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ABSTRACT The Ni–Ag alloy has good mechanical properties, high corrosion resistance and elec-
trical conductivity. It is an excellent candidate to be used in many high–tech fields of aerospace, energy
resource and chemical engineering etc. This alloy, however, is a typical monotectic system. Generally,
the liquid–liquid phase transformation leads to the formation of a solidification microstructure with
serious phase segregation. The manufacturing of this alloy is thus extremely difficult. Injection casting
has already been carried out with the Ni–Ag monotectic alloy. The sample with composite microstruc-
ture, in which Ag–rich particles dispersed homogeneously in Ni matrix has been obtained. A model
describing the microstructure evolution during injection casting of the Ni–Ag monotectic alloy has
been proposed. The process of microstructure formation has been simulated and discussed in details.
The results indicate that the Ostwald coarsening of Ag–rich droplets is very weak during cooling in
miscibility gap under injection casting cooling conditions. The dispersivity of the primary Ag–rich
phase is controlled by the nucleation of Ag–rich droplets during the liquid–liquid transformation. The
number density (N) and average radius (〈R〉) of primary Ag–rich particles depend exponentially on
the cooling rate of the alloy during the nucleation of Ag–rich droplets (ṪNuc) according to N ∝ Ṫ 1.8

Nuc

and 〈R〉 ∝ Ṫ−0.6
Nuc .

KEY WORDS Ni–Ag monotectic alloy, liquid–liquid transformation, rapid solidification, injection
casting, simulation
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����#�( ��+!����) [1−6]. *�, Ni–
Ag ��+",#$%�%&'-$�(��� (CPV)
�,���%.�- [5]; �� Ni–Ag ���� Ag �
Ag/CdO ���&�� /�+".0 399—482  �
�,)! [6]. !!, Ni–Ag ��!"*�"/��#&,
$0'(#-$$1+ – +,%�&$), -�.',"
/0+�0'/2, %3Æ�0'(#11%#23.

456, &7("/��0''�11*)+(, 2
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+94:,;11�, [7−12]. *-, 4� Ni–Ag ���
�/5,+�&-�, #&<=�&-��'�, %11
�3Æ,.%,�63, 7), &7��.8���/�
���0//3Æ Ni–Ag �� [13,14]. ->#5, .90
�1 Ni–Ag "/��+ – +,%(#�1112, Ni–
Ag ���0'/2:%.?.3/4. 5�,@�06
6/11: Ni–Ag ��A10';#, 72B: Ni–Ag
��A10'(#C*, 2<=CD,E�, 11:A1
0' Ni–Ag ���/2:%.3.

1 7�89
"�&,� 99.99% � Ni � Ag #2<>-, 8

Ni–7%Ag(:;33, �?) ��'3F;G-, 7(��
Ar 494��5H Cu ;<�56I#�(��F;�
:6I, 6;2<�J��. 7�;�J��=�<=>
�0>�8@7-, 9��:8�9;+6J��; *+,
A8@7-?< Ar 49��6#0=. Cu C�K, 6
;@&# 50—60 mm,?L# 4 mm�@.*B>. CA
A?:B>, 3Æ�,@B, @��,DEM (OM) �A
N�BDEM (SEM) ;A0'/2, @��BF (EDS)
3/@B'3.

2 7�CD�EF
2.1 GH
�I�

G 1 # Ni–7%Ag ��BO�H=�DE/2. +
0, CC�DE,PBQJ3F�<#,-. EDS '33
/BR, DE,PB#= Ag ,, <##= Ni ,. G;�
,3/>H�PBIJ3F�G 2 DE. +0, PBIJ
KIF?3F. %-, BO�H=-JKPB�GQ?L
3LK# 0.15 � 0.18 μm, =PBIJ3FHLILM
?MD(��?LM<5MN. J74"/N�(#K'
�DE,+O0'-', !'/+=OÆ4<#6#PK
"/N��QN (@R#"/PB). O#J7.'+AA
BS'/+=ODP7, @,L)AT, OUIJ-K, $
��-3FQJ. BO�H=-V,PB�GQ?L3L
K# 0.28 � 0.64 μm, =PBIJ3FHLIQM?M
D(��?LM&4. J7#��+ – +,%(#-.
'�DE,+O�0'QN (@R#WKPB). O#J7
.'+��-@�L)F;@,�V��!)MR, OU,
IJ-,, -�PK"SIS-�NE;/2"/, !T
G Ni–Ag ���C.'UN*0'/2�1D. G 1 -
@BBO�WKPB-H=EJK, O!O#@BBO=

P 1 Ni–7%Ag ��
V�TX�
���
Fig.1 Solidification microstructure in the surface region (a) and center region (b) of the Ni–7%Ag alloy

