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The growth and congregation of minor phase in immiscible Cu-Fe alloys were investigated. Results showed that the
Brown motion was strongly affected by the initial number of the separated droplets. With the increase of initial numbers
of droplets, the time needed for completing the Brown congregation reduced. The calculation confirmed that increasing
the radiuses of droplets would lead to the decrease of the time for congregation completed. As the increases of the
undercooling and the droplet radius, the ratio of Stokes motion velocity to Marangoni motion velocity increased.
Keywords: phase separation; congregation; undercooling; Cu-Fe alloy.

1. INTRODUCTION∗

temperature was about 1600 K, the obtained maximum
undercooling was 115 K.
The thermal history of the sample was monitored by a
standard PtRh30-/PtRh6 thermocouple and a temperature
recorder with 1 ms response time. According to standard
metallographic procedures, the samples were cross
sectioned, processed and etched. The microstructures of
as-prepared samples were analyzed by using HITACHI
S-4800 field emission scanning electron microscopy.

For some Cu-based alloys, such as Cu-Co, Cu-Fe,
Cu-Cr and Cu-Nb etc., a metastable liquid phase separation
occurs when the liquid metal is undercooled into the
metastable miscibility gap [1]. In recent years, great
attention has been paid to the investigation of these
immiscible alloys. Many techniques, such as the
electromagnetic levitation [2, 3], drop tube processing [4],
fluxing purification technique [5, 6] and gas atomization
[7, 8], were employed to investigate the factors (such as
the composition, the cooling rate and the undercooling)
that influence the solidification structure.
However, much work on the Cu-based alloys was
focused on the investigation of the microstructure
morphology [1 – 8] and the evaluation of the stable and
metastable phase diagram [9 – 12]. Many aspects for these
alloys, such as the process of the phase separation in
undercooled melts, nucleation, growth and solidification of
separation phase, were not completely understood. In
recently years, Cu-Fe alloy has been one of the most
interested fields in material science for their high-strength
and high-conductivity properties. In this work, in order to
better understand the growth process of the separated
spheres, Cu75Fe25 alloy was produced by melt-fluxing,
then, the growth and congregation of minor phase in
immiscible Cu75Fe25 alloy were investigated in detail.

3. RESULTS AND DISCUSSIONS

2. EXPERIMENTAL PROCEDURES
High-purity (99.99 %) copper and iron were used to
prepare the Cu75Fe25 alloy by melt-fluxing in
combination with cyclic superheating technique. The melts
were first heated to the desired temperature using high
frequency induction heating facility, and then the
superheating-cooling procedure was repeated several times.
To investigate the influence of the undercooling on the
solidification structure in immiscible Cu-Fe alloys, the
different undercooling was obtained by the cyclic
superheating method. When the maximum heating
∗
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The microstructural images of the as-prepared
Cu75Fe25 alloy at different undercooling are shown in
Fig. 1. Only Fe-rich dendrites could be observed in
Fig. 1, a, it indicated that the solidification of Cu75Fe25
alloy was in the way of normal solidification at ΔT = 35 K.
When the undercooling (ΔT) increased to 45 K, there were
two types of microstructures morphologies: dendrites and
spheres, as shown in Fig. 1, b. Because the Fe-rich
spherical particle was the typical structure of liquid
separation, it could be deduced that metastable liquid
separation occurred in Cu75Fe25 alloy.
When the undercooling of melt exceeds a critical
value, the undercooled liquid (L) separates into the Fe-rich
liquid (L1) and the Cu-rich liquid (L2) [13]. In order to
diminish the interface energy in the Cu75Fe25 melt, the
spherical particles were formed and free in the Cu-rich
matrix. For a given composition, the relative amounts of L1
and L2 were expected to follow the ‘lever rule’. And the
amount of L1 liquid increased with the increase of the
undercooling [2]. Just as presented in Fig. 1, b, c and d,
when the undercooling of the Cu75Fe25 melt increased to
45 K, 70 K and 115 K, the area fraction of the Fe-rich
spheres in the entire region of microstructures was 5 %,
30 % and 45 %, respectively, and the amount of the Fe-rich
dendrites in the Cu-rich matrix reduced corresponding. In
particular, such a phenomenon that some spheres adhered
together each other could be seen from Fig. 1, c and d.
Furthermore, some fine Fe-rich droplets, which failed to
coagulate and grow up before the solidification, stayed in
the periphery of a large particle. It could be inferred from

