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Correlation between current and cross-sectional area 
of parallel fixed-movable dual electrodes in ESC
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Abstract: Electroslag casting with parallel fixed-movable dual electrodes is a new method for achieving better 
quality of castings in complex mold cavities. In this work, a mathematical model, y=kx2+(k+1)x, was established 
to describe the ideal correlation between the current ratio (y) and the cross-sectional area ratio (x) of the dual 
electrodes, where k is the filling ratio. Investigation was conducted on the electroslag casting process with dual 
electrodes of various cross-sectional areas, but at a constant k value. The experimental results indicated that 
the ideal correlation was obtained at the stable casting stage, and the fitting results were consistent with the 
experimental results at certain k values. The experimental findings show that better castings can be obtained 
when the current ratio is greater than 1.536 and the cross-sectional area ratio is greater than 0.5. 
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Electroslag casting (ESC) has been widely used for 
refining and solidification processes [1-4]. Traditional 

ESC methods, including electroslag one-step casting 
(ESOSC), electroslag step-by-step casting (ESBSC), 
electroslag pouring (ESP) and centrifugal electroslag 
casting (CESC), have been applied in producing special-
shaped castings, such as rotary bodies, crankshafts, and 
turbine blades [5-14]. In ESOSC, to obtain a qualified part, 
the mold cavity needs to be enlarged to increase the 
casting allowances. Then, the excessive material must be 
removed from the part by machining after casting. Thus, 
ESOSC is both time consuming and expensive. Although 
ESBSC can partly solve the related casting issues, this 
method cannot guarantee the mechanical properties and 
chemical composition of the joined parts. ESP and CESC 
cannot be widely used because these methods require 
multi-tooling cooperative operations. 

The schematic drawing of conventional ESC setup and 
different cavities is shown in Fig. 1. To solve the problem 
of manufacturing castings with complex mold cavities by 
ESC, a new ESC method using parallel fixed-movable 
dual electrodes was proposed [15]. Figure 2 shows that, 
in contrast to traditional ESC, this new method uses two 

types of electrodes: a fixed consumable electrode and a 
movable consumable electrode. The shape of the fixed 
consumable electrode is roughly the same as that of the 
mold but smaller. This electrode is fixed inside the mold 
and remains in this position during the ESC process. The 
fixed electrode can provide partial liquid in the metal 
pool, and the rest of the mold could be filled by the 
movable electrode. The combination of two electrodes 
increases the mold-filling capacity by decreasing the 
transfer distance and liquid volume in the metal pool. 
Therefore, castings with better quality can be achieved.

As a new method of ESC, parallel fixed-movable 
dual-electrode ESC needs to be further studied. In this 
work, a mathematical model was established to study 
the correlation between the current and the cross-
sectional area of the dual electrodes, and suitable ratios 
of the current and cross-sectional area were determined 
for high quality castings.

1 Experimental procedure
Figure 3 shows a schematic of a parallel fixed-movable 
dual-electrode electroslag remelting (ESR) furnace.  
The setup is simplified for plate casting for the current 
study. A fixed consumable electrode is placed and 
secured inside the mold, and a movable consumable 
electrode is fixed on the arm of the furnace. The 
technical parameters of the ESR furnace are as follows:

(1) A 3 t ingot can be cast in a water-cooled mold with 
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Fig. 2: Schematic drawing of the parallel fixed-movable 
dual-electrode ESC setup

Fig. 3: Schematic drawing of the parallel fixed-movable 
dual-electrode ESR furnace

Table 1: Dimensions of dual electrodes and mold

Experiment Mold (mm)
Fixed     

consumable   
electrode (mm)

Movable 
consumable 

electrode (mm)

No. 1 400×70×500 260×50×400 100×50×3,000

No. 2 400×70×500 240×50×400 120×50×3,000

No. 3 400×70×500 180×50×400 180×50×3,000

No. 4 400×70×500 180×50×400 180×50×3,000

No. 5 400×70×500 120×50×400 240×50×3,000

No. 6 400×70×500 100×50×400 260×50×3,000

Fig. 1: (a) Schematic drawing of conventional ESC setup; (b) different cavities

a 500 mm bottom diameter and a 600 mm top diameter.
(2) A 280 kVA AC supply is available to produce ESR ingots 

with a high-voltage terminal of 380 V, a low-voltage terminal 
ranging from 28 V to 80 V, and a maximum current of 10,000 A.

(3) The electroslag furnace is automatically controlled, that is, 
the movable consumable electrode can be driven up and down 
at a certain speed based on predetermined electrical parameters.

The current passing through the electrodes was measured 
with a rectified digital multimeter at the rate of once per 
minute by an induction coil placed around the cable.

The dimensions of the experimental electrodes and the mold 
are shown in Table 1.

Q235 bearing steel containing 0.14%-0.22% C, 0.30%-
0.65% Mn, 0.2%-0.3% Si, and 1.4%-1.5% Cr was used in this 
study. The slag used was 30% Al2O3 + 70% CaF2. The casting 
process started with 20 kg of solid slag. The arc striking agent 
was composed of 50% CaF2 and 50% TiO2. The arc voltage 
was 34 V, the current was 3,000 A, and the normal melting 
voltage and current were 60 V and 7,000 A, respectively. The 
filling ratio was 0.357.

After the fixed consumable electrode completely melted, 
the movable consumable electrode continued feeding until the 
mold cavity was filled.

