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ABSTRACT The changes of amount, distribution and stability of reversed austenite and their effects
on the cryogenic toughness of 9Ni steel treated by two–phase region heat treatment were studied with
XRD and EBSD. It is found that the cryogenic toughness of the 9Ni steel treated by two–phase region
heat treatment is more excellent than that of the one treated by quenching and tempering (QT).
When temperature of two–phase region is 650  , the most excellent impact toughness is observed and
the impact energy at −196  reaches to 177 J, at the same time the amount of reversed austenite
increases to 10.15%, which indicates that the amount of austenitic has important effect on the cryogenic
toughness of 9Ni steel. Results of EBSD show that most of the reversed austenite in the steel treated by
QT distribute along the grain boundary, but in the steel treated by two–phase region heat treatment the
austenites distribute uniformly along all kinds of boundaries, especially also along the lath martensite
boundary in the grain, so the cryogenic toughness can be also improved even the amount of austenitic
is lower than that in the steel treated by QT process. The stability analysis of reversed austenite shows
that the optimized stability can not be observed under the conditions provided in this work.
KEY WORDS 9Ni steel, two–phase region heat treatment, reversed austenite, cryogenic toughness

*!���"����(#��)*�� 2006BAE03A06

��$��� : 2008–08–26, ������� : 2008–12–01

+, Æ : ��!, �, 1980 ��, %��

9Ni "� -.��#�!�"&'�"", .��
$ �(%&"/#'!"�)( (liquid nature gas,
)* LNG) "", $+* '�#%&&$+%',. !
", #,&%-./-0(.&-1/'(* '�#%



� 3 � )*00 : $+)Æ1%1�2232*+3,43&4'5 9Ni 65,--3./ 2716

04&&12 [1−4]. ./, 3(4757.0& 9Ni ".
α + γ 618� 9/8:�297)8-. ()**6
13;+), ,9:54: '�#%. 6;!< [5,6] **

61;+�=% 670 >&5-)8.3(, &%-1/'
(</?=@> ;A%B,912 9Ni "&'�#%,
C:67>*618��=*89$:&12. $+**
613;+12 9Ni "'�#%?+&&;<D=0.

E7F>?<? (EBSD) @@,./AGH1&8
9(2?3B=A><?@ [7]. IA4:C@@=B.-
1/'(. 9Ni "D(8&=@;-, B/JA"0&-
1/'(</, 3ECF89FK, 3(.*613;+
*-1/'(=@;0?</> ;A%&12, D5.
12 9Ni "'�#%&<&$:.

1 =�>?
EC""L"@6GD7E8, ABC. 15 mm H

"M, 'F.= (D/=F, %) %: C 0.036, Si 0.10, Mn
0.70, Ni 9.02, Mo 0.096, P 0.0068, S 0.005. L"NIÆ
J DIL–805A9EGJA&EC""K3/ α → γ &1
O:G�= Ac1 % 640 >, 1OB.�= Ac3 % 725 >.
$+3;+L-%: 800 >8� 1 h, H� +650 > (670,
700 >) 8� 1 h, H� +570 >-. 1 h, H�; %PH
=B=Q;, MFA.I!7. + -. (QT) L-: 800
>8� 1 h, H� +570 >-. 1 h, H�. QT NI&3

(R<, +JO!-1/'(</?;A%P"&'�#
%=STAQ.

U>/3;+&J?8@AA6KJ, >3B?CR
9, " 6%—7%((S=F) &KLDEM#NO, .PF
EG (SEM) 8FKCF89. L" X ?L<? (XRD)
TJA-1/'(</. J?>3B??MCR9, .
3%HF+28%H2O2+69%H2O &M#0CR 1—2 min.
XRD .QI+F D/MAX–rB NO1P+ X ?L<?
G8)8. ECVF%: CuKα, EQ 40 kV, EH 150
mA, WI% 0.02◦. RG/'( 200, 220 *J<?LP
J'( 200, 211 *J<?L)8PF, UR/KSJ/
& 4 J<?L)8LM8E, V 4 *, =XUR-1/'
(/, A R@N=H/%AB3W.

2 =�IJ��K
2.1 L�MNOPQ 9Ni RS T!U"#

T 1 XY.D.3;+JO! 9Ni "0&-1/
'(</>'�#%. ,9OY, > 650 >&*61;+
9, -1/'(</:S 10.15%, S:HZL QT ;+
& 4.47%, −196 >/&[YZ4T QT ;+& 127 J
UV 177 J; V*61;+�=&U:, -1/'(/!
P, \;+�=ST 700 >/, JG&-1/'(</Q
% 2.34%, [ −196 >/&[YZW.;+�=% 670 >
/STA', 700 >/U0S8U.