Fig. 1. The microstructures of as-solidified Cu75Fe25 alloy at different undercooling: a – ΔT = 35 K; b – ΔT = 45 K; c – ΔT = 70 K;
d – ΔT = 115 K

where W0 and N0 is initial collision volume and droplet
number at t = 0 s, respectively. For two droplets with
radiuses as rd and rd1, Stokes collision volume (Ws) and
Marangoni collision volume (Wm) can be described as
follows [17]:

this that the collision with each other and congregation
should be undergo by the separated droplets before
solidification.
According to the dynamical theory of phase
separation, the growth and congregation of the separated
minor phase were mainly caused by Brown congregation,
Stokes and Marangoni congregation [14]. The number
change of droplets (N(t)/N0) caused by Brown
congregation can be calculated by the formula [15] below:
N (t )
9η m2
,
=
N 0 (3η m + 2 N 0 ⋅ K B ⋅ T ⋅ t ) 2

Ws (rd , rd 1 ) = π (rd + rd 1 ) 2 Vs (rd ) − Vs (rd 1 ) ;

(3)

Wm ( rd , rd 1 ) = π ( rd + rd 1 ) Vm ( rd ) − Vm ( rd 1 ) ,

(4)

(1)

where KB is Boltzmann constant, ηm is viscosity of matrix,
T is temperature of the melt.
On the assumption initial numbers (1020, 1015, and
10
10 , respectively) of droplets, the number change of
droplets (N(t)/N0) by Brown motion was calculated
utilizing the above formula (1) and is shown in Fig. 2. It
indicates that the time needed for completing the Brown
congregation reduced with the increase of the initial
number of droplets. When the initial numbers were 1020
and 1010, the numbers of droplets decreased by 90 % in 1 s
and 103 s, respectively. It signified that the number change
of droplets was affected drastically by the initial number of
droplets by Brown motion. As a result of Brown motion,
the number of droplets reduced while the size of droplets
enlarged.
According to Smoluchowski’s collision formula [16],
a function of droplet number dependence on time can be
obtained:
N0
N (t ) =
,
(2)
1+W 0⋅ N0⋅t / 2

Fig. 2. The number change of droplets as a function of time under
Brown motion

The Stokes motion velocity can be expressed as [18]:
2
Vs ≈
3
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η
( ρ m − ρ d )( d + 1) g
ηm
(rd ) 2 ,
(3η d + 2η m )

(5)

that the ratio Vs/Vm increased with the undercooling and
droplet radius increasing. High undercooling and large
droplets were available to improve the effect of Stokes
motion.

where (ρm – ρd) represents the density difference of Fe-rich
droplets and Cu-rich matrix, ηd and ηm is the viscosity of
Fe-rich phase and Cu-rich phase, respectively, g is the
gravitational acceleration, and rd is the average radius of
the liquid droplets.
The Marangoni motion velocity of the liquid droplet
Vm is given by [19]:
Vm ≈

−2rd
λm
∂ρ ∂T
,
⋅
⋅
⋅
3η d + η m λd + 2λm ∂T ∂x

(6)

where ρ is the interfacial tension between the droplet and
matrix, λm and λd are the thermal conductivity of the liquid
droplet and matrix liquid phases, respectively, T is the
absolute temperature and χ is the distance corresponding to
the change of T.
The number change of the droplets by Stokes motion
and Marangoni migration was calculated utilizing the
formula (2) combination with the formula (5) and (6),
respectively. The Fig. 3 given the relationship curves
between the number change of droplets and time under
Stokes motion and Marangoni migration. Under the
radiuses as rd1 = 10 μm, rd = 20 μm and rd1 = 5 μm,
rd =10 μm, the time needed for completing the Stokes
congregation was approximately 0.1 s and 1 s, respectively;
while the numbers of droplets by Marangoni migration
decreased by 80 % in 0.1 s and 1 s, respectively. Therefore,
it could be concluded that the time needed for completing
the Stokes congregation and Marangoni migration reduced
with increasing the radius of droplets, respectively, and the
Stokes motion could play a more important role on
congregation of liquid droplets than Marangoni motion.

Fig. 4. The ratio of Stokes motion velocity to Marangoni motion
velocity versus droplet radius

4. CONCLUSIONS
The typical spherical structures were observed in the
microstructure, when the undercooling of the Cu75Fe25
melt reached 45 K. The spherical particles were Fe-riched
phase and generated from the metastable liquid separation.
Due to the Brown motion, the collision and
amalgamation of the droplets were strongly influenced by
the initial number of separated droplets in undercooled
melt. The time needed for completing congregation
reduced with the initial number of droplets increasing. The
effects of Stokes motion and Marangoni migration on
congregation of separated droplets were enhanced as the
droplets radiuses enlarged. The calculation confirmed that
the larger the radiuses of droplets were, the shorter the time
for congregation completed was. Moreover, the ratio
Vs/Vm increased with the increase of undercooling and
droplet radius.
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