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Abstract In this paper, the melting process of CuCr alloy is observed in-situ by high
temperature confocal microscope, followed by process solidification at a solidifica-
tion rate of 1 °C/s. It is found that the melting process of CuCr alloy is mainly divided
into two steps: the first step is the complete melting of Cu-rich phase matrix, and the
second step is that Cr phase is gradually dissolved in molten Cu matrix. The solidi-
fication process of CuCr alloy can be divided into three stages: initial solidification
stage, stable solidification stage, and final solidification stage. The temperature range
of stable solidification stage is 1400 °C—1250 °C, at which time the solidification rate
of the alloy is the fastest, and the solidification structure with uniform distribution
of Cr-rich phase is obtained. Finally, the model of CuCr alloy is firstly established
by Materials studio based on heterostructure theory.

Keywords CuCr alloy - High temperature confocal microscope *+ Melting and
solidification - Heterostructure

Introduction

The process of liquid phase separation and the mechanism of second phase coarsening
are some of the key points in the study of immiscible alloys. As an immiscible alloy,
the process of two-phase separation of CuCr alloy can be summarized as three stages
(as shown in Fig. 1): the first stage is the nucleation of a small amount of Cr phase. In
the second stage, nuclei grow up by various means of material transport (diffusion,
Ostwald maturation, Marangoni motion, convection) and coarsen by collision and
aggregation between nuclei. In the third stage, when Cr particles reach a certain
size, under the action of the density difference between Cu and Cr components and
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Marangoni motion, the second phase droplets begin to deposit or float, and the smaller
droplets are continuously captured during the motion, that is, gravity coagulation
and Marangoni coagulation occur, which eventually leads to the stratification of the
melt [1]. At the same stage, many coarsening mechanisms work at the same time,
especially the Marangoni motion of the second phase droplets in microgravity [2].
Therefore, the segregation of the Cr phase depends on its kinetic processes such as
growth, collision, coarsening, settling or uplift, whereas when there is a temperature
gradient in the melt, the second phase droplets undergo a Marangoni motion from
the cold end to the hot end, and thus if the cooling rate is sufficiently fast that the
alloy solidifies through the immiscible zone very quickly without the second phase
having enough time to undergo coarsening and deposition, the CuCr alloys with a
diffuse distribution of the Cr phase can be obtained.

The preparation technology of homogeneous immiscible alloys has always been
the research hotspot and difficulty of immiscible alloys. The industrial preparation
methods of CuCr alloys include powder metallurgy, infiltration, and vacuum consum-
able melting [3-5], but powder metallurgy mostly adopts solid phase sintering and
does not involve the solidification process of liquid phase, whereas the infiltration
method firstly sintered the Cr powder to the skeleton, and therefore does not involve
the process of solidification of the second phase either.

Zhang has put forward a new idea of preparing large-size homogeneous CuCr
immiscible alloy based on aluminothermic reduction, that is, firstly, copper oxide and
chromium oxide are used as raw materials, and the miscible high temperature CuCr
melt is obtained by aluminothermic self-propagation, at which time the theoretical
adiabatic temperature can reach 2848 K, and then refined under the high-frequency
magnetic field and subsequent solidification [6-9], so it is a liquid solidification
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Fig. 1 Process of two-phase separation of CuCr alloy [1]
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process, but the characterization of the actual solidification process of CuCr alloy is
rarely mentioned at present. The heating furnace in the high temperature confocal
microscope has good temperature control ability, with the heating rate ranging from
0 °C/s to 30 °C/s and the cooling rate ranging from 0 °C/s to 100 °C/s, which can
accurately control the cooling rate of its samples [10, 11], which lays a foundation for
the characterization of the solidification process of CuCr alloy. Therefore, the melting
and solidification process of CuCr alloy is observed by high temperature confocal
microscope, and the solidification curve is fitted to analyze the microstructure of
CuCr alloy after solidification.