$ 1 ���

��� 9Ni ���������	��	
�
Fig.1 Amounts of reversed austenite and cryogenic tough-

nesses of 9Ni steel treated by QT (800 ]/1 h, water

cooling+570 ]/1 h, water cooling) and treated by

two–phase region heat treatment (800 ]/1 h, water

cooling+650 ] (670, 700 ])/1 h, water cooling+

570 ]/1 h, water cooling)

2.2 L�MNOPXU%&
T 2 XY.D.JO3;+9 9Ni "&:C89.

,9OY,  89DI%MJJ'(, C.D(8=@Y
F/D<&R^=1. =B&%ZVR&1WT-1/
'(PH�/-0W.&7.J'(*_=8., .PF
EG!S9KXT[Y1=:, C7.J'(ZNO9\
U_=8V!W, \ XVY=@D=Z, `.&[]4
Q;>X; [-1/'(&=@Q;LW, <&=@.[
/'(Y�?MJ\�]MJ^8. T 2a % QT ;+
9&89, R^=1ab\&Z;, ^=@HJ'(MJ
\�8, [[HMJ^8&_], <?3WR<8900
4.47% &-1/'(; 650 >*61;+9, MJ^8
=@Yc/L;&R^=1, +/JG&-1/'(ST
10.15%(T 2b); 670 >*61;+9, R^=1&=@[
0dWc&O', ^^`.HMJ^8, C+/-1/'
(/P% 5.88%(T 2c); *61;+�=UV 700 >9,
89%D.A>_LWLM&J'(MJ, \0]/&R
^=1`.HMJ^8, +/-1/'(/Q% 2.34%
(T 2d).
2.3 L�MNOPQ_'`()abU"#

T 1 R<, *61;+�=% 650 >/-1/'(
</A:, '�#%4STAQ,  XNI!-1/'(
/;', '�#%46*;e, C*Æ^8:D',c]
Z L\, $+-1/'(</�12 9Ni "'�#%&
<&$:^ . T 1 M:`, V*61;+�=&U:,
-1/'(</dW!P, [$.H: *61;+�=^
:, 8�]8W.&/'(4^^^, CTHZV/'(
DU`aeb& C, Ni, Mn <;Afa&_:, $+.H
�/U1O%J'(; [.9\&-./-0, /'(^
"`./&fcdb`-1/'(&(e=gc, g�-
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Fig.2 SEM images of 9Ni steel treated by QT (a), and two–phase region heat treatment at 650 ] (b), 670 ]

(c) and 700 ] (d), consisted of lath martensites (dark zones) and mixes of reversed austenite and

quenched martensite (bright zones)

1/'(c/W., C;A%;e, .H�/-0cH7
W6O, ABigJG&-1/'(/f].

*618�97-.0`H-1/'((.&[$
09! 2 gc0: (1) *618�:H�9, 890jV
.]/&/'( (*%dd/'(), .+9&-./-0
,9ja/%eegc, Df&4g(e[hU, 4:.
1Ohb,k).-1/'(&(.; (2)*618�]8,
TH�=;:, C, Ni, Mn <MD[7Ub9;c&e=
>/'(0d>, Z_=/'(.V9&H�/-0c^
i4g1O%J'(, k.gWJ'(&MD[7e=:
H[GJ'(, .-./-0, Z_=`aHgWJ'(
0&MD[7\f>/;lfg&d>^UhiH-1
/'(�, 0`H-1/'(&gc. [*H QT NI,
TH�=;', -.]8<&7W C &d>, _d>fg
;g, ig-1/'(&(e=gcB6*;j.

%) Wf<, FA.I!&3;+L-: 800 >8
� 1 h, H� +700 >8� 1 h, H� +570 >-. 0.5 h,
H�; 800 >8� 1 h, H� +570 >-. 0.5 h, H�. 3
W:`: "Æ&-1/'(</% 3.48%, :H-. 1 h
/&</ (2.34%), R<-. 1 h /-1/'(&;A%
i>;', Y0 _=.H�/-0U7W.6O; [9
ÆW[0/'(W., l<*613;+Ubk)-1/

'(&W.. \-./8,96Dgl, :"A0:GS
A&*613;+L-:D�AQ&NI.
2.4 L�MNOPQ_'`()mnU"#

%FK-1/'(.D(8&=@, L" EBSD @

@*D.3;+JO!&J?)8.=B, 3WjT 3.
 0, PFWg% 0.5 μm, khm;Y%PFT&-1/
'(, +3W=T 1 0-1/'(</&O'L\lE&
_m, = QT ;+6Q, >/ 650 >&*61;+9-1
/'(<:o^,V*618��=8UV 670P 700>,
 </U0S!P. U=@;-WO, QT ;+9, -1/
'(kc^Fj[/'(Y�PMJ\�=@, jT 3a;
>*61;+9, -1/'(DC.Y�(., [_4`
.HY�&_=1W, jT 3b—d. T0Yl�_&kh
PmhkL=XnRA>e% 10—15◦ P 5—10◦ &ln
=Y�, Y�&-1/'(^=@H 8, R<>/*6
1;+9, Y�&MJ�84W.._=-1/'(, �
 =@O&dKo>?=Z.

