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ABSTRACT The influence of cooling process on microstructure of high–strain pipeline steel X80
with its low yield ratio has been examined by SEM and in situ TEM. The results illustrate that
ferrite+bainite dual phase structure is obtained after proper relaxation and chilling down process,
while the terminate temperature of relaxation is the decisive factor. When the stop temperature for
relaxation ranges from 690 to 705 �, the combination of strength and ductility reaches the need for
the use of X80 pipeline steel. The reduction of relaxation stop temperature results in increases of the
volume of ferrite phase and grain size, which leads to lower yield ratio. Tensile test shows that the
lower yield ratio mainly attributes to the cooperative deformation mechanism between soft ferrite and
hard bainite.
KEY WORDS pipeline steel, high strain, yield ratio, relaxation, cooperative deformation
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1 1�23
&3����#:0C� (&:� , %) 7: C

0.040, Si 0.20, Mn 1.78, Ti 0.018, Ni 0.25, Cr 0.22,
Nb 0.06, P 0.0064, S 0.005, Fe ?:. ��@;;�
A@, @;A47B?, C4<=BC 90 mm×90 mm×
120 mm �D�>;�<. ��D. DIL—805A =CD
E?&3��:;?� ;�"�D� Ar3(710 F).

:@AE>E<34<?��5FB34�48C

�<4.CC�7 15 mm ��G. !.4.48H 7:
C<EG)5 1200 FID 1 h 74.; 4.�F07�
4.�'F07�4.5DFB.1, F07�H4D�
7 1150 F, 64D�3.: 1050 F, IJ��:JK
60%; 'F07�4.�H4D�3.: 950 F, 64D
�7 850 F, IJ��:7 68%. 47;?@<K"!D
�7@A?', @A?'FA3.: 20—30 F/s EG(,
<EFGD�: 350—400 FEG(, !.4.�?'4
8-H 1 3Æ. 8<E�48H 3.-;: No.1 <E;
?@<K 720 F, " 28 F/s �A?FA?'5 395 F;
No.2 <E;?@<K 700 F, " 25 F/s �A?FA?
'5 392 F; No.3 <E;?@<K 680 F, " 28 F/s
�A?FA?'5 400 F.

)�G�,0%�K3��1LC7IG8>7<
E, BE@9:�GL� 1/4 M, BE'I2%64.'
I&1. �"<EMHGCDI7, �E�7 4% �JK

NOFHJL, : Zeiss �"=>= (OM) � SUPPA55
NK64560=>= (SEM) ?.1+.LO.

?66= (TEM) ;@>7<E�.?'(-;: P

: 1 ��������M

�NIO
Fig.1 Schematic of rolling and cooling processes of the sam-

ples of pipeline steel X80

��GM:<E?GB 0.3 mm C�PH, <JQP5
50 µm 7RC 2.5 mm×4 mm �D�; ��%I6/D
I'()<E.1DI, DIH7 5% �JK + 95% P
AKQFH, DI6L 50 V, D� −30 F. >7<EN?
:?66= JEM—2000 �>7Q?. >7R, GMNS
SH-3.. *GMO7 100 N, GMF�3.: 5 µm/s
;O.

2 1�<=>?@
2.1 AB�CD�E��FÆ�

H 2 P(#"!?'48;��"+.PH. NH

: 2 ��QRT
�
�U�T
�

Fig.2 Effect of cooling process after rolling on microstruc-

ture of the tested steel (OM)

(a) sample No.1, A.C. to 720 S, W.Q., acicular fer-

rite + little amount of granular bainite

(b) sample No.2, A.C. to 700 S, W.Q., acicular fer-

rite, polygonal ferrite + little amount of granular

bainite

(c) sample No.3, A.C. to 680 S, W.Q., polygonal

ferrite + little amount of acicular ferrite
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E4, No.1 <E��"+."U8,-.7H, $N:
�88X/., 6E�+.E+*-X������%,
�Y/�OY X80 Y����+.-/ (H 2a). No.2
<E��"+.$U8,-.�:$=QN, (+#N:
�ZY�,-., 6�N @<6ID�VM� "�D
� Ar3, A?HZ�$N���H?Z/.VMK4#[
[#,-.J� (H 2b); No.3 <E�"+.$�H?
Z/.J�7ZY�,-.�:=KWZ, !R78K4
A� (H 2c). E4, +@<6ID�: Ar3 "?R, ,
+.H+7U8,-."�N:�88X/., 62��
343? (TMCP) 484;�OY����+.-/�
#L�. +@<6ID�� "�D�\ Ar3 R, \M
@<6ID��Z�, Z/.J�7[[#,-.�:W
�, +@<6ID�� #?-R, ���Z/.:A?
�[K4#[[#,-.J�, �N:�Z/.:A?H
[$K4U8,-.J�, \XZ�@<6ID�5,K
4,-.78�A�, +.-/"F�:. Y/, @<6I
D��]?ZY�,-.�.J]:�78�Z�N+
Y-.

�� [7,8] )$: :�������ZY�,-. +
X/.%"+.$, P["3=,1:#?EG(R, �
�������%��%�XJK%&QR. Y/, E
YH3.47@<6ID�^+*ZY�,-. + X

/.%"+., B*K$+�Z�P[",1�,-.
78�Z, \^&+������������%�%�
+2.

