it =

2014 4 34 %
oW HeT-74T

7 ¢

JOURNAL OF AERONAUTICAL MATERIALS

2014, Vol. 34
No.6 pp.67 -74

EFEBE CT i B 77 % 00T B9 A 5

g% 2,

EhH, &

R, BHLEL, REA

(VR S R Sy 25 TR Be, UHB 610031)

FEE: fkds ASTM T CT 3B 3R BT 24 ) 1 38407 40 B3 B8 0 DU Ak Jr ok 3 8 08 20— R Ao 3 B 0k, DT 58 38 ) I 2
90 13 0 X 10 28 47 43 8 B AE , FLAR 9 5 9 M PR TS AT B 45 R DL R I A CT AR T JUAR 56 &, 32 Hh R 0 7k F 7 %
SImE LKA B AN, RARE G RAK B CT 4l 24 80U 0 24 2009 74 250 FORS o 2R 2 17 1 3 30 TiF , 9 175
SEPXF 1Cr12Mo 30Cr2NidMoV L K P91 45 4F 10C9Mol VNDN =Fh4 4 Bl B CT XKy J, BT I 2, 25 0L

W], (5 A O S B B AR X R 22 3 7E 5% LA o

KB : AT BRI EOE B CT WlRe ;s A RITOMT; V-V 05 WiRBIE; J

doi:10. 11868/j. issn. 1005-5053. 2014. 6. 009
HESES: TCI15.577 SCHERARIREG: A

W7 28900 2 S DA A 25 AR B Y — I B AR A
M) 5 ik 5T 4% BFFUIR AKX ZTi6AI4V Bk 4
G VT 24 RS, R T BIR S T B R D
R A 2/ B AR 525 4 RE A IR 2480 B2 B 52 00 e
AT Y AR 2 AT TS 7S Wi R0 B S BT 5 AT T DG Y
FEAERESE bR o A A BT 2B R PR O A A RS it
S A B AT R S 9 R

R AL (compact tension, CT) {FE I B 2 #)
R Y B A AR R R 2 — . # A
L0 A7 E I R S0 TF AL RS I Bk Dy o AL CT
(‘straight-notched CT) iﬁﬁéw'u o B REM
A FE IR IR AR 5T T W7 2P RE 19 52 56 =5 I 7 I 7
BN, a0 BRER BT T A% S N HE TR ) A A Y T B
Sy it o AEBAT AR AL, AUR LA X &
By &L CT A (B & 32 2 #5 ) e B iy J AR it
B, XS T EE A CT ke, Joi 2 180 | [ #r
R ETEL 3B 2 ASTM rp 77 1 30 0 85 15, 1
ARPEPESE R J B 50 Hoc e T8k = T 28
P J BOPHER AL T g, , HOASTM AT B 38
i 3 25 2 A7 A W) 0 1 AN A Rl R, X R
CT ARy J B PP L A S8 I 15 2 e 0 4 1Y)

W 39201303305 {517 H 1 :2014-01-10

HETH : HK B AR R4 (11072205) 5t e 1R AR
B 26 285 3505 4 (SWITUL1CX066)

T A WEBE (1989—) , £, M+ 1 58 A, DA 35 187 24 g 24 1F
7% , (E-mail ) yaoyao19881229@ 163. com; % 77 i , ( E-mail ) lix
_cai@ 263. net,

XE4HS: 1005-5053(2014)06-0067-08

HEWESKIT LS V) S N I AL RV, IR 5 1%
MEH B CT WA i3 A RS T g Xt
THER CT R V- VL BB SRR, E N, &
W LABRE T AR AR T R/ U IR &
A B e MR B R He 2l it L aE Y CT A X I HY V-
Vi B 20 (B 5 28 3 RS B A 1 Bk — B )
Wo A TAREXBUA 20 23 8 Be 247 58 3, i Tk
AN SE R Tl A R OGO 403 B, #fE S 1S F)
TR e OB S 5/ V- Vi B i 2 5, 9F R
SRR LR A RS2 B L E A CT A AR R T 2 ) B
(I3 T7 i

