% FRH /T AN R ) G20MnSQT %4944 K1
W R MR A

Research on Fracture Toughness of
G20MnSQT Cast Steel Considering

In-plane and Out-of-plane Constraints

— R EF TATHE
BT T7 1 - g TE
TEE L ¥
8 FHUM: % A Bl
EFH 2021412 H 6 H
ERERR i EARR TAEEfr
e Tk Rl % PRE VNS
7 e Il % PRE VNS
=7 B 1E w2 AR REETH b o % 7€ R ST B
Fr% R T 1 REER
RERFEATESR

—O=-—%+—8




o'

7 20 2 A B ARG T 2L B (R, 52 00 S 10 0 S S S
WPLERIG G2 T JUHERIR R, I T s, WS, =M% 2500t
KL /TN . SATIX SIS B TSI 2k, N RERIE R G R g
B RIS B . DRI, 4R HE T SR AE T P/ AN R, AR A L R v AR ik
RIS G — B, G A VR R 58 B VT 5 10 3 ST IT A 2

ASCEIS IS 0T ERS, BUEEIURLE & 72, R SO R P9/
SPTOR G20MnSQT SR bH L BT 24Pk o B . 52 L T LA AE TR P9 /T8 M0 T 11
Gi—Z8, JFRESTUL SRR R RE 2 TR B 2 . S BN UG AL I A 7
RIFHAR, AW B R G FEE AT I BV ST, B ST LA . A S
5 S AR 1 R B

(1) FHBAR:, 5 G20MnSQT A [H] T P # 5 i SEE frfd (CT) ik
BEJ —R HHRFEPEWTZADIRT T, o 45 S0 W1 B T P 400 SR PRI B8, el I 2
YIS . I BT T ST M, 4 R B TR PSSR A S, TR
S\ FEE Y O 202 Bl 0 e Y 2 D 2R A A e e T 2

() G EGA B R AN R SHRARAASE &, % G20MnSQT A% [l i py 41 ok
() CT AR 243 A HE AT B 40 0T o L8 8008 A8 o e A TR 0 25 B SO 2,
A ERLGHE, FANEE. e, Y REAERE AR, BMRLRET R
IR 25 8 T T L T T A RAE R R A, ST T > T, RS
25 MUMTELRIE > g BEATRTLL, 45 AR MR T > g, R T AR

(3) X H ABAQUS A R Jo 5 14 W ik 7 GTN 40 W 42 47 A5 A4, i il
G20MnSQT AN [ T /[ #M s i CT R J — R B2k A M2y J . T W
BTSN R B, SRR R RS RS . T A T M R B R AR, A%
TEL PAY 460 SR 1 SR TR A 460 SR PR S0, T 5 T A 460 SRS T 4 TR A UK

(4)  HET a8 i 4% b s X b AR FE P 25 0 ) — 2 A
Mk FIRL, T — T NN — R B A, > IFEST I SR
BWGNE T, [T TR A — T [T+ FIERDRESE bR TR 2 5 45 40 1
ARG BT E R AN S SRR iR S

RERIA]: G20MnSQT %4NM kL, WiZLsIvk, [N/ AN TR, GTN 40U
B, EUGAEHEAR, AR



ABASTRACT

Fracture toughness is a measure of the fracture resistance of materials, which is
significantly affected by the constraint of crack tip. Constraint is the hindrance of
material or structure on the plastic deformation at the crack tip. The constrained
fracture theory has been developed for decades, single parameter, two parameter, three
parameter and unified parameter theories have been proposed to characterize in-plane
constraints, out-of-plane constraints and their composite constraints. However, these
theories can only describe the stress or strain field at the crack tip and their calculation
process is complicated. Therefore, how to put forward a unified constraint parameter
that can characterize the in-plane and out-of-plane constraints and accurately describe
the stress-strain field at the crack tip is the key of structural safety design and integrity
evaluation.

In this paper, the effects of in-plane and out-of-plane constraints on the fracture
toughness of G20Mn5SQT cast steel were investigated by means of theoretical
analyses, tests and numerical simulations. A new unified parameter 4. that can
characterize in-plane and out-of-plane constraints was proposed, and the correlation
line between A4, and dimensionless characteristic value J,./J, was established.
Through introducing image processing and acoustic emission (AE) technique, the
stage analyses of fracture toughness test were carried out. The main research contents
and conclusions are as follows:

(1) The fracture toughness tests of compact tensile (CT) specimens with varying
in-plane constraints were carried out. J-R curves of G20Mn5QT cast steel were firstly
measured by Normalization Method. The characteristic values, namely initiation
toughness J; and engineering initiation toughness J,. , were calculated according to
ASTM EI1820 and ISO 12315. The results show that with the strengthening of
in-plane constraints, J-R curves drop and characteristic values decrease. The fracture
morphology was analyzed by Scanning Electron Microscope (SEM). The fracture
mechanism can be revealed from ductile fracture through mixed ductile and brittle
fracture to brittle fracture with the enhancement of in-plane constraints.

(2) Image processing and AE technique were introduced to conduct stage

analyses of fracture toughness tests. The crack evolution process and damage
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accumulation process of CT specimens are analyzed through using image processing
and AE technique respectively. The fracture toughness test process changes from
fatigue precracking through crack initiation, then slow, stable and rapid crack
propagation to finally instability. The characteristic values at critical points are
calculated through the synergistic analysis of AE parameters-time curves and
load-displacement curves. J,, and J.. corresponding to the crack initiation (point B) and
the onset of stable crack propagation (point C) determined by stage analyses represent
the initiation toughness and engineering initiation toughness obtained from image
processing and AE technique. It is found that J, is 10% ~ 30% smaller than J, ,

and J.is 8% ~ 40% smaller than J,., proving that the characteristic values estimated

IC »
through using the combination of image processing and AE technique are more
conservative.

