
� 21 � � 3 � Vol.21 No.3

2 0 0 7 � 6 � CHINESE JOURNAL OF MATERIALS RESEARCH June 2 0 0 7

� � � � � �

���������	
��
�	��� ∗

� � 1 � � 1 ��� 2 ��� 2 ��� 3

1. ����������� �� 710049

2. ��������	����������
������ �� 710065

3. �	�
�����
���� �	 210016

� � 
	
�	�	����
�
���
�	�	������
��
	�
��, ��������
���	�

���
�
��	
�. ��
�
��
�
�	��
�	������
�	����, ��	����
���
�
	�
���. ��
����
�������	����������	�
������	, �������
����

�
�����	����	���. ��
���	
���, ��
����	��. ��
	����	��
��
��

�
�	������, ��

�	
�	����	�
������	
�. ��
��	��
���� �� !,


�
��	��
��
�������. ��
	������
�"�#���	���!�
���
����� �
�!��
� !. �$�	���
���""�, ���������#.

 !� #���, ���, ��
�, �


"#$ TG405, O346 %&�$ 1005-3093(2007)03-0311-08

The delamination crack in ferrite pipeline steel and the effect
on the fracture

YANG Zheng1∗∗ REN Bin1 ZHAO Xinwei2 HUO Chunyong2 GUO Wanlin3

1.Department of Civil Engineering, Xi�an Jiaotong University, Xi′an 710049
2.The Key Laboratory for Mechanical and Environmental Behavior of Tubular Goods, CNPC, Xi′an 710065
3.College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016

* Supported by the Research Fund of The Key Laboratory for Mechanical and Environmental Behavior of
Tubular Goods, CNPC No.20051256. Manuscript received July 13, 2006; in revised form November 9, 2006.
** To whom correspondence should be addressed, Tel:(029)82665876, E–mail:zyang@mail.xjtu.edu.cn

ABSTRACT The delamination cracks and its effects on the fracture of pipeline steel were inves-
tigated. The results show that the three–dimensional stress state is prerequisite for delamination crack
and the strength distribution of material influences the form and direction of delamination crack. The
delamination cracks are produced on the weak interfaces in the material by the tensile stress perpendicular
to them before main crack propagation. The occurrence of delamination crack and its direction depend
on the three–dimensional stress fields and strength distribution of material near the crack tip or notch
root. The delamination cracks change the form of the crack and influence the three–dimensional stress
fields of the crack tip; this can influence the fracture obviously. The delamination cracks of the fracture
through wall thickness make the effective thickness decrease and the delamination cracks of surface crack
are perpendicular to the direction of fracture propagation direction. The more energy is needed to pro-
duce delamination crack, the three–dimensional constraint of crack tip decreases, the effective thickness
decreases or main crack tip is blunt. These factors all make fracture more difficulty, the toughness of the
material will be improved.
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37+/01/52!1'/5 (2,&+(13(
)[3∼5]. 1'/53+/2-4/53.45!38
/6460!385*125, 1664527/5

3.385*1)��!,/1368,).1'/

5!25.147��!5769/)5*687
89!9:. 82, +/:25!1'/5-��!

+/00:+.1!9:, ;/7!5*3;0Æ9
[6]. ;:6/<7:, ��!+-6/)/7!38
5*=<;8<7,;"<>+/-0=6/!=>
Æ9 [7], 9849(��5>!?0, :?#:/Æ
9)@05 [8].

@A!385*=<BA;*?+/!385
*=<"<, C;.B<=25!1'/5"<. @

>@D&.@A+,!385*=< [9], @A+(
1'-/=,, @D@>4A:!-0E,0*.A
;+/:!-0.F2+/2-25!1'/5;:
��-0+,, >;G>+/!C<58)@>@D
??,00*..!C<,=>:BC@#!CDH
?. +/!��-"<7*68=1'/525!
@A49:89E@AB!1C�� [3,5,6,8], A-B

-1'/5-+/!9:BC"<!FG, 8>C0
.1'/5DH7"989 [4],-��!;(,/)
-0??=#!IE, D)*.!)*/*. 5EF

2-J6G9I*.."<7*68)9/=!#
6+/A>, 1C"<J2+/1'/525/B!

5*68, AB4��1'/525!@A6C84

1-/5735*68)+/!9:.

