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Abstract  
The quality, in terms of internal soundness (defects, etc.) and macro structural features (central porosity, 

equiaxed zone, etc.), of steel billets has become of paramount importance nowadays.  By optimizing the Electro 

Magnetic Stirrer (EMS) parameters viz., its current and frequency, the result would be an increase in equiaxed 

zone area and improved internal soundness. The paper describes the attempts made to determine the best 

combination of EMS current as well as frequency to ensure good internal soundness of billets. The EMS current 

and frequency were changed to different values in the range of 300A to 350 A and 4Hz to 6Hz respectively. 

Corresponding billet samples were collected for macro structural evaluation. An Ultrasonic immersion-based C-

Scan Imaging technique was developed to scan the samples to get images of samples. Macro structural features 

revealed by ultrasonic C-Scan were analysed for determining the best combination of EMS parameters. It was 

observed that in the range under trial, % equiaxed zone and % central void area were not affected significantly 

by varying the EMS parameters. 

 
Keywords: Billet Casting, EMS Current, EMS Frequency, Ultrasonic C-scan, Columnar Zone, Equiaxed Zone, 

Central Porosity. 
 

1. Introduction 
 

With improvements in wire drawing processes, wire-drawing plants are taking continuous 

steps to increase drawing speeds. Wire drawers are thus demanding better quality steels with 

lower inclusion ratings and lower fraction of hard phases (cementite and martensite). Apart 

from going for closed casting to reduce inclusion content, billet casters are under pressure to 

reduce segregation in their products. 

 

A steel plant at Thailand has a three strand billet caster producing low carbon, high carbon 

and cold heading quality grades equipped with a Mould EMS. The high carbon billets 

produced are rolled at the plants rolling mill and sold to wire drawing customers. For the 

purpose of the study billets of a high carbon PC (pre-stressed concrete) grade steel were 

selected.  

 

2. Electro-magnetic stirring (EMS) 
 

The principle of the EMS is similar to that of an AC motor. The rotating magnetic field (B) 

produced by the stirrer penetrates across the solidified shell into the liquid steel (Figure 1). 

The liquid steel is thus rotating at a speed ‘u’ relative to the magnetic field and an electric 

current ‘j’ is induced in it. The induced current (j) and magnetic field (B) further induce an 

electromagnetic force (F) which puts the liquid metal into rotation. By controlling the EMS 

current and frequency, the force of rotation can be varied. 

 

18th World Conference on Nondestructive Testing, 16-20 April 2012, Durban, South Africa 

M
o
re

 i
n
fo

 a
b
o
u
t 

th
is

 a
rt

ic
le

: 
h
tt

p
:/

/w
w

w
.n

d
t.

n
et

/?
id

=
1
2
4
3
7



Figure 1: Schematic diagram of an EMS showing the direction of j, B, u, F inside the mould 

The primary benefits obtained with EMS have been thoroughly treated in literature [1]. 

Simply put, the purpose of EMS is to homogenize the steel melt in order to obtain a 

favourable solid structure after solidification. The benefits are : 

1. Improvement in cast structure through increased volume of equiaxed grains. 

2. Reduced degree of macro-inclusions, especially in the central portion of cross sections. 

3. Improved surface quality and 

4. Reduced shrinkage porosity. 

2.1 Effect of EMS frequency and current on stirring force

The following relationship describe the effect of EMS frequency and current on stirring force, 

F  

( ) ffBF M

2α                                            (1) 

Where, BM = magnetic flux intensity in the considered point inside the mould (in Gauss) 

             f  = Frequency of rotation of the magnetic field 

The magnetic flux intensity (BM) decreases with increasing frequency due to “skin effect” 

according to which eddy currents are more concentrated on the outer part of the conductor as 

the frequency increases. At frequency zero the force is zero and at higher frequency the force 

approaches to zero again because the term ( )fBM
2  becomes very small. In between, there is a 

specific frequency, at which the stirring force is maximum. The current of the EMS coil has a 

more direct effect on the rotational force as the magnetic flux (BM) is proportional to the 

current. 

