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Abstract: Fracture mechanics is one of the basic disciplines in various industries. The semi-circular bending (SCB) test is a classic
test used in the study of solid mechanics. At present, the research on SCB mainly focuses on surface cracks such as bottom notch or
penetrating cracks. Whereas the internal cracks and internal defects that are the intrinsic properties of material have been seldomly
researched employing the SCB test. Based on the 3D-ILC (3D-internal laser-engraved crack) method, an analysis was performed on
the pure internal cracks with arbitrary parameters generated randomly given that surface had no influence on crack generation,
internal cracks were created in SCB specimens and the specimens were assessed by the SCB test. Numerical simulation was
performed to analyze the crack growth process, stress birefringence, I-II-1II crack growth surface, failure pattern, and macro to micro
fractography characteristics. Moreover, the distribution law of stress intensity factor and extension path were obtained that agreed
with the physical test. The results show that: 1)The 3D-ILC method is useful for solving the problem of internal cracks in fracture
mechanics. 2) Stress concentration is shown at the internal crack of stress nephogram, and significant variation occurs at the internal
crack of SCB stress nephogram. 3) The compression-shear crack initiation occurs at the prefabricated crack of the SCB and develop
into I-II-III mix-mode crack. The crack growth surfaces are divided into smooth zone and tear zone. The continuous growth is
transformed into dynamic fracture and then failure, along with the mist zone and the hackle zone. 4) Based on the M-integral and

maximum tensile-stress (MTS) theory, the numerical simulation of the specimens is carried out. The distribution of the stress intensity
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factor at the crack tip is given, and the crack growth path is simulated. The numerical simulation agrees with the experimental results.
It provides experimental and theoretical basis for the study of SCB testing, internal cracks, I-II-III mix-mode fracture, simulation of
crack propagation paths in the field of fracture mechanics.

Keywords: 3D-ILC; 3D internal crack; I-II-III mix-mode crack; fracture mechanics; semi-circular bending (SCB) test; brittle solid
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3 W RE 5 B T SRR

N TATSCRUERAg 56, AT 15 e BRI AL
PR SRR N R, AT (e
I3 NEE A FACIR I W RIS R . SR #4 R R 24
AT W Do birds th BARKIA ST 0 br. N
TEUHRRRE R R A 6 PR

”

‘ «
R A

B 7,

< s— — i :
— " " . ]

(a) JTaRIMER (b) B

(o) Hafawy B

(@) IRy R

B 6 NAATH =L BBRLRE

Fig.6 Stress birefringence and failure process of specimen

3.1 WEEE

T NRGOAFE I S R R,
TR, ERET R, IR,

(1) 22 (E 6(b)): 7RI IR H 2 i A 2K
IKF) 19.32 kN B, BT NG Gy, BRI AL
AU AR A AR ) T A 2R AR AL,

(2) #awy R’ (K 6(c)): fr#kfEfE 19.32~
26.39 kN B, ZEfFRGUH ANFa ey B, B
graui i) NEAEY R, BALUNARANIE K.

) AEfasEy @ (K 6(d)): 24k F] 26.39 kN
i, e LFRREY R AR, MR kR

MEFHPE RN Y IR, J5 OB 45 & W DRRIE, 4
it fe e T ah A b

(4) BR (H 6(e)): FRELP EEIRFEIRH
(A5 A M B A G g7V = 2187
3.2 MA=gHiE

P85 S RARL R F 0T S R 7t 22 1 0 Bk
R AL, S5 AL SCB HIMEER EHARE L
B, A RS P R SRR BT . A
SCREG AR A R T HT LG W 6 B, gk
Je, NATETREIZRSUR DL R, TERERN 2
BUAETER A o BB INEREAT, 7R3 B R TR



ERE K&

FEAF: FE T 3D-ILC i A R SCH IR 25 i W SRS PEE T 115

SRAL B LA s AR O TR B, S = 80 R E
TR ZH, HRALE BIIR s B2, BT
TR LG, JEIERHICR 25 80 O FE T 0 (1) T3
WG 0. BT TREIZS0E N, Bk SCB T 5
B B BOEATED . = AU SCB aUFE (1 79l Py 24
SR8, 1 R T R T SR i T 2
3.3 RGUER. BIREE

SRR P RIE AT B TR AL, TEAH RN
M N2 FRBEI TR . AL SRR fr IR P
Wk 7 Fros, AR 20 DL R R O 5E R
FEAH B, T N 2 S0 R I B3R 1 2k T R
75.44%, TR NRSUAAFTER O HI IR T 5
@ T P L SANE (1 R 2R AT 25 o AR ar 217 L 451
N 73.20%.