(3) The GTN model embedded in ABAQUS finite element software was used to
predict J-R curves of G20Mn5QT using CT specimens with different in-plane and
out-of-plane constraints. The effects of f, , fy , f. and f. in GTN model on
load-displacement curves, J-R curves and crack evolution process were studied in
detail for calibrating GTN model parameters precisely. It is demonstrated that the
numerical results using the calibrated GTN model are in good agreement with the
experimental measurements, which proves that GTN model is an convenient and
effective tool for evaluating the fracture toughness of materials. The increase of
in-plane or out-of-plane constraints makes J-R curves descent. There exists interaction
between the in-plane and out-of-plane constraints. The lower in-plane constraints
strengthen the out-of-plane constraints effects, while the higher in-plane constraints
are not sensitive to the out-of-plane constraints.

(4) The static crack tip stress-strain field of CT specimens with different
in-plane and out-of-plane constraints was analyzed through using ABAQUS. Based on
the area under the equivalent stress-strain curve in the yield range of the constraint
control zone on the crack growth path, a new in-plane and out-of-plane unified
constraint parameter A4, can be defined. There exists a sole linear relation

between 4, and the dimensionless characteristic value J,./J,

ref

regardless of in-plane
or out-of-plane constraints or both. J,./J, . can be used to characterize the effect of
in-plane and out-of plane constraints on the fracture toughness of G20Mn5QT. It
provides calculation parameters and theoretical guidance for the safety design and

integrity evaluation of practical engineering components or structures.
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HIgIES. AXEBERANEWN T FR:

(1) ASET AR ) G20Mn5QT W22 5

XA R T N HO AR CT iR AT TR RS, @G BR 7o/ A 45 2087 i 28
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2 = AN[ETH AN E K G20MnSQT Wiz & ik 5

£ 2F FRIEAHERA G20Mn5QT BZHEIRIE

2.1 gIS

FOEHET J =R LA SEPE W 2B L . 52400 ARSI o AR RN E 1) o4 Rk
RIWTERBIEE , X VP € (R AR A F BREE A IR S BRI 27 AL DR ST I AR, I bt
BHRSE, SRR XTI RS R F B 1 5e VRS 27 A AR IR S
IgE R, Sl ™ E A g, AR EaAT 30 SO0 4 R R R 32 00 A AT 7
R AT LA DA R AN T UARTHR SR, T UART 60 AR AT RARE— 2590 D T P 410 SRR T A1
PSR o A B S T P HO AT G20MnSQT 454K A4 R T 24470 B I 3030 4T VE 4R U B

KHF R (CT) Wk, UAFRYIIGRIKE a KRAL I AR, X
G20Mn5QT F 8R4 BHIEAT Wra I BE ka6 . ARS8 A2 b 51 N VAR N L 280
AR REHEAT SN SN R S B2 S W ) R vk s T R AT S B o AT
Ao P A A B AR B A (R 221 ) SR 0K J5E DA 5 T i 577 R ST 2RI 1 R 2
SUHHAEIN 2 Jm o b A AR S BRI SR ALY e i R B BUERFAE o Rf ]
BRACFEROR S P RO 45 G ) X W 280 L il e il RE e AT B Btk o -«

2.2 it

2.2.1 W #

AR IE AR G20MnSQT #54A AT 40Cr & 44K . A A i L i
BARREER CT ke BHE TN CT eI . N T AAE R BB B —
Fpk, AREBLEE 7 —H RSN 650mm x 350mm x 30mm 858N . SCH FH 3111
[ PR AN CT 3UFE, 182 MO BREEANAR DI E) N R I TR, anttal PAARAIE
REERT R AL 22 2 20 A0 g 2 BE AR ]

2.2.2 It
2.2.2.1 E#EREIXAE

HRHEFRAE ASTM ES/ESMUSY,  BeitbrvfE [ AR ilFE, Wk 2-1(a)fis, ik
FERGHIE 2-10b)For . [ R A = A FAT 3R
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40 |

(b) N~FE CBAZ: mm)
K] 2-1 A [ R A 0

2222 CTik#¥

HR4i bRt ASTM E18200%), AT I CT WBE, Beit 6 MR IR
I a, LASRAE T P05 0028 A o R R T PS03 CT SR T LT RS 2k 2-1 B,
9 54 AOSBIS 11 CT AFESE B W1 2-2(2) 7, e RS (B 2-2(0) T

— P TH AR CT R 3 AFATIRFE .

R 2-1 ANFETH AR CT WU LA R~

- ENEE (E0E aEr PN BHDEST  WIRREC WA
5E JE1E i mE BROKE ROKE K PN

B(mm) W(mm) h(mm) [ (mm) a(mm) a(mm) a/W
A02B15 5.5 12 0.2
A03B15 115 18 0.3
A04B15 17.5 24 0.4

15 60 45 2

A05B15 235 30 0.5
A06B15 29.5 36 0.6
A07B15 35.5 42 0.7
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5 1.25W=75
i W=60 4 Lo
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Bl opleefood ks "I ro[ | B
= ] ! =2 L
& N L a2 =
| \
= 3 E
Lbunud g &l
' 5 b /’ \ \\ T o
: < \l/ ' o

o 5
(a) LA (b) NP (f7: mm)
K 2-2 CT Rk (45 : AOSBI1S)
2223 kA

FRHE PR AE ASTM E 18200121, A% 356 126 H-F )i ik 5 L U B4 2, &) 2-3(a)
P, RSN 2-3(b) s .

a1.

75,6

sJos] m
15 |

(a) LYK (b) R~FE (#f7: mm)
K 2-3 “PIEnEas L U Bk A

223 BEAHRE

TERHAT WY R IR, 51 NS PAC 2w A2 1) 2 8 38 4 40 XS i
Bl R4, Wity BB RO B R G Bt

PRI SRR T 42 Ak, )P PR 0 A AR 10 T R RO, R R0 8 P A 2 T L
WARSN B T o ARKKH R15a IR A WAL, Kl 2-4(@) PR .

LA H S 5T es, HEE MRS . AT EBOCHS
A DR AR IS S A B 3S HLAE SBOR, MR S b e ok . Atk A

27



R R A 22 AR S

2/4/6 BRI EHORAS, & 2-4(b)Fis.

Ko KA R G0 A B OSSR T R I HAS Sl B e (A/D
s HH TS T, IR AT, 0k, A . AR H
PCI-2 B RER G, WK 2-4(0)fin.

