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Abstract: Metastable liquid phase separation and rapid solidification in a metastable miscibility gap were investigated on the 
Cu60Co30Cr10 alloy by using the electromagnetic levitation and splat-quenching. It is found that the alloy generally has a 
microstructure consisting of a (Co,Cr)-rich phase embedded in a Cu-rich matrix, and the morphology and size of the (Co,Cr)-rich 
phase vary drastically with cooling rate. During the electromagnetic levitation solidification processing the cooling rate is lower, 
resulting in an obvious coalescence tendency of the (Co,Cr)-rich spheroids. The (Co,Cr)-rich phase shows dendrites and coarse 
spheroids at lower cooling rates. In the splat quenched samples the (Co,Cr)-rich phase spheres were refined significantly and no 
dendrites were observed. This is probably due to the higher cooling rate, undercooling and interface tension. 
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1 Introduction 
 

Rapid solidification processing might affect several 
alloy properties, such as microstructural refinement, 
extension of solid solubility or formation of 
non-equilibrium phases. This, in turn, may improve the 
strength, increase plasticity, extend fatigue life, enhance 
stress corrosion resistance and affect some other related 
properties of alloys. NAKAGAWA [1] revealed for the 
first time the miscibility gap in Co−Cu and Fe−Cu 
systems when measuring their magnetic susceptibility 
during successive cooling. Since then many efforts have 
been made to investigate the liquid phase separation and 
rapid solidification in both binary and relevant ternary 
systems by different experimental methods, such as 
Cu−Co [2], Cu−Cr [3], Cu−Ta [4], Cu−Co−Fe [5], 
Cu−Co−Ni [6,7] systems. For binary alloy, the 
thermodynamic properties of the liquid phase of the 
Co−Cu system were determined by TIMBERG et al [8], 
TASKINEN [9], and TURCHANIN [10]. ELDER et al 
[11] experimentally determined the position of the 

Cu−Co miscibility gap by processing a range of samples 
with different nominal compositions using electro- 
magnetic levitation and studied the composition by 
electron microprobe analysis. They also carried out a 
preliminary work to model the phase diagram 
considering both stable and metastable equilibria. CAO 
et al [12−14] successfully undercooled Cu−Co alloys 
over a composition range of 16.0%−87.2% Cu (mole 
fraction) and directly measured the liquidus and critical 
liquid-phase separation temperatures using differential 
thermal analysis in combination with glass fluxing 
method. The currently accepted Cu−Cr phase diagram 
was proposed by JACOB et al [15] following a 
thermodynamic study of the system using the Knudsen 
cell-mass spectrometry. It falls into the category of 
simple eutectic, but includes a metastable miscibility gap 
in the undercooled liquid. Under the assumption of a 
pseudo-subregular solution model, they calculated the 
metastable phase boundaries of the system, and predicted 
that the miscibility gap has a critical composition of 
43.6% Cr (mole fraction) at 1787 K and expands 
considerably at lower temperatures. 
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The information about ternary systems is scarce. 
MUNITZ [16] and CURIOTTO et al [5] studied the 
liquid phase separation behaviors of Cu−Co−Fe ternary 
system and found that the alloy melt would separate into 
(Co,Fe)-rich L1-phase and Cu-rich L2-phase when it was 
undercooled into the metastable miscibility gap. CAO 
and GÖRLER [17] precisely measured the metastable 
miscibility gap of the Cu−Co−Fe ternary system. SUN et 
al [18] observed that additional Ni can improve giant 
magneto resistive (GMR) behavior of the melt-spun 
Cu−Co ribbons. The reason was that Ni can suppress the 
liquid phase separation at high temperatures and increase 
the density of magnetic Co-precipitates. In the case of 
Cu−Co−Cr system, the interaction among the 
components is different from that of Cu−Co−Fe or 
Cu−Co−Ni system. So far, the liquid phase separation 
and solidification behaviors of Cu−Co−Cr ternary alloys 
remain unclear. In this work, we aim at exploring the 
metastable liquid phase separation of Cu60Co30Cr10 alloy 
under different conditions by the electromagnetic 
levitation (EML) and splat-quenching techniques. 
 
2 Experimental 
 

Samples with nominal composition of Cu60Co30Cr10 

were prepared by arc-melting under Ar atmosphere from 
high purity copper (99.999%), cobalt (99.95%) and 
chromium (99.95%). The mass of one sample was about 
1 g. After being evacuated to a vacuum pressure of 
1×10−4 Pa, the levitation chamber was backfilled with 
pure argon (99.999% purity). The temperature of the 
molten sample was measured with a pyrometer. After the 
sample was melted and overheated, the sample was 
cooled by blowing pure helium gas (99.999% purity). 
The sample solidified spontaneously or was splat 
quenched onto a polished copper plate at a certain 
temperature. The microstructures of the solidified 
samples were examined by an optical microscope (Zeiss 
Axio Imager A1m) and a scanning electron microscope 
(Zeiss SUPPA55). An X’pert PRO MPD X-ray 
diffractometer was used to analyze the phase constitution 
in the solidified ternary alloy. 
 
