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To explore the influence of horizontal continuous casting parameters on Cu-0.8Cr alloy casting, modeling and analysis 

were carried out using ProCAST software. The results showed that casting speed had the greatest effect on liquid core 

length, followed by casting temperature and the primary cooling water flow rate, while the influence of the secondary 

cooling water flow rate was relatively weak. For billets with diameters of 14 and 21 mm, the optimal process conditions 

were a casting temperature of 1180 °C, a casting speed of 1400 mm/min, a primary cooling water flow rate of 36 L/min, 

and a secondary cooling water flow rate of 16 L/min. For billets with a diameter of 28 mm, the optimal process conditions 

were a casting temperature of 1180 °C, a casting speed of 600 mm/min, a primary cooling water flow rate of 36 L/min, 

and a secondary cooling water flow rate of 16 L/min. 
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1. INTRODUCTION 

Age-hardened Cu-Cr alloys are among the most 

promising materials for lead frames [1, 2], high-speed 

railway contact wires [3] and electronic connectors [4]. 

Horizontal continuous casting is well suited for producing 

such alloys, offering both low cost and high billet quality 

[5, 6]. During this process, the molten copper alloy 

solidifies in the crystallizer. However, direct observation 

and measurement of temperature evolution in the melt, the 

crystallizer, and the growing solid shell are difficult. 

Producing cast billets of high quality often requires multiple 

experimental trials, which are expensive and time-

consuming. To address these challenges, researchers have 

increasingly applied numerical simulation to study 

horizontal continuous casting of copper and its alloys. 

Simulation helps clarify this "black box" process while 

reducing experimental cycles and costs. 

Li et al. [7] have investigated the effects of pouring 

temperature, cooling intensity, and casting speed on the 

mushy zone width and liquid core depth of BFe30-1-1 alloy 

tube billets using numerical simulation and have 

experimentally verified the numerical results. Sha et al. [8] 

have built a three-dimensional model for the 

electromagnetic stirring of round copper billets in horizontal 

continuous casting. Their study has shown that with a 

current intensity of 40 A and a frequency of 10 Hz, the 

maximum magnetic flux density and time-averaged 

electromagnetic force on the billet surface are 100 mT and 

72 × 10⁻³ N, respectively. Cui and Zhang, et al. [9, 10] have 

investigated the effects of electromagnetic stirring on 

microstructural morphology and liquid crater depth during 

solidification. They have demonstrated that electromagnetic 

stirring induces forced convection in the molten metal, 

which not only accelerates liquid-phase cooling but also 
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modifies the primary solidification structure. As a 

consequence, the liquid crater depth decreases, columnar 

grain growth is inhibited, and the fraction of equiaxed grains 

increases. 

Yi et al. [11] have examined temperature and structural 

evolution during the solidification of pipe blanks in 

horizontal continuous casting molds. In addition, they have 

analyzed the relationship between cooling water flow rate, 

withdrawal speed, casting temperature, and the morphology 

of the liquid sump in the crystallizer. Kim et al. [12] have 

analyzed the effects of process parameters such as initial 

melt temperature and casting speed on the grain structure of 

Cu-22 wt.% Sn alloy slabs. Their results have shown that 

casting speed is a critical factor influencing the angle 

between columnar grains and the casting direction. 

In the present study, a solidification model for 

horizontal continuous casting of a Cu-Cr alloy was 

established without electromagnetic stirring, providing a 

research foundation for subsequent numerical modeling that 

incorporated electromagnetic stirring. 

To reduce test costs and provide guidance for 

debugging horizontal continuous casting processes, the 

horizontal continuous casting of Cu-0.8Cr alloy was 

modeled and analyzed in the present study using ProCAST 

software. In addition, the present study examined the 

influence of casting temperature, casting speed, and primary 

and secondary cooling water flow rates on the liquid core 

length and the temperature field of the copper mold. 

2. MODEL AND BOUNDARY CONDITIONS 

2.1. Geometric model and meshing 

Fig. 1 shows a schematic diagram of horizontal 

continuous casting for the Cu-0.8Cr alloy. In this process, 



electrolytic copper and Cu15Cr alloy were melted in an 

induction furnace and then entered furnace (1) to form 

molten alloy (2). During horizontal continuous casting, the 

molten Cu-0.8Cr alloy was continuously fed into the 

graphite mold (6), where it was cooled by the cooling 

system (5, 7, 8, 9), and solidified into a continuous copper 

alloy bar (10). The surface of the molten alloy was covered 

with graphite flakes (3), and the alloy liquid was stirred by 

the electromagnetic stirrer (4). 