4 T-T1-I10 BBy e

b6 & A AR N, GBS SCB AT Hh Lo A 1R AL
R S fE I BRI RO, A T RS
&, SRRGUNEI ML Wil 8 i, ¥

R

\/ e 3

JEPIAE =4S [a] b RO R F IR [F]
I, ROUERHEA R, HiJE /U AR,
FLLy I B e ORI X R Ak, B
TR 1 R ORI 25 H R SRR K 7 2B L
G, I M ARG RIS BT B8 B R BUR S 8 )
588 EE DR A 0 R SR AU Rl 0 — 2D 45 H S HE

040 ¢ REUEMRE WRLGAFEHIR O REBIR
220 +
200 |
180
160
140 |
120 }
100 F

80 |
60 b T 75.44%

71/kN

40 | 2639

19.32

20

L m N

R R AT WREGPE IR T 2 (R AT 40
B 7 SCBEHSHAHER

Fig.7 SCB crack initiation and failure load

R

l@LA

,,,,,

B8 RERGY RIEFL

Fig.8 Extension characteristics of wing crack

41 HEKX
REGER R, ROy REDCHE HAumE R, A

Wr RRAE B, el XA T B S0 s AURRAE, £
PEHERR T B2 (I ML S5 R
PR AE T SO WX A VEIR) « LY T 5 R
BRGNS —E WA, JF By RYPUSE =4
2] L 2PONETAR R AR, 455 R
TS S BRR r Hr R 1-11 B R

FH 5 SO 7 3R R R e Al el - T N 3R E0

R TEAR RTINS ARAS, RIEAAEAE 1 BHRLGR
2, RIS TR A2 A7 2R 1T BN F1 58 FE TR 7o 0, Rk
FIWTAR R R BDIRAS 1 1L BAR 2L, X T WA Rk
E, MEtEREUE R T F 4 — N B S 3 Ul
Wi/ NIRRT BREY RS, Mk
G J7 [ 21208 2 2] — A 540N 5 R ok
PN IAHTE B — AR P Bk, A& R
ARIEAR AL 1 BT DR, XFal T e, TR
By am EREAREE. X -0 B8y EH



116 = +

b 2020 4

T REUwEFR I, BA 7y mA R ENE”,
FERREESL | AR R, TRl AR
2UbA& . BARAXHES W 2 W O SCHR10], BtAk
AHFIH

MAEARIG T, ALY FRe i B 2 i 28 SR R 80T
—E M, HRAY REIN —HATBIEREN
i, AR I BRI, REUe R in i w ot
[ RUREUBIE”, 1R =25 (R A 3R,
K 9 NARSCREUE S A SCHR[20-211 3R G0 HE
CREA U8 3R AUIE R — & iy L LA oxt L i) ELUE
DB

(a) AR B AL

(b) CHA[201F L

K9 RGN
Fig.9 Wing cracks

(c) CHR[211H L

42 #RX5 11 BRL

WX AL T I, A BENRLY &
B E B WA A, B X SRy i
SR PRIEA, BN AR5 R )
o IR BRI AT 1) G BREFAE, Sy g
) M S 5ER ARSI S . Fg S
3.1 R LI BB, 00 BYE N, D 2
XN - AL FRE, P9 nf%n, 1Az
LS 51E I RSUERECR Y BT, Wi
THRGY REEREOES. B 10 NEH ST K
- AL, B 10()H R LUEE 4 d ik,
JRAWTRE 2RI (TR %) (Engineering
Fracture Mechanics) 7k AZf 7", 10(b)2y I-111
Ry B JARR K, KR T (A2) (Nature) F
IR, B TRy RSP WE RIS, Fwid
pa e R NSV EI Ui P N LR T TP il

5 HR BT, WA X K 20 KPR

SN
BE— PV T X 1 RGNS 5 .