1 ATHRMENR N H 7o HEh

WA AT B B0 R B R

FF AR AZ Wk P oAl L3RR i JLA pR 2L G (a/ W)
SR REASTE R H(V, /W) TR

P =G(a/W) - H(V,/W) (1)

X e HIAFEROK I, W R TE R, V, il

IVEASIE o h T 3SR A [R] A ) 28 28 A 43 B AR 1 1

BT LT HA B SES,
_P(a,,V,) _Gla/W) - H(V/W) G(a/W)
" P(a,,V,) o T G(a/W) - H(V /W)~ G(a,/W)

(2)

B UG AT U, X S oy R 27 S FE RS VO JEETN

PRFFAE E , W AR A7 20 B 1k AT o CT AR 2L 8L bR
B G(a/W) AIRRN:

G(a/W) = WB(b/W)™ (3)




68 i

H¥

bt

S 434 %

A, B R R, b BRI R WA K, N
YN T

A 0 2 2 (1) A7 A2 W] A 5 0 AN 458 ) 7L, i
RN IR « B, T RLE ESIA
ZH A P, B o) 8BS HEAT SOk, TR HO
B HIE A LMBIE R IR -

{p' - Pﬂ = G (a/WYH(V, /W)

(4)
P, = o,WB

Hrb oy MR SCIE IR B T3 . 456 X (4) X

(2) 58 SURT AT 4y B85 2800 S, LA G 6 Uk 28 47 4

B LA

— Pi/Pri

S’ = P, =
. P/P,

ij p
i

Vo

’ a; V
G (W)H(Wp)/BWo-O

'yl Yo Bwe
W A ) BV

_ G' (a,/W) (5)

G'(a,/W)
5 AT 3R A7 43 B 1R 2L, X T [R) RP b R ) 4G 2
SR BE AN [R5 A 4 2 SO A FE gt #i v 87,
PRIFTE A, W32 48 B 3RE 28 a1 0 15 BRIE OT o
R T A () 2B 40 B BIIE L 76 B Ak ok v T
Bt P BR AJLAT pR L G453 BRI fk ey P,
F G RR KR A PR T as SR A 153 .

G'(a/W) = (b/W)™

. p P/P,
NG Ca/W) G Ca/ W) (6)
P ,
= = H'(V,/W)

WBo,(b/ W)™

P b ORI R, Gk B U A 3k Y S B R A
TPV WA E . 2% ASTM FrifE, Xf SET
R P -V Wl Sbs 2 22 B8 < K 1 45 A Y
Hpr DL B e X M BOR L o (84T R Ak AL
R, NREC B A (Pt Vi) EVIR B L2 1
AT I AL A B i o BR 25V, /W <0.001 19 5L
A 5L A B ) A 3 B OO (IR ek
RO SHECP VW) Bl () AT A dds A2
RER P S ¢, e 00 Moy, HETR RSB R L
KEE o K T JTiZ

o + ¢, CV /W) + e, (V,/W)?

Py = 7
' e + (V. /W) 7

2 H#EA CT XA COD % 453 o X

2.1 ARTWEBEHR
Xt FAF A T EE R AL R AE 19 R AR T8 b R, B
A4 3 Z2 0] ] Hollomon 878 5 & 10

{O'ZES o =o,

(8)

o = Uflf")E"gi o> o,

Hor n RS REALSS B, o, R 44 SUR IR 1,0, o
PRI . A BRIT AT 22 B, BV A R L 6 g 4
BRI A 0.3, S T8 BE S A
Z 1) COD g 3k, % I8 A A 90 b R BUK B (a/W
=0.5 ~0.7) KA [ M kR LK F (o, =100 ~
800MPa,n =0.05 ~0.3) #4750,

