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Crater End Detection in Continuous Casting by 
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Abstract:
  The final solidification position in continuous casting 
is a very important index for productivity and product 
quality, and continuous measurement is required. An 
apparatus to measure solidification completion position 
by electromagnetic ultrasonic method was developed. 
High sensitivity electromagnetic ultrasonic sensor using 
digital signal processing and Halbach array, and calibra-
tion method using longitudinal and transverse waves of 
ultrasonic wave enabled high sensitivity and continuous 
measurement of final solidification position. As a result 
of the application to the operation improvement, the fol-
lowing effects were obtained: productivity improvement 
by the improvement of casting speed, and improvement 
of center segregation in the steel plate for pipeline.

1.	‌� Introduction

  In the continuous casting process, the final solidifi-
cation point where the solid fraction is 1.0 is also called 
the crater end (CE). Since the final solidification posi-
tion is an extremely important index from the view-
points of  both quality and productivity, there is a 
strong need for its measurement.
  Productivity can be improved by increasing the cast-
ing speed; however, if  the casting speed is excessive, sig-
nificant problems may occur when the final solidifica-
tion position passes through the continuous casting 
machine. For example, due to the ferrostatic pressure 
of  the molten steel, the slab may bulge, potentially 
requiring a plant operation stop, or causing spillage of 
the molten steel during slab cutting. Measuring the 
final solidification position makes it possible to maxi-

mize productivity while simultaneously preventing the 
final solidification position from passing through the 
continuous casting machine.
  From the perspective of  product quality, optimiza-
tion of  soft reduction based on measurement of  the 
final solidification position can contribute to reduced 
center segregation. Center segregation is a phenomenon 
in which additive elements and impurities in the molten 
steel aggregate at the center of  the slab thickness 
during solidification, leading to quality issues such as 
poor weldability and hydrogen-induced cracking (HIC) 
in final products.
  One method for reducing center segregation is soft 
reduction 1), a technique in which soft reduction corre-
sponding to the amount of  solidification shrinkage is 
applied to the slab near the final solidification point to 
prevent suction of  enriched molten steel by solidifica-
tion shrinkage. (Fig. 1). However, if  soft reduction is 
applied at an improper timing, its effect may not be 
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Fig. 1 � Outline of crater end (Final solidification point) and 
soft reduction
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achieved, or it may worsen center segregation. Thus, 
measuring the crater end position and controlling soft 
reduction to the optimum position are important for 
improving center segregation.
  As outlined below, various methods for measuring 
or estimating the final solidification position have been 
reported, but all of  these methods have issues.
  One traditional method for estimating the final 
solidification point is called the nail method. This 
method involves driving a steel nail into the slab and 
judging the solidification at the nail position based on 
the condition of  the nail 2), for example, whether the 
nail has melted. However, as drawbacks, since this is a 
destructive test, the slab measured by the nail method 
must be scrapped, and it is difficult to judge the solidi-
fication condition near the end of  solidification based 
on the condition of the nail.
  Another method for estimating the existence of the 
liquid area is based on the reaction force of the casting 
rolls 3), but it is difficult to compare the true values, and 
the noise from strain gauge signals or individual differ-
ences in the roll bearings can introduce additional 
noise.
  Trials of  measurement of  the solidified shell thick-
ness using the electromagnetic acoustic transducer 
(EMAT) technique have also been reported 4). In the 
EMAT method, the thickness of  the liquid phase is 
estimated from the difference in the sound velocity of 
longitudinal ultrasonic waves in the liquid phase and 
the solid phase 5), but the nail method or other tech-
niques must also be used to calibrate the final solidifi-
cation position. As another problem, due to the low 
sensitivity of electromagnetic acoustic waves, the sensor 
must be placed almost in contact with the slab by using 
a touch roll when performing measurements, which 
raises concern about sensor durability.
  Trials of  online measurement of  the solidification 
condition at the measurement point, which indicates 
whether solidification is completed or not, using shear 
waves generated by the EMAT method have also been 
reported 6,7). However, since these methods are based on 
the fact that shear waves do not propagate through a 
liquid phase, it is possible to determine whether solidi-
fication has been completed at the measurement posi-
tion, but it is not possible to measure the actual final 
solidification position. Therefore, multiple sensors must 
be installed in order to measure the position of  the 
final solidification point in the casting direction.
  Other examples are based on heat transfer calcula-
tion and solidification calculation, including techniques 
in which the final solidification position in continuous 
casting is calculated by heat transfer and solidification 
calculations 8,9). However, since the accuracy of the heat 
transfer coefficient and the physical property values is a 