(a) REJEFIT

B 10 I-I0 ROF kB4
Fig.10 I-III helical crack

5 WOMESSRO

5.1 BHRES

BRAWIRERS, W 11 For. HELK 3 B
H: FRRELL TIREL FIRRES B F R,

3.1 RTA, BEGUAE - AR 1-I-10 A
BERL, AWIRHH FRRLY R, 4
T RGO A KB R R, 7R B RGUTie
(ITH b, R AR AEMEWT . Flbrar, ek k
JERIFRM, i, Wb &R AR M R
b RAVYJE G, TR B o RS R IR

FAh, WEFERNEBIRRALS. TR R
WA, 75 R PN 2L 3 2SI B i JROIR e ]
By f, A5 11(d)FR. BT RS0 B T
BRI R ) A 2E M DA B L R 2B ISR, (R DA
FlE RAERE, JEIEAEFTFER 3D-ILC MK RF
RIGHT, HEN AT REZ T EIIEANE G A OBEER
Wk A, A N BFE A B AR g, &K T RAL
Y RITRIAREE, B EIRIIRASS . @
INENERIT R AR N IVE TR TREY . L
NIREERE, AR 1S
5.2 WrOREaHT

W 1 22— T IS ) 5k}, 8T o
W AT 1 O I 3 BT A R O S R . SRR
YRR 5 725 ML, AT DLW VRRAE A2 2 10
JEPLIA” . AR SCB ARFERT RFAE QI 12 FioR, &
0 A U 22 X B 25 T L X R A
5.2.1 FRASWIZLH O

[F] N R shAs Wiy CRRAE, 1A BT DY FE 9
AR RIBNSWIRNW DRHE . BSRLARG 2T
BB BT R — MAF BTG A TE B REEX
5 RAHUMBEAR LLAER /N BEAILW A



B Tk ERSE: BT 3D-ILC & L N REL B 25 Fr W R VE T 7T 117

LR
FRELL
E
BIRARZELL
() WATBEREE (ORLEA] (A BERAR 2L

B 11 RAREERES

Fig.11 Sample failure modes

iz O
/ st
P i X
hIN
T
AR ) -
— HEKX
(@) WirRER (b) BT DTS
B 12 WrOoms

Fig.12 Fracture morphology

FRARLL, WIETSCRT T, BEBGEEON - B3 Friedel ™ 50 st AT 7 28 04 o
SUR T-1-11 2 5 B S 2 B, o LT 2 P B 11 T
L AH R EIE A R CUREAIE . B T R ALK,
I BRE 2 55 R T RN O, 18540 TP 2L
U R, AT P 2R A0 ) b SE AR — 2R B %
RE GHRITI, 7R FE A T IR AL
AT O (R LK 13) 55 228U
REIT IR KAEPAT, 5 RARI R X 4/ N IR
FHEAE, SALTIRXIECR, MR, 4t
TEEGE T Y\ e PN, RIRALBAEAE T B4R S
o B4R 2 IRAPE LA TS . B 13 R O

Bt X oAb B 24 W 0 H B Y 22 P IR A FE Fig.13 Fracture morphology of tear effect




118 = +

2020 4F

FERE R AEh, RO e id — LR ek
P IE B B R IRTERE . REUHT A 2K
T, BB T 5280 77 1R KRBT E LT R
B 14 25 P RAERETE R 7R o I B R 3R
STy AR, o NI G B RAY i [
S5 RAEAKTF RS, o o AR /i
BB I R A R A 5 NS 3 AT AR KT TSR A o
SIS WE 14@) s, HpEks b G Fres b

GARRITIE, BMrEIIN 2yb o T EEREE G
RO VLM AT ORFRE Y R, o' =a’, W
MNRAATmER %N

2yb=2Tsina )

Xy AEGMLIE AR IR &E; b NG
Brimfes BEERSUNWRTR, ROHTm A BrS i,
B2 TERL G B o XL 5 B RN 32 ST iy PR T8 B
K] 14(b)FTw