1 '()K*+,-L./
CA;FD!��4":DG4BC"<EH,

C-E@A=ÆKFD!+/.7H1CEHE.!

38-5)*.."<J21'/525!C8, ?
E(7I-EHE.385*68??1C. I 17

E(E.M@A, E(L/7 a, E(E.F)7 ρ,

M@NGJ0E(E.6/42, B 7H6!-F.

ρ/a OK, E(O7M, PJ5* σy O#. E(

E. σy L6/13"DQ, 6/42 σy R#, *2

RK; =S ρ/a EK)@A6/<7, E(E.42
B*2 σy !IE<#. ��TK*. [10], F;E(

!7M/M<, =S@A6/!/G, 1E(E.4
2! σy '2"<!. E(E.42! σy 26/!H

6, ;CL-6/:JKR#E, R#E4R#E-
5!6/BE(!7M/+I.I 2 7E(E.JM

σx L x 52!13, I4 σ0 7U(0V3!DQN
5*. CE(E. σx 7O, =S x <# σx NN<
7, JKR#EB, =S x <7>WPEK. ρ/a O
K, σx R#EO#, σx R#EJX3E(E.OM.

0 1 YZOOP�PKQQLL[M�
Fig.1 Coordinates for notch root of pipeline steel

0 2 YZOOP�PKQQLLRR\� σx NMO

Fig.2 In–plane stress σx distribution near the notch

root of pipeline steel

0 3 �PKQQLLSR\� σz NMO

Fig.3 Out–of–plane stress σz distribution near the

notch root for pipeline steel

P ρ/a SM0O:F8Q/5, E. σx ) σy -+
T,0,B+/*�4/5735*T-> [11,12] . *



3 � R ]Q: OOP�PKNMRUSNÆOPUN^T 3133 � R ]Q: OOP�PKNMRUSNÆOPUN^T 3133 � R ]Q: OOP�PKNMRUSNÆOPUN^T 313

2)42 σx L x 13;"M<, 42 σx R#ES
*2 σx R#E#, U1JXQVME. [13].

I 3 7E(E.325* σz L6/52!1

3. σz C*27O, =SW*2W3!<7><#,

6/42R#. 6/42 σz R#E=S ρ/a EK

><#, =6/<7><#. P6/=K:, σz =K,

σz -+/!9:RK; P6/=#:, σz !13-

+/!9:R#. 30E(!BC, E(E.255
*S4>;E(E.X.6/EK, E(E.X.6

/EK7K_U/6-/=KTV/6��!=<,

C@AV.E(E.JM25L6/52!N5*.

8T, -0+D6/!@A, E(E."YBC2V
!S45*, <:UBC32N5*, E(E.!5
*687327N.

2 1234
A>(��J`J6G9I X70 VUWW(

)**?(H�, 1X9YW,/V2 482 MPa(70

ksi), 1��01 (7616, %) 7: C 0.06, Si 0.19,

Mn 1.58, P 0.014, S 0.002, Cr 0.024, Mo 0.24, Ni

0.176, Nb 0.05, V 0.046, Ti 0.019, Cu 0.23. 7��1

'/525!@A)1'/5-+/!9:, 1U)
UH3GXZ+/@A6WX-0@A6ZX[/@
>@A?4\Y7N@A. @A!)U)@>2-
1UaZ0`!@>@D [14∼16].

3 Æ56bc7.d89:;e<=>
YYI 4 7J6G9I X70 *..[YfgFD.

*..C,*2-425]?*)52!^B2, ^

B2C+/1*2!5*U(=+:0J/6<$;
[V601'/5 [5]. I 5 7 –20 Z"<J225

1'/5\SWX@A+(61. :?\[, T -L )

T -S J2@A+(D[31'34, 8E(J2"<

1'/5252)68"<. T -L J2@A+(1
'/52B1/5]h2F^, > T -S J2@A+
(!1'/5B1/5]h52+/. T -L ) T -S

J2@A+(1'/525!C8"<, 81'/5

2DBH�*2]?,D7��4!^B2C+/Z
^B2!N5*U(=25!.30+/2-4/5
73\032N5*68, 1'/5*2-]7^0
+/61 (I 6).