A BRI 6 5 B TT 22 S 9 A 5 4 o
A JEE 2o 77 A I R . — R L, Wl 0 % 85 i
(O3, RS B B 2 4R (L E R, AL 2
TR R A KA R R R
A 5 £ L A TR O 5, o P T8 CT R AR [ 2
IR PR 55 BE HEATOF EEAT 3 o 7 U4 2mm 3 FE 9 )
R Z0 D9 8000 1 Iy — 175 19 4% 55 35, i 4k 190 4% 462 750 1
FRBLISIX T B A KOk % o B 1 TR O B A
CT iR BEA 7] K 5 5 15 20 435 WA BB T0L T V45
S AT 2% o o AT B A 8 A AR 1
B AR 22 58 W RN I TR E , B LR 5 I
VA RS R SR 2 E SR AN 2 TR 8
75 RS 385 18 E AT A R IT 40T o

6

431 — 8 times

— 1 times
15 times

3.6¢ — 0.5 times
— 3 times
— 10 times

24 6 times

Realtive error of V| with
20-times meshing density/%

0 32 64 96 128 16
Rotate degree, 0/(°)

BT R RS 8 Bk S sk T v % vV, 5
20 1% P ks 5 B2 25 2R 22 [A) B A X R 2
Fig.1 Relative errors of V; between different mesh

density and 20 times

K2 AERITH A

Fig.2  Finite element model



&6 1

FF EL R CT 3R I35 12 114 i SR B2 T 5

69

2.2 BERTEMATEERSN

MHR[11]EF E B8 CT i AE (stepped-notch
CT, B AE I 84 ) 1 2L 8Ok TR RS 1 CT 34 ) A
A CT R 9 RO 2 15 U 3 /N
Bl it R 60 F R CT 3R Ry V-V, s 255k

V,/V, = ¢(%)
5 (9)
qb(w) = ;d/(w)’
b, a WAL, W ONREE SR, R B d, 2 5k
d,=0.2255,d, =1.8352,d, = - 2. 8064, d, =
1.8742,d, =0.3276,d, = -0.6812,
SCHR [ 12 JAR 5 W1 2 20y 4B 35 0 ) 3 000 O 1
e T EGE A CT R 78 R 80 A AR B K 5% FA B 1Y
Vi -V, Feti s

Horp,d, BT CT i FE 2 S0 Bk 15K T 1 7%
Vo MR A — 2 R D9 52 B 42 H AL
OB LT R RS, 0 W B CT 1R 9 RS0
GERG S L e M i — 2, D 9 R EwE CoD 5 it
PREE ) —2F o Heahpae R il T T A

R _  (a/W)’
w 1 —a/W (11)
ro= k,(a/W)'

Horf kb, =150. 1554, k, = —1427.620,k, =5712.630,
k, = —12131.87, k, =14357.50, k, = —8967.939, k,
=2309. 530,

AT AL R K 3 s, B AL B P FR
FA00A B XTI TR A R LR o/ W S5 BB 20
B, mESTAE, RS AXSERITERZ
A TER KRR 22 . T Rgmm V-V, 40058 20 0K B2

Vi Vi H(cosf — 1) + Rsing
—_— = = " \/\ A izt | s /\\é'_‘ ‘j{ iR
T T Dl b s (R oaswamg | WRIEEE BB & B 5 ik R
N N == A . vII=N
0 g RIHE , PRt 7 4 S — AT TR B ELRS 2 8 e i
— Htan > . .
R = Htan - EF S W
= 7 (10)
R +0.25W - Dtanj
0.9 0.9
(a) alW=0.5 (b) alW=0.6
0.82} e
EC 0.74 T/;,__ RA R R ===
N
0.66
0.58
0.58}
0.5 : : : .
0.5 ‘ ) ) ) 0 4 8 12 16 20
- Rotate degree, 8/(°)
0 ! R()?ate de. reel%)/(o) ' e (T\=300,n=0.3 777777 (r\=300, n=0.1
Bree, 0 =300,n=0.15 —— =300, n=0.2
"""" 0"\—300, n=0.3 (7'}:300, n=0.15 0'}:300, n=0.1 0.“:300’n:0405 quo(%
,=300, n=0.2 0,=300,n=0.05 — Eq.(10) o =200.n=0.2 0,=200, n=0.1
o =200, n=0.2 0 =200, n=0.1 —— 0,=400, n=0.2 (,3:4()():”:()‘2 ______ o =400, n=0.1
------- =400, n=0.1 —— 0 =600,n=0.2 —— 7.=600, n=0.1 — 0=600,n=0.2 ——0 =600, n=0.1
------- =800, n=0.2 ,=800,n=0.1 ——Eq.(9) 0.=800,1=0.2 o =800, n=0.1
—— Eq9)
B3 AREEKRE o/ W ASFR RSB RV, 7V,
Fig.3 Results of V,, /V, for different crack length a/W and material properties (a) a/W=0.5;(b) a/W=0.6

