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Phase field simulation of monotectic transformation for
liquid Ni-Cu-Pb alloys
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Based on the subregular solution model, the liquid phase separation of ternary (Ni,Cuyg_x)s50Pbso
monotectic alloys is simulated by the phase field method. It is found that if the surface segregation
potential is not incorporated, the dynamic morphologies of alloy melt show a transition from disperse
microstructure into bicontinuous microstructure with the increase of fluidity parameter. When the sur-
face segregation potential is coupled, Pb-rich phase migrates preferentially to the surface of the liquid
alloy, and the Ni-rich phase depends on the Pb-rich phase to nucleate. With the extension of the phase
separation time, the surface layer is formed through coagulation and growth, and its thickness gradu-
ally increases. The Ni-rich phase migrates to the central part, and finally a two-layer core-shell micro-
structure is produced. The concentration in the surface layer fluctuates more conspicuously than that
inside the bulk phase, which subsequently transfers from the surface to the interior by a wave. The
fluid field near the liquid-liquid interface is strong at the beginning of phase separation, and reduces
later on. The surface segregation is essential to the formation of the surface layer, concentration profile

variation, fluid field distribution and phase separation morphology.
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Liquid phase separation of monotectic alloys has be-
come a major research field within material physics!"*.
For liquid metals, the solidification process is difficult to
observe in situ. Therefore, it is studied only by analyzing
solidification microstructure. Unfortunately, the mor-
phology evolution of alloy melt before solidification is
not directly obtainable. In recent years, the phase field
method has been sufficiently developed, which provides
a novel access to investigating various evolution proc-
esses and phase separation behaviors". Previously, Ta-
naka! explored the interplay between wetting and phase
separation for organic mixtures using the phase field

migration of droplets is restrained under normal gravity
conditions, whereas it becomes conspicuous under mi-
crogravity conditions. Huo et al.”! further considered the
chemical reaction for a binary mixture and studied phase
separation with hydrodynamic effects based on Model
H'". The phase field method has been extensively ap-
plied in many fields. Investigation of phase separation
involves many interdisciplinary subjects, such as hy-
drodynamics, materials physics and chemistry. Thus, it
is very difficult to study phase separation.

Up to now, theoretical investigation of phase separa-
tion mainly focuses on high molecular weight poly-

model, and found that hydrodynamics plays an impor- mers™”, water!'”, water-oil-surfactants", bilayer lipid
tant role in bicontinuous phase separation. Afterwards, membranes!'?! and lysozymes!"?). Experimental stud-
Bhagavatula and Jasnow!"! investigated the influence of  ies'™'*"! on phase separation extend to ternary alloys,

Marangoni migration on phase separation. In principle,
Marangoni migration originates from the melt tempera-
ture gradient, which drives the second liquid phase to-
wards the higher temperature region. The Marangoni
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which mainly explores the phase separation mechanism
by analyzing solidified microstructures. Due to the
opacity of alloy melt, it is difficult to observe the phase
separation route in the experiment. Nevertheless, nu-
merical simulation reveals the phase separation process.
Experimental investigations on alloy melt for phase
separation are frequently reported. By contrast, theo-
retical analysis on alloy melt for phase separation are
still scarce, especially for ternary monotectic alloys. The
objective of this work is to investigate the phase separa-
tion for ternary (Ni,Cujg_y)s0Pbsp monotectic alloys us-
ing the phase field method, which is extended by cou-
pling the surface segregation, fluid field and temperature
field. Furthermore, the effect of surface segregation on
phase separation is studied, and the formation of a seg-
regation layer, the concentration profile variation and
fluid field distribution are discussed.

1 Phase separation model

The elements Ni and Cu infinitely dissolve each other
and form a binary isomorphous system. Usually, the
solidified  microstructures of ternary Ni-Cu-Pb
monotectic alloy consist of (Ni,Cu) and (Pb) phases. Ni
and Cu elements are viewed as one component, and the
ternary Ni-Cu-Pb monotectic alloy is investigated as a
pseudobinary system.

According to the second law of thermodynamics, the
system always evolves towards the state with lower en-
ergy. Once the temperature of a ternary Ni-Cu-Pb
monotectic alloy is below the immiscible liquidus sur-
face, the phase separation will take place to reduce the
total energy. The decrease of Gibbs free energy is the
driving force of phase separation.

Alloy melt consists of two components 4 and B with
molar fractions x,=¢ and xz=1-¢. 4 is the (Ni,Cu)
pseudo component and B is the Pb component. The bulk
Gibbs free energy is described by the following
subregular solution model!"®):

Gy =g X +8pxp +RT[pIng+(1-¢)In(1-¢)]
+RT,Qp(1- @), (D
where g4 and g are the Gibbs free energy of 4 and B. R
is the gas constant, 7T the critical temperature and £ the
interaction coefficient between two species 4 and B.