*T 30S`&-1/'()8iU, UR=@HY
�&-1/'(Sp&Qp, 3WjR 1. ,j, QT ;+
9, kc^F-1/'(.Y�(., Y�(.&-1/
'(Sp&Q4Q% 9.8%. >/*61;+9, -1/
'(.D(8&=@;-7W;c&O': *61;+�
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$ 3 EBSD ������

���������	���Æ�
Fig.3 EBSD measured distributions of reversed austenite in matrix after QT treatment (a) and two–phase

region heat treatment at 650 ] (b), 670 ] (c) and 700 ] (d), the red points represent austenite

in matrix, the red lines represent the low angle grain boundaries between 10—15◦ and the blue lines

represent the low angle grain boundaries between 5—10◦

q 1 nrojkmplsqmoqp
Table 1 Statistic results of the precipitation site of the re-

versed austenite in the 9Ni steel treated by QT,

and two–phase region treatment at different temper-

atures

Process Site Total Intragranular/

Intragranular Intergranular Total, %

QT 13 120 133 9.8

650 ] 140 181 281 43.6

670 ] 55 156 211 26.1

700 ] 33 55 88 37.5

=% 650 >/, -1/'(.D(8&=@dK=Z, Y
�Sp&Q4ST. 43.6%; U�V 670 P 700 >/, Y
�-1/'(Sp&Qp=X% 26.1% P 37.5%, 4:
H QT ;+/&Qp, C+/-1/'(</= QT N

I6Q:6:5oK (nV'H QT NI). ,j, *61
;+9-1/'(.D(8=@&=Z'� 9Ni "'�
#%qo&[$^ .
2.5 L�MNOPQ_'`()*t!U"#

%=B-1/'(&;A%, L" XRD =XJA.

H7Vp�9>H7Vp�9.#r08�&J?0&

$ 4 XRD �	��
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Fig.4 XRD measured changes of the amount of reversed

austenite after different heat treatments

-1/'(</, IT 4 S`. ,9OY, > 650 >*6
13;+&J?.#r08�9, -1/'(</<:!
P, T0:`n0 20% 7W.6O, Z_=D;A&-1
/'(K� 9Ni "&'�#%r' [8,9]; [>/ 670 P
700 >*61;+&J?, .#r08�9, -1/'(
</[0<:&O', nVY5>#r8�9JG&</
:H#r8�^"&5-, Z=EsDl, $+0+T6
?.-1/'(/;]&5-!, L"89cTDU@E
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to ;A%. [$.H: \-1/'(u/;]/, uP
.J0 20% &-1/'(7W.6O,  k*/4�;
l&, [jaTUR/'(</&/-vp, _`.v^
wqJO, igu&qe;c, \\/'(</ef;l
/, L"CcTrT1=, $+fU Xn=W=B-1
/'(&;A%.

/Æ.^"&N/075, .-1/'(</;'&
5-!, u� 0\0_] _=7W.1O (nVB/
XRD rTJA),  C </4i0<:&qO. C �-
1/'(0<&&;A'_:^ , $+sKU C </

O'&n=W=B-1/'(&;A%, /'(& C <

/,"!rUR [10]:

ω = (aγ − 3.547)/0.046

r0, ω %/'(&<s/ (D/=F, %), aγ �/'(

&mwZF, T XRD rJA.
89cTtDUEYYA-1/'(�&< C /,

CUR/-\7>/'(<?xx[&O', ,9_mf
to-1/'(0 C </&O'uv, 3WjT 5. ,
9OY: .#r08�^", >*61;+9-1/'(
&< C /= QT ;+6QO':D<:, [.#r08
�9, V*61;+�=&U: C </dW8U, g�
*JwL0D.-=&=g, Z4R<tx89NI-1
/'(&;A%:[0STAQ,  0^0_=;A%;
e, .'�!7u1O%J'(, $+B/vy3;+N
I 9Ni "&'�#%^04:&68.

$ 5 XRD �	��


 9Ni �������� C �	
Fig.5 XRD measured changes of the carbon content in re-

versed austenite after different heat treatments

3 IK
(1) >/ 650 >&*613;+9, 9Ni "0-1/

'(&</;:, +/ '�#%4STAQ, R<-1
/'(</= 9Ni "&'�#%0s@ys.

(2) >/*618�9, .-.]8-1/'(&(
e=gcdcH)8, -./8,6Dgl, -./8/
g, -1/'(;A%!P, D`H 9Ni "'�#%&
qo.

(3) = QT NI6Q, >/*613;+9, -1/
'(DQ.[G/'(Y�PJ'(MJ\�(., [_
4`.H �_&MJ�8, =@dKo>?=Z, 0`H
9Ni "'�#%&qo.

(4) \-1/'(</;'/, QB/'�;+"9
 </&et:DU0hff< ;A%&:', +/u
t-1/'(mwZF> C </&O'Ubd[Yf
to/'(.'�!&1O.
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