Science Discovery Physics .
2026, Vol. 1, No. 1, pp. 62-69 SciencePG

https://doi.org/10.11648/j.sdp.20260101.16 Science Publishing Group

Research Article

Research on Parameter Optimization for Cr Yield Under
Atmospheric Induction Melting Process of Copper Mould
Tube Material for Continuous Casting Machine

Chung Jin Om, Hyon Kim, Kum Hyok Phyon, Jin Hyang Pak, Kwang Il Ri"

Faculty of Materials Science and Technology, Kim Chaek University of Technology, Pyongyang, Democratic People's
Republic of Korea

Abstract

Cu-Cr alloys are widely used to extend the life of the copper mould tube for continuous casting machine (CCM) because of good
wear and heat resistance. Current study is focused on the improvement of Cr yield under the atmospheric induction melting
rather than vacuum melting of Cu-Cr alloys. The melting temperature was determined on the thermodynamic analysis of Cr
redox process and metallic Cr rather than Cu-Cr intermediate alloy was used for alloying. The optimum conditions are melting
temperature 1350°C, lump size 30 mm and holding period 30-35 min, witha chromium yield of 90%. At high temperatures, water
vapor dissociates into oxygen and hydrogen, which increasesoxide inclusion and gas porosity. Since carbon from a graphite
crucible reacts with Cr, it is preferable to use a zirconia or magnesia crucibles. It is considered positive to add magnesium
to the copper-chromium alloy because magnesium is highly deoxidation-resistant and can improve the physical and
mechanical properties of the alloy.
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1. Introduction

Since Cu-Cr alloys have high thermal conductivity and Table 1. Chemical composition of crystallizer copper mould tube
abrasive resistance, they are widely used in various fieldssuch ~ (Cu-Cr alloy).
as contact materials, crystallizer copper mould tube, electric
conductors, wire-welding electrodes, etc [1-3].

The technical standards for chemical composition of crys-
tallizer copper mould tube for CCM are shown in Table 1 [4].

Many studies have been carried out on the melting process, mi-
crostructure, strengthening effect and heat treatment of these al-
loys to improve the physical and mechanical properties [5-10].

Chemical elements, wt%

Cu Cr (0] total sum

298.0 0.4~1.2 =0.003 =0.5
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Alloying copper and chromium is difficult because of the
very different melting points and densities.

The difference in the density of copper and chromium in the
Cu-Cr alloys is responsible for the high density segregation
during melting, and Cr reacts with oxygen in the atmosphere
to produce compounds that are not easily reduced at high tem-
peratures.

Due to these drawbacks, Cu-Cr alloys are most expensive
to produce by vacuum melting or by using an intermediate al-
loy containing more than 6% chromium. [11]. Atmospheric
melting method is now being studied as the vacuum melting
method has high porosity, segregation, high production cost
and complex melting process.

In the Cu-Cr alloy melting by atmospheric melting, the ox-
idation loss of Cr element is high and the gas and non-metallic
inclusions of alloy ingot are high.

Alloying copper with Cr can be made of Cu-Cr intermediate
alloys, or pure metals [12, 13]. The dissolution of Cu-Cr inter-
mediate alloy is done in a vacuum furnace to prevent oxygen
saturation and reduce chromium loss, and the homogeneous
distribution of composition is difficult due to density segrega-
tion during dissolution.

The advantages of alloying with pure metals are the ease of
loading into melt due to the reduction of the charge by a num-
ber of times, the waste of alloying elements is greatly reduced
due to the absence of intermediate alloy melting and prepara-
tion steps, and the technical process of production is simpli-
fied.

Atmospheric melting of Cu-Cr alloys by pure metal Cr uses
an element deoxidizer with a greater affinity for oxygen than
chromium, and they are B and Mg [14, 15]. B has a detri-
mental effect on the physical and mechanical properties of
copper alloys, but Mg has the strongest deoxidation ability and
improves the physical and mechanical properties of Cu-Cr al-
loys, so Mg is used as deoxidizer with charcoal as a melt pro-
tective coating [16].