As soon as the liquid phase separation occurs, the lig-
uid-liquid interface will come into being. Hence, the
melt energy will be changed. Cahn and Hilliard""' pro-

posed the free energy functional F(¢) to describe it,
which is expressed as

F(¢)=[ar [Gh +%RTCeZ<V¢)2} )
where ¢ is the characteristic microscopic length. The
chemical potential is defined as

JOF _OF _ oF
op o  0(Ve)

where T.is set as the temperature scale, ¢ as the length

(€)

scale and RT, as the energy scale. In terms of egs. (2)
and (3), the dimensionless chemical potential is derived
as

ji =y +01n (ILJ +Q(1-24)- V>4, (4)

where uo=(gz—g4)/RT, and the reduced temperature
O0=T/T,. The phase field equation is written by Model
H":

o¢ ~

5+V-(V¢)=—V-[¢(1—¢)Vﬂ]+V-¢f, (%)
where & is the random Gaussian white noise, the fluctua-
tion amplitude is the unit and the mean value is zero.
The fluid field equation is simplified as'"®

v=-CepVyu, (6)
where Cyis the fluidity parameter of alloy melt, Cr=
pRT.e*/6nD nM, and the greater it becomes, the more
quickly the flow field responds to the local force field. p
is the mass density, Dy is the diffusion coefficient, # is
the viscosity, and M is the molar weight.

In order to include the temperature field effect, the
dimensionless temperature field is given as
00 «o

—~=—V?, 7
or Dp @

where a is the thermal diffusion coefficient.

The extended Model H simulates the phase separation
of the binary alloy"®. In the light of the different sys-
tems, the phenomenological model introduced into the
modified item describes the evolutionary characteristics
of alloy melt. If the free surface effect is taken into ac-
count in the studied object, eq. (2) introduces the surface
free energy V(z). Here, V(z)=0.8, z<<1 near the surface;
M(z)=0.8/z", z > 1 far from the surface!'®. In addition,
egs. (5)—(7) are supplemented by proper boundary con-
ditions at the surface. The Neumann boundary condition
is employed for the concentration field, i.e. n*V¢=0,
where n denotes the normal direction at the surface.
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Other boundary conditions are no flux for the tempera-
ture field n+VO=0, and no slip for the velocity field
ne+Vy=0.

2 Results and discussion

The governing eqs. (4)—(7) are solved on a uniform two
dimensional square grid by an explicit finite difference
technique. The time and space integration is calculated
with a forward difference scheme and a center differ-
ence scheme. While time step At and space step Ax sat-
isfy At/Ax*<D/(40), numerical calculations of egs. (5)
and (7) are convergent and stable. In our simulations, the
initial molar concentration of Pb ¢=0.5, and the initial
velocity were zero. The noise amplitudes of both the
phase field and the temperature field were 0.015, and the
grid sizes Ax=Ay=1. The time step A7=0.001 ensures the
stability of the numerical solution. The codes are written
in the FORTRAN language, and the calculations were
performed by a Lenovo 1800 cluster system.

In order to test the validity and accuracy of the calcu-
lation method, the morphology evolution was simulated
without a fluid field, as shown in Figure 1(a). In such a
case, Puri and Binder!"! also investigated the phase
separation morphologies, whose results have been ac-
cepted by many researchers. The close agreement be-
tween our calculated result and ref. [1] suggests the ac-
curacy and stability of the calculated program.

To explore the influence of fluid field and surface
segregation on phase separation, a simplified case was
initially considered. The temperature difference of inner
melt is sufficiently small that the surface free energy is
negligible. In such a case, it is regarded as the morphol-
ogy evolution of the bulk phase. During the simulation,
the composition of alloy melt is (Ni,Cujgo_.)s0Pbso, and
the molar fraction of Ni and Cu element is an arbitrary
ratio. The fixed lattice size is set as 1000x1000. Phase
separation evolution is simulated with different fluidity
parameters Cy. Figure 1 consists of four snapshots at 15
ms, which correspond to the respective fluidity parame-
ters of 0, 10, 100 and 1000 from the morphology of Fig-
ure 1(a) and (b). When the fluid field is weak, i.e. the
fluidity parameters are generally below 100, the white
(N1,Cu) phase uniformly distributes within the black
Pb-rich phase in the form of spherical droplets. (Ni,Cu)
phase droplets grow and coarsen after phase separation,
and the average diameter of spheres in Figure 1(b) is

