
� 45 � � 5 � Vol.45 No.5

2009 � 5 � � 630—634 � ACTA METALLURGICA SINICA May 2009 pp.630–634

L10 ��L12 ���������	���
� ∗

�
� 1) � � 1,2) ��� 1) � � 1) � � 1) ��� 1)

1) ����������, �� 710072

2) �����������������, �� 710072

� � � Ni80Al13Cr7 ���		�
, ����	
�
�	
������
	�
���
������, 		
 Al


 Cr 
�� (100) 
 (200) ���
���
�����
 Ni3(Al, Cr) ��
������. 		��, �������,

Al 
 Cr 
�� (100) 
 (200) ������������
�, ����������������������, ����

�����������
��
, ������� L10 ������.  �����!�"��, Al 
 Cr 
�������

������ (100) ������, �� (200) �������, ������#�
��
, L10 ����� L12 ����.

��� �����, 
��
, Ni80Al13Cr7 ��, ����
� �!"# TG111 $%�&' A $(�# 0412−1961(2009)05−0630−05

MICROSCOPIC PHASE–FIELD METHOD SIMULATION

FOR THE IN SITU TRANSFORMATION OF L10

PHASE AND L12 PHASE STRUCTURE

MIAO Shufang 1), CHEN Zheng 1,2), WANG Yongxin 1), XU Cong 1), MA Rui 1), ZHANG Mingyi 1)

1) School of Materials Science and Engineering, Northwestern Polytechnical University, Xi’an 710072
2) State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072

Correspondent: MIAO Shufang, Tel: (029)88474095, E-mail: msf1983@yahoo.cn
Supported by National Natural Science Foundation of China (Nos.50671084 and 50875217)

and China Postdoctoral Science Foundation (No.20070420218)
Manuscript received 2008–09–25, in revised form 2009–02–16

ABSTRACT As a Ni3Al precipitation strengthening alloy, Ni–Cr–Al alloy is one of typical structural
materials applied in high temperatures. Much work has been done concerning its structure transfor-
mation from fcc to L12 during the process of ordering and phase separation. However, the study so
far we know on the phase transformation in very early precipitation stage, especially on the phase
transformation of unstable pre–precipitation phase, was not yet sufficient. Microscopic phase–filed
method is used for describing the temporal and spatial evolution of atomic site in lattice. This method
is employed to study the pre–precipitation during the structure transformation from fcc to L12 in
Ni80Al13Cr7 alloy in this paper. The relationship between the occupation probability changes in Al
and Cr atoms on (100) and (200) planes respectively and structure evolution of Ni3(Al, Cr) will be
inveatigated. The simulation results demonstrate that at in very early aging stage, the composition
order parameters of Al and Cr atoms keep unchange on both (100) and (200) planes. However their
long range order parameters are equal in these two planes and gradually increase with aging time until
the first in situ transformation by congruent ordering at that time the L10 pre–precipitation phase with
low long range order is formed. By prolonging aging time, their long range order parameters continue
increase once they attain to the respective certain values, the composition order parameters and the
long range order parameters of Al and Cr atoms on (100) plane become increasing rapidly but those
on (200) plane decreasing quickly, The second in situ transformation occurs and the L10 is gradually
transformed into L12.
KEY WORDS microscopic phase–field method, in situ transformation, Ni80Al13Cr7 alloy,

pre–precipitation phase
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()%*%�+&*&',*�+-,'(), (%
*-.),  %**/!*.+*+,-!.0-,1-
2%, 3".+*+//0123044/ %55.6,
,-!5 %#065,1%0$7-1,1-2% (0
821,%,-7%). )28%)-391,-1-2
%:93,1%4&3-5:012'! [1−3], 4;'
64;+*(71.<(5868%-78;'!. 96
8%)0-/=>9, 1-2%-64,+*;'!-:
<:*:;?+,-=; [4−6].

Ni–Al–Cr ()"7<@<-->()/(, =-5
:01> Ni3Al <AB-2?+@=, ./>CÆ0()
3A3;%41-.) fcc ? L12 -+*B?C2D3
-:< [7−10], 6"C Ni–Cr–Al ()E�%*, Æ'"
C')1,1-2%+*4D?7F:<.

(%*-:<), ?E+*@-"(?*1,%@-
7%->G(>544*32HAB1, 64AB,1-
%, "C*6FIJG3H-7<+*C7 [11]. IJG
3H-+*C78>4+?E+*21E+*, ')?E
+*"@(?G3H>G(>544*32HAB1, 6
4A,1-G3H; 1E+*"@?G3HD9? %),
3I-,A,1-G3H('=KEBI6ELD.