 

Fig. 1. Schematic diagram of horizontal continuous casting: 

1 – heat-insulated furnace; 2 – copper alloy melt; 

3 – graphite flakes; 4 – electromagnetic stirrer; 5 – copper 

mold; 6 – graphite mold; 7 – primary cooling water inlet; 

8 – primary cooling water outlet; 9 – secondary cooling 

water; 10 – copper alloy bar 

In the above process, the temperature of the copper 

alloy melt, the cooling system, and the continuous casting 

speed had an impact on the quality of the billets. To 

comprehensively investigate the influence of these factors, 

a simplified horizontal continuous casting model was 

established. The model included the Cu-0.8 Cr alloy melt, 

furnace lining, graphite mold, water-cooled copper sleeve, 

billet, and secondary cooling zone, and was used to study 

the solidification and cooling process of the Cu-0.8 Cr alloy. 

Because of the axial symmetry of the research object, a 

half three-dimensional symmetrical geometric model was 

established to save computation time, as shown in Fig. 2. 

 

Fig. 2. Geometric model diagram of horizontal continuous casting: 

1 – refractory lining; 2 – graphite mold; 3 – copper mold; 

4 – copper alloy bar 

Since the horizontal continuous casting solidification 

process involved many factors, the physical model was 

partially simplified for simulation, and the effect of the 

electromagnetic stirrer was not considered. The geometric 

model had a total length of 500 mm, with the graphite mold 

measuring 320 mm and the copper mold for primary cooling 

water measuring 160 mm. The billet diameters were set at 

14, 21, and 28 mm. All models were created in accordance 

with the actual geometric dimensions of the crystallizer. The 

three-dimensional model was first constructed in 

Unigraphics NX, and the surface and volume meshes were 

generated using Meshcast software. 

To minimize the influence of mesh size on the 

simulation results, a systematic grid convergence analysis 

was performed in the present study. While maintaining 

consistent geometric and solution parameters, three sets of 

structured grids, coarse, medium, and fine, were generated 

with element sizes of 4, 2, and 1 mm, corresponding to 

element counts of 6.54 × 10⁴, 2.15 × 10⁵, and 1.38 × 10⁶, 

respectively. The solid fraction was selected as the 

convergence criterion. The calculated results for the three 

grid sets were 62.6 %, 62.1 %, and 62.0 %, respectively. By 

plotting the relationship curve between solid fraction and 

grid size, it was observed that the curve gradually flattened, 

indicating that the results had converged. Based on this 

analysis, the 2 mm mesh was selected for subsequent 

simulation calculations in this study. 

The residual threshold was defined as less than 1 × 10⁻⁴, 

with a temperature convergence criterion of 1 K and a 

temperature relaxation factor of 1.0. The calculation results 

were examined, and it was found that the residuals showed 

a monotonic decreasing trend without any rebound. 

Furthermore, with a fixed mesh size of 2 mm and a constant 

physical model, the time step was progressively increased 

while the results were monitored, and no oscillations were 

detected. Overall, the numerical calculations in the present 

study exhibited good stability and convergence. 

2.2. Physical properties 

Table 1 lists the physical properties of Cu-0.8Cr alloy 

relevant for the present study. The enthalpy and density are 

functions of temperature. The mass fractions of Cr and Cu 

were entered into ProCAST, and the physical properties of 

the Cu-0.8Cr alloy were obtained from the ProCAST 

calculations, as listed in Table 1. 

Table 1. Physical properties of Cu-0.8Cr alloy 

Parameters Value 

Density at 25 ℃, kg/m3 8919 
Density at 1078 ℃, kg/m3 8011 

Specific heat, J/kg℃ 385 

Enthalpy at 25 ℃, kJ/kg 3.094 

Enthalpy at 1078℃, kJ/kg 663.73 

Melting point, ℃ 1078 

Bar diameter, mm 14/21/28 

Bar length, mm 500 

2.3. Initial and boundary conditions 

The initial temperature of the graphite mold and the 

refractory furnace lining was set to 200 °C. The initial 

temperature of the copper mold was set to 30 °C. The initial 

temperature of the Cu-0.8Cr alloy bar billet was taken as the 

casting temperature. 