2.3 EHiE# CTi{HHK COD Hir#Hfiaxk

G ) A BN B gl v S5 R T A A
K, HhH BIEWAER IS R E , W2 5 s
B BOR B (R ) pRK0SE 2 5 A DR A, 5446 Bl ]
4 Pron JLAT 6 28 4 H A A e 8 5.

Vi R

V, TR +0.25W (12)
Horp e R i X (1D 5. A UEA A+
fR] Bp., 2200 ELE AL CT X FE R S 52w , H 5 6 R 2

Bk R ITE

Xt bR AN [ 5 e 8 S5 A BROC S 2R Z 8] iy fie K
XS R ZEHAT /0, ATLAEH, 2 0.5<a/W=<0.7
A TARSE 9 COD # e 8 sUM iR 2L P 1 1%
et B AR A T RBOREGE , HE U
AT

T Y CT U TG 29 80007 70 B 3 SR Mgk I 7 A
SR Hp & (1) S if 12 R simg ¢
SO a WSR2, ROAR B i 9 45 R 2 5t T A



70 o= M oM % il 934 &

O WK 6 Jir s i R 7E i 2t 2 v 24 e
ANREY . Bl 80 R 2 80T o 1 B £l ELAR R
3mm, R FHRUHE RS Bt AT [R) B 0 75 2 0 W ok 7
BV, HUINEL V. ZAESMEERE E=2.06 x
10°MPa, Ji IR & ¥ o. = 490MPa, i B 88 ¥ o, =
0 650MPa, XK B # o 3 [ L L A7 M B R 3 56 41
" MTS809 ( 250KN ), TestStarll 5 %l & %, &%
MTS632. 03F-30 (#rfE K 12mm) COD 5| fifi i & A+

-1

4 A CT F ) 1 fit L TR B , MTS632. 02F-20 (45 4 Smm ) COD
Fig.4 Schematic explanation for rotation correction of B0 R G R B TR A R I L 2R B A R

Straight-notch CT specimen

SRR AR SR HAS o 0.5 Z. i i H ML 3
TR AT A B 4 ) R S O SR B o AR O s
ozl 4 A g 0. 02mm/s, 4 ik COD 5| ffiit ik
F dmm B R SRR B WA T Prn. R
145 A e 8 SRS I 4 R I B AR R R 22

1250 03B

BRI W R REUKE o MR IEREKIE o
AN S BB T a WS MR 50, K AR 2R
BURIE a BYH —UGEAUAE a,, 7 ARG S0 Al LA
PREVINEEALRS V,, , h TG 4R A0 T 3 Ak BRI AT