3 Results and discussion 
 

Figure 1 presents a temperature—time curve of a 
Cu60Co30Cr10 alloy sample processed by EML. The solid 
sample was heated and the (Cu) solid solution was 
melted near 1557 K. Subsequently, the (Co,Cr)-rich 
phase was gradually melted. The sample completely 
transformed into liquid at the liquidus temperature (TL) 
of 1721 K. The alloy was then cooled after 
homogenization at a temperature above the melting  
point. There was an evident exothermic signal at 1646 K,  

 

 
Fig. 1 Temperature (T)—time (t) curve of Cu60Co30Cr10 alloy 
processed by EML 
 
which demonstrates the metastable phase separation. 
Then the separated liquids were solidified under 1646 K. 

X-ray diffraction was employed to identify the 
phase constitution in each sample. Figure 2 shows the 
XRD patterns of the Cu60Co30Cr10 alloy processed by 
EML and splat-quenching. The samples processed via 
both methods exhibit similar phase constitution. The 
main phases are (Cu) and (CoCr) solid solutions. Some 
(Co) phase was also formed, but no (Cr) phase was 
detected. It can be inferred from the XRD patterns that 
more (Co) solid solution phases were formed in the 
splat-quenched sample. 
 

 
Fig. 2 XRD patterns of Cu60Co30Cr10 alloy processed by EML 
(a) and splat-quenching (b) 
 

The microstructures suggest the phase 
transformation path during cooling. Figure 3 shows the 
optical microscopy image and SEM images of the 
Cu60Co30Cr10 alloy processed by EML. The dark phase 
corresponds to (Co,Cr)-rich phase, and the bright matrix 
is Cu-rich phase. On the sample surface some Cu-rich 
phase forms a shell. The (Co,Cr)-rich spheroids show an 
obvious coalescence tendency, where many small liquid 
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spheres form big ones through collision and coagulation. 
It can be observed that the (Co,Cr)-rich droplets are 
characterized by irregular shapes. This probably results 
from the electromagnetic stirring in EML. Within the 
(Co,Cr)-rich spheres, small Cu-rich spheres can be 
observed. Inside the Cu-rich liquid the (Co,Cr)-rich was 
solidified as dendrites. The (Co,Cr)-rich dendrites 
nucleated preferentially on the surface of the (Co,Cr)- 
rich spheres and grew outwards. Such a feature in the 
microstructure implies that the (Co,Cr)-rich dendrites are 
formed later than the (Co,Cr)-rich spheres, which further 
provides an evidence for liquid phase separation. 
 

 
Fig. 3 Optical microscopy image (a) and SEM images (b, c) of 
Cu60Co30Cr10 alloy processed by EML 
 

Figure 4 shows the SEM images of Cu60Co30Cr10 
alloy processed by splat-quenching. In general, two-layer 
structures were formed with Cu-rich (bright) phase 
segregating on the free surface and (Co,Cr)-rich (dark) 
on the chill surface. Possible reasons are the smaller 
surface tension and lower viscosity of Cu-rich liquid. No 
dendrite of (Co,Cr)-rich phase is formed from the view 
of the whole cross-section of the sample. This is 
probably caused by a high undercooling and large 
interface energy between the two liquid phases. At a 
higher undercooling the Cu-rich liquid contains less Co 
and Cr, which is confirmed by energy dispersive X-ray 
spectroscopy analysis. A large interface energy probably 

suppresses the nucleation and growth of (Co,Cr)-rich 
phase. The cooling rate during splat-quenching is much 
larger than that in electromagnetic levitation 
solidification. Consequently, there is less time for the 
small (Co,Cr)-rich droplets to coalescence before 
solidification and disperse structures are formed    
(Figs. 4(a) and (b)). There exists secondary precipitation 
of Cu-rich phase in the (Co,Cr)-rich spheres and the size 
of the Cu-rich phase is quite small. 
 

 
Fig. 4 SEM images of Cu60Co30Cr10 alloy processed by 
splat-quenching 
 
4 Conclusions 
 

1) Liquid phase separation in a metastable 
miscibility gap was investigated on the Cu60Co30Cr10 
alloy by the EML and splat-quenching techniques. The 
XRD results reveal that (Cu), (Co) and (CoCr) phases 
were formed during the EML and splat-quenching 
solidification processes. The microstructures indicate 
that metastable liquid phase separation took place in the 
EML and splat-quenching cases. The microstructures of 
the samples solidified by splat-quenching are 
significantly finer than those of the samples solidified 
during levitation. 

2) It is inferred that different cooling rate and 
undercooling during the two processes play the main 
dominant in solidification microstructure formation. 
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不同冷却条件下 Cu60Co30Cr10合金的快速凝固 
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摘  要：利用电磁悬浮和快淬实验研究 Cu60Co30Cr10合金在亚稳不混溶区的液相分离和快速凝固特征。结果表明，

合金的显微组织为富(Co,Cr)相分布在富 Cu 相基体中，且富(Co,Cr)相颗粒的形状和大小随着冷却速率的变化而有

明显的区别。在悬浮凝固条件下冷却速率较低，富(Co,Cr)相较粗大，有明显的聚集粗化趋势，富(Cu)相中有大量

富(Co,Cr)相枝晶。而在快淬凝固条件下富(Co,Cr)相明显细化，富(Cu)相中未发现富(Co,Cr)相枝晶形成，这可能与

较高的冷却速率、较大的过冷度和较高的界面张力有关。 

关键词：Cu−Co−Cr 合金；快速凝固；亚稳液相分离；电磁悬浮；快淬 
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