm) 7
FIEREAMOR S, WE 4-14. PR KB/ DNEITTRTH: 0.050x0.050x0.387,

[ 4-14 N4PB [y O X 5 M

34



BINE RBIWEILSE FeCral/Q345 i B A TS M et f N

3, Mises

(Ave. Crit.: T54)
+6.800e+02
+6.237e+02
+5.6T4e+02
+3.111e402
+4,5480+402
+3.985e+02
+3.422e+02
+2.859e+402
+2.296e+02
+1.733e402
+1.170e402
+6.071e+01
+4.406e+00

J-wp .
L ODB: Job-wp.odb ABAQUS/ STANDARD Version
~ 1 Step: Step-20, Step-20
Increment 1: 3tep Time = 1.000
Primary Var: 8, Mises
beformed Var: U Deformation Scale Pactor: +1.000e+00

P 4-15 N4PB ff) 1/4 BRI BE(K Mises FRN 15 =B

8, Mismes
[Ave. Czit.: 754}

42.855e+02
42.2960402
+1.733e+02
#1. 1708402
+6.071e+01
+4.406e+00

[ 4-16 N4PB [k O BHE X 3, Mises AR him = B

B 4-15 Jy N4PB ) 1/4 #E ¥4k Mises HRN1HZE, B 4-16 3 N4PB
B8R O MHE X A Mises BN HH=E. TLLEH, NPB AERET —EH
¥ {H72 NAPB &k 1B A Mises A BN 1 8H C3PB UK ) Mises A2
Ejjkﬂ
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BNE RWEEE FeCrAVQ345 R EF MAH TR NN

4.3 REHRY I B2 HHMEITE

EMERENTREWRENITARS, NRERTFSRERBRERR
MEEHRR. FEEEMAN, RS S5RERRESN. HH, BIACER
To#t, EFETEEEMET, EHFRNMAF, BRBLRRBSERE
To R B BRI R AR A B0 B B B AR, B2 Rice FilHutchinson!*4
ABTEB AT

ZHEHT, BoNERELSEXELAFER, BEEANEERSR
Q¥ Rk, ZAREER, BERR, FRAREN—BEERE, maAASE
"B = A0 . BIBLY R & fParks #1Hellen™ 4 BISR B, BATESR
IHREIBEBRAE—NET R, HEHBLY BEHHEEL (BEERK
) REFEM. BT, RAENNET BETEIRS BERN A5 5
Rk Tk, ERZMABAQUSEHIMT RG-S, CLERENRLY BiE, HH
B RBS RS, BERENESEAY, e \Pbi=4taR
BEEHRLY BEEHAT TR, BHE T &R

43.1 EIRYYT BEM RIS

JRNRBERGY RMGEERRERE X, T RLUE, BRxED
BT RIEE ), NEEERBER:
J= L/‘L(s)n-H-qu ' (4-1)
KB, dd BRE—AFRBERmENLEETE. BEHRNG/DMERRE L
—ARMEEIT, n & d4 MANEL T H, ¢ REFHEMNET BAHH, HUATH
ARAH:

A wr_n.O® i
H—(WI o ax) 4-2)

XE, W FREMRATY, W RS, X Tt a3 e ik
Th, WEBENZRETESENEBEEZN, wRAR ‘SRR PH
MAgRE. Bk, JRSCUER THREBEAME N EEME.

BEEE—MELBIERIRL, TSR RE =415, W 4-17
7. RMIERRSY BT ARAMEHE Y, (EETRBRAFEHALTRYK
EE. Zr—0 5, BEEXMEHERTENFE (XPEELEETRY
B _EREMEZ. B, FEARSTUET R, RARGERIEEZE
RETREB R

J(s)=lim Ln-H-qdl‘ (4-3)
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X TF=ZRBGFERANBURT BAs), BRERBENA:
J= J’LJ(s)A(s)ds = lim L A(s)n-H -qdA (4-4)

XE, L RELHENE, dd RB—ANHERIRIREBLGEE . BEFRE
MERZE EM—REETT (FIW, dd=dsd) ,n £ dA BSMNELTT I

x, {perpendicular
to plane of crack)

x, (normal 1o
crack front}

x, (tangent to
crack front)

A 4-18 GRIPLGETHEEIRIEIR (BERE 4o « At « Adends R Acracks BIA)