5:%MF"7<:1'%MCF, (+;()AB
-.)-7<*&',7<*�+DJN<0C=93O
@E>, 8GP()AB-.)?F-NJKL, 93M
?'2*:', (:<%01-?E+*C=8>/@N
%HGH. QORC5:%MF, P-AB Ni80Al13Cr7
()?Q-.) Al 2 Cr ?F( (100) 2 (200) =(-
IECD*?7F:< Ni3(Al,Cr) %01-R3-..

1 )*+J,-
1EIH67-5:%MA<- Khachaturyan[12]

SJ, Poduri 2 Chen[13,14] K2>9. =">?FIK
/IEL-LF+M*3, >?FSMNG?FIELF
*3+KL, *6F?FTM,3A3U?FHE-.. +
N3OT, PIUJQV5(IUJQ, O??FIEL
F/ z PVW=. CIQ()(), K pA(�r, t), pB(�r, t)
2 pC(�r, t) 4W+ A, B 2 C ?F( t ?LIK r EL
-LF, -& pA(�r, t) + pB(�r, t) + pC(�r, t)=1, 4>MR
IH(R3 2 RONC.. +6F6E-., DXYB9
SSOZ ξ(�r, t) *ABPGT. UK> A 2 B ?F-
IELF+ 2 RON*3, P?5: Langevin C. [14]:
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dpA(�r,t)
dt = 1

kBT
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[LAA(�r − �r
′
) ∂F

∂pA(�r ′,t)+

LAB(�r − �r
′
) ∂F

∂pB(�r ′,t) ] + ξ(�r, t)
dpB(�r,t)

dt = 1
kBT

∑
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[LBA(�r − �r
′
) ∂F

∂pA(�r ′,t)+

LBB(�r − �r
′
) ∂F

∂pB(�r ′,t) ] + ξ(�r, t)

(1)

7), kB + Boltzmann X[; Lαβ(�r − �r
′
) "/YE?

QQ, 7C α 2 β ?F(IHEL �r 2 �r
′
(-VWL

F3=-X[ [13], α, β=A, B @ C; F +/(-T,-
!, (�XM6\]-]7:1 [12]:

F = −1
2

∑
�r

∑

�r ′
[VAB(�r − �r

′
)pA(�r)pB(�r

′
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VBC(�r − �r
′
)pB(�r)pC(�r

′
) + VAC(�r − �r

′
)pA(�r)pC(�r

′
)]+

kBT
∑

�r

[pA(�r)ln(pA(�r)) + pB(�r)ln(pB(�r))+

pC(�r)ln(pC(�r))] (2)

7),

Vαβ(�r − �r
′
) = Vαβ(�r − �r

′
)ch + Vαβ(�r − �r

′
)el (3)

Vαβ(�r−�r
′
)ch = Wαα(�r−�r

′
)+Wββ(�r−�r

′
)−2Wαβ(�r−�r

′
)

(4)
7), Vαβ(�r − �r

′
) +?FQ3QKC!, Vαβ(�r − �r

′
)ch

+30%HKC!, Vαβ(�r − �r
′
)el +Z'%HKC!,

Wαβ(�r − �r
′
) +?FQ%HKC!.

YRIQ/() 3 <?F-MS>;8!-T[, R
C^6U?FQ%HKC6\. K V 1

αβ , V 2
αβ , V 3

αβ , V 4
αβ 4

W"\ 1, 2, 3, 4 6U?FQ%HKC!, OTS)_V
-?FKC!RCO` [13, 15] )-[K.

ZK5:Z'%HKC, ][?F4[-/7J3=
-Z'%HKC Eel +

[16]

Eel =
1
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∑

�r�r ′
Vαβ(�r − �r

′
)ch + Vαβ(�r − �r

′
)el (5)

Fourier *W\+

Eel =
1

2N

∑
�k

′
V (�k)el|p(�k)|2 (6)

7), N +IHT[; -&]*!(H k=0 +^WU
',X2^_V(`-Y__Z(X2-.)XT`ÆH;
V (�k)el +Z'![<a[, " V (�r)el - Fourier *W, (
La6\]_Z+

Vαβ(�k)el ≈ M(�n) = Meln
2
xn2

yε2
0 (7)

7), �n = �k/k, +baJQ) �k Cb-YE\3; nx 2

ny 4W+ �n c x 2 y W-43; ε0 = dac/(a0dc), +-
44b*NG-/I]X([ ('), ac +9Y-/IX
[, a0 +>/-/IX[, c +9Y-?F4[).