P 2 Ni–7%Ag ���� Ag ���YZ��
Fig.2 2D size distributions of Ag–rich particles in the surface region (a) and center region (b) of

the Ni–7%Ag alloy
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Cu C,&�, 6#HP1Z-,�+ – +,%(#-D
E,+O�.IZ-�, @,�V�L)-T.
2.2 Ni–Ag RSTUGHVWI�

2.2.1 ���Æ�� Q#]��CD6/��

�"/��0'(#CD, U'J�� Al–Pb, Al–Bi �
Cu–Fe �"/��#&0'(#11 [12,15,16], 5�,<
�K6/2B06A10'��� Ni–Ag ���0'C
*, 7E�2<94CD, 11 Ni–Ag ���0'/2.
'(#.

06B>�HP(#!V[��6#� Cu C�)
�(\L;F;� [17]. 06B>K=�&^�M=��
.0:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∇ · (λmix∇T ) + QS/L − 4π
3 ∇ · [∫ ∞

0
uMF ·

(ρβCβ
P − ρmCm

P )TR3dR] = ∂(ρmixCmix
P T )

∂t

T (t = 0, r) = T0

−λmix
∂T
∂r

∣∣∣
r=rS

= h(Ts − Tm)

∂T
∂r

∣∣∣
r=0

= 0

(1)

R-, λmix, ρmix � Cmix
P 3L#��6#��;Z�]&

�_;�; ρm � Cm
P 3L#<#6#�]&�_;�; ρβ

� Cβ
P 3L#= Ag,+O�]&�_;�; uM #4�&

S&�N�= Ag ,+O Marangoni MR1&; QS/L =
ρmixLVS/L, #'/+=OI0'T;U`1Z (%-, L

#0'T;, VS/L #0'=OWR1&); rS #B>aL

(rS=2 mm); h #(\L;&3; Ts #6�BO�&; Tm

#C��&; T0 #WVL^6#��& (T0=1873 K);
R #= Ag ,+O�aL; F #= Ag ,+O�aL3F
M3, F (R, r, t)dR >H t L^�X= r bcX#/6#

KaL$ R . R + dR dYK= Ag ,+O�3;. �
&^LMD 1 ZBE;e��N[, D 2 ZBE'/+=
OI0'T;U`�\], D 3 ZBE= Ag ,+OX]
MR�N�;;eW; �&^QM#6#�&XL)�%
�. 4�+ – +,%T;AK, =0'T;,_+O_3
P, OU, �&^PY-O_+ – +,%T;�\].

+ – +,%(#-, +:7(`N�= Ag ,+O�
!)MRF;eW. Qa+:ZR1&, 6#K�b&^
.0��6#:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∇ · [D(1 − φ)∇S] − 4π
3 ∇ · [∫ ∞

0
uMF (Cβ−

Cm)R3dR] = ∂Cmix
∂t

Cm(t = 0, r) = C0

∂Cm
∂r

∣∣∣
r=rS

= ∂Cm
∂r

∣∣∣
r=0

= 0

∂S
∂r

∣∣∣
r=rS/L

= 0

(2)

R-, Cmix #c+,S�N�b&; Cm � Cβ 3L#<

#6#�= Ag ,+O�b&; S = Cm − Cme, #<#

6#�(f�& (%-, Cme #<#6#�GTb&); D

#+:`N&3; φ #= Ag ,+O�#/33; C0 #�

�WVb& (C0=7%). b&^LMD 1 ZBE+:$<
#-`N�N�+:eW, D 2 ZBE= Ag ,+O!)
MR(b&^�\]; b&^QMBE��6#-�+:
b&XL)�%�.

$"/��+ – +,%(#-, aL3FM3!U
N,+O.I�`N@,�!)MRU%�N�[Y0
7�O\$?,��EV. +O�[Y07!4+O�
Brownian X]�Stokes X]� Marangoni MRD^]
�. 11BR, g+OGQaLK� 1 μm L, Stokes X
]� MarangoniMR�N�[Y07,�A^ [18], A1
0'(#-, +O� Brownian X]�N�[Y07_A
^ [19]. 42<EV+Z, 52<��� Ni–7%Ag ��
+ – +,%(#-d,=3UN,+OaLK� 1 μm
(G 2), OU, +O)[Y07,�+"O_. $= Ag ,
+O.I�̀ N@,�!)X]�$?,��, +OaL
3FM3.0��e`6#:⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

∂F
∂t + ∇ · (uMF ) + ∂

∂R (νF ) = ∂I
∂R |R=RC

F (R, t = 0, r) = F (R = 0, t, r) =

F (R → ∞, t, r) = 0
∂F
∂r

∣∣∣
r=0

= ∂F
∂r

∣∣∣
r=rS

= 0

(3)

R-, ν � I 3L#= Ag ,+O�`N@,1&�.I
Z [20,21], RC #= Ag ,+O�<=.IaL. e`6
#LMD 1 ZBE+OaL3FM3XL)�%�, D 2
Z�D 3 Z3LBE= Ag ,+O!)MR�`N@,
(3FM3�\]; e`6#QMBE= Ag ,+O.I
(3FM3�N[.