Fig. 3 shows a schematic of the boundary and interface 

conditions. Boundary 1 included the crystallizer inlet, the 

part of the graphite mold extending into the molten copper 

alloy, and the furnace lining in contact with the melt 

(Fig. 3). 

 

Fig. 3. Schematic diagram of the boundary and interface 

conditions 
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This boundary was defined as a constant-temperature 

boundary, with a value equal to the pouring temperature of 

the Cu-0.8Cr alloy. Boundary 2 was defined as the contact 

area between the graphite mold and air. Since the furnace 

shell temperature during the normal production process was 

200 ℃, the ambient temperature of this boundary was set to 

the same temperature. Heat transfer at this boundary was 

assumed to occur through thermal radiation and natural 

convection. According to other authors [13, 21], the 

emissivity coefficient of radiative heat transfer was taken as 

0.9, and the convective heat transfer coefficient was taken 

as 6.5 W/(m²·K). 

Boundary 3 was defined as the interface between the 

cooling water and the copper mold, where the heat transfer 

coefficient and the primary cooling water temperature were 

specified. Boundary 4 was located between the primary and 

secondary cooling zones of the casting billet, where the 

surface was splashed by secondary cooling water. 

Therefore, Boundary 4 was assumed to involve both 

radiation and convective heat transfer [14], and the heat 

transfer coefficient was set to 5000 W/(m²·K) after 

calculation. Boundary 5 was defined as the secondary 

cooling water area and was modeled as jet impingement 

with forced convective heat transfer. 

Boundary 6 was defined as the contact interface 

between the Cu-0.8Cr alloy bar and air. The boundary 

condition was specified as natural convective heat transfer 

with a coefficient of 586 W/(m²·K). Since the heat 

conducted through the cross-section of the continuous 

casting billet was much smaller than that conducted through 

its axial surface, Boundary 7 was defined as an adiabatic 

boundary. 

2.4. Calculation of heat transfer coefficient 

2.4.1. The heat transfer coefficient of the primary 

cooling zone 

As shown in Fig. 3, the boundary of the primary 

cooling zone was defined as Interface 3, and its heat transfer 

coefficient was calculated using Eq. 1 [15]: 

ℎ𝑐1 =
𝜆𝑁𝑢

𝑑𝑒
, (1) 

where hc1 is the interfacial heat transfer coefficient of the 

primary cooling water; Nu is the Nusselt number; λ is the 

thermal conductivity of water; de is the equivalent diameter. 

In the present study, the equivalent diameter was set to 

20 mm. Nu was calculated according to Eq. 2 [16]: 

𝑁𝑢 = 0.023𝑅𝑒
0.8𝑃𝑟

𝑛, (2) 

where for heating the fluid, n = 0.4; Re   is the Reynolds 

number; Pr is the Prandtl number. 

Assuming an average inlet and outlet temperature of 

30 °C for the primary cooling water, the value of Pr in Eq. 2 

was 5.42. Re is a parameter that varies with liquid flow 

velocity (u), equivalent diameter (d), liquid density (ρ), and 

dynamic viscosity (η), as defined in Eq. 3 [16]. 

𝑅𝑒 =
𝑢𝑑𝜌

𝜂
. (3) 

2.4.2. The heat transfer coefficient of the second cooling 

zone 

As shown in Fig. 3, Boundary 5 was defined as the 

secondary cooling water boundary. To achieve strong heat 

exchange, the secondary cooling water was sprayed onto the 

surface of the billet through a circular nozzle. The heat 

transfer coefficient of the secondary cooling zone was 

calculated using Eq. 4 [17], which describes the average 

heat transfer characteristics of circular nozzle jet flow: 

As shown in Fig. 3, Boundary 5 was defined as the 

secondary cooling water boundary. To achieve strong heat 

exchange, the secondary cooling water was sprayed onto the 

surface of the billet through a circular nozzle. The heat 

transfer coefficient of the secondary cooling zone was 

calculated using Eq. 4 [17], which describes the average 

heat transfer characteristics of circular nozzle jet flow: 

ℎ𝑐2 =
𝜆𝑁𝑢

𝑟
, (4) 

where hc2 is the heat transfer coefficient at the secondary 

cooling water; Nu is the Nusselt number; λ is the thermal 

conductivity of water; r is the characteristic length. 