concern, errors can occur in the calculation results. 
Moreover, in the actual operation of continuous casting 
machines, there are changes in the parameters that 
affect the results of  heat transfer calculations, such as 
the molten steel temperature and composition, and 
these changes can also cause errors.
  Therefore, the authors developed a measurement 
technique for the final solidification position (crater 
end) in continuous casting which is both continuous 
and highly accurate.

2.	‌� CE Position Measurement by Longitudinal 
and Shear Wave Hybrid Measurement 
Apparatus (CE Sensor)

  In continuous casting, the slab is moving and is at a 
high temperature. In order to measure the final solidifi-
cation position under these conditions, we focused on 
the electromagnetic acoustic transducer (EMAT) 
method, as this is a non-contact method for transmit-
ting and receiving ultrasonic waves, and improved the 
existing technology by applying the following core 
technologies:
(1) High-sensitivity EMAT method
(2) Longitudinal and shear wave hybrid EMAT sensor
(3) �Calibration method for measurement of  the final 

solidification position based on the disappearance 
of the shear wave

2.1	‌� High-Sensitivity EMAT Method

  An EMAT sensor consists of  magnets and coils. 
The magnets apply a static magnetic field to the surface 
of the measurement object, and a large, high-frequency 
current is applied to the transmitting coils, inducing an 
eddy current on the surface of  the object material 
(which is a conductor). The interaction between this 
eddy current and the static magnetic field (Lorentz 
force) causes the object material to vibrate, generating 
non-contact ultrasonic waves, which then propagate in 
the material (Fig. 2). The receiving sensor is installed 
on the opposite side of  the object and receives the 
propagated vibrations. However, due to the low sensi-

Fig. 2 � Generation of ultrasonic by electromagnetic acoustic 
transducer
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tivity of the conventional EMAT sensors, it was neces-
sary to place the receiving sensor almost in contact 
with the measurement object. For this reason, poor 
sensor durability and the difficulty of automating mea-
surements were issues.
  To achieve high sensitivity in the EMAT method, 
we applied digital signal processing techniques based 
on chirp pulse compression and synchronous averag-
ing 7,10).
  By using a waveform with a frequency change over 
time as the transmitted signal and performing a cor-
relation calculation of  the received signal waveform 
against the transmitted signal waveform, it is possible 
to extract only the received signals that have a high cor-
relation with the transmitted signals. This improves the 
signal-to-noise (S/N) ratio by removing random noise 
that has no correlation with the transmitted signals 7,10). 
In comparison with the conventional EMAT measure-
ments using burst signals, measurement sensitivity was 
improved by approximately one order of  magnitude 
(10x) by applying the chirp pulse compression method 
and synchronous averaging. A significant improvement 
in time resolution was also achieved with the pulse 
compression technique. Using the frequency sweep 
bandwidth of the chirp signal ∆f, the signal duration Tp 
after pulse compression is expressed as Tp 1/∆f, mak-
ing it possible to obtain approximately 10 times higher 
time resolution compared to a simple burst signal 
method.
  To further improve the sensitivity of  the EMAT 
method, a Halbach magnet array was applied as the 
sensor magnet array. A Halbach array is not a simple 
magnet array like that in the conventional technique; 
rather, it is a configuration in which auxiliary magnets 
with a polarity direction orthogonal to the main mag-
nets are inserted between the main magnets to concen-
trate the magnetic field to one side 11) (Fig. 3). Until 
now, this technique had generally been used in applica-
tions that utilize strong magnetic fields, such as acceler-
ators and linear motors.
  Since the sensitivity of  electromagnetic acoustic 
waves is proportional to the strength of  the applied 
static magnetic field (magnetic flux density), a strong 
magnetic field can be obtained by increasing the size of 