Experiment

The CuCer alloy used in this study is prepared by aluminothermic reduction-induction
melting. Aluminothermic reduction is based on CuO, Cr,O3 as raw materials, Al as
reducing agent, and add CaO as slagging agent, KC1O3 as heat generator, through
the reduction reaction quickly obtained CuCr alloy melt, and the generation of by-
products of Al,O3 leads to the solidification of the as-cast alloy internal holes and
inclusions, so the induction refining is in order to strengthen the effect of slag-alloy
separation, to solve the internal defects of the alloy, aluminothermic reduction and
induction refining of the process flow is shown in Fig. 2. The chemical composition
(mass fraction, %) of CuCr alloy is listed in Table 1. The sample is machined into a
cylindrical shape (7 mm in diameter and 3 mm in height). Before in-situ observation,
the sample is polished and placed in an alumina crucible, which is placed in the
heating position of a metallurgical furnace with thermocouples. After evacuating the
gas in the furnace with a vacuum pump, ultra-pure argon (99.99%) is continuously
blown into the furnace to avoid oxidation of the sample surface.

The purpose of this study is to explore the melting and solidification process of
CuCr alloy, so the phase diagram of CuCr alloy (as shown in Fig. 2) is analyzed.
When the content of Cr in the CuCr alloy is 25.6%, CuCr25 alloy belongs to hyper-
eutectic alloy, the melting point of the CuCr25 alloy is about 1600 °C, and there is
no immiscible zone between two liquid phases in the solidification process. Thus
the solidification process of the CuCr25 alloy starts with the transformation of L
— Cr + Lcy, that is, the primary crystal Cr crystallizes from the Cr-rich liquid
phase, and the liquid phase transforms to Cu-rich phase. If the solidification rate is
slow, it will easily lead to alloy segregation phenomenon, so it is beneficial to obtain
homogeneous CuCr alloy if the rapid solidification technology can be applied to the
solidification process of CuCr alloy [12, 13]. Therefore, the CuCr25 sample is heated
to 1640 °C within 672 s by high temperature confocal, kept at 1640 °C for 30 s, then
cooled to about 1100 °C at a solidification rate of 1 °C/s, and the furnace power
supply is turned off at 1100 °C to cool the sample to room temperature. The heating
and solidification process curve is shown in Figs. 3 and 4.
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m(CuO):m(Cry04):m(AL):m(Ca0):m(KClO,):=
1: 0.585: 0.381: 0.079: 0.039
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Fig. 2 The process flow of aluminothermic reduction-induction refining

Table 1 Composition of CuCr alloy prepared by aluminothermic reduction-induction refining
Sample Cu% Cr% Al%
CuCr25 Bal 25.6 0.23

Results and Discussion

High Temperature Confocal In-Situ Observation of Melting
Process of CuCr Alloy

Figure 5 shows the melting process of CuCr alloy observed in-situ by high temper-
ature confocal microscope. When the temperature reaches 1177.1 °C, it is observed
that the Cu matrix begins to melt, and when the temperature gradually rises to 1397.4
°C, it can be observed that the Cu-rich matrix melts completely, and the Cr phase
exists in the initial state. With the temperature rising further, but not reaching the
melting point of the alloy, the Cr phase has begun to dissolve in the Cu matrix gradu-
ally, with the proportion of Cr phases gradually decreases, and when the temperature
rises to 1640.3 °C, it has completely appeared in the state of melt. Therefore, by
observing the melting process of CuCr alloy in-situ, it is determined that the melting
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Fig. 3 Binary phase diagram of CuCr alloy
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Fig. 4 Curve of heating and cooling process system of high temperature confocal microscope

process is mainly divided into two steps: The first step: Melting of Cu-rich matrix,
when Cr phase exists alone; The second step: With the increase of temperature,
Cr phase dissolves gradually in Cu matrix, and finally homogeneous alloy melt is
obtained.
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Fig. 5 In-situ observation of the melting process of CuCr alloy by high temperature confocal
microscope