The Nusselt number was calculated according to 

Eq. 5 [17]: 

𝑁𝑢 = 2𝑅𝑒𝐷
0.5𝑃𝑟

0.42(1 + 0.005𝑅𝑒𝐷
0.55)

0.5
×

           
1−1.1𝐷

𝑟⁄

1+0.1(𝐻
𝐷⁄ −6)𝐷

𝑟⁄
𝐷

𝑟⁄ , (5) 

where ReD is the Reynolds number; Pr is the Prandtl number 

(0.86); H is the distance from the nozzle to the casting billet; 

D is the nozzle diameter; 𝑟 is the characteristic length. 

Assuming a characteristic temperature of 250 °C for the 

secondary cooling water, the value of Pr in Eq. 5 was 0.86. 

ReD is a parameter that varies with the average jet velocity 

(u) at the nozzle outlet, nozzle diameter (D), and fluid 

kinematic viscosity (v), as specified in Eq. 6 [17]. 

𝑅𝑒𝐷 =
𝑢𝐷

𝑣
. (6) 

2.5. Interfacial heat transfer coefficient 

Fig. 4 shows a schematic diagram of the interface 

conditions of the geometric model. The contact interface 

between the graphite mold and the refractory furnace lining 

(resin sand) was defined as Interface I. Referring to the test 

method in the ASTM 5470-17 [18], the interfacial heat 

transfer coefficient between the graphite mold and resin 

sand was measured as 1000 W/(m²·K) in the present study. 

 

Fig. 4. Schematic diagram of interface conditions 

The contact interface between the molten alloy and the 

graphite mold was defined as Interface Ⅱ. According to 

previous research [19], the general range of heat transfer 

coefficients at the liquid metal/mold interface was 

10,000 – 20,000 W/(m²·K). Therefore, in the present study, 

the interfacial heat transfer coefficient was set to 



15,000 W/(m²·K) for the interface between molten Cu-

0.8Cr alloy and the graphite mold. 

The contact interface between the red copper sleeve and 

the graphite mold was defined as Interface III, with close 

contact between the two components. Based on actual 

measurements and calculations, Liu et al. [20] have reported 

that when copper is in close contact with graphite molds, the 

heat transfer coefficient ranges from 2400 to  

2600 W/(m² K). Accordingly, in the present study, the heat 

transfer coefficient of interface III was set to  

2500 W/(m² K). 

The quality of billets produced by horizontal continuous 

casting was influenced by many factors, including pouring 

temperature, billet withdrawal speed, primary and 

secondary cooling water flow rates, and billet diameter. 

Because of these multiple influences, studying the 

relationship between billet quality and process parameters 

often requires multiple experiments [21]. Orthogonal 

experimental design, a tool for addressing multifactor and 

multilevel problems, was applied to efficiently select 

representative trials through orthogonality. 

In the present study, an orthogonal method was used to 

design a four-factor, two-level experiment with a central 

point. Based on production experience, four factors were 

selected: casting temperature, casting speed, primary 

cooling water flow rate, and secondary cooling water flow 

rate. Two levels of casting temperatures were chosen: 1180 

and 1215 ℃. Casting speeds were set at 600 and 

1400 mm·min-1. Flow rates of primary and secondary 

cooling water were set to 16 and 36 L·min-1. The models 

were analyzed for billet diameters of 14, 21, and 32 mm. 

3. ANALYSIS OF SIMULATED RESULTS 

3.1. Analysis of influencing factors on the liquid 

core length 

The casting temperature, casting speed, and the flow 

rates of primary and secondary cooling water were 

identified as important factors affecting billet quality and 

production efficiency in horizontal continuous casting. The 

distance from the liquid level in the crystallizer to the point 

where the billet center completely solidifies is defined as the 

liquid core length [22]. This parameter directly reflects the 

cooling condition of the billet and the suitability of the 

continuous casting process. Investigation of the liquid core 

length is therefore important for balancing production 

efficiency and billet quality. In the present study, orthogonal 

experiments were carried out to examine how these four 

factors influenced the continuous casting of Cu-0.8Cr alloy. 