the magnets. However, in this development, there were 
dimensional restrictions, as it was necessary to install 
the sensor in the narrow space between the rolls of  the 
continuous casting machine (generally, the roll spacing 
is about several tens of  millimeters). Therefore, the 
magnetic field was strengthened while maintaining a 
compact magnet size by using neodymium magnets, 
which have the strongest magnetic field among magnets 
used in industrial applications, and by applying the 
aforementioned Halbach magnet array. The magnetic 
flux density at 5 mm from the magnet surface, which 
corresponds to the measurement point, was 0.54 T in 
the Halbach array. In contrast, the magnetic flux den-
sity in a simple magnet array was 0.28 T. Thus, it was 
possible to increase the magnetic flux density by about 
2 times while maintaining the same outer dimensions. 
Accompanying this improvement, the transmitted/
received signal sensitivity was also improved by about 2 
times compared to the conventional sensor.
  Sensitivity was substantially increased compared to 
the conventional EMAT method by applying digital 
signal processing and the Halbach magnet array, as 
described above. As a result, non-contact measurement 
with a liftoff  (distance between the sensor and slab) of 
5 mm was achieved.

2.2	‌� Longitudinal and Shear Wave Hybrid Sensor

  As described below, with this technique, measure-
ment and calibration are performed using longitudinal 
waves and shear waves. Thus, it was necessary to 
develop a sensor configuration capable of  generating 
both longitudinal waves and shear waves within the 
aforementioned restrictions on the sensor dimensions.
  In EMAT, longitudinal waves and shear waves are 
generated by changing the magnetic field components, 
respectively 12) (Fig. 4). Therefore, the positions of  the 
magnets and coils were selected appropriately. The 
region where the horizontal component of the magnetic 
field is dominant was used for the longitudinal waves, 
while the region where the vertical component of  the 
magnetic field is dominant was used for the shear 
waves. The coils for each wave were arranged in those 
regions. The layout (plan view) of  the magnets and 
coils is shown in Fig. 5. This arrangement made it pos-
sible to achieve a “L/S Wave Hybrid EMAT Sensor” 
which can transmit and receive longitudinal wave and 

Fig. 3  Halbach array magnet
Fig. 4 � Generation of longitudinal wave and shear wave in 

EMAT
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shear wave signals while maintaining the same sensor 
outer dimensions.
  The sensor is housed in a water-cooled jacket and is 
cooled by a circulating cooling water. In addition to 
achieving a liftoff  of  5 mm, this cooling water enables 
measurements without burning the sensor, even though 
the surface temperature of the slabs exceeds 900˚C.
  As described above, we successfully developed the 
“Longitudinal/Shear Wave Hybrid EMAT Sensor,” 
which is small enough to be installed in the roll gap of 
the continuous casting machine, can utilize longitudinal 
and shear waves, and has sufficiently high sensitivity to 
detect the crater end position.
  As the measurement system, we developed a system 
that performs switching between the longitudinal and 
shear waves, as well as signal transmission, reception 
and processing. Figure 6 shows the system configura-
tion.
  First, the chirp signal generated by the waveform 
generator is amplified to a maximum of  2 000 V by a 
high-power amplifier, and the signal is applied to the 
transmitting coil. The signal is applied to each coil, i.e., 
the longitudinal wave coil and the shear wave coil, by 
means of a switch, and the generated longitudinal and 
shear wave (ultrasonic wave) signals are propagated in 
the slab in the thickness direction. Then, the signal 
received by the receiving coil, which is installed on the 
opposite side of  the slab, is amplified by a wideband 
preamplifier with a gain of approximately 80 dB in the 
chirp signal bandwidth and is acquired by the PC after 
synchronous averaging. In the PC, chirp pulse com-
pression, which includes the correlation calculation 
with the transmitted signal, is applied to the received 
signal, and the result is recorded as the detected wave-
form. The judgment of  whether solidification is com-
plete or not is made based on the presence or absence 
of  the shear wave signal, and the final solidification 
point (crater end position) is estimated from the time 
of flight of the longitudinal wave.
  As described above, the implementation of  this 
high-sensitivity EMAT method and the measurement 

system, which includes digital signal processing, has 
made it possible to perform ultrasonic measurements 
in a completely non-contact condition with a liftoff  of  
5 mm from slabs with a surface temperature of 900˚C.