larger than that in Figure 1(a). This indicates that the
fluid field accelerates the coagulation of droplets. Addi-
tionally, the white (Ni,Cu) phase distributes within the
black Pb-rich phase with bicontinuous microstructure, as
illustrated in Figure 1(c) and (d). Owing to the rapid
response of the fluid field, the solute diffusion is facili-
tated. The evolution morphology is mainly characterized
by a bicontinuous microstructure. Tanaka®' concluded
that the hydrodynamic effect is an important factor to
drive the phase separation. Evidently, if the surface seg-
regation is not incorporated, the dynamic morphologies
of alloy melt show a transition from disperse micro-
structure into bicontinuous microstructure with the in-
crease of the fluidity parameter.

Flgure 1 Snapshots from the microstructural evolution process
with different fluidity parameters. (a)—(d) correspond to fluidity
parameters of 0, 10, 100 and 1000. The equilibrium concentration
#%=0.5, and the grey level varies linearly between black and white.
The white phase is (Ni,Cu) and the black area is (Pb).

Bazec and Zumer™ found that the surface effect has a
great influence on phase separation. In our model, the
surface free energy is logically considered. The compo-
sition of alloy remains (Ni,Cujg-y)s50Pbsp, and the
fluidity parameter Cy=1000. The lattice size in the square
region is 400x400. Figure 2 presents the different mor-
phologies of monotectic alloy, which correspond to
phase separation time of 15 ms and 45 ms. At the begin-
ning of phase separation, the Pb-rich phase migrates
preferentially to the surface of the liquid alloy, while the
(N1,Cu) phase nucleates depending on the Pb-rich phase,
as seen in Figure 2(a). With the increase of phase sepa-
ration time, the thickness of the surface layer gradually

LUO BingChi et al. Chinese Science Bulletin | January 2009 | vol. 54 | no. 2 | 183-188 185

]
)
(%]
>
I
o
=
s
(7))
o
L
]
Z
L
[a]
Z
o)
o




increases. The (Ni,Cu) phase is gradually formed and
coarsened, which randomly distributes within the
Pb-rich phase in a spherical manner, as illustrated in
Figure 2(b). The calculated results indicate that the
Pb-rich phase migrates preferentially to the surface of
the liquid alloy. The surface segregation has a striking
influence on phase separation.

Figure 2 Influence of surface segregation on phase separation.
Pb concentration %=0.5 and fluidity parameter C;=1000. The black
phase is (Pb) and the white phase is (Ni,Cu). (a) and (b) correspond
to 15 ms and 45 ms.

Figure 3 gives the concentration profiles of the verti-
cal surface at 15 ms, 25 ms, 35 ms and 45 ms. It is ap-
parent that the Pb concentration in the surface layer
fluctuates more drastically than that inside the bulk
phase, which subsequently transfers from the surface to
the interior by a wave along the z direction. With the
extension of phase separation time, the concentration
fluctuation sharply increases. The wave crest and wave
trough become flat and broad. The peak height decreases
and the plateau becomes wider, which indicates that the
droplets of the (Ni,Cu) phase coarsen and grow. There-
fore surface segregation is the driving force of phase
separation.

Once the fluid field is incorporated, the segregation
layer becomes rough. For further investigation of the

0.0k 1 15 ms
% 2====25ms
\ 3——-35ms
0.75F
S 060F
0451
0.30F
1 1 1 1 1
0 100 200 300 400
Zlum

Figure 3 Concentration variation in the z direction at different time.

growth law of surface layers, the average thickness d,
denotes the ratio of the Pb-rich phase area to the length.
Figure 4 shows the relationship between the thickness of
the segregation layer and the phase separation time.
With the increase of phase separation time, the thickness
of Pb-rich phase gradually increases. Surface segrega-
tion is the driving force of segregation layer growth.

°or /

10 @

0.0 10.0 20.0 30.0 40.0 50.0

Figure 4 Surface layer thickness vs. phase separation time.