During any metallurgical improvement obtained by EMS, a low rotational force gives 

insufficient improvements while a too high rotational force may give practically no further 

improvement. Moreover, too high rotational force may give rise to negative effects. 

Consequently, the optimum current and frequency settings are desired to be found out. 

3. Material and method 

3.1 Chemical Composition of material used 



The chemical composition of steel grade considered in the present work is shown in Table 1. 

Table 1. Chemical composition of HC Grade selected for study 

Grade 
Chemical Composition (Wt %) 

C Mn S P Si Al Cr V 

HC 
0.79-

0.82 

0.63-

0.68 

0.030 

Max. 

0.030 

Max. 

0.20-

0.25 

0.050 

Max. 

0.18-

0.22 

0.064-

0.068 

3.2 Experimental set-up 

Two sets of trials were conducted for the purpose of the study. In order to ensure 

comparability of readings, each trial was conducted across the same heat and in the two 

strands i.e., strand 1 and strand 2, simultaneously. The normal casting duration of a heat is 

around 56 minutes. EMS settings were changed at an interval of 10 minutes. At each setting, 

one sample of six inches length was cut for the study. In the first trial, the EMS current was 

kept constant at 320 amps and the frequency was varied. In the second trial the EMS 

frequency was kept constant at 4 Hz and the current was varied. The details of the trials 

conducted are given in Table 2. The settings for these trials were chosen considering that 

higher currents and lower frequencies gave higher magnetic flux values. Prior to this work, 

the billet caster used a setting of 320 A EMS current and 4 Hz EMS frequency for all the 

close casting grades. 

Table 2. Setting for samples collection 

Trial no. Heat no. Trial Sample 1 Sample 2 Sample 3

1 001069 
Constant current 320Amps 

and varying frequency 
4Hz 5Hz 6Hz 

2 001070 
Constant frequency 4Hz and 

varying current 
300Amps 320Amps 350Apms 

Each six inch long billet sample was further machine cut into two one inch samples as shown 

in Figure 2.  

Figure 2. Schematic diagram of CC billet sample collected for ultrasonic evaluation. 



Each sample was then surface ground and scanned using a computer controlled immersion 

ultrasonic C-scan  equipment. The samples were then rated with respect to central porosity 

and percentage equiaxed zone by both the methods using the methodology given in Table 3. 

Central porosity was rated based on the area fraction of the central void. Percentage equiaxed 

zone was rated based on the area fraction of the equiaxed zone.  

Table 3. Quality evaluation methodology 

Parameters Unit of measure Measurement system

Central porosity % Area of central void/ total transverse area x 100 

% Equiaxed zone % Area of equiaxed zone/total transverse area  × 100 

3.3 Equipment used 

The samples were tested in a water tank using a 2 inches diameter 5 MHz ultrasonic focused 

beam probe. The C-scan images were obtained with the help of a computer controlled 

immersion ultrasonic C-scan system.  

3.4 Ultrasonic immersion C-scan imaging technique 

During the continuous casting process, due to the differential cooling from the outside surface 

to the inside, the grain structure is expected to take the distribution as represented by the 

classic schematic shown in Figure 3 (a). Here, the chill zone (A) is found on the outer most 

layer that is in contact with the mould. The anisotropic columnar grain structure (B) is found 

below the chill zone. The inside regions are found to be equiaxed (C).  At the centre, owing 

to the metal shrinkage, central void (D) is found. The relative areas of these zones will 

depend on various casting process parameters. Ultrasonic technique was applied to evaluate 

the above mentioned zones of the billet samples. This method revealed the four different 

regions in the samples, chilled zone, columnar zone, equiaxed zone and central void, in 

different gray / colour scale Figure 3 (b). 