���6#//(�&^R (1)�b&^R (2) �
aL3FM3e`�6#R (3) F;fN�3M_g, 7
= Ni–Ag ,G,[�, +"CD Ni–Ag ��0'/2.
'(#. 5CD-, W`"/N�K'�+O.'+BS
'/+=ODP7, 3\]+ – +,%(#-.'+O�
@,�V��"/�.

2.2.2 ���������� + – +,%�a]
�� Ni–Ag ,G+?&4 Gibbs \4�M3PY>H.
E5 Ni–Ag ��#&� Gibbs \4�BhR# [22]:

Gθ
m =0 Gθ

AgxAg +0Gθ
NixNi + kBNAT (xAglnxAg+

xNilnxNi) + Lθ
Ag,NixAgxNi (4)

Lθ
Ag,Ni =

n∑
v=0

(xAg − xNi)v ·vLθ
Ag,Ni (5)

R-, 0Gθ
Ag �

0Gθ
Ni 3L#�/5 Ag � Ni � θ ,h

i Gibbs \4�; θ ,#+,� fcc ',; xAg � xNi 3

L#/5 Ag � Ni �hi33; NA # Avogadro )3;
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kB # Boltzmann )3; T #;���&; Lθ
Ag,Ni #E5

,,,�&3, !�&�'3�M3, 4B 1[22] >H. �
/5�hi Gibbs \4�7\ SGTE(scientific group
thermodata europe) 5\3ai [23].

Ni–Ag "/��+ – +=O�.902<3a�?
jPY�12. "a11BR, + – +=O�=�&])
7)$$��1& [24,25]:

σ = σ0(1 − T

TC
)1.26 (6)

R-, σ0 #)3. ,GPYBR, Ni–Ag ��#&�<=
�& TC=2880 K. R (6) -^� σ0 #9Z, 5�,7(
(2<EVF;D�PY�6/bG σ0; Qa@BkX
=b�HPHLF;CDPY, 9PY>H�UN,PB
IJ3F=2<jGM,MN, k-bG σ0.

<#6#�]��_&4c��� Ni �]��_
&, BhR# [26]:

ηm = 0.1663× 10−3exp(
50.2 × 103

kBNAT
) (7)

Ni �\`N&3+"7( Stoke–Einstein 6#=
Ni 6#�]��_&,l& [27]:

DNi =
kBT

6πηmrNi
(8)

R-, rNi # Ni �fBaL.
+: Ag $+d Ni -�`N&3+@� Ni �\`

N&3bG [28,29]:

DAg =
rNi

rAg
DNi =

kBT

6πηmrAg
(9)

R-, rAg # Ag �fBaL.
Qa Louzguine–Luzgin � [30] 2<jG�,<�

�06(#-6#�HPHL, 7(b73?�(\L;
&3F;D�PY, `abG��6#= Cu C�])�
(\L;&3K# 104 W/(m2·K).

2.2.3 ���� G 3 #PY>H�06B>
BO�H=�HPHL. ��6#?*+, BO�&Xm

b 1 Ni–Ag eclfndmg [22]

Table 1 Thermodynamic parameters of the Ni–Ag system[22]

Phase System Parameter, J/mol

Liquid Ag–Ni 0Lliquid
Ag,Ni = +54055.6 − 2.2T

1Lliquid
Ag,Ni=–1910

fcc Ag–Ni 0Lfcc
Ag,Ni=+54620.4+3.1T

1Lfcc
Ag,Ni=+2800

�Y, AAYnc Ni–Ag ��"/N��&. $U�&
�, ',9V/H�U`0'T;, OU, HP1ZXmY
n, �&HLHIGh. @BH=�&9VLZoYn,
X;e�(#�F;HP1Zd[e,, @BBO9V0
'+, X1'/+=O4BOAH=R], H=�HP1Z
ed[�Y, ?cYc"/N��&L, �&HLHIG
h. 0'T;U`+, BO�H=�GQHP1Zd[&
4. 4G 3 +0, $+ – +,%(#-, @BH=HP1
Zn�BOHP1Z. CDPYBR, g σ0=224 mJ/m2

L, PY>H�@BBOWK= Ag ,PB�EfGQ?
LK# 0.28 μm, =2<'PEV\�;A�, OU, =O
�7 σ = 224(1 − T/TC)1.26 mJ/m2. ��U=O�9
4CDPY>H�06B>%JX=bWK= Ag,PB
EfGQ?LM_=2<'PEV\�;A�, �G 4 D
E. OBRD20'(#C*�-�oNiA10'��
� Ni–Ag ��+ – +,%�/2:%(#.