(@) AMEZE  (b) WAEGHTED () A AIITRER
B 14 SFRIERETE RE R B

Fig.14 Schematic diagrams of spear shape pattern
formation theory

WERGBYRIFEASE, WE 14(c)fw, MHIA
KRN T, a'#a’, B Tsina' = Tsina” » AKX
FRIRJ = RGBSR, REmA&EH B0
BWre Fl o /o' FIHEAEE I, & tn g
I, XA AR E T AR W ORI
5T o
5.2.2 shASWIZANT 0 ey X

Y — AR AR A — A B R GUR T
EE—MEREI B, XM RO R, A
NEFELRAS T 8hEE, UEi, ZBSSIRE AR
AFIEH, W&%%%E&Tm SRR HE AN,
WAL TR s E G 2] — e R e
HFAMT RSN (pp) 512, AR H
M7 HEWHE, BTArE. WO bk, EFEA
Ray e X L, BT Z WX FRE X 53025 W
FIURFIE, S5 A0 XORIR) B X O B 1 an ] 15 s

RO TR

o
|'|'
J

"/ Wﬁ‘

B 15 mFRAEET 0 X O

Fig.15 Micro-fractography in electron microscope

ARG P AT R BERERE R SN A P
T, ONEPRIXE, R RA R th 218 B tRigt
PRI, SO A AR 0 R R R 2R i B R/ R
PRI, B 15 T BIROW R R X
AL

FIBXEBUIR, RS, [FIAEE

DA BIROUN 0 XILR, BIRSUAEIT— R
”ﬁﬁﬁ M P78 — B NREUR R, 2K
By e, RROUPGEY R, TR SR SURIREsE
Zfﬂéiﬁ

FALIX . PR PUE B A W R SRR AL
NOLHEX CBIX) FIZAXERHEX, FHE
W&#@mﬁﬁﬁfﬁmﬁﬁ,wﬁﬁﬂﬂ%Tﬂ

REFEHRAIAN IR Beo H I, ShaAS W I AR BRATL A
BRI R R ZH , ARSI TR EUR i M AL 2P
2 RE . AR SUIT 32 BTk B — I mi i
Kt Ko (K N IT5B IR 15 Ko Al TR 7158
FERT), REUTIRY . B 16 43t 7 — L8 5E /)

FAX ALY R T B &REURIG N ) 0,4 77 BT
ﬁélﬂ%o
1—027 2 0.13  3---- 047
040 4--040 5——05 6— - 060
S
3
e
=
il
®
) —> ¢
= I L i, | )
0 3 a3 oo
0.1 - R ST 053 BV TLEE R

Bl 16 oy BEAIEREL f30 (HRUK R
Fig.16 Variation of oyy with fs (f)

& NSNS HRE R TN
K':K(v,/v)”2 (5)



21 Ik B

BT 3D-ILC & it RG] 25 L I R AR 7T 119

s v B AERRIR L v NRE L ; K

BN ST 5EE R F
FRECH
fos(9) =04 (2nr) " 1K' (6)
Ky @ NREER R AR S H
-
o, =K (2mr)" £,(9) (7D

X6 (D JEAAME, Hh f,(9) WU E¢H
K ZLL I iy 2 AL AR PR

Bl o16 R Ml FRE L EIR K IRE R v =
0.38viPIn}, B KRk R ) AR SR ZLSLH ¢ = 0
SR HBEE RS 3] g =50°~70° IR o [FIEE, MU
RERECR 1) f o At 2RI Rl A . BlE 1 3
Pt HIEAEPE I EHREE R, SREUEAR
BTN, MHNHRS R, RY ARG —
NSRS, HOCIERMEEY &, =R
K@L%ﬁm’#ﬁWMMMMﬁ%@@MW
JE SR — G R OV AR L R i, BRI A Ay
X, SHCERMEMRE. BTl R R RV R,
R 53 XA RO DR DB IRE R . AR
SCB {56 1 T & A BT WL, 73 X E 4R
HHPE BB T Y

6 HEAR

6.1 HEAR

LA KT Y B0 [ 25 B Y AT HUE
THE B 17 g5 T A T P 2R S0 [0S R (14 Y
RS L [ 17(c) AZREIR A O (R REIR ST A AL
DGR — R, BB R K E N 1,

Tt 2L

(a) RFEFB (b) FFE

1
L

(c) T8 R E
B 17 AR

Fig.17 Numerical model
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