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Abstract. Undercooling of Cu-Co alloys is achieved with the help of glass flux technology. Electrical resistivity of Cu20Co80 and Cu60Co40 has 
been detected during the cooling process. In undercooled liquid, an inflection in resistivity is well accompanied by a turning point in 
temperature-time curve, which is believed a signature of phase separation in Cu-Co alloys. As the phase separation is in process, resistivity 
behaviours following Percolation model shortly. In as-solidified samples, SEM results indicate a separated microstructure.  

1 INTRODUCTION  

Melts structure has been attractive in both scientific and 
technological view of point. Local structure and atomic 
clusters take a predominant role in melts properties, and 
therefore of importance in as-solidified ingots. In facts, 
during the cooling process, most of the alloys would 
experience a stage of undercooling, due to the high 
nucleation barrier and difficulty. Then, more and more 
researches are focus on the structure and its transition in 
undercooled liquid state. 

Early in 1995, the structure of liquid and undercooled 
Ge was studied by x-ray absorption experiments [1], 
however no evidence of structure transition was revealed. 
With the development of levitation technology, direct 
structure investigations are possible in bulk deeply 
undercooled liquid state. With the help of X-ray 
diffraction [2], the splitting in first peak and increasing 
covalent bonds were found in undercooled liquid Si. 
Since the existence of icosahedral ordering was verified 
in liquid and undercooled Cu [3], more and more 
structure information is discovered, such as bond-angle 
distribution and fraction of nearly icosahedral 
configurations. Recently, the medium-range order arising 
from a strong tendency for Pd-Pd avoidance is revealed 
in supercooled liquid Zr75.5Pd24.5 [4]. 

Although there is a lot of controversy, liquid-liquid 
phase transition in undercooled liquid has drawn more 
and more interest. A growing body of evidence has been 
reported in support of liquid-liquid phase transitions, 
from both experiments and and computer simulation. 
Combining small-angle and wide-angle x-ray scattering 
(WAXS), a first-order liquid/liquid phase transition in 
Y2O3–A2O3 melts was presented [5]. And a liquid–liquid 
phase transition was reported through simulation of 
supercooled liquid silicon [6], which is previously 
predicted by Aptekar.  

Except for direct experimental evidence and 
simulation, structure sensitive physical properties are 
important path in the studies of undercooled liquid, such 
as electrical resistivity, magnetic susceptibility. In 
undercooled liquid Co-Pd alloys [7], the magnetic 
transition could not be obtained by direct structure 
investigation of EXAFS, due to the extreme undercooling. 

However, the magnetic transition around Curie 
temperature was verified by magnetic measurement [8], 
which is believed to be a second-class phase change. 
Even the magnetic long range order could be revealed by 
the interaction [9] of Co-Pd melts with Co-Sm permanent 
magnet. Resistivity is a most important indicator of 
liquid-liquid structure transition in metallic melts. What’s 
more, electrical resistivity [10] is also verified to be a 
sensitive indicator of the magnetic transition around 
Curie temperature. In this report, resistivity is used to 
characterize the liquid-liquid phase separation in 
undercooled Cu-Co alloys.  

2 Experiments 

The resistivity measurements were performed from 
superheated liquid to the rapid solidification process in 
self-constructed equipment. Theoretically, the differential 
signal over the test coil and reference coil is zero if there 
is no sample in the test coil. The coil system with the 
sample would generate a voltage related to the resistivity 
of samples, which could be obtained as  
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where as proposed by Foster, effective permeability 
μeff could be obtained by 
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H and ω are intensity and angular frequency of 
periodic magnetic field, respectively. μr0, μr are the 
relative permeability of air and the sample, K is a 
parameter dependent on the circuit and working 
frequency. The other symbols are the size of samples. 
Further details of the non-contact measurement device 
could be found in Ref. [11]. 
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Cu(5N), Co(4N) were used in the non-contact 
measurement of electrical resistivity. The metals were 
pre-melted in induction furnace under 5N Ar gas. The 
temperature calibration is made during a simultaneous 
detection by pyrometer (Raytek 3i) and S-type 
thermocouple, during the cooling process. The accuracy 
of temperature is about ±5 K. The metals were 
undercooled with the help of B2O3 flux. The evaluated 
absolute error in resistivity was no more than 3%, 
because of the uncertainty in signal fluctuation and 
temperature error. The samples were also analysed by the 
TEM (200kV, JEM-2100). 

3 Results 

3.1 Resistivity and temperature curves 

 
Figure 1. Resistivity (solid spheres) and temperature (open 
triangles) behaviour with time in Cu20Co80 alloys. 
 

For Cu20Co80 alloys, the electrical resistivity and 
temperature during cooling process are shown in Figure 1. 
Obviously, resistivity and temperature decrease 
continuously till the time as indexed by the dashed line. 
Then there is an obvious inflection in the resistivity-time 
dependence. Simultaneously, a rapid drop emerges in the 
temperature-time curves. Then, resistivity decreases more 
rapidly as the time is in process till the recalescence time. 
During the recalescence process, an abrupt drop in 
resistivity is accompanied. The large recalescence speed 
indicates the rapid branch crystal growth under the large 
undercooling. After the recalescence, resistivity exhibits 
an exponential decrease as time processes, especially 
during the plateau after recalescence. 