2.3	‌� Calibration Method for Crater End (CE) 
Position Measurement Using Shear Wave 
Disappearance

  In calculating the final solidification position from 
the measured ultrasonic signals, the conventional 
method alone included errors in the heat transfer calcu-
lations. This meant that other calibration methods, 
such as the nail method, were needed. Furthermore, in 
shear wave measurements, it was only possible to deter-
mine whether the center of  slab thickness at the mea-
surement point was completely solidified or an unsolid-
ified area remained, and it was not possible to 
quantitatively calculate the CE position.
  Therefore, we developed a method that enables 
highly-accurate measurement of the CE position using 
only EMAT measurements by combining 1) a method 
for calculating the CE position using the longitudinal 
wave (L-wave) and 2) a calibration method for the CE 
position using the shear wave (S-wave).
  1) ‌� CE position calculation method using L-wave
  The method for calculating the CE position from 
the time of flight (ToF) of the L-wave is as follows.
  First, the CE positions of  a certain steel grade at 
several representative casting speeds are calculated in 
advance by heat transfer calculations (  in Fig. 7). 
Next, the ToF of  the L-wave at each casting speed is 
actually measured (  symbol in Fig. 7 ). During the 
actual measurement, the casting speed is changed, and 
the ToF of  the L-wave and the signal intensity of  the 
shear wave are acquired.
  By combining these two relationships, the relation-
ship between the ToF of the L-wave and the CE posi-
tion can be expressed as an experimental formula. 
More specifically, an experimental equation is derived 
by eliminating the term for the casting speed from the 
relationship between the casting speed and the CE 

Fig. 6 � System configuration of L/S Hybrid EMAT-Crater end 
measurement systemFig. 5 � Layout of magnet and coil in “L-S wave Hybrid EMAT 

sensor”
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position, as well as the relationship between the casting 
speed and the ToF of  the L-wave (broken line plot in 
Fig. 7 ). However, care is necessary when using this 
method alone, as the calculated CE position may con-
tain errors due to inaccuracy in the heat transfer calcu-
lation.
  2) ‌� Absolute value calibration method using S-wave
  As mentioned above, since the CE position calcula-
tion method using only the L-wave may contain errors, 
calibration is necessary for practical use. Therefore, we 
developed a method for calibrating the relationship 
between the ToF of  the L-wave and the CE position 
shown in 1) above by using the S-wave.
  As noted previously, transverse waves (shear waves) 
cannot propagate through a liquid phase. First, to 
enable the detection of  the S-wave, casting is carried 
out first at a low casting speed, assuming complete 
solidification at the sensor position. Then, as the cast-
ing speed is gradually increased, the CE position will 
shift downstream in the continuous casting machine, 
eventually passing the sensor position. At a certain 
point, the S-wave will disappear and will be undetect-
able. In other words, when the S-wave disappears, the 
CE position is just under the sensor position (Fig. 8).
  A small steel ingot casting experiment was also con-
ducted in advance in the laboratory to verify whether 
the solidified and unsolidified conditions can be 
detected by using the S-wave. Molten steels with vari-
ous compositions were melted and poured into a mold, 
and temperature measurements and shear wave EMAT 
measurements were carried out while solidification of 
the molten steel progressed. The results confirmed that 

the S-wave acoustic signals could be detected when the 
central temperature decreased to below the solidus 
temperature, regardless of  the steel composition, veri-
fying that it is possible to detect and judge the solidified 
and unsolidified states from the S-wave signal.
  For practical use, the ToF of  the L-wave and the 
signal amplitude of the S-wave are acquired at various 
casting speeds (diagram  in Fig. 7). The ToF of  the 
L-wave when the S-wave disappears is referred to as the 
“Time of flight of the L-wave when the CE position is 
just under the sensor,” and the relational expression 
between the CE position and the ToF of  the L-wave 
can be calibrated (shown by the solid line plot labeled 
“Calibrated” in Fig. 7 ). Then, the CE position is cal-

Fig. 8  CE position and shear wave signal detection

Fig. 7  Concept of CE position measurement and its calibration



30� JFE TECHNICAL REPORT No. 34 (Sep. 2025)

Crater End Detection in Continuous Casting by Longitudinal and Shear Wave Hybrid Technique with High Sensitivity EMAT

culated from the measured ToF of the L-wave using the 
calibrated relational expression. For other steel grades 
with different compositions, additional experimental 
formulas will be created and calibrated by the same 
procedure.