_=Z''Y2/I^_-Z*!c[+

Mel = − 4(C11 + 2C12)2

C11(C11 + C12 + 2C44)
ζ (8)

7), ζ = C11 − C12 − 2C44, "_Z()+Z'cbU
'-X[; Ci,j ">/-Z'X[, OT?`CO` [17]
)-[[.
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P7 (4) 2 (5) eV7 (2), a\PP?-7 (2) e
V7 (1) f?C Fourier *W, a\(IU�=(V5\
RC Euler C.Xe, P?/f?L-?FIELF, g
3P2?Q-.5:78-R3gh.

+2:<,1%64-6ES\ij, NVh] L12

01OT-3A%Q-L.Ac[. +bki6F L12

013A%64-.)%01-+*-., NV=L.A
c[*_=(@1-=Q?F3A4[-CD. 2 <L.
Ac[-_j7677^, 6'_`/f, '_j7+

η(i, j) =
p(i, j) − C(i, j)

C(i, j)cos[(i + j)π]
(9)

C&3A%Q-L.Ac[, η(i, j) _Z(c7R3A%
Q (i, j) +-3A<, p(i, j) +(3A%Q9Y?F(
'aE-IELF, C(i, j) +3A%Q-�Xd<. C&
=QL.Ac[, η(i, j) _Z3A%Qc@1=Q (i, j)
+-3A<, p(i, j) +(@1=Q9Y?F('aE-
IELF, C(i, j) +9Y?F(@1-=Q-�Xd<.
ZK=L.Ac[-OTCF, RX(3A%-c7C@
c7e(U0?FVk2?, f8>>QgbÆ=Q-3
A<.

(QO)>?, (,1--2%64c/.2?-3
A%93 L10 01-@=, 6'3A<h0, C;4li
lm, QO)P'n+03A<- L10 1-2%.

2 ,./01d2
g 1 "C Ni80Al13Cr7 ()( 873 K ]?C?Q-

.ABP?-?FR3g. ghRC 128×128 IH, ?
QFL Δt + 0.001,AB-.4B-PGT+ 200F, ?
FIELF>j<_Z, ZKc,-d</f, kfIH
o_ Ni ?F, jfIHo_ Cr ?F, pfIHo_ Al
?F. +2!Abqim?21-2%-64-., eD
2gh-C5<.

-g 1 8i, ( t=1200 F?, EgWA- Ni80Al7-
Cr13 ()/(-lKhf>57J?E+*, mg2?
ig 1a )4jZ-3A%, 6;?'3A<nh0. Z
K3A%-IUV5g, 8>k=O<1-2%93 L10

01, o6427<03A<- L10 011-2%. 9

6?QF[-eD, O<1-2%-[.gpe9, rs
gpeD, Lq[l2hR/( (g 1b), f?3A%-
3A<ngpeD. eD?QF[, g?FR3g8>r
2 (g 1b, c), (1-2%)iJ>501B1, o>5
2IJ?E+*, L10 011-2%gpb L12 01+
*, Dj( t=3000 FkV, /()mg2?*30O3
5- L12 01, ig 1c )4jZ. 96?QF[-e
D, *30O35- L12 3A%gpb30O35+3,
.l642D3-30O35- L12 3A%, ig 1d
4Z.

3 1 Ni80Al13Cr7 ��� 873 K ��s��mn��
�o
Fig.1 Temporal evolution of the microstructure of Ni80Al13Cr7 alloy at 873 K aging for t=1200 step (a), t=2000

step (b), t=3000 step (c) and t=4000 step (d)



� 5 � �!"% : L10 "# L12 "$%##$&'$&"('�� 633)

]=Pg6ES\C=?7F4-()?Q-.)
%01-+*. g 2 + Ni80Al13Cr7 ()(?Q-.)
Ni3(Al, Cr) %Q44Ac[;L.Ac[tb4[9?
Q-*3. -g8i, ( t=1200 Fc/, 44Ac[f
l>5*3, 3L.Ac[o2?2GT, ;utCZ&
U443A3ut. -g 1 8p, ;?>5\7J?E+
*, -WA- fcc 01+*+ L10 01, 64203A<
- L10 011-2%. (;c\, 96?QF[-eD,
44Ac[2?D-aN, 3L.Ac[gpeD, me
D-pFhn. Dj( t=3000 F?, 3A%)q+-L
.Ac[Bv.6.7[, 344Ac[n(Eg44(
]aN, flj?�+[, OÆo3A3-p<n&?F
TM-p<, fm(?31,1-2%-EL>5244
-aN2HA-B1, ;utCZ&%01-\IJ?E
+*. eD?QF[, 44Ac[wreD, gp643
0O35- L12 013A%, L.Ac[ngp-)qb
pÆH9, .\(hR3A%qrQj?�+.