Ultrasonic C-scan can image five different intermediate layers of billet samples and plot the 

results in two dimensions. Therefore, all the internal defects appear as well giving an 

advantage over normal macro-etching where only the top etched layer of the sample can be 

inspected. One major advantage of ultrasonic C-scan over A-scan is that classification of 

different kinds of defects is possible by imaging of the defects by this method.  

(a) (b) 



Figure 3. Macro-structure of a continuous cast billet sample (a) Schematic diagram; (b) Image 

revealed by Ultrasonic C-Scan 

A series of C-scan tests (24 nos.) were carried out with varying parameter settings. The 

instrument variables for these tests were as follows :  

� PRF    : 100 Hz 

� Gain    : 40 dB  

� Energy    : 50 uj 

� Damping    : 100 ohms 

� Voltage output (amplitude)  : + 3 to - 3 and  

� Resolution    : 0.2 mm x 0.2 mm 

Grey scale was used to evaluate and analyze the results obtained from the gated area. 

Referring to ultrasonic C-scan images, and based on a grey scale that depicts attenuated 

signals darker, one may see clear identification of different macro structures by the darker 

areas. Although not very sharp, each and every one of the areas is reproduced with a certain 

degree of dimensional accuracy. However, the boundary of each defect is not well defined. 

Top and bottom surfaces as well as three intermediate layers of each billet sample were 

scanned at an interval of around 7 mm in the ultrasonic C-scanner. The two dimensional 

image obtained from the C-scanner distinguished different macro structural regions such as 

equiaxed, columnar and chilled zones, and casting defects, if any.  

4. Results and discussion 

4.1 Optimization of EMS frequency 

Figures 4 (a), (b) and (c) show the ultrasonic C-Scan images of transverse section of CC billet 

sample of HC Grade cast at strand 1 at EMS current 320 A and EMS frequency 4 Hz, 5 Hz 

and 6 Hz respectively whereas the C-scan images of transverse section of CC billet sample of 

HC Grade cast at strand 2 at EMS current 320 A and EMS frequency 4 Hz, 5 Hz and 6 Hz 

respectively have been illustrated in Figures 5 (a), (b) and (c). Figures 6 (a) and (b) show the 

effect of EMS current on the % equiaxed zone and % area of central void of total area of 

billet samples cast at strand 1 respectively whereas Figures 7 (a) and (b) show the effect of 

EMS frequency on the % equiaxed zone and % area of central void of total area of billet 

samples cast at strand 2 respectively. The results have been tabulated in Table 4. 

Central void (D)

Equiaxed grains (C) 

Columnar grains 

(B) Chilled Zone (A) 



(a) (b) 

(c) 

Figure 4 : Ultrasonic C-Scan image of transverse section of CC billet sample cast in strand 1 

at EMS current 320 A and (a) Frequency 4 Hz; (b) Frequency 5 Hz; (c) Frequency 6 Hz 

(a) (b) 

(c) 

Figure 5. Ultrasonic C-Scan image of transverse section of CC billet sample cast in strand 2 

at EMS current 320 A and (a) Frequency 4 Hz; (b) Frequency 5 Hz; (c) Frequency 6 Hz 
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Figure 6. Effect of EMS frequencies (at current 320 A) on (a) % equiaxed zone, and (b) % 

area of central void of total area of billet samples cast at strand 1. 
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Figure 7. Effect of EMS frequencies (at current 320 A) on (a) % equiaxed zone, and (b) % 

area of central void of total area of billet samples cast at strand 2. 

Table 4. % Equiaxed zone and % central void measured in CC billets samples cast in 

strand 1 and strand 2 at EMS current 320 A at EMS frequency 4, 5 and 6 Hz 

EMS 

Current 

EMS 

Freq.  

% Equiaxed zone % Central void 

Strand 1 Strand 2 Strand 1 Strand 2

* S1 S2 S1 S2 S1 S2 S1 S2 

320A 4Hz 50.78 51.36 45.01 50.35 0.5 0.6 0.1 0.12 

320A 5Hz 49.88 49.12 49.09 47.38 0.6 0.4 3.03 0.21 

320A 6Hz 50.42 54.31 47.35 46.03 0.68 0.61 0.12 0.32

* S = sample no. 