The numerical simulation results for the liquid core length 

at different billet diameters and process parameters are 

summarized in Table 2. The results showed the following 

trends: when the billet diameter was 14 mm, the liquid core 

length varied between 16.68 and 20.93 mm; when the billet 

diameter was 21 mm, it ranged from 17.91 mm to 

24.35 mm; and when the billet diameter was 28 mm, it 

changed between 20.90 and 32.42 mm. Thus, a larger billet 

diameter resulted in a greater variation of liquid core length. 

Table 3 presents the main effects of each process 

parameter at different billet diameters. These values 

represented the independent influence of different 

parameter levels on the liquid core length, reflecting the 

overall effect when each parameter acted alone. A larger 

main effect value indicated a greater impact of the 
parameter change on the experimental results. When the 

billet diameter was 14 mm, the main effect of casting 

temperature was 0.70 mm, casting speed was 2.59 mm, the 

primary cooling water flow rate was -0.94 mm, and the 

secondary cooling water flow rate was -0.02 mm. These 

results indicated that casting speed had the greatest effect on 

the liquid core length, followed by the primary cooling 

water flow rate and casting temperature, while the 

secondary cooling water flow rate had almost no effect. 

When the billet diameters were 21 and 28 mm, the main 

effects of casting temperature were 1.32 and 3.29 mm, 

respectively. The main effects of casting speed were 3.79 

and 7.01 mm, respectively. The main effects of the primary 

cooling water flow rate were -1.34 and -1.19 mm, 

respectively. The main effects of the secondary cooling 

water flow rate were 0.03 and 0.74 mm, respectively.  

Table 2. Numerical simulation results for different process parameters and billet diameters 

No. 
Casting temperature, 

℃ 
Casting speed, 

mm/min 

Primary cooling 

flow rate, L/min 

Secondary cooling 

flow rate, L/min 

Liquid core length, mm 

Ø14 Ø21 Ø28 

1 1180 600 16 16 16.91 18.60 20.90 

2 1280 1400 36 36 19.24 22.40 30.76 

3 1180 1400 16 36 19.73 22.33 29.22 

4 1280 1400 16 16 20.93 24.35 32.42 

5 1180 600 36 36 16.68 17.91 21.67 

6 1180 1400 36 16 18.91 20.91 27.48 

7 1280 600 16 36 17.94 19.81 25.69 

8 1280 600 36 16 16.92 18.49 23.56 

Table 3. Main effects of process parameters at different billet diameters 

Billet diameter, mm 

Main effects of process parameters 

Casting temperature, ℃ Casting speed, mm/min 
Primary cooling flow 

rate, L/min 

Secondary cooling flow 

rate, L/min 

14 0.70 2.59 -0.94 -0.02 

21 1.32 3.79 -1.34 0.03 

28 3.29 7.01 -1.19 0.74 



These results indicated that casting speed had the 

greatest influence on the liquid core length, followed by 

casting temperature, while the flow rates of primary and 

secondary cooling water had smaller effects. Fig. 5 shows 

the main effect diagrams at different billet diameters and 

process parameters. The results indicated that the liquid core 

length increased as the casting temperature and casting 

speed rose. For billet diameters of 14 and 21 mm, increases 

in the flow rates of primary and secondary cooling water 

shortened the liquid sump length. For a bar diameter of 

28 mm, an increase in the primary cooling water flow rate 

shortened the liquid core length, while an increase in the 

secondary cooling water flow rate extended it. These results 

indicated that for larger billet diameters, a higher flow rate 

of secondary cooling water accelerated external cooling, 

leading to excessive billet shrinkage. This premature 

shrinkage caused the early formation of an air gap between 

the solidified shell and the crystallizer inner wall, which was 

unfavorable for heat transfer. In addition, the solid billet 

shell reduced the heat transfer efficiency of the metal [23], 

preventing complete solidification at the billet center and 

thereby resulting in an increased liquid core length. 

