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With the upgrading of major equipment for nuclear 
power and thermal power, the demand for high 

quality large-sized hollow cylindrical and special-shaped 
castings is increasing. Compared with the forging process, 
electroslag casting (ESC) is a more economical and 
reasonable way to produce high quality hollow cylindrical  
and special-shaped casting [1-3]. A hollow cylindrical casting 
can be produced by pulling down the casting during the 
ESC process (ESC extraction method). However, hollow 
special-shaped (with variable cross sections) castings 
cannot be produced by ESC extraction method due to 
the hindrance of the outer mold. The hollow special-
shaped castings can be produced by rising the inner mold 
through a bottom water-tank during the ESC process 
(ESC hot piercing method); however, the inner mold 
can be easily damaged by prolonged high temperature. 
Furthermore, many ESC furnaces are not equipped with 
an elevating device for a water cooling bottom plate, so, 
ESC extraction method and ESC hot piercing method 
cannot be implemented. To overcome these shortages in 
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manufacturing hollow special-shaped casting, the ESC up-
pulling inner mold method (EUPIM) was developed.

In this study, EUPIM experiment was designed to 
produce the ESC CF3 hollow cylindrical casting. Since 
the unsuitable initial up-pulling moment can lead to 
failure of EUPIM (inner mold copper plate stuck with 
casting or slag leakage), a combination of numerical 
simulation and experimental research was adopted 
to confirm the suitable initial up-pulling moment of 
EUPIM after the ESC starting (i.e. slagging) process. 
The finite element method (FEM) and mathematical 
model were used for numerical simulation. 

1 Experimental procedure
1.1 Experimental preparation
The ESC up-pulling linkage control equipment for an 
ESC hollow cylindrical casting was designed, as shown 
in Fig. 1(a), which was used for lifting the inner mold. 
The inner diameter of the outer mold was Φ550 mm, 
and the outer diameter of the inner mold was Φ220 mm. 
The working surfaces of the inner and outer molds were 
made of rolled pure copper plate. The ESC up-pulling 
linkage control equipment together with the inner mold 
was pulled up along the slag shell. A sensor was used to 
send signals to the up-pulling linkage control equipment. 
The concentricity of the inner mold and outer mold was 
guaranteed by the guide bar. The residual stress of the 



CHINA  FOUNDRY

(b) DM 

Up-
pulling 
force 

f' 

L 

Research & Development 
11111 11111111111111111 Vol.17 No.1 January 2020 

d (c) 

9 
'-1 

2 

8 

,j z h d 4 
5 
6 

_x 
7 X 7 

1. Outer mold; 2. Consumable electrode; 3. Slag pool; 4. Metal basin; 5. Solidified casting; 6. Gas gap, 7. Bottom water tank; 8. 
Slag shell; 9. Inner mold; 10. Sensor; 11. Residual stress test Instrument; 12. Up-pulling linkage control equipment; 13. Gulde bar 

Fig. 1: (a) EUPIM equipment; (b) Schematic of the initial up-pulling process; (c) 3D model for ESC hollow casting 

inner mold copper plate without the ESC up-pulling force was 

measured by a residual stress test instrument. 
The consumable electrodes were designed considering the 

composition and shape of the hollow cylindrical ESC CF3 
casting. The material of the consumable electrodes is CF3 

(ASTM A351), and its compositions are shown in Table 1. 
The electrode is columnar with a diameter of 70 mm. Eight (8) 
electrodes were used which uniformly distributed in a radial 
direction (Fig. 2) between the inner and the outer molds. 

Table 1: Compositions of CF3 consumable electrodes for 
ESC hollow casting (%) 

C Si Mn P S Cr Ni Mo Fe 

0.026 1.4 1.2 0.021 0.007 18.35 8.36 0.41 Bal. 

Fig. 2: Model of consumable electrodes for ESC 
hollow casting 

1.2 Importance of initial up-pulling moments 
for EUPIM 

In the up-pulling process of EUPIM, the distance from the 

sensor front-end to the inner mold bottom, L' (Fig. 1 ), and the 
distance from the slag-gas interface to the inner mold bottom, L, 
fluctuate in a small range. When the sensor initially monitors the 
slag-gas interface, L' equals to L, and the controller allows the 
up-pulling linkage control equipment to lift the inner mold up 
for a fixed distance "I". When the sensor monitors the slag-gas 
interface again with the suitable initial up-pulling moments, L' 
equals to "L+I", and the cycle continues from beginning to the 
end of the EUPIM process. 

