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The dependence of microstructure on undercooling for CusoCosg immiscible alloy and the relations
between dendrite fragmentation and liquid phase separation were studied by melt-fluxing in combi-
nation with cyclic superheating. It is shown that homogeneous dispersed structure can be obtained by
dendrite fragmentation because of the increased solute content in primary dendrite, which is advanta-
geous for strengthening dendrite remelting effect and thermal plateau time following recalescence. As
for the sample after liquid separation, typical dual-layer structure forms, while dendrite fragmentation
still exists and its extent, volume fraction are influenced by the solute contents of two immiscible layers.
Quantitative thermodynamic calculation was further performed to support the experimental results.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Liquid immiscible alloys with a high dispersion and uniform
phase distribution structure have excellent mechanical and phys-
ical properties and can be used as advanced slide bearings and
electrical contact materials [1]. During past decades, a consider-
able work was performed on synthesizing this ideal structure by
fast cooling technique, such as gas atomization and melt spinning,
where the motion and coagulation of the separated small liquid
droplets can be hindered by the enhanced solidification rate [2-4].
With increasing undercooling by melt fluxing or electromagnetic
levitation, rapid solidification can be realized under normal cool-
ing rate as well [5-7]. However, less attention was paid on the
formation of uniform and dispersed microstructure by this ther-
modynamic method, even though it is advantageous for in situ
agnostics to understand the physical mechanisms in these rapid
transformations [8,9].

Due to the severe rapid heat shock and Rayleigh instability
effect during and after recalescence process, dendrite fragmenta-
tion occurs universally in the rapid solidification of undercooled
melts and the resultant grain-refined microstructure has been
detected in many metallic systems, such as Fe-Co [10], Fe-Ni
[11], Ni-C [12] and Fe-Ga [13]. With the influence of large mix-
ing enthalpy, Cu-Co alloy presents a metastable liquid miscibility
gap. During past decades, many researches were performed on
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the prediction of liquid separation, separating kinetics, as well as
the resultant macroscopic layer structure [14-17]. Nevertheless,
a thorough understanding of the dendrite fragmentation phe-
nomenon for undercooled Cu-Co immiscible alloy, especially for its
influence and relation with the liquid phase separation process, is
still rather limited. Regarding this point, the present work chooses
CusgCosg as the research object and the attention is focused on
the dendrite fragmentation regularity before and after liquid sep-
aration so as to optimize the fabrication routes for homogeneous
dispersed structure.

2. Experimental procedure

The undercooling experiments were performed by melt fluxing in combina-
tion with cyclic superheating method. CusoCosp alloy with a mass of 5 g was in situ
melted of copper block and cobalt powder with purity better than 99.98 wt% and
99.8 wt%. The experimental apparatus consists of a high frequency induction heating
facility, an infrared pyrometer and a signal recorder. In order to obtain undercool-
ing as large as possible, the superheating-cooling procedure was repeated several
times so as to eliminate the heterogeneous catalyst by decomposition, melting, or
passivation effect. After the sample had been superheated to the desired temper-
ature for 3-10min, the induction heater was turned off so that the sample was
spontaneously cooled down to room temperature. The heating and cooling curves
of the melts were in situ measured by an infrared pyrometer, which were cali-
brated with a standard PtRh30-/PtRh6 thermocouple and the constant peritectic
transformation temperature, i.e., 1385 K determined from the published phase dia-
gram [17]. After experiment, the as-prepared samples were sectioned longitudinally
and processed according to standard metallographic procedure. The microstructure
morphology, phase structure and element composition were analyzed by using an
optical microscope (VHX-600, KEYENCE), X-ray diffraction (XRD, D8X, Cu K« radi-
ation) and scanning electron microscope (SEM, Quanta 200) equipped with energy
dispersive spectroscopy (EDS, INCA).
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Fig. 1. Microstructure morphologies of CusoCos alloy at different undercoolings: (a) AT=62K; (b) AT=105K; (c) the center for AT=125K; (d) the surface for AT=125K.

3. Results and discussion
3.1. Microstructure morphology as a function of undercooling
Fig. 1 shows the as-solidified microstructure morphologies of

CusCosg alloy with different undercoolings. If solidification occurs
at the undercooling of 62 K, coarse dendrites with well developed

primary trunks and secondary arms form primarily (Fig. 1a). After
the compositional analysis by EDS, these dendrites were identified
as a-Co phase, which is consistent with the reported phase dia-
gram [17]. Obviously, incomplete dendrite fragmentation occurs in
this case, which can be indicated by the coexistence of dendrite
segments with an average size of ~40 pum and the residual den-
drite trunk larger than 200 pm. With increasing undercooling to

Fig. 2. Microstructure morphologies of CusoCosg alloy with AT=220K: (a) SEM-BEI image; (b) the interface region between the Cu-rich and Co-rich layers; (c) dendrite

segments in the Co-rich layer and (d) dendrite segments in the Cu-rich layer.
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105K, dendrite fragmentation becomes severer, which generates
the reduction of average grain size to ~20 wm (Fig. 1b). Never-
theless, dendrite skeleton can still be observed with the oriented
arrangement of fragmented granular grain. As for the undercool-
ing of 125K, the microstructure contains many finely dispersed
Co-rich spheres with diameter less than 10 wm and its distribu-
tion is fairly homogeneous (Fig. 1¢). According to the as described
evolution regulation, its formation can be ascribed to the complete
dendrite fragmentation. With increasing distance from the sam-
ple center towards the surface, a tendency for phase separation
is observed, as inferred by the several Cu-rich regions with round
shape due to the minimum of surface energy (Fig. 1d).