. J AUB RS EER. Bk, Bd5IA—A R ERE Ao,
SARTE At, HEE Aends (FERLRIRMSE, SMLETRH RS HE B,
Aends JHR), MPLHE Acracks (18 4-18 iR, BRERSFEL N —MER

e
H[LAEZE| A=Ao +At +Aends +Acracks BIH — M HRIE V. WEH 7 #
TN Y. 72 Ao FEIEN 0, ZEM At EHF=A(s)g . INHTH A WHI 7 ZEIX
Bl > PRI, 7 Aends BRI E, SREMEY. FLl, RINTLUES
AR @-4)%:
ou

7=-1jAm-H-q“dA—jWAmz-a-qu (4-5)

Acracks £, t=m- o BRRE LWREHL S
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FEREREE R, BATTLLEE:

- oG " _ ou _
J=—L[H:Eq+(f-%—a:%]-q]dV—Lﬂwmt-a-qd/! (4-6)

FRAAERTAATER, X EARTRAWTRE SRS HE.
432 RERY I RS ERE

ERHFN R, BRBEURRAS SRETR, BIRIHTEE. Bt
REBS BEFEYE, T8RSN RSBE TR . THREAN
Bt A ERGR AR K AN, HEE B ETTEEAT T RIE.

EZREET, NTFRERAHE—BFME, TREMKXRREHIEICR
FRLERT, FARA IR AT LRR N

0, =0W/0¢; ‘ “-7)
K, WREHHBEEE. HBEULXRZXMN T TE J B mEXK:
J= dey- i%ds (4-8)

ZRAELFTR RNRAEE—AEERHRMHEAE, LR RT
EARESRRGRRN J R R FER, RERIBREEXEN.

HEEEAARTMREMBEMNR, RS 250 1#5 24, WA 419
PR 2 AR RSB YRR =M LT, = ABDGFEA, T, = A'E'F'GDB'A" ¥l
=T, +I,. BFEHT SEHT, AFLRAE, & J RS ELE—BRMNTFHF
EtEEE &, KB EMIBRIAE. BE:

Jp, =Jp, =0 (4-9)

F
Materia |
B Interface
E o) D\ o~ S _
E* A* X
B Material 24

F*
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LT FRFHKEREN, BE4-19 7750
Je=Jp, +Jp, +Jpe + g (4-10)
BAEULZERDHERS “+7, FEUTERYHHES “-”7, BAEILAR
_EH dy=0, T Y A LR AR EESE, Wh:
T =-T;, u}=-u @-11)
F %R DG 5 GD MR R, #:
. ou;. - oy
Je=0-[ W dy+LG:r;*-67dx— [w dy+LDTy —Idx=0  (+12)
XHMIERTAERAARYPHEMERZERRA KRR J Ro 58z
TR AR .

433 EGR—RSE I RO BRIEITE

£/ 42 PERTOME R, THEK C3PB 19/ \/MARER F ERGR iR
JRMENEK 4-2. IGEFEBH Pc 5 TSR ALE 4-20.
x 42 REBLREN J RS

RERS 1 2 3 4 5 6 7 8

e AEAPc(N) 8368 8384 8440 8472 8688 8696 9000 9472
THSHENmM) 092 101 104 106 120 122 145 201

JBUMIINm)
e b

o
I
)

1.0
<

0.8 T T 4 T T T T T T T T T T
8200 8400 8600 8800 9000 9200 8400 8600
i TR Pc(N)

B 4-20 IRFRH Pc H5IRGKR
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NTRESEGREATS, B TRERGRESEANAE LB TERXENS
flo RIY. RABBORFROUBEG, T 570 8 R — B2 O sk F BT RS R,
EWREBEAERCR, BT LR A MR Bl 5 8 2 B K. i 4-20 AT LAk
i, )\ AR AERER RN RRMETHRK. EXHERT, EH
B—WRSB/RRKFN FAKRETEESH,

B TR E BB S E AR 5 1 _EOWSR RG24 FIBE AL, X3 L0k B 33
TRUTLEE R EHE, FUETHRRER ) EHNRTEEE & ARG EE
BRER TR,

4.4 Bif R RS HEEEITE FeCrAl/Q345 KR R EMT R AL

WAE R, ERFHARJLATERE SRR /RN AR, MXHEAREN
BAAH R W AR, AT Dy — b LT 7 2 A B TR A 3 53—k L 7
XA RIT ABTIN. AIEELRE, BA/FEHnN o, BMEHERE,
5L T TR, Bk, XLESHT ARG H A AR 5%
REFT0 .

44.1 BB REBHHIKERZ

RANBESENSBNHER 421 Fir. XFFEEER (2-25) ki
EoHSEmHA oo 2 Prm(ow)s Poglow)ir BIRENE B ITH T FIEIE M R ALK
BB FIFE R B S RE T B R ol Ao B R E Prem( ow) 1 P om) H
HANS M, RESERTRTRE— RIS E (im0} FHEE XN FGHT
=.