I BT IR AT DA B SR AR 58 0 SR 4R B 1) P8 R SRHB Y BRS04 737, AL
TERB 3 A, ZE IS A, AR STIR I E A 55 . ARG K AEwin™ 73
P, i 2-4(d)FrR .

PHYSICAL POWER
SINGLE AACOUST/CS SIGNAL
CORPORATION CABLE

INPUT 2/4/6
SELECT PREAMPLIFIER

GAIN 4 60 dB
SELECT I20 d8
DIFFERENTIAL 40 dB

(a) LI (b) HIE KA

(c) BiERERS (d) HrisE
2-4 PRSI RS

224 RIGSHBE
2.2.4.1 G20Mn5QT HEFMEESH

T IR A o (A o A B URE AT B A R A S, T A 3] G20MnSQT #54N44 Kl
MEEA S EERE SR, OREWEMKRS . BIHWAERy « BRMEE o, TR
BRPE o, FRVERIE E AVAMALE 1, WIER 2-2 BTN

 2-2 G20MnSQT F54M PRI A ) 221 R S 4L
WrEfpkse  Wimdkdi  EIRGRE R PR 5 SR

0(%) v (%) o, (MPa) o, (MPa) E(MPa)
MHAME 1 26.8 55.0 330.5 585.8 207100
MHAE 2 27.2 55.2 327.9 582.4 208400
M e 3 26.3 54.7 332.7 583.6 206200
FIME 26.8 55.0 330.4 583.9 207233
PRy >22 — >300 500 — 600 —
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HH 2-2 mIAL WRME | 5P E SO, PRI DUZ R e 45 SR O e
TR, 75 ABAQUS A [R yo 8 iy N B S ) i B s 9
VRIS R RAEA LA 5¢ 22, R 75 BEAR A 4 SO ) — AR il e 4k 5 oK H B s
NI NAR M2 . ~PAT A 1 48 SON A — ARl 2] 2-5(a) o, S
FEUF

1000
600 -
004 800 -
i &
§§4ou 1 % 600 -
b= b=
= 300 s
E E 400
> 500 4 o
0 200 =
200
100
0 T T T T T T T T 0 T T T T
0.00 002 004 006 008 000 012 014 016 0.0 02 0.4 0.6 0.8
£ P, ¢, (mm/mm) BRI, £, (Mm/mm)
(a) 44 U J)—RiAg ih 4% (b) FLSER Ay—YR 1 AR fh 2

K 2-5 G20Mn5QT FEAW A4 RL . 31— N AZ i 28

FEIE BN IR R o, Z AT, WA FERE RIS, KA HXQ-DATR

(2-2)THR LS N g AR
Ene =In(1+,,) (2-1)
Otse = Cnom (14 € ) (2-2)
Hr: e~ 60 TMNERG XNBFEELNA; o~ O RS XL
INWARIIN- RS AR
W SR N 200 B S . g AR T DAIE i 2 (2-3) AT (2-4) TH

gtl:'::tum = ln |:(d0 /dfracture )2:| (2'3)

fracture __ fracture

R A
S gl ol 4 AT B A SR AR RS AT B,
WIS ZIGT BB s dy A d e 20 9IER AT JE A R BB LA
N TRRR A o FR OR i JE 0) DR 2R I 23X — e A, e A A I R A S I R, R
F] Ramberg-Osgood 1A K THH FLS N S RiAR, ansi(2-5) s

@:hm(aﬂj 2-5)

& 0y 0,

(2-4)

Hrf: oy NZHENT), BHENEREE o, ¢ =0,/E, ENMMERE; o
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F1n 75 Ramberg-Osgood 1 1S4
TR TG T A RE 0 0% PR 555 52 B 210 R 0 s 26 T 2R ZITH 550 L8 1) LS 8 g AR
WARQ-5)F, Rita Mn . ZTEREMEE, 132007 PR 53 2 2L %)
HATE (0 L SE R S AR . B0, G20MnSQT MM R« =0.582, n=7.382.
HSENASAI AR LS N A o FIELSERRVERN AR ¢ 2R, R, B
LS AR AT AR S 2 (2-6)#EAT THAL
o

— — true
gplastic - gtme _gelastic - gtrue - E (2'6)

R AT ERAR, AT AR 2PAT R 1 R SER — 2B AR h 2, 4[]
2-5(b)fr7s, LAEAE N G20MnSQT 7E ABAQUS 4 BR JC /AT H A g 1572

2242 HAEFRATIH S

ASTM E1820U2If11 GB/T 21143161 45 H 1 5 K9 57 R G 71 F, )i E A
X, HRE-, KE-§)F(2-9)16), AHE 5T B HL = A A 2t A 1
ME, VB9 I R 57 R AUHI 1 F, » AR R CT b F LS AER 2-3 1.
FEERENE, XQ-NEXQ-HMEHEREN0.45<a/W <0.7 , HEATFEIZR
SPEDREY CT RFE,  F, BITHE NI, 0.8 4TIk R 4L

0.4Bb,’
F, = ' —xo 2-7
f (2W+a0) Y @7
0.5
FfzngxM
a,
gz(Wj
a (2-8)

u 2+-2 4 o) Rt o)
g, [—OJ:—WIS 0.886+ 4.64(—°j—13.32(ij +14.72( Lj —5.6(%
w {1 a )| W W w W

0.6B(W —a,)’
= X O.
! (2W +a,) Y
Hrb: EMo, 73508 G20Mn5QT 5 AR SN Al [, Mg 2-2 i ifds
W BHIB /AR S BRI, b B fE 2243 b A4,
HRZBHNE 2-1 h B a, by 7 W N EREWIR RSO E A0 95 K
by=W —a,, NF&2-1 H&EH; ENEH, HMEN1.6x10"m"”,

(2-9)
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2 2-3 AN[R] T N AR CT URE fe R o7 ST ) F,

T N HTRFEE a, /W B RGO K, (KN)
0.2 20.38
0.3 15.50
0.4 14.86
0.5 11.20
0.6 7.93
0.7 5.02

R

FEHE ASTM E18201'211 GB/T 2114306%F T 57 7 U (R ER 5« T i) 9 o5 24

FERIRLTTEERIAE 0-0.1 2 8] PRIt AS S, MK R=0.1.