With further increasing undercooling, the microstructure differs
greatly from the above observed morphologies. Fig. 2a shows the
SEM-BEI image for the sample with AT=220K. It indicates clearly
that a typical dual-layer structure takes place due to the occurrence
of liquid phase separation and the white and dark areas belong to
Cu-rich and Co-rich phases, respectively. The image of the interface
between these two layers is given in Fig. 2b, where the collision
and coagulation of the dendrites and their small segments (light
regions) can be seen clearly. Regarding the fact that larger Co-rich
particles are surrounded by the finer droplets in the separated Cu
phase and the existence of Cu-rich droplets in the separated Co
phase, second liquid separation can be inferred to occur in both lay-
ers. Detailed grain morphologies for the Co-rich and Cu-rich layers
are shown in Fig. 2c and d, respectively. As for the Co-rich layer,
the microstructure is still characterized by the granular grain with
the average size of ~5 pm. In comparison with the above under-
coolings, the volume fraction of a-Co phase increases significantly.
In contrast, Co-rich dendrite skeleton with less volume fraction is
observed in the Cu-rich layer due to the slight fragmentation effect
(Fig. 2d).

3.2. Phase structure analysis at different undercoolings

To identify the phase structures before and after liquid separa-
tion, X-ray diffraction was further employed for the samples with
AT=62K and 220K, which correspond to mixing and demixing
cases separately. As shown in Fig. 3, two fcc phases can be seen due
to the coexistence of Cu-rich solid solution (with strong reflection)
and Co-rich solid solution (with weak reflection). It is worth noting
that the liquid separation process does not affect the component
of phase structure, but leads to the reduction of base line levelness
for larger undercooling case, which may be caused by the inhomo-
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Fig. 3. X-ray diffraction patterns for the samples with AT=62K and 220K.
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Fig.4. Concentration of solute Cu in primary a-Co phase as a function of undercool-
ing.

geneous distribution of different phases after liquid separation, as
shown in Fig. 2.

3.3. Analysis of solute concentration in primary phase

Fig. 4 shows the concentrations of solute Cu in primary a-Co
phase at different undercoolings, where the result for 220K is
obtained from the Co-rich layer after liquid separation. In principle,
there are two possible mechanisms for grain refinement: (1) den-
drite break-up [18] or (2) dendrite remelting [19]. The content of
solute Cu in a-Co dendrite without liquid separation increases con-
tinuously with undercooling due to the enhanced solute trapping
effect [20,21]. Consequently, the solidus temperature of primary
dendrite is decreased, which will strengthen the dendrite remelt-
ing effect during recalescence. With the process of transformation,
more and more solute atoms were rejected to residual liquid phase,
which increases its content, as well as the range of mushy zone. As
a result, the thermal plateau time for dendrite break-up extends.
With the combination of these two influences, dendrite fragmen-
tation can be expected more severe and this is consistent with the
experimental observation for the sample without liquid separation
(Fig. 1). As for the sample of AT= 220K with liquid separation, the
concentration of solute Cu in a-Co grain decreases, which can be
ascribed to the demixing effect from a thermodynamic equilibrium
viewpoint. In such a case, the volume fraction of primary a-Co can
be inferred to increase, which is in accord with the as-observed
microstructure shown in Fig. 2c.

3.4. Calculation of Gibbs free energy for undercooled liquid

To give a better understanding of the above experimental
results, the calculation of Gibbs free energy for liquid is performed
with the optimized thermodynamic data by Palumbo et al. [17]
and the results are given in Fig. 5. As can be seen clearly, the
Gibbs free energy of liquid with the absolute temperature of 1593 K,
1550Kand 1530 K, which corresponds to AT=62 K, 105 Kand 125K
with respect to the liquidus temperature 1655 K of CusyCosq alloy,
shows no obvious spinodal feature (Fig. 5a), which is consistent
with the above microstructure observation with no apparent liquid
separation (Fig. 1a-c). Strictly speaking, slight spinodal is actually
existed for 1550K and 1530K. This discrepancy can be ascribed
to the uncertainty of temperature measurement. In addition, it
agrees well with the above observed tendency of liquid separa-
tion at the surface area for the sample with AT=125K (Fig. 1d).
As for T=1435K, the Gibbs free energy curve shows a typical spin-
odal shape with the common tangent points of 0.168 and 0.862
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Fig. 5. Gibbs free energy curves of liquid phase for Cu-Co alloy at different temper-
atures.

(Fig. 5b) of element Cu, which indicates the occurrence of liquid
separation and agrees once again with the observed experimental
results (Fig. 2). The concentration of solute Cu in Co-rich phase is
16.8 at.%, this can also be used to explain the decrease of its content
shown in Fig. 4. Moreover, the demixing phenomenon in Cu and
Co components also induces the volume fraction variation in the
separated two layers.

4. Conclusions

Dendrite fragmentation and its association with liquid phase
separation were investigated in undercooled CusyCoso immiscible

alloy by adopting melt-fluxing and cyclic superheating. As for the
undercooling of 62 K and 105 K, alloys solidifying from the homoge-
neous liquid possess a normal dendritic skeleton with the gradual
reduction of dendrite segments. With increasing undercooling to
125K, finely dispersed Co-rich spheres with diameters less than
10 wm were obtained due to the complete dendrite fragmentation.
In contrast, liquid phase separation at AT=220K brought a typical
dual-layer structure, while dendrite fragmentation effect still exist
and its content, as well as volume fraction are influenced by the
solute contents of two separated layers. The experimental results
were further supported by the quantitative thermodynamic calcu-
lation, which is useful for the fabrication of homogeneous dispersed
structure for immiscible alloy.
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