The suitable EUPIM initial up-pulling moment should satisfy 
the following conditions: 

(1) The radial deformation of the inner mold copper plate 

does not prevent the radial shrinkage of the casting. 
(2) Both the axial and radial internal stresses of the inner mold 

copper plate are less than the tensile strength of copper plate to 

avoid cracking of the copper plate. 
(3) The axial internal stress of the inner mold copper plate 

is less than its yield strength to avoid the unrecoverable 

deformation of the copper plate. 
(4) The slag shell is strong enough, and the axial internal 

stress does not exceed the tensile strength of the slag shell. 

1.3 FEM model and analysis 
The EUPIM process was analyzed with the aid of the FEM 
method. To simplify the FEM model for numerical simulation, 
the following basic assumptions are given [4-61: 

(1) The EUPIM process is in a quasi-steady state; 
(2) The slag/metal interface is a horizontal surface; 

(3) The change of the ingot height is negligible during each 
EUPIM process; 

(4) The heat transfer in the metal basin is taken into account 

as effective thermal conductivity; 
(5) The established model is axial symmetry in the cylindrical 

coordinate system. 

The ESC initial up-pulling schematic, and the 1/16 ESC initial 
up-pulling 3D model of the ESC hollow cylindrical castings 

are shown in Fig. 1. The height of slag pool, H.iag, was about 
150 mm, and the safety margin, d, was about 10 mm. The FEM 
analysis of the initial up-pulling process was carried out with 
the thermo-elastic plastic incremental FEM model C7l no matter 

whether the up-pulling force was applied or not. 

In this study, the radial (R direction) deformation, the axial 
(Z direction or the direction of gravity) and radial internal stress 
of the inner mold copper plate, and the axial internal stress of 
the slag shell near the slag-metal interface and the base line 

(the slag-metal interface at 60 s after the starting process) were 

analyzed using the FEM method, before and after applying the 
ESC up-pulling force at 0-360 s after the starting process, which 

can help to determine the suitable initial up-pulling moments. 
From the viewpoint of heat transfer, the ESC process is 

a quasi-steady heat conduction process with a moving heat 
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Fig. 3:  Strain gauges for internal stress test

source, and the internal stress of the inner mold copper plate 
changes with temperature. The FEM internal stress analysis of 
the inner mold and the slag shell was carried out with the aid 
of "ANSYS" commercial software. By using heat, elastic and 
plastic incremental finite element models, the transient axial and 
radial internal stresses of the ESC hollow cylindrical metal basin 
model (including mold copper plate, slag shell, melt basin and 
bottom water tank) were analyzed. 

Heat conduction Eq. (1) and heat balance Eq. (2) [7,8] were 
used to calculate the temperature of each region. Equation 
(3) [7,8] shows the relationship among internal stress, elastic-
plastic matrix and elastic-plastic strain at a given temperature. 
Equations (4) and (5) show the principles of strain gauges (Fig. 3) 
for internal stress test instrument.

                   

where,  is the Hamiltonian operator, dimensionless; ρ is the 
density, kg/m3; Cp is the specific heat capacity, J/kg/K; ə is 
the derivative symbol, dimensionless; T is the temperature of 
the study particle, K; t is time, s; Keff is the effective thermal 
conductivity,W/m/K; ST is the calorific density, W/m3; q is the 
thermal power of system, qmwi, qmwo, qmb, qse, qswi, qswo, qd and qr 
are the heat exchange rates between the casting and the inner 
mold, the outer mold, the bottom water tank; the heat exchange 
rate between the slag pool and the electrode, the inner mold, 
the outer mold, the heat absorption rate of droplet, and the 
radial heat loss rate of slag pool, respectively, W.

                           d{σ}={D}ep(d{εep}-d{ε0})                         (3)

where, σ is stress, N·m-2; {D}ep is elastic-plastic matrix, which 
changes with temperature, N·m-2; εep is elastic-plastic strain, 
dimensionless; ε0 is initial strain, dimensionless.