High Temperature Confocal In-Situ Observation
of the Solidification Process of CuCr Alloy

Figure 6 shows the solidification process of CuCr25 alloy observed in-situ by high
temperature confocal microscope, and the solidification rate of the alloy is 1 °C/
s. It can be found from the figure that the initial solidification of CuCr25 alloy is
found at 1550.2 °C. With the further decrease of temperature, the early solidified Cr
phase nucleates and grows gradually. The growth of Cr-rich phase is completed at
1400.4 °C, because the Cr-rich phase is closer to a bright grain. In the subsequent
solidification process, there are black areas wrapping bright Cr-rich phase. With
the decrease of temperature, the liquid phase gradually decreases and the black
solidification area increases, and the liquid phase in the alloy disappears completely
at 1030 °C. At this time, after observing the solidified structure, it is inferred that the
bright area is Cr-rich phase and the black area is Cu-rich phase. The microstructure
of CuCr alloy after solidification is found to be 25.1~26.2% of the Cr phase area,
combined with the liquid phase fraction in Fig. 6, it is found to verify this conjecture,
which indicates that after the solidification of CuCr alloy, after the nucleation and
growth of the Cr-rich phase, the Cr-rich phase edges of the Cu melt solidifies first, to
achieve the wrapping of the Cr-rich phase. This is conducive to the inhibition of the
growth and growth of the Cr-rich phase with the further reduction of the temperature
until the Cu melt is completely solidified.
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Fig. 6 In-situ observation of solidification process and solidification structure of CuCr alloy by
high temperature confocal microscope
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I

Fig. 6 (continued)

Figure 7 shows the relationship between liquid phase fraction and temperature
during solidification of CuCr alloy. From the relationship between liquid fraction and
solidification temperature, it is found that the solidification process can be divided
into three stages: initial solidification stage, stable solidification stage, and final
solidification stage. The temperature interval of the initial solidification stage is
1600 °C-1400°C, which is supposed to be the stage of Cr phase nucleation, and the
temperature interval of the stable solidification stage is 1400-1250°C, which occurs
the growth of the Cr phase and the solidification of the Cu matrix at the edge after
the growth of the Cr phase, and at this time, the solidified Cu phase wraps around
the Cr-rich phase, and the temperature interval of the final solidification stage is
1250-1030 °C, which should be all the solidification of the Cu substrate.

The fitted liquid fraction ( f1) as a function of temperature (T °C) [14]:

0.97

1 + exp(T—SlO?a.?ll )

fu=1 (D

Crystal Structure Characterization of CuCr Alloy

Zhou [15] clearly pointed out that monotectic alloys are heterostructures, so CuCr
alloys are also typical heterostructures. According to the theory of heterostructure,
the structure model of CuCr alloy was established for the first time by Materials
studio, as shown in Fig. 8. The specific steps include the introduction of Cu and Cr
crystal model, the tangent surface of (100) plane of Cu and Cr crystal, and the cell
expansion according to the lattice constant, and finally the crystal layer is constructed.
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Fig. 7 Liquid phase fraction of solidification process of CuCr alloy

Fig. 8 Structural model of CuCr alloy established by materials studio

Conclusion

(1) The melting process of CuCr alloy is observed by high temperature confocal
microscope. Itis found that with the increase of temperature, the melting process
of CuCr alloy was mainly divided into two steps. The first step is the melting of
Cu-rich matrix, in which Cr phase existed alone; The second step is the gradual
dissolution of Cr phase in Cu matrix with the increase of temperature, and finally
the homogeneous alloy melt is obtained.
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The solidification process of CuCr alloy can be divided into three stages: initial
solidification stage, stable solidification stage, and final solidification stage.
The temperature range of stable solidification stage is 1400-1250 °C, and the
solidification rate of the alloy is the fastest. Finally, the solidification curve of
CuCer alloy is fitted, and the heterostructure model of CuCr alloy is established.
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