3.2. Temperature field analysis of the copper mold 

Fig. 6 shows the temperature contour maps of the 

copper mold under different billet diameters and processes, 

where No. 1 to No. 8 correspond to the process numbers in 

Table 2. The results indicated that the temperature 

distributions of the copper sleeve varied significantly with 

process conditions. For example, for a billet diameter of 

28 mm, the sleeve temperature under process No. 1 was 

higher than 380 °C, whereas under process No. 8 was lower 

than 380 °C. An increase in the primary cooling water flow 

rate resulted in a lower sleeve temperature. Across different 

billet diameters, the temperature distributions of the copper 

sleeve were not completely consistent. Larger billet 

diameters led to better temperature uniformity and higher 

minimum temperatures. For instance, with a diameter of 

14 mm under process No. 1, the sleeve temperature ranged 

from 100 to 750 °C, with a minimum of approximately 

165 °C. 

 

Fig. 6. Temperature contour maps of the copper sleeve at different 

billet diameters and process parameters 

With a diameter of 28 mm under the same process, the 

sleeve temperature ranged from 300 to 700 °C, showing 

relatively uniform distribution and a minimum of about 

340 °C. Overall, when the billet diameter was 14 mm, the 

maximum sleeve temperatures across processes were 750 

and 620 °C. When the diameter was 21 mm, the maximum 

sleeve temperatures were 750, 640, and 530 °C. When the 

diameter was 28 mm, the maximum sleeve temperatures 

were 700, 540, and 380 °C. 

Following the selection of Process Scheme 1, based on 

the actual conditions of the mold for the 28 mm billet in the 

industrial setting, 1 mm holes were drilled in the mold 

jacket. 
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Fig. 5. Main effects diagrams of process parameters at different billet diameters 



K-type thermocouples were fixed to the copper jacket 

at three points (A, B, and C), as shown in Fig. 7. Table 4 

presents the average deviation between the simulated and 

measured temperatures at these three monitoring points 

under steady-state conditions. The absolute error at each 

point was controlled within 10 – 30 ℃, and the relative error 

remained below 5 %, indicating that the simulation results 

showed good agreement with the experimental 

measurements. 

 

Fig. 7. Schematic diagram of thermocouple layout 

Table 4. Comparison between measured temperatures and 

simulation results at each monitoring point 

Position 
Measured 

value, ℃ 

Simulation 

result, ℃ 

Absolute 

error, ℃ 

Relative 

error, % 

A 646.5 619.6 26.9 4.2 

B 456.8 441.5 15.3 3.3 

C 390.7 378.8 11.9 3.0 

3.3. Temperature analysis of the casting billet 

Fig. 8 shows billet temperature at different billet 

diameters and process parameters. Fig. 8 a presents the 

central temperature of the casting billet at the crystallizer 

outlet for various diameters and processes, where processes 

No. 1 through No. 8 correspond to those listed in Table 2. 

For a billet diameter of 28 mm, the central temperature at 

the crystallizer outlet exceeded 960 °C under the process 

conditions No. 2 – 4 and No. 6. Fig. 7 b presents the 

maximum temperature difference between the interior and 

exterior of the casting billet under different diameters and 

processes, again corresponding to the process numbers in 

Table 2. The results showed that when the billet diameter 

was 14 mm, the internal-external temperature difference 

was relatively small, fluctuating between 29 and 46 °C. 

When the billet diameters were 21 and 28 mm, the internal 

and external temperature differences of the billet are 

relatively close, the temperature differences were relatively 

close, with the maximum difference of 134 °C occurring 

under process No. 4. 

The process parameters for No. 4 were as follows: 

casting temperature 1280 °C, casting speed 1400 mm/min, 

primary cooling water flow rate 16 L/min, and secondary 

cooling water flow rate 16 L/min. Under these conditions, 

the internal-to-external temperature difference for the 

21 mm diameter billet was approximately 50 °C, while that 

for the 28 mm diameter billet reached about 135 °C. This 

indicated that, under the given process conditions, the 

28 mm diameter billet required a higher cooling water flow 

rate compared to the 21 mm diameter billet. The cooling 

water flow rate applied in this process was insufficient to 

ensure stable continuous casting, which was corroborated 

by the surface cracks observed in the billet produced under 

Process A as discussed in the subsequent section. 
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Fig. 8. Temperature of the casting billet at different billet 

diameters and process parameters: a – central temperature 

of the casting billet at the crystallizer outlet; b – maximum 

temperature difference between the casting billet interior 

and exterior 

4. DISCUSSION 

Raising the casting speed improves the efficiency of 

horizontal continuous casting. An increase in casting speed 

shortens the residence time of liquid copper in the graphite 

mold, extends the liquid core length of the billet, raises the 

billet shell temperature, and reduces its fracture strength. 