g 3 + Ni80Al13Cr7 ()?Q-. Ni3(Al, Cr) %
) Al ?F( (100) 2 (200) =(-44Ac[2L.
Ac[9?Q-*3. -g8i, Dj( t=1200 Fc/,
Ni3(Al,Cr)%) Al?F( (100)2 (200)=(-44A

c[+Eg44, L.Ac[+ 0(o?Ffl(/=(V
k2?), ;?()+&Eg-WADJ. (;c\, Dj
( t=2500Fc/, 44Ac[uv/*, pR=Q-L.
Ac[9?QeDgpeD (o?F(/=(2?VkT
e-?s, fm:*:om), oP-U443A3>5%
01-\7J?E+*, -g 1a—c 8p(;ut640
3A<- L10 011-2%. w (100)2 (200)=Q-L
.Ac[Djf?eD? 0.8 \, (200) =(-L.Ac
[mgtpx0 (?FVkTe-?sgps3), (100)
=(-L.Ac[owreD>5\IJ?E+*, .
lpR=Q-Ac[j?7�+[, 64,1- L12 3
A%.

g 4 + Ni80Al13Cr7 ()?Q-. Ni3(Al, Cr) %
) Cr ?F( (100)2 (200) =(-44Ac[2L.A
c[9?Q-*3. /g 3 %5, Cr ?F44;3A<
-*3t>/ Al ?F>Q7^, 6"*3-y<omu
& Al ?F (QOKqn:<2 Ni80AL10Cr10 (), P
?fv-0z), Æo(,1- L12 01- Ni3(Al, Cr)
%) β ELrX- Al ?FIK,Cr ?FR"K+7<w
o?F.

g 5 Z_2 Ni80Al13Cr7 ()?Q-.%01-R

3 2 �x��x�� Ni80Al13Cr7 ��� 873 K ��s�s Ni3(Al,Cr) �u����{��y
Fig.2 Radial distribution of the composition order parameter (a) and long range order parameter (b) in Ni3(Al,Cr)

phase of Ni80Al13Cr7 alloy at 873 K aging for different time steps (t)

3 3 Ni80Al13Cr7 ��� 873 K ��s�s Ni3(Al,Cr) �u Al 
�� (100) 
 (200) �������
�
Fig.3 Temporal evolution of the composition order parameter (a) and long range order parameter (b) of Al in

(100) and (200) of Ni3(Al, Cr) phase of Ni80Al13Cr7 alloy with time steps at 873 K aging
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3-.. y.- fcc WA% (g 5a) P-U443A3>
5\7J?E+*, +*+1,- L10 011-2% (g

3 4 Ni80Al13Cr7 ��� 873 K ��s�s Ni3(Al,Cr)

�u Cr 
�� (100) 
 (200) ����������

�

Fig.4 Temporal evolution of the composition order param-

eter (a) and long range order parameter (b) of Cr in

(100) and (200) of Ni3(Al, Cr) phase of Ni80Al13Cr7

alloy with time step at 873 K aging

3 5 fcc ��� L12 �����vto
Fig.5 Structure evolution scheme from fcc to L12

(a) 3D lattice of the fcc disorder phase

(b) 3D lattice of the L10 structure order phase

(c) 3D lattice of the L12 structure order phase

(d—f) the projection of the fcc disorder , L10 and

L12 structure order phase on [010], respec-

tively

5b), a\iv?7Fzu, >5\IJ?E+*, +*+
,1- L12 01 (g 5c). g 5d—f 4W+>( 3 R01
( [010] Cb(-IUV5g.

3 /Æ
(1) ( Ni3(Al, Cr) %- fcc 01b L12 01+3

--.), >5 2 J?E+*.
(2) (?Q-.Eut, (100) 2 (200) =(-3A

<%Uf9?QgpeD, 644/*, f>U443A
3-67>5\7J?E+*, 643A<0- L10 0

11-2%. w3A<eD?71[?, Al 2 Cr ?F-
44Ac[2L.Ac[( (100) =(XtpeD, 3(
(200) =(oXtpx0, >5\IJ?E+*, L10 0

1gpb L12 01+3.
(3) (hR?Q-.), Cr ?F-Ac[glu&

Al ?F-*3y<, Æo93,1 L12 01- Ni3(Al,
Cr) %) β ELrX- Al ?FIK, Cr ?FR"K+
7<wo?F.
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