(1)

q=qmwi+qmwo+qmb+qse+qswi+qswo+qd+qr                  (2) 

(αinner ) is 1,378 W/m2/K, between the water and the outer 
mold (αouter) is 1,368 W/m2/K, and between the water and 
the bottom water tank is 600 W/m2/K. The liquid slag, the 
once slag shell (solidified slag shell between slag pool and 
mold) and twice slag shell (solidified slag shell remelted by 
metal basin) are modified ANF-6 (70% CaF2 and 30% Al2O3). 
ProCAST software was used to calculate the specific heat, heat 
conductivity and density curve of Cu, as shown in Fig. 4, and 
the specific enthalpy, thermal conductivity and density curve 
of CF3, as shown in Fig. 5. Other parameters are listed in 
Table 2.

where σmax and σmin are the maximum and minimum principal 
stresses, Pa; ε1, ε2, ε3 are the measured strains at Gauges 1, 2, 3; 
A, B are the constants (decide on material and rosette shape of 
strain gauges); β is the angle between the measured principal 
stress and Gauge 1. The axial and the radial internal stresses 
of the inner mold at 60 s, 180 s, 300 s after the ESC starting 
process were measured.

At the different ESC initial up-pulling moments, i.e., 60-78 s 
(τ1), 180-198 s (τ2) and 300-318 s (τ3) after the ESC starting 
process, the reliability of FEM analysis on internal stress could 
be verified with the aid of strain gauges (Fig. 3).

In the simulation, the applied electric power is about 
62 V×10000 A; the remelting speed is about 1.67×10-4 m/s; the 
heat convection coefficient between the water and the inner mold 

Fig. 4:  Specific heat curve, thermal conductivity curve 
and density curve of Cu

(4)

(5)

Fig. 5: Enthalpy curve, thermal conductivity curve and 
density curve of CF3
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Fig. 7:  EUPIM temperature field at 0-360 s after the starting process but before up-pulling

180-240 s and 300-360 s before up-pulling, the temperatures 
of the intersection of the slag shell and the slag-metal interface 
are about 1,290 °C and 1,320 °C, about 20 °C and 50 °C higher 
than the melting point of slag, so the once slag shell can be 
remelted to form the twice slag shell.

Figure 8 shows that the deformation of the inner mold 
copper plate near the base line increases gradually at 0-360 
s before up-pulling. Areas I, J, K in Fig. 8 show the radial 
deformation field near the base line at different moments.

Fig. 8:  EUPIM radial deformation at 0-360 s after the starting process before up-pulling

At 60-120 s, 180-240 s and 300-360 s before up-pulling, 
the average temperature of the semi-solidified metal near the 
base line decreases from about 1,370 °C to 1,270 °C, 1,270 °C to 
1,180 °C and 1,180 °C to 1,080 °C, respectively (Fig. 7). FEM 
analysis shows that the maximum radial deformation of the 
mold is 0.7 mm, 1.0 mm and 1.3 mm, respectively, and the one 
at the base line is 0.2 mm, 0.4 mm and 0.6 mm, respectively. 
The longer the solidification time on the base line, the tighter 
between the casting and the inner mold, and the bigger the 
radial deformation of the mold on the base line (from 0.2 mm 
to 0.6 mm).

2.1.2 Internal stress analysis

Figure 9 shows the axial deformation field near the base line 
at different moments. It is found that, before applying the up-
pulling force, the maximum axial and radial internal stresses 
of the inner mold copper plate and the axial internal stress of 
the slag shell near the slag-metal interface increase gradually 
at 0-360 s after the starting process. At 60 s before up-pulling, 
both the maximum axial and radial internal stresses of the 

inner mold copper plate near the slag-metal interface are about 
2×107 Pa, which are smaller than the yield strength of copper 
plate (6×107 Pa), so the deformation of the copper plate can be 
recovered by itself rapidly. When introducing the initial up-
pulling at about 60 s after the starting process, the axial internal 
stress of the slag shell is about 1.5×107 Pa, which is greater than 
the tensile strength of the once slag shell (1×107 Pa), which will 
easily cause tearing and leakage of the once slag shell.