g��6#HPF</53S+�&$)L, Jj�
PK+ – +,%. X1HP�F;, ��6#�(H&�
,%a]�3pe,, g(H&h.M<=ML, = Ag

P 3 �
gk
V�TXh�li
Fig.3 Temperature curves in the surface region and center

region of the specimen

P 4 ���]m�

� Ag ���qj��f�n�klg
�
li

Fig.4 Experimental and calculated 2D average diameters

of primary Ag–rich particles along the radial direc-

tion of the specimen
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,+O9V.I, �G 5 DE. U+, ��6#(H&�
%�4c6OTG: e`HPoA�9(H&e9, -=
Ag ,+O�.I�@,oA�9(H&Yn. $+ – +
,%Wp, = Ag ,+O�.IZ-K�3;]&-n, H
P�N�(H&e9,(-q, ��6#�(H&3!3
�Y, N-�DIr. (H&�r��N= Ag ,+O�
.IZ�3;]&m1Ir. OU, + – +,%9V+3
p, = Ag ,+O�.I�@,'#��6#(H&%�
�hiO\, ��6#�(H&Yn, = Ag ,+O�.
IZm1^K�n5. = Ag ,+O.Ir`�L)AT,
$= Ag ,+O.I(#-, 4�K+O3p.', = Ag
,+O�GQaLe9Ao; .In5+, = Ag ,+O
$-��(f�&�,��A1@,, N9= Ag ,+O
GQaL�#/33m1e9, ��6#�(H&3p�
Y, = Ag ,+O�@,1&_X]d[^K. G 6 >H
= Ag ,+OGQaL�3;]&XL)�%�1&. .
In5+, BO= Ag ,+O�3;]&_�^K, H=
= Ag ,+O�3;]&_`9r3%. O!4�BO$
 LA�&S&,(-,, = Ag ,+O$ Marangoni
MR,��AK=MR, -H=�&S&-K, +O�M

P 5 � Ag �������
��ns��
li
Fig.5 Nucleation rate of Ag–rich droplets and undercool-

ing of the alloy melt in the surface region and center

region of the specimen

P 6 � Ag ������������ns��
li
Fig.6 Average radius and the number density of Ag–rich

droplets in the surface region and center region of

the specimen

R1&AK. j#6q, $52<���, 4�6#HP-
A, 6#+ – +,%(#-= Ag +O.IZ-,, +O
3;]&-��IJAK, = Ag ,+O MarangoniMR
�,�-^. @BBO�H== Ag ,+O�3;]&.
I+XL)%�AK_BR= Ag ,+O� Ostwald V
�,�oA^.

,(-p, @BBO�6#�HP1Z-A, OU, @
BBO= Ag ,+O�.IZ�3;]&k,�@BH
=. PYBR, 4BO.H== Ag ,+O.Ias�6
#HP1Z^K, .Ias(H&^K, = Ag ,+O�
`,.IZ_,�^K. (PYEVF;l?�3/, B
R+ –+,%(#-= Ag,+O�`,.IZ IMax,0
'+WK= Ag ,PB�3;]& N �GQaL 〈R〉 =
.Ias�6#HP1Z ṪNuc ])3L.0��m31
&: IMax = C1Ṫ

2.96
Nuc , N = C2Ṫ

1.8
Nuc � 〈R〉 = C3Ṫ

−0.6
Nuc ,

%- C1, C2 � C3 #)3, �G 7 DE.

P 7 � – ���
��� Ag ���nt���u
�b


� Ag�������c�����������
��
��o����

Fig.7 Dependence of maximum nucleation rate (Imax) of

Ag–rich droplets during the liquid–liquid transfor-

mation, number density (N) and average radius

(〈R〉) of primary Ag–rich particles on cooling rate

of the alloy during nucleation period of the liquid–

liquid transformation

3 Cp
( Ni–Ag "/��94:06A10'2<, 2B

: Ni–Ag "/��06A10'(#-/2:%�]�
�C*, D�PY: Ni–Ag #&�+ – +=O�, Qa2
<��, CD3/: Ni–Ag ��A10'�E;/2.
'(#. h!Ej��:

(1) @�06/3Æ:= Ag ,PBUN3F� Ni
<#� Ni–Ag ��.

(2) $06A10'���, + – +,%(#-=
Ag ,+O� Ostwald V��,�A^.

(3) WK= Ag ,PB�3;]&�GQaL=.I
as6#HP1Z.0m31&, +BE# N ∝ Ṫ 1.8

Nuc �

〈R〉 ∝ Ṫ−0.6
Nuc .
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