In the melting process of Cu-Cr alloys, it shall be heated
until Cr is completely melted and kept in the furnace. The
melting rate of Cr in Cu depends on temperature and the size
of the chromium fraction. When melted by atmospheric melt-
ing method, the melting rate of chromium influenced by the
formation of oxide film in the Cr fraction decreases rapidly.

Therefore, the effect of melting temperature, Cr charging
method and holding period on Cr yield should be investigated
when preparing Cu-Cr alloys by atmospheric melting method
with pure metal Cr.

2. Experimental

To improve the Cr yield in atmospheric melting of Cu-Cr
alloys, it is necessary to prevent the oxidation of Cr.

During the melting process, Cr is normally oxidized to form
Cr203 in basic slag conditions and transferred into slag. The
redox process of Cr can be analyzed by thermodynamic reac-
tions as follows.
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(Cr203) + 3[C] = 2[Cr] + 3{CO} @)

The melting temperature can be determined by calculating
the standard Gibbs free energy change with temperatures
when chromium oxide reacts with carbon.

The results calculated by the custom application HSC-
Chemistry 6.0 are shown in Figure 1.

As shown in the Figure 1, to prevent the oxidation of chro-
mium, the melting temperature should be increased above the
temperature at when the standard Gibbs free energy change
AG is less than zero, and that temperature is usually above
1300°C.

The experiment was carried out to evaluate Cr yield when
pure metal Cr was used as alloying agent in a medium fre-
quency induction furnace.

The effect of melting temperature, chromium lump size and
holding period on the degree of Cr adsorption on Cu was in-
vestigated in the experiment.

To study the influence of the parameters, the melting tem-
perature was set at 1300°C and 1350°C, respectively, the chro-
mium lump size was chosen to be in the range of 10-60 mm
with respect to the floating period in the crucible and the re-
tention period was set at 5 min with respect to the extreme
value of Cr yield.
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Figure 1. Variation of Gibbs free energy with temperature.

The experiment was carried out by charging chromium into
the copper melt dissolved in a medium-frequency induction
furnace and sampling and analyzing Cr yield.

The graphite crucible was put in a 500 kg medium fre-
quency induction furnace, heated, charged with 60 kg of elec-
tric copper, melted and coated with 200 mm thickness of char-
coal as a metal protector.

The graphite crucible is 200 mm in inner diameter, 300 mm
in outer diameter and 600 mm in height.

First, when the melting temperature is 1300°C, 60g of Mg
deoxidizer was added, the melt was stirred and the slag was
removed. Then the sealed copper tube which contains 400 g
of pure metal Cr lumps was prepared while varying the size of
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lump Cr by 10mm, 30mm, 50mm and 60mm. Next, the sealed
copper tube was pushed into the bottom of crucible and the
melt was stirred with a graphite rod 12 times per minute for
alloying. Sampling was done after 10 minutes at first and then
every 5 minutes in the middle part of the crucible. The same

Each Temperature

oDe

procedure was performed at 1350°C.

As shown in Figure 2, the alloying melting test was per-
formed eight times with two melting temperatures and four
different lumps, and the sampling was done 56 times with
seven different holding periods of eight different melts.
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Each size n-' and
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Figure 2. Experimental method.

The melting yield of Cr was analyzed by spectrophotometer
UV-1801 and then calculated by the following formula.

m
n =, %100 2
where 1 - melting yield of Cr, %

M — Cr content in the feed, g
m — Cr content in molten metal, g

The composition of the melted alloy was analyzed with
scanning electron microscope equipped with EDS analyzer
(JSM-6610A).

3. Results and Discussion

The test results of factors affecting on Cr yield are shown
in Figure 3.
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Figure 3. Cr yield versus melting temperature, Cr lump size and holding period.