The droplet will automatically shrink into a sphere
under the influence of surface tension, with the surface
free energy considered. The alloy composition remains
(Ni,Cuyp9_x)50Pbsg. The fluidity parameter C;=1000, and
lattice sizes within the circular region are 300x300. The
calculated results are shown in Figure 5. The snapshots
of Figure 5(a) and (b) correspond to phase separation
time of 16 ms and 32 ms. The black Pb-rich phase mi-
grates preferentially to the surface, and the (Ni,Cu)
phase depends on the Pb-rich phase to nucleate. The
reason is that the surface tension of the Pb-rich phase is
smaller than that of the Ni-rich phase. Accordingly, the
state in which Pb-rich phase is located on the surface
layer will be favorable for reducing total energy. With
the extension of the phase separation time, the segrega-
tion layer gradually becomes thick. The (Ni,Cu) phase

(@ (b)

Figure 5 The influence of surface segregation on phase separa-
tion. Pb concentration #=0.5 and fluidity parameter C=1000. The
black part is the Pb-rich phase and the white part is the (Ni,Cu)
phase. (a) and (b) are snapshots at 16 ms and 32 ms.
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migrates to the central part, and then coagulates together,
whereas the (Pb) phase aggregates at the surface. After-
wards, a two-layer core-shell microstructure is formed at
32 ms.

The calculated results show that the (Ni,Cu) phase is
not located in the sphere center, but leans to one side, as
shown in Figure 5(b). It is inferred that the fluid field
plays an important role in the motion of the Ni-rich
phase. In order to estimate the influence of the fluid field,
the vectorgraph is illustrated in Figure 6, corresponding
to 16 ms and 32 ms. Although the vector length of the
flow field is large and the direction is various at 16 ms,
the fluid field markedly reduces and becomes regular at
32 ms. The fluid field in the vicinity of the liquid-liquid
interface is always strong. The solute diffusion is accel-
erated in the early stage and the fluid effect will subse-
quently decrease. A regular two-layer core-shell micro-
structure eventually forms.

Figure 6 Fluid field distribution vs. time. (a) and (b) correspond to
16 ms and 32 ms.

The microstructures display distinct morphologies at
different phase separation stages, and finally form a
quasi-regular structure. In fact, due to the stirring of the
fluid field, the thickness of the surface layer becomes
uniform. Thus, the mean thickness d, denotes the ratio of
the Pb-rich phase area to circle length. The calculated
results are similar to that in Figure 4. The thickness of
the segregation layer apparently increases as the phase
separation time extends.

Radial concentration distributions at different time are
plotted in Figure 7, which corresponds to 12 ms, 20 ms,
28 ms and 36 ms. R=0 denotes the center of alloy melt.
In the early stages of phase separation, the bulk concen-
tration remains constant but surface concentration sub-
stantially fluctuates. In the late stages of phase separa-
tion, the concentrations of both the (Ni,Cu) phase and
the Pb-rich phase remain constant with the entire system
achieving a metastable state.

0.90 | 1 ——t=12ms
2 ===f{=20ms
3-=--{=28ms ‘?

0.75 4 —--= t=36ms s’y

= 060 -
0.45 |
0_30 1 i L i 1 " 1 i
0 4 8 12 16

Figure 7 Variation of Pb concentration along a radial direction at
different time.

The microstructural evolutionary process of ternary
(N1,Cuygo-x)50Pbsp monotectic alloys was calculated by
coupling the temperature field, fluid field and surface
segregation. It is evident that surface segregation is a
dominant factor for the formation of the surface layer,
concentration profile variation and phase separation
morphology. If the surface segregation is not incorpo-
rated, a two-layer core-shell microstructure is difficult to
produce. The physical significance of surface segrega-
tion is not clear at present. Although most researchers
describe it with a sophisticated form, illumination of
physical significance of surface segregation remains
essential. For example, an accurate function expression
iS necessary.

3 Conclusions

(i) The phase separation evolution was investigated
using the phase field method, which incorporated the
temperature field and the fluid field. If the surface seg-
regation was not incorporated, the dynamic morpholo-
gies of alloy melt would show a transition from a dis-
perse microstructure into a bicontinuous microstructure
with the increase of the fluidity parameter.

(i) Owing to the effect of surface segregation, the
Pb-rich phase migrated preferentially to the surface of
the liquid alloy, and the (Ni,Cu) phase nucleated de-
pending on the Pb-rich phase. With the extension of the
phase separation time, the thickness of the surface layer
gradually increased. The (Ni,Cu) phase migrated and
aggregated at the central part, and finally a two-layer
core-shell microstructure was produced.

(ii1) Under the influences of surface segregation, the
surface concentration fluctuated more drastically than
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that inside the bulk phase, and then transfered from the
surface to the interior. The concentration in the bulk
phase changed subsequently, and the concentration of
both the (Ni,Cu) phase and the Pb-rich phase remained
constant.

(iv) The fluid field in the vicinity of the liquid-liquid
interface was strong and turbulent. The solute diffusion
was facilitated, and the spatial symmetry was broken.
The (Ni,Cu) phase was not located in the sphere center,
but leaned to one side.
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