When the interfacial friction between the graphite mold and 

the billet shell exceeds the fracture resistance of the 

solidified shell, surface defects such as cracks may develop. 

As casting speed increases, the surface quality of the billet 

first improves and then deteriorates [24]. In addition, 

excessively high casting speeds cause segregation and 

microstructural porosity in the billet [25]. Therefore, in 

actual production, the casting speed is limited by the mold, 

casting temperature, and cooling conditions. A critical speed 

exists, defined as the speed at which the billet temperature 

at the mold outlet equals the alloy solidus temperature 

[26, 27]. As shown in Fig. 7, for the billet with a diameter 

of 28 mm under process No. 4, the temperature at the mold 

outlet reached 1078 °C, which was higher than the solidus 

temperature (1071 °C). This result indicated that continuous 

casting breakage occurred under this condition. A longer 



liquid core length increased the resistance to molten copper 

feeding, which could lead to shrinkage cavities or porosity 

defects and raised casting stress, thereby causing center 

cracks in the billet. For this reason, in actual production, the 

liquid sump morphology of the casting billet is expected to 

remain flat [28]. 

The quality of cast billets was significantly affected by 

casting temperature. A relatively high casting temperature 

allowed for higher casting speed and improved production 

efficiency. At lower casting temperatures, the alloy liquid at 

the crystallization front solidified more readily during 

cooling, which reduced fluidity and hindered mold filling. 

As the casting temperature increased, the alloy fluidity 

improved, the attractive forces between atoms weakened, 

and melt viscosity decreased, all of which promoted better 

melt fluidity [29]. However, excessively high casting 

temperatures caused greater alloy shrinkage and increased 

gas solubility in the liquid metal, which led to defects such 

as porosity and blowholes [30]. For Cu-Cr alloys, the 

casting temperature is generally around 1200 °C [31, 32]. 

Because the melt fluidity of Cu-Cr alloys is relatively low, 

the casting temperature should be maintained as high as 

feasible within the safe processing range. 

According to heat transfer theory [33], when the 

cooling structure is fixed, the effect of increasing the 

cooling water flow rate on solidification is not linear. Once 

the flow rate exceeds a certain range, further increases do 

not improve heat exchange efficiency, making it difficult to 

cool the molten copper effectively during high-speed 

casting [33]. Beyond this limit, a higher cooling water flow 

rate does not enhance cooling intensity; instead, it adversely 

affects the billet quality [34]. 

The strength of pure copper is 190 MPa at 500 °C, 

145 MPa at 600 °C, 90 MPa at 700 °C, and 80 MPa at 

750 °C [35, 36]. Based on the analysis of Fig. 6, for a billet 

diameter of 14 mm, the temperature in the red area of the 

copper sleeve under processes No. 1, 3, 4, and 7 ranged from 

620 to 750 °C. For a billet diameter of 21 mm, the 

temperature in the red area under the same processes ranged 

from 640 to 750 °C. For a billet diameter of 28 mm, the 

temperature in the red area under process No. 1 was between 

620 and 700 °C. Under these process conditions, some 

regions of the copper sleeve may be exposed to high 

temperatures, resulting in reduced strength (< 145 MPa). 

During long-term continuous casting, exposure of the mold 

to both vibration and high temperatures makes the copper 

sleeve prone to damage and deformation, which in turn 

leads to instability in the continuous casting process. 

When molten copper solidifies, a temperature gradient 

develops between the outer shell and the billet center. A 

corresponding density gradient is also formed from the 

surface to the core. Changes in the temperature gradient 

alter the density gradient, disrupt the original stress balance 

in the billet, and generate internal thermal stresses. With 

enhanced cooling, the temperature gradient between the 

surface shell and the billet center increases, and the density 

gradient increases as well. The billet surface shell is 

subjected to tensile stress, while the solidification front 

experiences compressive stress. This imbalance may cause 

cracks in regions with weak dendritic bonding. When 

cooling is weak or completed, the surface temperature of the 

billet rises, and the billet shell expands due to reheating. 