It can be seen that the yield is 80-90% when the melting
temperature is 1300-1350°C with holding period of 30-40min

and chromium lump size of 30 mm. However, when the chro-
mium lump size decreases to 10 mm, the chromium yield de-
creases from 72 to 75%.
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Cr reacts with the incoming oxygen diffused to the protec-
tive layer and the molten metal interface to form Cr,Os, and
when dissolved in a graphite crucible, it reacts with carbon to
form carbide Cr7Cs.

The larger the lump size is, the slower the melting rate of
Cr, the faster the chromium rise rate, the shorter the holding
period, and therefore, there is a decrease in the Cr yield. The
high specific surface area is due to the excessive agglomerate
size, which increases the oxide film by oxygen adsorbed on

Y=bo+t bi'T+byL+bst+bsyT-L+bsTt+beL-t+byT-Lt+bgT2+boL%+Dbigt?

Where Y- Cr yield, %
T- melting point, °C
L- Cr lump size, mm
t- holding period, min

Y=50.009+4.713T + 13.003t -11.22L + 7.207T 2-15.133t 2-12.425L ?

Table 2. Validation of regression coefficients.

Validation of regression coefficients on Stu-
dent's scale

Regression
coefficient Numerical 2 [bil
value $(bi} /5%
bo 50.009 20.8087 6.13
bi 4.713 28.4936 0.88
b2 13.003 28.4936 2.44
bs -11.22 28.4936 -2.1
ba -1.035 39.0163 -0.17
bs -1.095 39.0163 -0.18
bs -3.135 39.0163 -0.5
b7 1.215 39.0163 0.19
bs 7.207 75.51882 0.85
by -15.133 75.51882 -1.79
bio -12.425 75.51882 -1.47

The consistency of the obtained equation (4) was checked
according to the Fisher criterion.
When the degree of freedom is f; = 15-3-1 =11, £, =3-1 =
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the molten metal, so the dissolution rate is low and the dis-
solved Cr forms carbides by carbon adsorbed on the molten
metal from the crucible and stirred rods, thus decreasing the
Cr yield.

From the experimental result, a precise mathematical model
for the overall effect of parameters was selected by sci-tech
calculating program-MATLAB.

The parameters are temperature, holding period, and chro-
mium lump size and the final objective function is the Cr yield.
The general functions are as follows:

3)

From the regression coefficient test (Table 2) on the Student
scale, the coefficients by, by, by, b3, bs, by and bg were found
to be significant.

Therefore, the regression equation is

4)

2 and the significance level is 5%, F = 19.4, and the calculated
Fisher criterion is F = 2.07. Therefore, the obtained regression
equation is consistent with the process at the study area limit.

To see the influence of the selected factors on Cr yield, the
influence surface and influence section were plotted (Figs. 4,
5, 6). Since three factors were changed in the experiment, only
two factors were changed and the third one was fixed when
each influence surface and influence section were made.

From Figure 4, it can be seen that the chromium yield no
longer increases after 35 min of holding when any size of
chromium lump is used in the range of 10-60 mm. This is be-
cause, after 35 min, most of the chromium in the molten metal
is absorbed and the remaining is oxidized and transferred into
the oxide slag.

The maximum yield of chromium 90% is observed when
the lump size of chromium is 30 mm and the holding period
of the molten metal is 30-35 min. it can be seen that the chro-
mium yield increases with increasing melting temperature
from 1300 to 1350°C (Figure 5) and the chromium yield
reaches 80-90% at 30-35 min of holding. (Figure 6).

As above, the maximum chromium yield 90% is reasonable
when the melting temperature is 1350°C with the lump size of
chromium is 25-30 mm and the holding period is 30-35 min.

In the melting of the Cu-Cr alloys by the commercial inter-
mediate alloy, the percentage of the intermediate alloy in the
charge is 22-25%, because of the low chromium content of the
Cu-Cr intermediate alloy (generally not exceeding 6-7%).