3.	‌� Results of Actual Plant Test

  An actual plant test was carried out with two slab 
continuous casting machines at JFE Steel’s West Japan 
Works (Fukuyama District): No. 5 continuous casting 
machine (Fukuyama 5CC) and No. 6 continuous cast-
ing machine (Fukuyama 6CC). Fukuyama 5CC is a 
2-strand vertical liquid-core bending (VLB) continuous 
casting machine with a maximum slab width of 
1 700 mm and a maximum slab thickness of  260 mm, 
and mainly produces slabs for steel sheets. Fukuyama 
6CC is a single-strand VLB continuous casting 
machine with a maximum slab width of 2 100 mm and 
a maximum slab thickness of 300 mm, and mainly pro-
duces slabs for steel plates. Since both are main contin-
uous casting machines of  JFE Steel, product quality 
improvement and productivity enhancement through 
final solidification position measurement are strongly 
required.
  First, Fig. 9 shows examples of  the waveforms of 
the S-wave measurements at Fukuyama 5CC. These are 
the results of measurements under operating conditions 
in which it was known in advance whether the slab cen-
ter of  thickness was solidified or unsolidified. The 
S-wave signal could not be detected under operating 
conditions where the slab was considered to be unsolid-
ified, but it could be detected when the slab was com-
pletely solidified. The L-wave signals were detected for 
both solidified and unsolidified slabs, and their times 
of flight were different.
  Nail tests were also carried out at Fukuyama 5CC 
at various casting speeds, and the results were com-
pared with the S-wave measurement results. The trans-
verse wave ultrasonic measurements were repeated sev-
eral times at intervals of  a few minutes, and the signal 
amplitudes of  the transverse waves were acquired. In 
the nail tests, the slab cross-section was ground and 
etched to expose the nail, and the nail melting condi-
tion was observed.
  Figure 10 shows the results obtained by the respec-
tive methods. In the upper part of  Fig. 10, the S-wave 
signal amplitude steadily exceeded the noise level, and 
the condition was judged to indicate complete solidifi-
cation. Since the nail maintained its original form, it is 
considered that solidification was completed based on 
the nail observation results. In the lower part of  the fig-
ure, most of  the measured waveforms indicated com-
plete solidification, but some were considered unsolidi-

fied. These were thought to represent the condition 
immediately before complete solidification. The nail 
was slightly melted and eroded, which was also consid-
ered to indicate a condition immediately before com-
plete solidification. Thus, the results of  the S-wave 
measurements were in good agreement with the rela-
tionship of  solidification and non-solidification. Since 
the EMAT method also enables nondestructive, contin-
uous measurement even in actual continuous casting 
machines, these results confirmed the superiority of the 
developed technique.
  Figure 11 shows an example of continuous measure-
ment at Fukuyama 5CC, where the CE position was 
calculated from the amplitude of  the S-wave and the 
ToF of  the L-wave. The results of  this measurement 
confirmed that the CE position passed the sensor posi-
tion twice, accompanying an increase in the casting 
speed.
  The results of  the L-wave measurements showed a 
condition in which the CE position shifted downstream 
when the casting speed was increased, and the CE posi-
tion passed the CE sensor position. This type of  con-
tinuous, highly-accurate measurement of  the CE posi-

Fig. 9  Detected waveform on actual plant test

Fig. 10 � Comparison of crater end measurement using shear 
wave and nail method
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tion was impossible with the conventional technique.