Under these conditions, the billet surface shell is under 

compressive stress, while the billet interior is subjected to 

tensile stress. This stress state readily leads to internal crack 

defects, which in turn deteriorate billet quality [37, 38]. 

Based on the above analysis, for billets with diameters 

of 14 and 21 mm, the copper sleeve temperature was 

maintained lower than 620 °C. Considering the low 

internal-external temperature difference of the billet, high 

manufacturing efficiency, casting temperature near 

1200 °C, and reduced cooling water consumption, the 

process conditions of 1180 °C casting temperature, 

1400 mm/min casting speed, 36 L/min primary cooling 

water flow rate, and 16 L/min secondary cooling water flow 

rate (process No. 6, Table 2) were determined as optimal. 

For billets with a diameter of 28 mm, the copper sleeve 

temperature was kept below 540 °C. Under this condition, 

the corresponding process was found to be more suitable. 

Additionally, when accounting for the low internal-external 

temperature difference of the billet, high manufacturing 

efficiency, casting temperature near 1200 °C, a crystallizer 

outlet temperature below 900 °C, and reduced cooling water 

consumption, the process conditions of 1180 °C casting 

temperature, 600 mm/min casting speed, 36 L/min primary 

cooling water flow rate, and 16 L/min secondary cooling 

water flow rate were considered optimal. 

Based on the above results, two schemes were designed 

to test horizontal continuous casting of 28-mm billets. 

Scheme B was a process with favorable outcomes based on 

numerical simulation results, whereas Scheme A 

corresponded to a process with less favorable performance. 

The process parameters of Scheme A were: casting 

temperature 1280 °C, casting speed 1400 mm/min, primary 

cooling water flow rate 36 L/min, and secondary cooling 

water flow rate 16 L/min. The parameters of Scheme B 

were: casting temperature 1180 °C, casting speed 

600 mm/min, primary cooling water flow rate 16 L/min, and 

secondary cooling water flow rate 16 L/min. Fig. 9 shows 

the appearance and longitudinal cross-sectional 

metallography of the billets prepared by the two test 

schemes. 

 
a 

 
b c 

Fig. 9. Surface quality and microstructure of billets under different 

schemes 



It can be observed that the billet prepared by Scheme 

A has poor surface quality, with significant defects (the area 

within the red circle in Fig. 9 a), and its surface color is 

relatively dark. This indicates that the surface temperature 

of the continuous casting billet was relatively high when it 

exited the mold. In addition, the microstructure of the billet 

also had penetrating cracks (the area within the red circle in 

Fig. 9 b), which extended approximately 1200 microns into 

the billet. In contrast, the billet prepared by Scheme B has a 

smooth surface with a bright yellow color, which suggests 

that the surface temperature of the continuous casting billet 

was relatively low when it exited the mold, and there were 

no cracks in its microstructure (Fig. 9 c). 

5. CONCLUSIONS 

1. Within the ranges of 1180 – 1280 °C casting 

temperature, 600 – 1400 mm/min casting speed, and 

16 – 36 L/min primary and secondary cooling water 

flow rates, the continuous casting speed had the greatest 

impact on the liquid sump length. The casting 

temperature and primary cooling water flow rate had 

smaller effects, while the secondary cooling water flow 

rate had the least influence. 

2. The simulation showed that under different process 

conditions, the temperature distributions of the copper 

sleeve varied significantly. Therefore, it was 

recommended to select a process with a lower copper 

sleeve temperature. In addition, the internal-external 

temperature difference of the billet and the crystallizer 

outlet temperature were considered effective criteria for 

evaluating the stability of the continuous casting 

process. 

3. A comprehensive evaluation of the billet temperature at 

the crystallizer outlet, the internal-external temperature 

difference of the billet, the copper sleeve temperature, 

and the casting process parameters showed that for 

billets with diameters of 14 and 21 mm, the optimal 

process conditions were a casting temperature of 

1180 °C, a casting speed of 1400 mm/min, a primary 

cooling water flow rate of 36 L/min, and a secondary 

cooling water flow rate of 16 L/min (process No. 6). 

For the billets with a diameter of 28 mm, the optimal 

process conditions were a casting temperature of 

1180 °C, a casting speed of 600 mm/min, a primary 

cooling water flow rate of 36 L/min, and a secondary 

cooling water flow rate of 16 L/min. 
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