However, in alloying with pure metal Cr, the preparation
process of intermediate alloy is omitted and only small quan-
tity of metallic Cr as the Cr content in alloy is needed.
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Figure 4. Influence surface and influence cross section of Cr yield with lump size and holding period at temperature of 1300°C.
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Figure 5. Influence surface and influence cross section of Cr yield with temperature and lump size at 30 min of holding period.
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Table 3. Chemical composition of Cu-Cr alloy dissolved in air.

Chemical element, Wt%
Alloy designation
Cu

Cr Mg

CuCr0.7 99.23 0.63 0.04

From Table 3 it can be seen that the chemical composition
of Cu-Cr alloy in the optimum solution conditions meets the
technical specifications as a crystallographic copper tube ma-
terial.

Depending on the lump Cr size, the melting rate and the
floating period in the melt are different, and the dissolution
and homogenous distribution should be completed within
the floating process to increase the Cr yield.

The distribution is determined by the rate of diffusion,
frequency and activation energy during crystallization, so
that the distribution can be studied in the ingot state.

Under reasonable melting conditions, the CuCr0.7 alloy
obtained by induction furnace melting and in-furnace crys-
tallization takes the columnar structure (Figure 7).

From Figure 7, the distribution of Cr at the center and
the surface of the top and bottom parts of the ingot is simi-
lar for the other parts, with a slight decrease in the amount
of Cr at the bottom part. If the distribution is not equal, es-
pecially if upper Cr content(amount) is high, the floating
period is shorter than the melting period, resulting in the
low yield due to the slag floating.

Therefore, under the reasonable melting conditions, the
yield is high because the distribution of Cr is uniform.

The microstructure of the castings obtained by melting
and casting at 1300°C is shown in Figure 8. As shown in
the figure, the alloying of chromium without segregation is
uniform.

For the sake of detail, high magnified microstructure was
shown in Figure 9. As can be seen, chromium in the melt
precipitates from the melt during cooling of the ingot, and
the shape of the precipitated particles is mostly close to the
spherical shape.
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Figure 7. Microstructure and chemical composition on the longitu-
dinal cross-section of inductively melted Cu-Cr alloys.
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Figure 8. SEM micrograph of alloy melted at 1300°C.
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Figure 9. The shape of chromium particles in the molten alloy.

4. Conclusions

In this paper, the melting process of Cu-Cr alloys by a
medium-frequency induction furnace is considered ther-
modynamically and the influence of melting process pa-
rameters on Cr yield is determined.

The maximum yield of Cr is 90% when the melting tem-
perature is 1350°C with a lump size of 30 mm and the hold-
ing period of 30-35 min.

Not only oxygen in the air but also nitrogen diffuses into
the molten metal interface and reacts with the Cr to form
CnN, and impurities such as sulfur in the feed react with
the alloying element which decrease Cr yield.

In addition, metal oxides and oxide inclusions in the slag
layer react each other to make the Cr loss more complicated
and difficult to control during the melting of the alloy. With
the expansion of the melt size, it is difficult to place deoxi-
dizer or alloying metal into the bottom of the crucible, and
the loss is high because of the floating on the melt, and the
stirring process becomes very difficult.

At high temperatures, the water vapor in the air is dis-
solved into oxygen and hydrogen to mix with melt and as
it has high amount of oxygen inclusion and gas absorption,
the melting temperature shouldn’t be increased.

Since carbon from a graphite crucible reacts with Cr, it
is preferable to use a zirconia or magnesia crucibles.

In Cu-Cr alloys, Mg increases the strength of alloy be-
cause the Mg particles are arranged along the grain bound-
aries, inhibiting the growth process and hindering the
movement of dislocations, without forming compounds
with Cr and without being dissolved.

Therefore, it is promising to investigate the Cu-Cr-Mg
alloys in the future because Mg has the strongest deoxida-
tion ability and can improve the physical and mechanical
properties of the alloys.
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