2243 MERT

ASTM E1820U2VF1 GB/T 21143055 241, 7R EA R J - R #iZenf, N7
PP EMIRELTS, 75 Z AR TR, EXS RS RS AT 7 Ui A
RIGHE . CT IAFERT /5 RN TAE, MAERE B, =028 =3mm , PILIRE
%oN1.5mm; MR AR r = 0.4mm, FE6=90°,

2.2.4.4 IGHLARFREE ST

GB/T 211431 5E . CT il AT W R BIEEBe i, I HLRPRRE ) B ik

1.2F , FitEARXnQ2-10)k:
F :B(W—_ao)zxa (2-10)
Yo(2w-a,) "

HH: o, N G20Mn5QT MIRRFRSREE, MK 2-2 A,

ANIE T N F ) CT 3R P R RIS W IARFRBE /7 1.2F, IL S AESR 2-4 o FREE
B, RQ-10MEHEERN045<a/W <07, FIEAFFEZRFERE CT
WA, 1.2F BTN L 1.2 [TEOR R 3.

R 2-4 ANETH AR CT R T 5 sl Ba HUARARBE 1 1.2F,

T N HRFEE g, /W Prs ik HUbsFRAE I 1.2, (KN)
0.2 224.95
0.3 182.36

0.4 142.35
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F2-4 (8
1 P 0 SRR ay /Y s IS HUbRFREE 1 1.2F, (kN)
0.5 105.44
0.6 72.30
0.7 43.80

2245 EEHEBHIEE

PR S B B EONE R i E, BAREIE R A N SEOE AN
TR/ ISR E . I CE N BN SE AL GE N Z B0 E e T3 2-5
M 2-6 2. ERIRASNSHE S, T8 A A AR RS, B 1
B LR -1 P S el aik.

% 2-5 FERSHEERENE RS
| TH WEE A IR & BV BE
KA HdE wEhE Mm ME TR ERR O OREER Wik KE
;g 35dB  6dB 0 40dB 100kHz 400kHz 3MSPS 256ps 4k

#2-6 FREENSERE

W AF sg LI [A] PDT i e ) A HDT Jt a7 PN ) HLT IRONFFEEI [A]

300 us 600 pus 1000 ps 1000 ms

2.3 I HR

2.3.1 FuHldE 5 a6

N VTR RO AL, KAy CT kel Ja R 2 AT B e Ak
H, JFms LR

it 57 2SR AE PWS-E100 7Y By fal Al s i o RE i da bl bk 4T, ani
2-6 fiso K CT il S R 223 57 Wi Ml b, DAIESZ 0T 2 N 2K
WU f =15Hz , VAT BOR RO 7 REHH 0 F,, BIR 2-3 FAldE, BTt
R=0.1,

M 2-6 HRT LA M 3 B T8 55 280 e I RE Y NI 21U 50 57 R 4L
TFRENGOL, TR 57 R AU LR B2 2mm I, 45 1EE6,  ORAFHE
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T 61l I8 57
RO

8] 2-6 TS5 2R L
232 M#EmT

il 8 55 R EUA IR 45 AR K CTARFEARE 2.2.4.3 15 Fr e 19 RS hn LA
e 2-7 firos

(a) LMK (b) &K
K] 2-7 CT XL

2.3.3 WrEHE IR

i ¢ 12 36 £E DDL-100 ULz il H 77 RE ik 3 ML ERE4T . #5 CT ulie
e Bz AR IR L, COD S5 Chrei AT ERE 9 10mm ) 224 AE 3
PRI AL B AL AT N ARE SRS 5 75 A S A% TRl I R 71 ML AR R 21
FERIN, BRI A, IFRME 2245 FIHUE B EHF S5 3 TIARNL
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PR GRERT R T BE AL, R a0 Wl e an &l 2-8 Fm .

WP RS6 . 7R S REERARN LA RE, =F MR AT . Wikl B it L
PRI SONE, MR HEEN 0.5mm/min ;. TOVAHHLLAERRD 5 5K B R [ %0t
TR, AR EUE B RN, (IR DR i — AR 2k, A
Ja#EJ - R HEAETEWREWIE T, TSI AESE ORA7 BB 7 R 2 4
A BEAT Wi 22 91 BE K 38 B BEPE 04T o

TolkAAHL
SER AR

K 2-8 WTZLH) 56

2.3.4 ZTRESIRL

WP RIS ARG, K CT WiAE I e K22 o7 wlia bl B, #E4T =i
ok, B E S 2.3.1 WA, 2 00 REUK A R Z) 3mm I,
{5k IR 5T DX IA R D i 2440 58 X A i B ) A 28 W 2R DX SR, T LA By
B 26 1 EREUKE a

2.3.5 AWML

TR ST E R, K CT BlFIB I e Bes A e o e ulia bl b, B,
R MERAKE, HJ-R MEHEIERRDIE J KRR A2
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2.4 IR

241 HGKE

59 AOSBIS [y CT SRBENT L1101 2-9(a) i, Mo T LS B0T H75 11 50
BRI BALK . WFEATIREIS . — OBy IX BB AWK . 2 J o316
HERE B0 L CP R I R AN OB SO I, W 2-9b)BT s, LA R mat-11)
Fim . B WIAEAK I o, MO TBIRI ALK, IR BEOK I o, N BB
95 BLLCK I B S BT BB RS KIS Aa=a, —a, -

[ RAHRL e .
R iTEES 7/
X 4k [X 42
ST
(a) Wi X3, (b) JUA IR A E (c) A&
K 2-9 BUREWT H X303 B DLACGREUIC BN & 77 (95 AO5SBI15)
1 (a+a) <
a=—|| 1—1+>a, (2-11)
s|\ 2 ) &

He: o NREGKE . WIRHSKE o) ZIERGKE o, U RRLY BKE
Aa Y@ (2-10) K15

ANFE A AR CT AT R R A IS T8 2-7. Rl vl %0,
ATIRFE 2 5P E .
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2 2-7 ANFIH N AR CT ~FAT IR AU T

24 W T EE AT . FARHIRZE (%)
Ko G WRREL PR WRE3 ) ! 2 3

A04B15 25923 25.046 24864 25278 2553 0916 1.636

I EESTAG AO05B15  30.875 31.021 31.114 31.003 0.414 0.057 0.357
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KILRE £ BUE B R, ey KRG, J RN & f (B #—
AL 2 [ BB R Bk S5 1 Ji DR RS e BELAS AR FH IR AN T FAEAIG, 3 35008 7Y e
R VG AINIE R, far BB, M 3 R

£ G20Mn5QT #4M 4 BHE) GTN BEAARE H, Jeik il £, =0.05, A RICH
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a5 IR0 25 RAHUTIN, FR4EIR £ HUE .