2.2 AB�CDOPQ�R�ST� UVWXYF
Æ�
4.&3�G�,0%�-) 1 3Æ. E"_(,

No.1 <E���A&`�, .�0�,JK# 0.87, a
\��7AA,$ 5.8%; No.2 <E�Z�%�%-#
X80 Y�������$CG�%�[:; No.3 <E�
�%&#.�0_��S�.

H 3 P(#:@<D�EG(�G��%���%
���:T�. NH 3a E4, \M@<6ID��Z�,
<E�0�,\bZ�, ]7A2+?]8B. -*+J
K X80 Y�������3+2�0�, ≤0.8, UV@
<6ID��`� 705 F (-H 3a $^�3Æ). H
3b $0_����:T�\M@<6ID��Z�]a
Z�, ^�>��: 700 FRJKb-. -*+JK X80
Y�������3+2�0_��: 530—630 MPa,
�>��: 625—825 MPa ���� , UV@<6I
D��`� 690 F (-H 3b $^�3Æ). Z��%�
����:8BE_, @<6ID��`: 690—705 F
EG(.

H 4 P(# 3 D<E� SEM PH. NH�#E_:
No.1 <EN @<6ID�`�, ZY�,-.�:`
N, 3",���, �%6, '�%-����%�+2;
No.2 <E$[[#,-.]:$=WZ, 0_��Z�,
0�,;Z$=, a\��7AA=KW�; No.3 <E$
[[#,-.�:VM5H# 80%, 78^_$=A�,
��Z�.

] 1 ^`c`cabW
Table 1 Mechanical properties of the tested steels

Sample Relaxation Relaxation Yield Tensile Yield Uniform

time temperature strength strength ratio elongation

s S MPa MPa %

Standard – – 530—630 625—825 ≤0.80 ≥10

No.1 44 720 600 690 0.87 5.8

No.2 64 700 555 710 0.78 16.4

No.3 96 680 505 675 0.74 18.1

: 3 
a�dc��_��Æ��Æ��d
Fig.3 Changes of the plastic property (a) and the strength (b) of the sample with relaxation temperature
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: 4 RT��Æ��ÆU��� SEM dX

Fig.4 SEM photographs of the steels relaxed to different

temperatures

(a) sample No.1, little amount of polygonal ferrite

(b) sample No.2, more polygonal ferrite

(c) sample No.3, much more polygonal ferrite (80%)

and the grain size increased

2.3 ^_`abcDWXYFÆ�
7#&:ef�$�%"+., Ishikawa ! [9] "Z

Y�,-.7P", �b"dI.�X/.�+/.e7
["ef>L,0!/�$`g]Æ!/, *(0Y: 0
�,2%"+.$P["���6$-, 5h���A&
6bi�, 0�,i�; P",1i�, 0�,i�. ,-
. + dI.����A&J"K X80 Y����+2,
dI.")cZ�dg�%� $%�2$j�>C; ,
-. + +/.�a[5+*#��0�,, .�:$C
G4;$��)448\"&+; ,-. + X/.�"
"�X*K`����, ^]e�%-�0�,�+2,
�%-�������,0%�+2�`7hb�+.
-/.

) ,-. + X/.%"�, 0�,��Z""2
,-.P"�.J]:$-, !2,-.78�Z$-.

() [10—12] ���)$: "ZY�,-.7i.�
>L+., WG,-.78^_�X8�G4[:[ ,
!RZ�0�,. ) N%"+.3+C���0�,
(Rt0.5/Rm) E"jc�N;;� 0!/)Æ [13]:

Rt0.5/Rm =
fRmF

fRmF + (1 − f)RmH
(1)

E$, Rt0.5 � Rm �b�[cZ�0_����>��,
RmF 7P"+.��>��; f 7P"+.�.J� ;
RmH 7["+.��>��.

CE (1) �f*K:

Rt0.5/Rm =
f

f + (1 − f)RmH/RmF
(2)

Y/, gkE (2) E_, +,-.780:, l["2
P"km���,- (RmH/RmF) �ZR, 0�,C\k
��. 65/d#0:78e��0�,8��+f, l
,-.78i0, l0�,i�. 6�N ,-.780
:, BC�$,-.i.���WG, e,-. (P") 2
X/. ([") km���6�Z. Y/, +,-.78K
4�%��R, X/.5\lK4�%��, "�Fe7
["efP"gh^��,n$, 3"mD��G4[:
�,�^, 0�,]�.