132 1 S B @, MAHRLRY T BUME J, L —

o W

TR P R B S I A R LR K, T I B A
2 J BRI A HER o K a, A1) PEE
iR, BB T, =T, WA, A 2 g B
N HIH) B SE a AT B E . JET RS0 AR B

f18 7 28490 B 1 f
| P-V, curve | 10251

K6 CT#i 80 M B
4—| COD transform formula
y

Fig. 6  Blunt cracked CT specimen
P-V,, curve |

<

< normalization method

1.2w

The average value of

A 4

a and a,
; i+l

Dimensionless .
Test fixture of

CT specimen

A

Crack length a_ in

Load line COD

ealHims Crack mouth
7 CoD Blunt cracked
. CT specimen
J,, resistance
curve JM
No
Tz, &7 ki
= Fig. 7 Experimental facility
‘ :
e {15 145 T LLAR 40,5 < /W <0.7
I, A T AR W AR 20 205 10 45 SR A o KR 22
S LT R CT R 0 0 i 49 40 43 B 0 AR 1A TE 1.3% LAY FESAE 0.5 <a/W<0.65 X a4, B
Fig.5 The flow diagram of dimensionless load separation ARG R EZ S/ NTF 1%, 0 L, A T
method for straight-notch CT specimen FEg N TR B R LB R i
24 HRARHARRE 3 OEEA CTRA N TR

eI P91 4% 41 10C19Mol VNBN il T A [ )
204y K JE (a/W =0.7,0.65,0.6,0.55 f10.5) CT 4 B OH ¥ ML AR FE B M R 1Cr12Mo,



&6 1 FF EL R CT 3R I35 12 114 i SR B2 T 5 71

30Ci2NidMoV LA K P91 45 ¥ 10C19Mol VNbN 43 51| il
TR 8 B B 46 R AU A ] 19 9 R EUARE I
FEBE T RORH R B A PERE AN 2 s o B A R
FIRE AK J7 AOGHARE #EAT 0 57 RECTH], 9 1 34808y
SR, T BB 5E IS X TR A B R A3 T A . K
[ YA 2 o N B R )| U S
0.02mm/'s, G2 N 5% Z Ja 45 1kl o FF ik
TR @ AR S L O 55 O e R REBUHTI
FIOFICHE CAn &l 9) I 16 T H B 6l T4 IR 9 miF4y
T I OB ) A A RSO B B i 2 bk Y R
K.

#F 1 10CY9Mol VNbN #i 8 IR 45 R 5
AR KRR 2E
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Fig.8 Crack-tip CT specimen
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Table 2 Material properties of tension

Elasticity Yield Tensile
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E/MPa o./ MPa o,/ MPa
1Cr12Mo 230000 520 700
30C2NidMoV 201370 813 911
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Fig.9 Crack section of CT specimen
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Table 3 The fracture toughness properties of three materials
Material Number Jo/(MPa - mm) o B y
1# 680 241.41 626.18 0.483
2# 722 1258.62 -392.90 -0.445
10Cr9Mol VNbN
3# 746 -86.32 1043.04 0.331
4# 675 268.36 662. 67 0.659
1# 474 —-347.49 1331.33 0.499
1Cr12Mo 2# 486 8.18 1223.18 0.986
3# 489 -28.50 1222.04 0.904
1# 424 -149.52 772.48 0.264
30Cr2Ni4MoV
2# 412 -2104.73 2686.34 0.057
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Fracture Toughness Based on Test Method
for Straight-Notch CT Specimen

YAO Yao, CAI Li-xun, BAO Chen, SHI Kai-kai, WU Hai-li

(Department of Applied Mechanics and Engineering, Southwest Jiaotong University, Chengdu 610031, China)

Abstract; Systematic investigation on the estimation of J resistance curves for straight-notch CT specimens was carried out on the basis
of normalization method which concludes in the non-dimensional load separation method. Improvements on the load separation principle
were performed. In the light of refined finite element analyses and the geometry deformation relationship of straight-notch CT specimen,
a transforming formula from crack mouth opening displacement (V) to load line displacement ( V|, ) was proposed. Blunt cracked CT
specimens with different initial crack length were used to test and verify the transforming formula. Three types of engineering materials,
such as 1Cr12Mo, 30Ci2Ni4MoV and 10Cr9Mol VNbN, were employed to estimate the J-resistance curves. The results show that the

errors between the experimental and calculated values are all less than 5% .

Key words: load separation method; dimensionless principle; straight-notch CT specimen; finite element analysis; V-V, transforma-

tion; fracture toughness; J resistance curve