K57 fRRIUA R, IERULY RS

RyUa R %) REUERM R fiR—A 32 Aa=2.5mm
Iy frks i 3 Prks [T HZEmR  RKE J By
g(mm) F(kN) g(mm) F(kN) A(KN-mm) Aa(mm)  (kI/m®)

0.00001 130  29.975 4 30.896 113.342 2.917 613.522
0.0001 130  29.978 4 30.895 113.345 2.996 609.477
0.001 128 29.887 4 30.821 113.243 2.929 615.061

0.01 114 29219 4 30.141 112.303 3.183 590.777
0.025 098 28362 4 29.033 110.814 3.604 557.078
0.05 0.86  27.579 4 27.378 108.626 4.267 513.86
0.075 0.78  26.955 4 25.915 106.696 4.833 480.004
0.1 0.74  26.574 4 24.861 104.993 5.338 449.064
g FAE AR B Je Az Je Az v I Se Az
JEIRAS RN JE /) JE k) LIPS JE /)

5.4.3 IS FLIEEFI 9% 1

REF GTN BB H R 8 MSEAE, NSCRIG FALIRER 4 £, HHFAEA
A £HUE T, fra—frfeMizk. J-R 2k LRGN R RY R EH 2= 1E2 AR
. GTN B SHUE 1R 5-8 Fion, fardi— i hZe bl J - R #iZg &
5-5@)Z2FE 5-5() TR, HEURH. IERVEY RSHE WK 5-9 Fis.

#* 5-8 f AR GTN BRI SH

q, q, e 2N Sy Jo Jx Je Jr

0.01
0.02
0.03
0.04
1.5 1 2.25 0.3 0.1 0.005 0.001 0.3
0.05
0.1
0.15

0.2
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Z 24 E 480
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i€ —a— f=0.01 % 0
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8- ——f=0.1 160 4
—a—f=0.15
——f=0.2
0 T T T T 0 T T T T
0.0 0.9 18 2.7 3.6 4.5 0.0 1.6 32 48 6.4 8.0
it /1 R ALFE ¢ (mm) HOG B Aa (mm)
(a) FrE— LIz (0.01< £, <0.2) (b) J-R %k (0.01<f <0.2)
40 800
32 e = 640+
% 24 i 480
E 16 ; 3204
—a—f=0.01 % —a— f=0.01
—s—/=0.02 —— =002
$ ——f=0.03 160 - ——f=0.03
—o— f=0.04 o f=0.04
——f=0.05 ——f=0.05
0 T T T . T T T T T T
0.0 0.9 1.8 27 3.6 45 Uo.n 1.7 3.4 5.1 6.8 85
1 RALE ¢ (mm) YA B Aa (mm)
(a) fard—fr# ik (0.01< £, <0.05) (b) J-R ik (0.01< £ <0.05)

5-5 f AU AT A — LR 2k LK J — RO Z AR e FL

1 B 5-5(a)F1 ] 5-5(b) AT %, 24 0.1< £, <0.2 i, fa 38— A% 28 DL K. J —R
LIEARBRAH LA, KPS AW RERE T2 B 5-5(c)FTE] 5-5(d) ] %1,
20.01< £, <0.051F, BE £ BUERI RIS, frd—Arfe i Z LM J — R HTZRF2AT,
H £, PO, RIARPRME A2 th 2o /18 BUK.

FHEE 5-9 /A, 20.1< £, <020, BE £ BUERIE R, REUa5. 1IR3 %)
XTI B RS AT B0 K, R R K FERS ORI J ARk, (AL EFRA R, R
B fAE X REGE D RIS AR N e 240.01< £, <0.05 1, B 7 BUE IR,
AL ZLIN 206 S AL RS RO BB T Ik /N, ERH £, BRMA S . YR
i) B A a8 — iR M 26 N T ARBE £, B98N FEA, GIE RIS fe BEL 7R F kDN, #F
Bl vE R A k> . RIERE £ BUE RN, Rad KR,  J RN
IS £ AB B 1R fip 28— 7 1l 28 T e B R Bl W i 1) i IR R Ry g FELASHAE 1)
ANWFAR, SEEALE RV @R, ArEoREmh, ek EE Nk,

MFLIRARFA T E £ B B LR AR AR 5 £, AHABALIA AR RS, BT
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TER NS, £, LIRS R A, SO0 S ER. P SR,
S J-R HHZEK. £ G20Mn5QT #5441 B 19 GTN BRI br 2, S i B
£.=0.075, 2 RIoESE R SR04 AT, HaniA £ mBvE.