-0FC251'/5!��, C_7i[j
/, ;"BC1'/5)251'/5!_2. ]I

4251'/5!`&@A2+S4N5*. 5*S
4^^250��!E(T/5?4��!EH\,

CEHJM2545!X./6,>X./67_U
V/6T/6=K��=<, C/76032N5*

0 4 X70 �PKN_\_]

Fig.4 Microstructure of X70 pipeline steel

0 5 `ab^`kPQNMRUS (–20 c)

Fig.5 Fracture appearance of Charpy specimens (–

20c) (a) T -L orientation, (b) T -S orientation

0 6 MRUSdR SEM

Fig.6 SEM of delamination crack surface

(T5/) 68. PL-52!5* (T5/) )Z

52��,/j`al-E@A:, CZ52aa+
/. 8T, ��C+/2-42_251'/5, TC
b-52b25, B]I4EH (T/5) ?4EH
ÆK!5*S4\5*68)Z\��!,/13
+I.

T -L J2@A^B2]?0@A6/*2,P6
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/4Y!32N5*V2��6/52!cN,/
:, 25B/5]h52F^!1'/5. T -S J2

@A^B2+//5]h52, 2VN5* σx CE
(73-EW3\+R#E (σx)max, P (σx)max #

0^B2!,/:, eC1/5]h/25+/1/
5]h52!1'/5.`C2VB*)52]?!
��,/7 σc, ^B2,/7 σzc, -] σzc < σc. 0
2, cC/7aaJK σy > σc, ma51/5]h,

"251'/5; c σy JK σc /, C@A+-6/
4Yaaal σz > σzc, ma25B1/5]h5
2F^!1'/5WB1/5f]h; c σy JK σc

/, C@AE(T/5/aaal (σx)max > σzc, m
25+/1/5]h52!1'/5B, 1/5f]
h, F:

P σy > σc, > (σx)max < σzc ) σz < σzc, m1
/5]h, "251'/5;

P σz > σzc, > (σx)max < σc ) σy < σc, m25
B1/5]h52F^!1'/5B, 1/5]h.

P (σx)max > σzc, > σz < σc ) σy < σc, m25
+/01/5]h52!1'/5B, 1/5]h.

251'/5!5*23251/5]h!S
45*25, 1/5]hB, N1/5735*db,

N/7\:0251'/5!5*=jEKTbe,

T\":0n25c!1'/5. 8T, 1'/52

501/5]hj/. 1'/525B, 1'/52

b!5*7O. C31'/52-EW3\, f:0

ocdeK#0^B2,/!5*, 25c!1'/

5. 8T, ;"2fc^B2g251'/5, 1'/

5`+-EW3 (I 5).

4 .d89b?@AB
4.1 CDEFGHIJ.d89b?@

=S9/!Æ9, ��!YW,/.1+,, +

/WPpG7^0.C+(b:?fh4\[id8
gpG7Fgg!61?q, 1'/5![3?41
'/5!?q.147@>9/9:. I 7 7"<

@>9//)E( DWTT @A!+(61. =S9
/h,, +(3T8+/2hi+/p/, 1-^6

1p/9/i0 –20∼–30 Zj`. 90-^p/9
/!^0+(T-^9/p/9/gd9e+(!
^0g, "[31'/5. ,0-^p/9/!hi
+(, [3H"<-/!1'/5, –20 Z) –15 Z

+(!1'/5Rfo. =SA>9/!h,, 11

'!-/Æ9, 666$/)PJj/'Æ9.

E(LH�!6/52JA:, =SJA52!
e/, 1'/5!]h52B*)52!M-52e
/, 1'/5!25?41'/5-@A!+/9:
'a5e/. @A$/LkH*)52r2JA, [

31'/5!f'R,; @A$/+/kH*)52
!g2JA251'/5f'RK; L 45◦ 52JA,

251'/5!f'mi0Thsj`. 1N82,

=S@A*)52!e/, 6/gD)it]gj1
3B7*52Da5/G. r2JA:, +(1'/

5!]h52B*)52M<, FB6/gD)it
]1352M<, 1'/5]hu*K, +(1'_

2=#. g2JA:, 1'/5]hB*)52+/,

0 7 hvQQijk DWTT lÆjjk`kPQ
Fig.7 Fracture surface morphologies of DWTT specimen at different temperatures
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/5*28[/]h4lk!06<#, ]hu*7
#, k+(1'_2M-=^. LS 45◦ 52JA:,

1'/5]h52i0kHr6g2JAj`, 1'

_2'i0hsj`.