THNMBTHERA/RSENSER. HESREN, AREREREN J RS
RIRERT K.

) FRTHHT

B HEE S RNA= ST LR (C3PB) WISESHT, RATTLIRE
VEBN A NERY, el ER A RmRERmA J 24, BT DU E R E B
HHAKFE AR JRaRR) THREHIR AR . @R 15 2] 8 57 R

BT 2R S R SR A B 2R A S B R A AR N DB X A SRR 5 TR A /R
ZHKHER.
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£EmMPIRE GEhmy), B HRITER HERAAEIR 2 MR EF L
B /RN A Z EHIERR, 24 (owrm =F(J, m).

B RTTHH

1

WER SRRz HI5

5 HEIF !
BTN R

¥
%ﬂﬁé‘%ﬁ%ﬁﬁ’x%’lﬁ@éﬁl

]

U AR ) B (O )z = F (I, m) memm

T {E T S 5B R R

(O exy=F(Jc, m)

1

BRBREGH ST M.

Bl 4-21 BB RSENRER

(3) A BRBRAR /R N ) R 3

EE—MEFENRAKTET, B FE (2-24) HITHRERS, B
(owrem=F(J, m)BREK R

@ B BRI IR B AT /R LS
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m), M0 RESE T B0 R AR M R BRIl FRBRAT /R A7 228 (0W)expeo
g, HFAREEAAAFY, mBATHHE, TRARAMYE A HEEFHIFUc m).

G) v B REREHK

(OWexpTE X T Po o) IR HER, EF D AFHIE T HTRMBAT RS
HF bt m, (RINEZRVEEBRE S, FTFURESHoALEFRER
FEBATHHE, REERFRIEATE) . BERRBERCREETS T,

® RE
Fm=m , Wm-m, EEE () FUEHERE, EEm=m Ak (—

A5 Ml < OO Tf EARELEARE, DHAERUE, m, DB m ).

m.

1

FIKAET TN BORERA RSV HTERNTR, 3RE/EE
REMFEWRAEHS T BARSEMEIHERF, FEBEFHTHRE/EER
KR REFET .

442 B RSHEMGIT PRI XREE

M) HRERXHEX

XE, BRATAAMBRIZHXRREX LN AE. ERRAONOFET,
FERGRHHHEN R AL RE— R BT, KNHRIZFROKEZRHT
E— MR AR R TSR ERRSE, Xt 7 B8 o AR MR AT 7%k
FIRAE I B % F B2 Von Mises IRMER], BI%0,, >0, B, FRKERR, H
Ho,, A3 Mises N J, o, AP REEH I ERIRAL . Mises N 5B KEN
KEN:

Gm:\/;—[(al_UZ)z+(0-2_a3)2+(0.3_0-1)2:| (4-1)

¥, o,,0,0, hBRNTS.

AT LU R M GT iR B R X AE A M RIZEIX, Blo,, > o,, KFEGE
B REBERREREBNRARAEKER, X2 1HR0.9.

RN RS HIX MK ERE, LA C3PB . M ABAQUS 3473043 H
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X 410 5 R 70 Miises 5 808 77 3044, FIA fortran 8 B HIFEFF, R Rk
Ho,, >Ac,, Bla, >0.9X380.4=342.36 (MPa) 87T, W raea X ity RAAAL
.

@) HEBEHRR

A BUE 518 BB R ) (owrem 5 B S BUR D BIKX R B H T
EHE, BELRAZBAEHESMALTLE . TLGES T @R MERR
18 R AR B S8 B HUIN RS R,

A1 Iny=a+a,Inx+a,In’x

B2 y=gx™
®) M FHE

— RN RRBRER BB 5 T E U AR SH AT MACR R H R
BHESEREMELRMEN, BEREHE FERT) #mEnELmit.
LA R . 20 A SR R A BDET, BRRIVR I R A SR B
BUR, MERKE 8~20 MELEMRIRELN 20% ~T% ). ERENTHT LLET
To A i v R 5] BLAZ IE .

BN AREFAHROREBEG oy, AF j MABEIREBR K 57 B
RRLSTs f,, AEIMRHERERERROBER, WREREHROERERSR

B
f

N O Ca [

LENBLRREAT, NTTFL m o, BRBIRMER

(. N

B EECEIC

. 1 & %
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K E—VME m, BATERTHE, BIAIKRiim MG, .
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KERFHESY, FHERARF=G-05/NRF. X8, iRT-HAENFS, NE2
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