*59 fAMNRIUAR. IERVULY ESH

ROUR R 2] G0 EZR %) 3R — L% R Aa=1.5mm
/. fik% i 4 (A7 i 3% HHESA L2 S 2 J R
g(mm) F(kN) g¢g(mm) F(kN) A(kN-mm) Aa(mm) (kJ/m*)

0.01 0.92 27.850 4 20.692 96.492 7.100 246.836
0.02 1.06 28.760 4 25.695 105.825 4.833 334.507
0.03 1.14 29.215 4 28.315 109.761 3.850 386.348
0.04 1.22 29.607 4 29.828 111.910 3.288 427.715
0.05 1.28 29.887 4 30.821 113.243 2.929 459.924
0.1 1.44 30.605 4 32.633 115.657 2.246 532.484
0.15 1.52 30.935 4 33.159 116.286 2.104 547.455
0.2 1.58 31.162 4 33.293 116.492 2.058 525.034
=k PN PN — PN PN %N PN

5.4.4 KYFLEAEFI D £,

REF GTN BB H R 8 MSEAE, NSRBI %, WHEFAEA
A fBUE TN, ik, J-R ihZk LRGN G R RY BB 2 1 ER AR
R . GTN BB SHHUE Q3R 5-10 i, mik— MR ek DL J —R ik
5-6(a)F1 I 5-6(b)Fr, HEUaRE. IERUAY ESHWEE 5-11 Fix.

% 5-10 f, WAL GTN B 44

4 9 95 éx Sy Jo I S Je
0.1
0.2
1.5 1 2.25 0.3 0.1 0.005 0.001 0.05 0.3
0.4

0.5
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32 640 -|
= 0 )
§ 24 E 480
h-=
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—a—fm01 E # —— =01
—o—f=0.2 J," ——f=02
8 —— /=03 160 - (/4 ——f,=03
o fi=0.4 —£=0.4
—r—f=0.5 —h— fi=0.5
0 T T T T 0 - T T T T
0.0 0.9 1.8 2.7 3.6 45 0 1 2 3 4 5
Wi 77 AL g (mm) BEH R EE Aa (mm)
(a) fardl—A0r e thZk (b) J-R #hZ

5-6 fp AL B — LR - 2 A S J — R 2 AR (0 L

] 56 AT, B A SUE GRS, ARG AL T - R HARE, (B
PR — RS MBS, T — R MR CIREERk, 28 b bE: Al 2
f AR,

i S-11 TP, B £ UK K, 200 BT 221568 R 0 A A AR 2
Ko AEWT £, LR A, R 2 T A £, (KT N, T
WIZLSCH TR B IR RN, MRS R N % . DR £ B R, B
SO KBRS, TR,

7E G20MnSQT FHRFRHT GTN MIBUER o, Sl £, =025, 4 FRIcH
12 5 15 R 5 AR TRZVE 7, OB

®5-11 f AN RIUAR. IERULY RS

HEJE T ) LR T #—A # E348 Aa =2mm
fr ¥ Tar ¢ ¥ far % HESTIRA IRk J B
g(mm) F(kN) g(mm) F(kN) A(KN-mm) Aa(mm)  (kI/m®)

0.1 1.00 28.541 4 28.545 109.940 4.088 446.4
0.2 1.12 29.157 4 30.488 112.538 3.200 518.436
0.3 1.28 29.887 4 30.821 113.243 2.929 541.722
0.4 1.48 30.681 4 31.284 113.978 2.542 572.194
0.5 1.78 31.637 4 31.853 114918 2.146 603.927
B MK MK — WK K W Bk
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5.4.5 GTN {&BISHIFE

R RS HA TG R, B EEMEANS g =15, ¢,=1.
q,=q=225; JLIAEESH e =03, S, =0.1, EKRWUANSHE £« S~ [ A
S A PR TAALL A6 W 2 AH 455 1) 77 ORI E « LAgW 59 A0SBI5 [ CT ik
FERERNE, ISR £, fus LA, WRARMERIY RKE. i
W—AIRE M2k DL J — R #ZA PROTAIDL S5 RATER I e S5 1, A FH A &
5], BiE G20Mn5QT #HH LK GTN B S8, 13k 5-12 s, ARALER
Ry KW 5-13 s, mE— Bk, J-R dliZeioxt than &l 5-7(a) 0
5-7(b)H7R

% 5-12 G20MnSQT A £l GTN HAI 2%

g, q, g, Ex Sy Jo S J Jr

1.5 1 2.25 0.3 0.1 0.00725 0.065 0.095 0.375

£ 5-13 AR E PRSP K EA R oBEAARIEN e Xtk (di5: A05SBIS)

JUR AT B

1 2 3 4 5 6 7 8

FE{E

RIGM(mm) 022 057 1.13 145 156 133 098 042 035  0.967
GTN ffi(mm) 028 049 105 139 155 139 105 049 028 0963
ISR (%)  -2727 14.04 7.08 4.14 064 -451 -7.14 -16.67 2000 0.41

e AR ZE DRSS B8t v e, GTN BRI E K, MHXHRZEANIEE, GINE
B e/, A IRE N IUE .

TEVEEMAE, BT GIN ARITHAY 2 — A, Pk A sefs s — o)
R ERRAY K, FA oz R BB E S SRR, R 5-13
argn, RIS Ry RKE A S, HIEE S EARM GTN B/ 4
A RCEAAH X N, PR I N R A R M E RO, )5 1B/
FUFE L, RESURCFIEIRZERDN, R EOR,
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Bt 1 5540 % g (mm) BAH RKE Aa (mm)
(a) fardl—A0r e 2k (b) J-R #hZk

B 5-7 fid—Ahre el J—R A PR o ARSI e X bR (4’5 AOSB15)

LB N A AE AT GTN BT E R, R SGUE 1 l— A i J —R
th AR W) &1, TR T RO e K. Qiang 58 AISIFIH] GTN A
TR X80 & L& P4 BEAT FIAR 48 (1) R S0 e K i i K1 e e 25 8L,
5-8(a) . BIfEJ R &AL EHAME, H GTN AN I AHER . Samal
S5 NI381%} DIN1.4550 B RAAENAR B GTN SRS Ti J — R HhiZkmf, ROy K
/N FE E 25 R, Wi 5-8(b) . GTN BRI ZH b€, T ELRE
AL J-R ML ROUK I, RIX = (0 IRTTHAUZ R AN s
W5 g5 AT LG, IR FEA AT DS GTN B T A4 o} W7 2447 1 5 i o

1200 . ‘
O FGHAZ_Experiment
1000 |~ FGHAZ GTN 2000 -
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< E i /n
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5.5 AN[EITE P/ SMA R B R 245 B T

5.5.1 TNEIERNHMRE CT if#FJ - R BiZe T

W2 5-10 RS He N GTN B, F DUGAS[E] T N 4 K CT R 2R
FIREAT TN, I 5 PATRE 2 BR8N e 45 it xf b . YKL R TR
5-14 w1, faf s — LB 2R A1 J — R #h£R 401 5-9(a) F1IE 5-9(b)FTa~, % 5-15 N J -R
LA SHC . C, ULSIEEWTHFIE J .