4.2 FGKDJ.d89b?@
I 8 7"<6/3GXZ+/@All+(. 3

06/52325*!=<U()m0/6,@A+
2g25L6/52!kn. @A!6/<7, 5*
=<+,, kn74; 6/=#!@AC6/4Y2
5=#!325*, 25=#!1'/5, F-m1
'/5. -m1'/525B, 1'/5C@A17
;.1, f.1+-6/EK, 325*Æ9, Cf
.1!6/4Y25=K!1'/5,Fhm1'/

5. iI 8 :?\[, 6/ B=10 mm !6@A4.
25/5$/)j/=#!-m1'/5,C 1/4 6

/\BClS!hm/5; B=3, 5 mm !+(4+
.1:0!1'/5, 6/OK, 1'/5!noO
K.

@A!1'+/?7Jm0��-0)��V
.EH, >6/YmE1'!-/. "*26/=#

! 10 mm @A, U26/=K! 3 mm @A, +(b

D251'/5, UC325*U(=gp1PJ.

30CÆ@A4R#325*S6@AK:Æ, 6/

=K! 3 mm @A+(b!1'/5S6@A+(
b!1'/5$/6L/)PJj/DK:Æ.

4.3 wLMDJ.d89b?@
I 9a 7@D/)E( DWTT @ADn83G

XZ@>!@A+(,C+/2-4/7/6o/=
#!. /)E(E.30E(/)2-4��-0o
G, ?4E(-1E./6!=<, /5K/:@A
6/52/6=K, 3TÆK!32N5*=K. 8
T, 251'/5/E(1/5TK/]h. =S/

0 8 lÆmj`kPQ (–20 c)

Fig.8 Fracture surface morphologies of different

thickness (–20 c)

5!]h, /5q2E(E.��oGg, <:C/
7!6/52/6<#, @A/7\B_U!6/I
<#, 3TÆK=#!32N5*>`@A6/4Y
aa25=#!1'/5. 30@AS=6, C6/
4Y251'/5B, #=p1j-6/\:25H
1'/5. Z1'/5!25, Æ9H@A6/4Y
!325*, :0;6/4Y!1'/5be. =S
/5!]h, @A6/4Y:251'/5. xAC
/5mE]hpn, 1'/5C@A6/4Y, 4#

=p1j-6/\^n[3.1/5]h?qBro
mE/5]hpn, 30/o)XZ!U(, /5q

2/@A��T_7R#!m0/6>;��-0
Æ9, Z\@A6/=Ns6/<7pÆ, 7K1t

.J��!=<, >25L6/52/5*. 8T,@

D/)E( DWTT@ADn83GXZ@A+(!
RBpn, q+YrKpY1'/5.

I 9b 7@D/)E( DWTT @A\Y7N@
>+(, +/2-4/7/6=#, 8/6o/=K.

\Y7N@A+(!K/)ss]hpnBDn8
3GXZ@A+(q5M<. =S/5!]h, uW

@A_7!i[Æ9, 8@A_7N*!2rEK,

=J2rb_7!i[=><7.i@A+(:?\
[, T:@AYWg.1#0/5K/:!YWg,

UYWsU=S/5]h><#. 30YWsU=
S+/]hWP<#, /573JM6/52/6o

0 9 lÆtqvj`kPQNMRUS
Fig.9 Delamination crack morphologies of specimens

with different deformation grads (a) 3–point bending

specimen (b) eccentricity tensile specimen
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/EK, /7_U��-/76/52!=<EK,

/7325*WPEK. :0, =S/5!]h, \

Y7N@A+(!1'/5WPEw,no'WPE
K, /5]h!RBpn, q5"251'/5. r*

T:/7!/6-/o)#, 8/6o/xRK. 8
T, 1'/5B/7!/6-/IA"#, >2Jm

0/6o/, /6o/O#, 25!325*O#, 1

'-/sO,.