It is found, from the above mentioned figures and table, that the % equiaxed zone is quite 

significant and consistent at EMS frequency 4 Hz and it do not increases significantly with 

the increase in EMS frequency. The % area of central void in the billet samples, with respect 

to the total area of billet section, also does not change considerably with increase in EMS 

frequency. Therefore, EMS frequency was not raised further and considered optimum as 4 

Hz.  



4.2 Optimization of EMS current 

Figures 8 (a) and (b) show the ultrasonic C-Scan images of transverse section of CC billet 

sample of HC Grade cast at strand 1 at EMS frequency 4 Hz and EMS current 300 and 350 A 

respectively whereas the C-scan images of transverse section of CC billet sample of same 

grade cast at strand 2 at EMS frequency 4 Hz and EMS current 300 and 350 A respectively 

have been illustrated in Figures 9 (a) and (b). Figure 10 (a) and (b) show the effect of EMS 

current on the % equiaxed zone and % area of central void of total area of billet samples cast 

at strand 1 respectively whereas Figures 11 (a) and (b) show the effect of EMS current on the 

% equiaxed zone and % area of central void of total area of billet samples cast at strand 2 

respectively. The results have been tabulated in Table 5. 

(a) (b) 

Figure 8. Ultrasonic C-Scan image of transverse section of CC billet sample cast in strand 1

at EMS frequency 4 Hz and (a) Current 300 A; (b) Current 350 A 

(a) (b) 

Figure 9. Ultrasonic C-Scan image of transverse section of CC billet sample cast in strand 2 

at EMS frequency 4 Hz and (a) Current 300 A; (b) Current 350 A 
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Figure 10. Effect of EMS Current (at frequency 4 Hz) on (a) % equiaxed zone, and (b) % 

area of central void of total area of billet samples cast at strand 1. 
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Figure 11. Effect of EMS Current (at frequency 4 Hz) on (a) % equiaxed zone, and (b) % 

area of central void of total area of billet samples cast at strand 2. 

Table 5. % Equiaxed zone and % central void measured in CC billets samples cast in 

strand 1 and strand 2 at EMS frequency 4 Hz at EMS current 300, 320 and 350 A. 

EMS 

Current 

EMS 

Freq.  

% Equiaxed zone %  Central void, Sample

Strand 1 Strand 2 Strand 1 Strand 2

S1 S2 S1 S2 S1 S2 S1 S2 

300A 4Hz 49.59 51.08 45.77 48.27 0.91 0.42 0.32 0.47 

350A 4Hz 51.72 50.76 46.53 50.03 1.59 0.64 0.05 0.14

It can be observed, from the above mentioned figures and table, that the % of equiaxed zone 

is significant as well as consistent at EMS current 320 A (existing practice) and it does not 

increases significantly with the further increase in EMS current. The % area of central void in 

the billet samples, with respect to the total area of billet section, also does not change 

considerably with further increase in EMS current. Therefore, EMS current was not increased 

further and considered optimum as 320 A.  

5. Conclusion 

It is important to control the EMS motion within the meniscus and bulk regions of the casting 

to achieve the desired product quality and operating flexibility.  The stirring of molten steel 



by EMS is effective to improve the homogeneity of the cast, which solidifies with enough 

amounts of equiaxed crystals. Based on the experiments and analysis it was concluded that 

• Magnetic flux density (Gauss) inside the mould increased with increasing EMS 

current and decreasing frequency.  

• The change in EMS frequency from 4 Hz to 6 Hz, with varying EMS current 300 A to 

350 A did not resulted in further improvement in billet quality.  

• The current setting of EMS i.e. 4 Hz frequency and 320 A current is the optimum 

setting to get good quality of CC billets.  

• The qualitative as well as quantitative evaluation of central void and 

columnar/equiaxed zone in the continuously cast billets was possible using ultrasonic 

immersion C-Scan imaging technique.   
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