R 5-14 ANFEHANFRP CT iR aKE

KILHEKTE a, 2P RKE Aa

R WIMRREHKE A GTN FHXT Ay GTN FHXT
Y5 a, (mm) bl T W bl T R
(mm) (mm) (%) (mm) (mm) (%)

A04B15 25.046 26.021 26017  0.015 0975 0971  0.410
A05B15 31.021 31988 31983  0.016 0967 0963 0414
A06B15 37.561 38928 38935  0.018  1.367 1374 0512
A07BI15 43.235 43.664  43.656  0.018 0429 0421  1.865

TE: GTN BMYIE RO L SN EEM A, Wk 5-1 .

45 400
—a— AD4B15 X%
—a— A04B15 GTN
—o— A05B15 k% 320 4 v
—e— ADSBI5 GTN e
—— A0GB15 it _ -
AD6B15 GTN G
—+— ADTBIS iR% = 0
—— AO7BI5 GTN =
~ —8— A04BIS X%
o R 1604 —=— A04B15 GTN
= —o— AOSBIS ik
= 0.2mm B {h2E —e— A05B15 GTN
" / 1 B 4% —e— AO6BIS %
AD6B15 GTN
—— A07B15 i
—— A07B15 GTN
0 T T T T [ T T T T
0.0 0.7 14 2.1 28 35 0.0 0.3 0.6 0.9 1.2 15
it 73 ALFE ¢ (mm) Ry RAKE Aa (mm)
(a) fardR—Nr#% 2k (b) J-R HiZk

K 5-9 AN[A] T N A SR A CT BT 3R — A2 20 A1 — R 2%
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K 5-15 ANHETHAHRT) CT RFEJ -R ML ESHC . C, LAIEMIIRTE J,

C C, IEVE BT ZETE J
AEE AEXT AEXT 56 GTN AH X
‘ 6 GTN . ul¥& GIN ) _ ‘ )
i \ \ WE ‘ R MsE i R
5 T Mg , ,
(%) (%) (kI/m’) (K/m’) (%)

A04B15 344.609 349376 1383 0.283 0.289 2.120 247.853  249.887 0.821
A05B15 293.879 296.000 0.722 0.342 0.342 0 191.561  194.342  1.452
A06B15 284.444 285.107 0.233 0386 0391 1.295 173.734 173.043  0.398
A07B15 268.746 263.363 2.003 0393 0368 6361 161.172 163.556 1.479

HE 5-9. % 5-14 13 5-15 AT 50, GTN FEA i 45 5 58560 & 45 514
Wi, RZER/AN. BEE NI, o d—0M e 2 FR%, J-R HZRRFK,
FEVEWT ST J 0N, E BT P30 SO A R b R P B A B

5.5.2 AEIEIMAIERAY CT iRAE T — R 2T

AR E ) GTN A6 A [\ 1H0 740 B CT 30 W 290 FE i AT T . 4L
KRECE TR 5-16 1, wf#— B M 480 J — R 2t & 5-10(a) A1 & 5-10(b) It
TRy 3 5-17 NJ-R MZEMAESHC . C, USIEEWREIE T, . FEEERR,
B T4 54 A0SB15 1) CT 3UFE7E RS Hll 15 S 8dl, DRk DA sl g B
HARRFEI A 5 % AR

2 5-16 AFIAMAK ] CT WA RO E

BT  PIRRAKE a (mm) AIERGKE o, (mm)  RAY RKE Aa (mm)

A05B7.5 32.621 1.600

A05B15 32.538 1.517

A05B30 31.983 0.962
31.021

A05B45 32.069 1.048

A05B60 32.321 1.300

Plane strain 32.466 1.445
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160 350
—@— Plane strain
—8— AOSBTS
== AOSBIS
—8— A0SB30
128 4 —o A0sB4s 280
—h— AOSBG60
&
Z 96 E
Z % 3 210
=3
R =
"ﬁ
"
z 64 & 10
€ I=i8 . II.Z‘m\m eon —w—Plane strain
' = Bl fr 25 i 2k o— AOSB7.5
3. [ —o— A0SBIS
/, . M 70 —e— A05B30
v AOSB45
== A05B60
0 T T T T 0 . : . -
0.00 0.45 0.90 1.35 1.80 2.25 0.00 0.35 0.70 1.05 1.40 1.75
) HAH BANE Aa (mm)

(a) FE—LLH 2k (b) J-R HiZk
5-10 A[EHAMF ) CT WFER R — LR Hi 21 J — R 2k

% 5-17 AETMEAMIHRE CT WFE J -R MIEIWESHC, . C, LW DIE J,.

A > G C, FEPEWT RS J, (kJ/m? )
AO05B7.5 216.949 0.322 141.398
AO05BI15 259.883 0.361 162.870
A05B30 296.000 0.342 194.796
A05B45 251.430 0.288 174.118
A05B60 237.308 0.273 166.947
Plane strain 233.715 0.272 164.434

H & 5-10(a) AT A1, B RS BE A3 i, CRERIEE 5, TEAR R AL RS T,
BURE SR BB R e a7 BB R, PRI far 30— A% i 271 iy . 11 5-10(b) % 5-16
K 5-17 v, BEE AR SRR, 1AM AR g8, R BT i S AR
o] [T T AGr W P ST TDANAG v R [ | AV K = SEA TS Bl Dt AN
P2, KRG KRN RIS DRE e IR JE IR T, J#8N, &
HJ-R MR, MW T N SRR 2% K (B >45mm) B,
J-R AR/, BRI 5P R ARG . [EFFERNE, N TRS
N A05B7.5 1) CT K, Tl ERE R/, MmAMIRIEHE RS, HJ-R il
LNz, JEVEWT RPN J Bz, REd KN &/ HEHT X
FEMIRSVRE B— B, =3mm , (5K R JEEN40% , IS 152 AN o] 200 . il
A AR AR IR I AR OO &, BRIl 1) J — R 2RI AIG, ek TR
WIFE J, v, 288 AR K .
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553 AEIEAN/MEINE SR CT il#F J — R BTN