5 .d89J89NOb?@
T -S J2@A-50*?!*2/5TE(,H

�!6/52F7@A1/5!]h52, ^B2B
Z52+/. T -S J2@AC+/2-4, /573

"Y+o)#!PJ5*)=,!325*, CW/
5TE(E.-E!W3\U+=#!+/0/5
TE(E.*2!N5*. /5u3/2!^B2

C σx U(=CvNJ, C1/5]h/, 60+/
/5]h52!1'/5 (I 10a). ^B2!,/O
9, E(O7, 1'/53NsE(E.OM, 1'/

566OÆ, `WOK. Z1'/5!25"Y;/

5u3!3;0EK [6], <:'e/H/53.!
D6, i>-+/25@#!9:. I 11 )I 12 1

U71'/525/6B)+/]hB T -S J2@

AE(E.JM σy ) σx 5*13Z.. 1'/5

C σx 5*R#\25B, σx 5*13e/, E(E

. σx 5*Æ9. 1/5]hK1'/5B, 1'/5

2071/5!E., /53.tG. tGB!/5

3. σy S/5]h//53. σy K:Æ, /53

. σx S/5]h//53. σx 'K, CtGB!
/53.25Sw-mK!whm1'/5.whm

1'/5Bw-m1'/5j`��N+B, 1/5
]h, +2B1/5]h520 45◦. 1/5!]h

0 10 lÆyrPUNMRUS (ts�PUuyur)

Fig.10 Delamination crack of different orientation

(the arrow indicates the fracture propagation

direction)

(a) T -S Charpy specimen, (b) T -L DWTT

specimen

v)C"LS/.]h, C1'/5j`60t!h
ill2 (I 10a). 1/525+/01/5]h5
21'/5, 1C��4]hu&bvQÆ!06,

;/5]hQ7wx. 8T, *..43^B2C/
5]h:25!1'/5-*.*2EHT*2/
52qv*x!]hwG+uyU(,-uz60q
v/5)*?ly25+9!U(.

T -L J2@A-5*?!qv/5TE(,^B

2B@A*2]?, B/5]h52F^. C T -L J

0 11 T -S `kQQLLwz σy \�MO
Fig.11 Stress σy distribution of T -S specimen near

notch root

0 12 T -S `kQQLLwz σx \�MO
Fig.12 Stress σx distribution of T -S specimen near

notch root

0 13 T -L `kQQLLwz σy \�MO
Fig.13 Stress σy distribution of T -L specimen near

notch root
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0 14 T -L `kQQLLwz σz \�MO
Fig.14 Stress σz distribution of T -L specimen near

notch root

2@A!+/2-4,aa25B/5]h52F^
!1'/5, R#!1'/5250@A6/4x.

+-6/O#6W+-6/4YW3OM, 325*
O#, 1'/5j/O#. I 13 )I 14 1U76/

421'/525/6B T -L J2@AE(E.J
M σy ) σz 5*13Z.. 1'/525B, /5

TE(/L{M1'/52!PJ5*Æ9.>fc

1'/52b!325* σz Æ9{O, ';/5T
E(/L!325* σz zz, i>;/53.!3

85*=<EK. |c6/!@Ax43pÆÆ!
@A4f0, +-6/Æ9, +/-0+, (I 10b).

1'/5!66OÆ6noO#,+/-0+,OÆ,

-^p/9/Æ9O#.

"*@A!J2{y, 1'/5D2501/5
]hj/. C+/2-4, 1'/5-/7!5*6
89:o)#, i>-+/25@#!9:. CF)
;(:, *?��4"BC1'/5, *..!1'

/5}C+/2-425, >+/:!1'/5-*

.!F);(q+9:. |y, +/:251'/5

u&bvQÆ!06, <:, qv/5I!1'/5

;1+-6/EK, *2/5I!1'/5B/5]
h52+/, 4+xz89D;/5]hQ7wx,

;��-0:K+,.

6 P Q
(1) G9I*..1'/5!664527/5

3.385*1)��!,/1368,).1'/

57��4!^B2C+/Z^B2!N5*U(
=25!. /5TE(J2"<, /53.385*
16B��,/13!IA"<, 251'/5!5

2)C8"<, +/2-41'/52501/5]
hj/, U1'/5`+-E!W3.

(2) 1'/5!25?41'/5!?q.14

7��!5769/)5*68789!9:. 1'

/5250-0+/g, 1'-/Jm0/7!/6
o/. ;}qv/5I!1'/5U2*2/5I!

1'/5D;1/5]hQ7wx,i>;��-0

:K+,.
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