2 Results and discussion
2.1 Mathematical model
The model assumes that the fixed consumable electrode is 
fixed on the mold and the movable consumable electrode 
keeps feeding to maintain the slag liquid level and keeps a 
constant distance between poles. Under the skin effect of 



 247

CHINA  FOUNDRYVo l . 1 7 N o . 3 M a y 2 0 2 0
Research & Development

Fig. 4: Drawing of casting process

∆L1 ∙ S1 +∆ L2 ∙ S2 = ∆L2 ∙ S                           (1)

∆L1 S-S2

∆L2 S1
 = (2)

I1 ∙ ρ
L1

S1
 = I2 ∙ ρ

L2

S2
(3)

I1

I2
 =

S1
2

S2 (S - S2)
(4)

(S1 + S2 ) ∙ (k + 1) = S                           (5)

Substituting Eq. (5) into (4) yields the following expression:the current and the gravity effect of the droplets, the end of 
the consumable electrode and the molten pool are parabolic 
in the ESC process. The model assumes that the end of the 
consumable electrode and the molten pool stay level.

The following definitions are made for the movable 
consumable electrode: the electrode length is L1, the cross-
sectional area is S1, the melting distance per unit time is ΔL1, 
the melting current is I1, the resistance is R1, and the current 
density is J1. Then, the following definitions are made for the 
fixed consumable electrode: the electrode length is L2, the 
cross-sectional area is S2. The melting distance per unit time 
is ΔL2, the melting current is I2, the resistance is R2, and the 
current density is J2. The electrode length change during ESC 
is shown in Fig. 4. 

According to conservation of mass, the total molten steel 
volume melted by the movable consumable electrode and 
fixed consumable electrode is equal to the solidified volume of 
molten steel in the mold:

Thus:

Substituting Eq. (2) into (3), then:

By defining the filling ratio of the electrodes as k, the following 
expression can be obtained:

(6)

(7)

(8)

I1

I2
 = k ∙ (      )2 + (k + 1) ∙ 

S1 S1

S2 S2

Let y =       and x =       , then y = kx2 + (k + 1) x

Let z =       and x =       , then z = kx + k + 1 
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2.2 Current correlations between two electrodes
The current change in the dual electrodes during the 
experiment is shown in Figs. 5a-5f. The process could be 
divided into three stages: electrode ignition, current rising and 
casting stabilization.

In the ignition stage, the movable consumable electrode was 
initially charged, beginning the electroslag casting process. 
Then, the slag material starts melting, together with the fixed 
consumable electrode being charged and melted. In the current 
rising stage, increasing the current will improve the electrode 
volatility and the melting rate. In the stabilization stage, the 

ΔL1

ΔL1 ΔL2

ΔL2
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Fig. 6: Relationship between the current ratio and the 
cross-sectional area ratio of dual electrodes

Fig. 5: Current changes in the electrodes (a-f) and current ratio changes in the dual electrodes (g-l)

(g) (h) (i)

(j) (k) (l)

sum of current through both electrodes tends to the rated 
current. Generally, fluctuations occur above or below the rated 
current.

The current ratio changes in the dual electrodes in the three 
stages are illustrated in Figs. 5g-5l. In both the ignition and the 
current rising stages, the current ratio fluctuates within a wide 
range. 

Figure 6 shows that in the stable casting stage, there is a 
quadratic relationship between the current ratio and the cross-
sectional area ratio of the dual electrodes. Let y=ax2+bx+c, 
the values of a and b are obtained by quadratic function fitting 
through the above data of six experiments, and a=0.3564, 
b=1.3578, c=0. The filling ratio set in the experiment is 0.357. 
The experimental fitting results are basically in agreement with 
the calculations from Eq. (7).

2.3 Determination of optimum casting 
parameters

Figure 7 shows the appearance of the ingots Nos. 2, 3, 4 
and 5. The surface quality is better in ingots Nos. 3, 4 and 
5. Slag ditch was found in ingot No. 2, indicating worse 
surface quality. Table 2 shows the current density ratio of 
the dual electrodes calculated by Eq. (8). In this method, 
the dual electrodes adopt a free distribution mechanism, and 
the rated total current is constant. When the filling ratio is 
kept constant, the larger the cross-sectional area of the fixed 
consumable electrode, the more molten steel needed to supply 
the mold cavity per unit time; thus, the melting speed of the 
movable consumable electrode must increase. When the cross-
sectional area ratio is 0.5, the current density ratio is 1.536. 
The actual melting rate of the movable consumable electrode  
is too low to reach the minimum value which can ensure the 
perfect solidification, so slag ditch is formed in the middle of 
the ingot near the movable consumable electrode side. When 
the current density ratio of the dual electrodes is greater than 
1.536, the ingot with better quality can be achieved.

3 Conclusion
The present study using a new ESC method with parallel fixed-
movable dual electrodes to obtain simplified plate castings. 
Experimental results reveal that this casting process principle 
is feasible and promising. The analysis of the current and 
the cross-sectional area between the dual electrodes and the 
evaluation of the melted ingots appearance provide theoretical 
guidance to achieve better quality castings in complex mold 
cavities. The ideal correlation between the current ratio (y) 
and the cross-sectional area ratio (x) of the dual electrodes 
could be mathematically described as y=kx2+(k+1)x, where k 
is the filling ratio. This ideal correlation was identified during 

y = Intercept + B1x + B2x2
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Table 2: Current density ratio of dual electrodes

Experiment Calculated ratio Actual ratio

No. 2 1+1.5k 1.536

No. 3 1+2k 1.714

No. 4 1+2k 1.714

No. 5 1+3k 2.071
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Fig. 7: Appearance of ingots
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the stable casting stage, where good agreement was found 
between the fitting and experimental results at certain k values. 
The experimental results suggested that better quality castings 
could be achieved when the current ratio was greater than 1.536 
and the cross-sectional area ratio was greater than 0.5. 
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