4.	‌� Application of CE Measurement System

  As described above, if  the casting speed can be 
maximized, productivity can be improved by con-
trolling the CE position to the downstream end of the 
continuous casting machine.
  Measurement of  the CE position by this technique 
has made it possible to increase the casting speed at 
Fukuyama 5CC from the conventional upper limit of  
2.45 m/min to 2.6 m/min without issues related to the 
CE passing through the continuous casting machine. 
Increasing the casting speed also has the advantage of 
increasing the continuous-continuous casting ratio, 
which is limited by the life of  the refractory in the 
tundish. Including the effects of  other efforts not 
described in this paper, high-efficiency production at a 
maximum output of 400 000 tons/month was achieved 
in Fukuyama 5CC.
  Improvement in center segregation has also been 
achieved, as it is now possible to measure and control 
the CE position by using the developed CE sensor, 
enabling appropriate application of  soft reduction. 
Specifically, at Fukuyama 6CC, the CE position is 
measured, and the casting speed and secondary cooling 
spray pattern are controlled so as to position the CE 
within the designated range of the soft reduction zone. 
As a result, it has become possible to apply soft reduc-
tion appropriately, leading to improvement in center 
segregation. In addition, since the CE position can now 
be measured continuously and automatically, it has 
also become possible to suppress product quality fluc-
tuations caused by unavoidable operational factors.
  Slab samples taken before and after operational 
improvements using the CE sensor were evaluated to 
confirm improvement. Figure 12 shows the results 
when slab cross-sections were etched with warm hydro-
chloric acid to evaluate center segregation before and 

after operational improvement. With the conventional 
technique, center segregation occurred across almost 
the entire width of the slab, but as a result of  optimiza-
tion of soft reduction using the CE sensor, center seg-
regation was reduced and segregation lines were not 
observed.
  A quantitative evaluation was also carried out with 
an EPMA (Electron Probe Micro Analyzer), using the 
number of segregation particles as an index of segrega-
tion. Here, “segregation particle” refers to a manganese 
(Mn)-enriched spot based on the result of  the quantita-
tive evaluation with the EPMA. The degree of segrega-
tion was measured by the ratio of Mn concentration in 
the center segregation area to that in the surrounding 
area. Segregation particles were identified and counted 
as areas where the segregation degree and particle size 
exceeded certain thresholds. Figure 13 shows the mean 
and fluctuations of the number of segregation particles 
counted in the width direction before and after the use 
of the CE sensor. From Fig. 13, it can be seen that the 
number of  segregation particles has decreased, and 
fluctuations have also diminished.
  Excellent hydrogen-induced cracking (HIC) resis-
tance characteristics are required in steel plates used in 
linepipe for natural gas pipelines. Reduction of  the 

Fig. 11 � Continuous measurement of CE position and detec-
tion of CE Fig. 12 � Macro etched sample of slab for center segregation 

evaluation

Fig. 13  Distribution of segregation particles on slab samples
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number of  segregation particles contributes to 
improvement of  HIC characteristics because HIC is a 
defect in which hydrogen atoms that penetrate the steel 
are gasified at a segregation particle, resulting in crack-
ing originating from the segregation particle.
  Slabs with improved center segregation achieved by 
this technique have been adopted and shipped to pipe-
line projects in countries around the world as steel 
plates for use in natural gas pipelines 13), responding to 
global energy demand while also contributing to the 
reduction of CO 2 by expanding the use of natural gas, 
which is an energy source with low CO 2 emissions.

5.	‌� Conclusion

  A crater end (CE) position measurement technique 
using electromagnetic acoustic transducer (EMAT) 
technology was developed, with the following results.
  • �Continuous measurement of  the final solidification 

position (crater end: CE) with a liftoff  of  5 mm 
from the slab surface was achieved by the develop-
ment of  a CE position measurement sensor that 
employs a hybrid method of longitudinal and shear 
waves, along with a high sensitivity EMAT method 
utilizing digital signal processing and a Halbach 
magnet array.

  • �A CE position calculation method based on the 
time-of-flight (ToF) of the longitudinal wave and a 
calibration method utilizing the disappearance of 
the shear wave were developed.

  • �The use of  this device in continuous casting 
machine operation has made it possible to increase 
the casting speed, thereby improving productivity, 
by continuous measurement and continuous moni-
toring of the CE position. Improved center segrega-
tion was also achieved in high-grade steel plate 
materials for pipelines and other applications, as 
appropriate soft reduction conditions can now be 
applied based on measurement and control of  the 
CE position.
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