e�() [14] $3g�'(, C<E: Lepera <
o$.1JL7,-.2h=_, [7P��"�#P 
Image–pro Plus 6.0 )"!48;�+.PH$ZY�
,-.�78^_�.J]:.1h��#. :@<H[
$,-..J]:�WG�7 2 DFB; i 1 FB�N 
,-.78��:�i, /R.J]:WGj`; i 2 F
B�Y7,-.78�A�, /R.J]:nFWG. ,
-.78A��,-..J]:�WG�!j.1�, �
h�7hWA�H+Y-. H 5 �,-..J]:�78
^_20�,�-1T�. E4, \MZY�,-..J
]:�WG, 0�,]aZ�; \M,-.78^_�A
�,0�,!E5�Z��8B,62"-() [15, 16]$
�0Y#L. \H 5 $�^�_(, +0�,! 0.8 R,
,-..J]:o7 54%, &a78^_o7 4.4 µm.
3"-*+%-�������0�,Z ! 0.8 �
+2, lP"ZY�,-.�.J]:5N7 54%, &a
78^_� 4.4 µm.
2.4 !fg"hiabc�jklmnPFEop�

H 6 7@<Rm2,-.&a78^_�-1T�.
NH 6E"_(, 47@<RmWG, ,-.78A�. 6
'�:E"N,-."�hY.1/d. [[#,-.�
#(5�#D�i�A�H[. ,-.7i�C7, 2,
-.7i$a�Z/.�iE�CWG, :Z/.(�C
#E�j�, \^pbi�pc. 7#Ik"q;iE�
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: 5 ����dr��������	���	���

Fig.5 Effects of average grain size and volume fraction of

ferrite on yield ratio

: 6 �������Q����e�l�

Fig.6 Change of average grain size of ferrite with relaxation

time

&,, lklq;Z/.�i��E�, mq\Z/
.$\X#(�i�,-., \^e,-.7i">

A�.
6#+f5E"N),0hY.1/d. Z/.:�

D��7mn:��on�, `��on�e*1hqN
�WG, Y/:@<fm, 1hN��kJ�7`���
:8k. Y/, gZ/.4.��7:�D�lhRmn,
l��on�do�N, Y^,-."�ip,��, ,
-.�iAWG. qk, gZ/.��7:�D�lhR
mA, l��on�do�Z, ,-."�ip,�Z, ,
-.�iAZ�. 3", Z/.��7lhRmin, "�
7�,-.78iZ. ^Z/.��7lhRmiA, ,
-.78^_i�.
2.5 r#��stQ�F$u TEM ov

7#LO>7H[$P["�ra��H[, :pD
.1pk� TEM ;@>7&3. )<E?�N?@9.
1�%��LO�sj. [[#,-.") wG�X/
., @qk�`�, ^_`� [17], -H 7 3Æ.

'GMOR, ,-.2X/.%"+.��l-H
7a 3Æ, �h�78^_�, 7hmm,m, "rtq�
r. +en*GMO, >7@s7 0.04 mm R, 5h�"
l�:-H 7b 3Æ, ,-.78(�@qk�QN, 6
�N @q:78(oPYH, :7qMnJ. !R:X
/.(���k�@q5I7qsp, -up3Æ. H 7c
�H 7d �b�>7@s7 0.08 � 0.12 mm R��l.
\MGM@s�W�, N @q\b:,-.2X/."

: 7 ����x���t�������� TEM dX
Fig.7 TEM in situ observation of cooperative deformation between ferrite and bainite during tensile

(a) before tensile

(b) tensile displacement of 0.04 mm, arrows showing piled–up dislocations

(c) tensile displacement of 0.08 mm, arrow indicating new dislocations

(d) tensile displacement of 0.12 mm, dislocations concentrated at interface

(e) tensile displacement of 0.14 mm, dislocation density in ferrite grain decreased

(f) tensile displacement of 0.16 mm, a part of boundaries disappeared and stress relaxed due

to compatible deformation between ferrite and bainite
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q;sjnJBC��,n$, :X/.78(uK#9
�ts1�op, !RZY�,-.78s>A, 6E�
P"��do##���,, tp#cZHv�(+0_
u>qqw. \XGM7, N @qnJpb��,n$
uK,r�ts1Hp, ,-.(�@qk�Z�, :,
-.P"��#?[�7, X/.["HZK4ra`.
e�, -H 7e 3Æ. P�["�ra��ecZ��

%�,*K8�. NH 7f E"_(, 78HZK4�
��%��, ��;Z7qjq, 5"q;�,n$*"
33.

3 <@
(1) ��47@< + 3.?'�48E"+*,-

. + X/.%"+.. @<6ID��]?,-..J
]:�78�Z�]?Y-, +@<6ID�: Ar3 "�

\"?R, %6�+.-/�U8,-.; +@<6ID
�: Ar3 "�\";R, \D��Z�, ,-.�.J]
:WG, 78^_W�.

(2)0�,�Z��,-.P".J]:�78A�
�0*. +,-.P".J]:5H 54%, 78^_� 
4.4 µm R, 0�,�--�� :/+2� 0.8. .�
ZY�,-.:�WG�78^_�A�ecZ���

A&Z�. Y/, �XJK����%�%2QR3)�
�@<6ID��m� 690—705 F.

(3) P�["�ra��H[$, s[K4��@q
:7qM�nJ, P"78s>A. :P"78��#?
[�7, ["K4ra��. N @qnJpb��,n
$uK,r�ts1Hp, P"78HZK4.#j��
%��, ��;Z7qjq, 5"q;�,n$*"33.
P["�ra��e�tp#Hv�(+��qw, ec
Z��%���,*K8�.
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