FI A7 5E 1) GTN SRS T P /T 4740 B89 (] B 5028 ) B 288400 58 AT T o 2R 4L
KEICS T3 5-18 1, fardl— AR fi 2 A1 J — R #iZkan &l 5-11(a) M1 E] 5-11(b) T
N 2% 5-19 AT -R M ESHC . C A RIEVEWIRIE J,. . FEEEZ,
B T4 58 A07B15 1) CT 3FE7E RS Hll 15 S 8dl, PRk DA sl g B
FHAR RPN 5 %A A

2 5-18 TH P/ AM R R OB 1) CT R R EUK
KRS WIERGKE a,(mm) IR KE o (mm) HAYEKE Aa (mm)

A04B60 25.046 27.695 2.649
A05B45 31.021 33.592 2.571
A06B30 37.561 38.909 1.348
A07B15 43.235 43.664 0.429
250 500
—m— A04B60
—d— A05B45
| s
Z 150 “;E 300
& <
g 100 % 200
- 0.2mmBlTk 28
504 100 ' 2 T i
—— AD6B30
e —e— AO7B15
(1] T T T T 0-f T T T -
0.00 0.55 1.10 1.65 2.20 2.75 0.0 0.6 1.2 1.8 24 3.0
1 AL ¢ (mm) Oy REE Aa(mm)
() T —hiAg Lk (b) J-RHliZk

B 5-11 T P9/ 3R R N ECAS ) CT iR FE RT3 — A 2k Al — R h2k

% 5-19 mN/HAMARE CT Wk J -R IS SHC . C, LSIETERIRFE J

G5 C C, FEVEWTRHIE J, (KI/m’ )
A04B60 312.727 0.308 215.382
A05B45 237.308 0.273 167.120
A06B30 234.150 0.347 147.919
A07B15 263.363 0.368 163.423
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N T I FUAE T P /T A1 SRR I 2O B A LN MR R M AR A, AR Ik
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F T EG THT PA) ) SRR o5 T A0 SRR 2 S BUAFE T BB K, Rk,  A04B60
FE s — A fE th & d s, AO7TB1S ALk — A F% i 2 1K, {H A05B45 Al
A06B30 P M FE I 7 3R — 1L 7% i 28 2B H A S AR Ab a3, 3IE WA T P ThT 4740 3R
HE -2 EEH, W S-11@FR. HE 5-11(b). % 5-18 fIFk 5-19 41,
A04B60 IRFE ) J —R HIZedmmy, SEVEWTRBPIEE J oK, THR =S ZER
/0N, IE BRI P 0 SR 2 O T 040 SR R, T s T PR 0 SRR T 204 SR AN U

5.6 NEINE

AR EEFH ABAQUS A BRITH A W #R (1) GTN 4042, %F G20Mn5QT
BN RIS TR T P40 R A [5] THT 440 5 DA K% THT PN THD 270400 3[R B 24038 1Y) CT kA
J =R MR UL R AEVEWT R E I AT TN . L EE N R TR S5 1R 0 R

(1) 55 R R T P/ AN R CT R FE GTN 43 FR eRE A (12 37 347
TGN E . AR RSE BB oy AR S 4.

(2) =g THAH GTN BRI AR J —R 28t 577, A
YK F B IELL R J B 5

(3)  ZBIUEAT T GTN B S HA 4T - B T WA FLIRARFR 32K f,
FLIATEAZRL TR 40 £~ I FSLIRARFR 050, DLR RS LI AR AR 20 50 1, XA
BHgE— A2k J—-R iz DL R GUE I R . KA BR o5 e
MEAGE G, B AT — 2. J-R ik DL Rgd R K, K
FRE T GTN R 9 ANSH

(4)  SFIATF AR E I GTN BT G20MnSQT #4944 KHAS [H] TH P /11
AN CT RFE W 3T T . X T [FTH A F R CT FE, GTN 54
RGN LR TG X TARTHAMIRE CT 3, GTN Bifllg ik
. BEIAMURFRE NG, mE— &I, J-R ML TR, Ehbad
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6.1 5|5

HIF AL T — R MR ALE BT R B T, R R, R W RS R ) T
BB NS —“SHEZG S HX UM B RIRE. Harde imr LLERAE
MW/ E GRS HEE R, =SRR8 E, AT, HRGE
RORRLURIG N 13 Gi— MR SH A TTHEB, H R RERIA RGN AR,
R, 7 BHE AN AT DL R I R A T A /TN R A3 o, SR R GUR i N 7 8 AR
Y, BAETFIERSG RS

ARFEE X G20MnsQT #5441 kL, FIFH ABAQUS H R IGEAF, XA TH P/
T &M CT R B 2800 B ) N AR 34T o0 A o i S UL R4 fe i
A2 by R ) DX e RS L PN PR S 80 ) R A RN AR, A A5 RRRE ) — R AR AR
22T T AE AT LARAE T A/ TN A R T S8 Ay - BB LR
FH GTN 40 453 £ A5 8 - B3 45 S I AN [5] 1T A /D A0 400 SR CT ke s VW 280
B A S BENWRHIE J )T PIRBEE A —J /T » BAIEIF Y
G20Mn5QT AN R} SEBR TR A BLAh F v R SRR (1) 22 4 1k

6.2 ARTRY

6.2.1 #ratFnitE

AZ T RN G20MnSQT B4Rl HIEAR F722 M 58 S EUM B SE v Jj—
S AR 2R TN S 2 B 2.2.4.1 TR 2-2 M 2-5(b) o, WEEE AN CT R EE.
ANTEITH] N /T AR R CT 3R U RS sE 5 & 5.2.1 193 5-1 B

6.2.2 BESHYUBRTREE
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