 
Figure 2. Resistivity (solid spheres) and temperature (open 
triangles) behaviour with time in Cu60Co40 alloys. 

For Cu60Co40 alloys, the electrical resistivity and 
temperature during cooling process are deposited in 
Figure 2. Obviously, resistivity and temperature decrease 
almost linearly till the time as indexed by the dashed line. 
Then, there is an obvious upper inflection in the 
temperature-time curve. Simultaneously, a downward 
turning in resistivity emerges in the resistivity-time 
curves. It is worthy to be noticed that, in the time range 
that indexed by the dashed line and the dotted line, the 
temperature curves of resistivity seem to follow the 
percolation model. Then resistivity and temperature 
decrease continuously. Due to the relatively low 
undercooling, the recalescence is very weak and therefore 
is not exhibited here. 

3.2 Microstructure 

 
Figure 3. As-solidified microstructure of normal Cu20Co80. 
 

The normally as-solidified microstructure image of 
undercooled Cu60Co40 alloys is shown in Figure 3. For 
normal samples, obvious branch growth pattern is 
obtained with a grain radius of 15 μm. Most of the grains 
are non-regular with smooth grain boundaries.  

While in the segregated alloys, there is a lot of Cu-
rich (light) phase surrounded by the Co-rich (dark) matrix 
phase, as shown in Figure 4. Most of the grain radius of 
the segregated Cu-rich phase is less than 10 μm. And 
there are one or several Co-rich cores in the center of Cu-
rich phase. In this image, some Cu-rich phases aggregate 
to form a large semi-sphere structure. 

 

 
Figure 4. Microstructure of segregated Cu20Co80. 
 

As shown in Figure 5, the microstructure images of 
segregated Cu60Co40 alloys are exhibited. There is a large 
Co-rich sphere in the center of the sample, which is the 
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segregated phase in Cu-rich alloys. The boundary 
between Co-rich phase and Cu-rich matrix is quite clear, 
as deposited in Figure 5 (a). In the vicinity of the phase 
boundary, there are many second-class segregated 
spheres moving to the boundary. As shown in Figure 5 
(b), the boundary of the second-class Co-rich phase is not 
smooth, due to the coagulation of the other segregated 
Co-rich sphere inside the Cu-rich matrix. Similarly, in the 
segregated Co-rich phase, many Cu-rich spheres with 
fuzzy boundary are observed. 

4 Discussions 

Resistivity and temperature behaviour with time exhibit a 
good agreement both in Cu20Co80 and Cu60Co40. 
Combined with the as-solidified microstructure, the 
inflection in resistivity is verified to be the signature of 
liquid-liquid phase segregation in undercooled liquid Cu-
Co alloys [12]. During the segregation process of Cu-Co 
alloys, gravity and surface tension are the phase-
separation driving force. Phase separation could only be 
described by the simultaneous presence of nucleation, 
growth, and coagulation rather than traditional theories of 
diffusional growth. Then, as segregation processes, Cu-
rich phase with low resistivity coagulates and provides 
preferential path for electron mobility. Then, resistivity 
decreases during the segregation and coagulation process 
till the recalescence. During recalescence process of 
Cu20Co80, a large percentage of melts solidify for the high 
recalescence velocity, which results in the rapid drop in 
resistivity. After recalescence, as the solidification 
processes, the resistivity of the sample decreases rapidly. 

In undercooled Cu60Co40 melts, Cu-rich phase and 
Co-rich are the matrix and segregation phase. Then, as 
segregation processes, Cu-rich with low surface tension 
and larger percentage would move toward to the surface 
of the samples, to decrease the total energy of the 
samples to the minimum. Indeed at the early stage, the 
nucleation of segregation and coagulation is quite slow. 
Then as segregation coagulates, the coagulation speed 
and resistivity decrease become more and more quickly. 
However, the temperature and the viscosity increase in 
the meantime, which results in the more difficult 
coagulation and slower decrease in resistivity. Then, the 
resistivity decreases with decreasing temperature till the 
segregation is slow enough. There, during the segregation 
process, the resistivity of Cu60Co40 follows a Percolation 
model.  

 
Figure 5. Microstructure of segregated Cu60Co40 alloys. a, 
segregation phase boundary, b, second class Co-rich phase, c, 
second class Cu-rich phase. 
 

In good agreement with the resistivity behaviour, the 
microstructure indicates the existence of phase separation. 
As it is shown, the Cu-rich and Co-rich phases are the 
segregation phase in Cu20Co80 and Cu60Co40 alloys [13]. 
There exists the second and higher class separation in the 
segregation and matrix of Cu60Co40, for the relatively low 
undercooling. This verifies the role of surface tension in 
the segregation. However, the undercooling is too large 
and the Co-rich matrix phase nucleates at the early stage 
of the phase segregation in Cu20Co80. As shown in Figure 
1, the rapid segregation lasts shortly in undercooled 
liquid Cu20Co80 alloys. Therefore no large Cu-rich phase 
is obtained, even if the coagulation process is observed.  
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5 Conclusions 

Resistivity of liquid Cu-Co alloys has been verified to be 
effective as an indicator of metastable phase segregation 
in undercooled liquid state, which is indicated by the as-
solidified microstructure. The Cu-rich and Co-rich phases 
are the segregation phase in Cu20Co80 and Cu60Co40, 
respectively. 
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