At 180 s before up-pulling, the maximum axial and radial 
internal stresses of the inner mold copper plate near the slag-
metal interface are about 3×107 Pa, which are also less than 
the yield strength of the copper plate, so the deformation of the 
copper plate can be recovered by itself. When introducing the 
initial up-pulling at about 180 s after the starting process, the 
axial internal stress of the slag shell is about 2.0×107 Pa, which 
is less than the axial tensile strength of the twice slag shell 
(2.5×107 Pa). It is appropriate to start the initial up-pulling.

At 300 s before up-pulling, the maximum axial and radial 
internal stresses of the inner mold copper plate near the slag-
metal interface are about 6×107 Pa, similar to the yield strength 
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of copper plate, so the deformation of copper plate cannot be 
recovered by itself. When introducing the initial up-pulling at 
about 300 s after the starting process, the axial internal stress 
of the slag shell is about 3×107 Pa, which is similar to the 
axial tensile strength of the twice slag shell. Therefore, it is 
inappropriate to carry out the initial up-pulling at this time.

Figure 10 shows the radial deformation field near the base 
line at different moments. It can be found that the maximum 
radial internal stress of the inner mold copper plate near the 

slag-metal interface shows the same changing tendency as that 
of the axial internal stress.

The test results of the axial internal stress of the inner mold 
copper plate near the slag-metal interface at 60 s, 180 s, 300 s after 
the starting process are 1.9×107 Pa, 2.8×107 Pa, and 5.7×107 Pa, 
respectively; and the radial internal stress of the inner mold copper 
plate near the slag-metal interface are 1.9×107 Pa, 2.8×107 Pa, and 
5.9×107 Pa, respectively, which proved the validity of FEM 
analysis.

Therefore, according to the results and the discussion 
mentioned above, the suitable time for the initial up-pulling 
operation can be at about 180 s after the starting process. 
At this moment, the radial deformation, the axial and radial 
internal stresses of the inner mold copper plate and the axial 
internal stress of the slag shell near the slag-metal interface 
have the same increasing and decreasing tendency.

2.2 Deformation and stress of inner mold and 
slag shell after applying up-pulling force

2.2.1 Radial deformation of inner mold copper plate

Figure 11 shows the radial deformation of the inner mold copper 
plate (S1) and the deformation at the base line (S6) at 180-198 

s after initial up-pulling. It can be seen that the maximum radial 
deformation of the inner mold copper plate near the slag-metal 
interface is about 0.3 mm and the one at the base line is about 0.2 
mm, which is decreased compared with the case of without up-
pulling force.

2.2.2 Internal stress analysis.

FEM analysis shows that at 180-198 s after up-pulling, the 
maximum axial and radial internal stresses of the inner mold 
copper plate and the maximum axial internal stress of the slag 
shell near the slag-metal interface increase gradually (Figs. 
12-13). Areas W1 and W6 in Fig. 12 show the axial internal 
stresses of the inner mold copper plate and the slag shell at the 

Fig. 10:  EUPIM radial internal stress at 0–360 s after starting process before up-pulling

Fig. 9:  EUPIM axial internal stress at 0-360 s after starting process before up-pulling
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Fig. 11:   EUPIM radial deformation at 180–198 s after up-pulling

Fig. 12:  EUPIM radial internal stress at 180–198 s after the starting process after up-pulling

Fig. 13:  EUPIM axial internal stress at 180–198 s after the starting process after up-pulling

base line for different times.
At 180-198 s after up-pulling, as shown in Fig. 12 and 

Fig. 13, both the maximum axial and radial internal stresses 
of the inner mold copper plate at the base line are 2.5×107 Pa. 
The axial internal stress of the slag shell at the base line is 
about 2.2×107 Pa. Areas X1 and X6 in Fig. 13 show the radial 

internal stresses of the inner mold copper plate and the slag 
shell at the base line for different times.

It can be seen that at 180-198 s, compared with the cases 
before up-pulling, the axial and radial internal stresses of the 
inner mold decrease, and the axial internal stress of the slag 
shell and the internal stress of the metal increase.
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