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Abstract
Nondestructive testing (NDT) and signal processing were used to detect, locate and define surface and internal defects in
unidirectionally solidified laboratory ingots. These defects included cracks, voids, coarse non-metallic inclusions and heavy chemical
and microstructural segregation. Many NDT techniques have been developed and used to assess the presence of these defects. The
factors responsible for these defects are often related to mechanical, thermal, or transformation stresses during the solidification
process of continuously cast steels. The high thermal stresses result from the difference expansion or contraction behavior caused
by the frequency of the temperature fluctuation during solidification. In order to study the effect of these temperature fluctuations
to the defects, a specially designed copper chill mold that simulates the solidification rate of continuously cast slabs was designed.
In addition, a NDT-UT system was applied to localize and describe the presence of defects caused by thermal or transformation
stresses. Furthermore, the signal processing analysis was used to characterize the changes in microstructure and hardness. The
results of those studies are presented and discussed.
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Introduction
Advanced high strength steels (AHSS) are a special class
of steels used in the fabrication of safety critical components
used in the automotive industry. The success of producing these
components starts with the quality of the continuously cast slab.
The presence of severe internal defects during solidification could
cost significant yield losses. Their prevention entails one of the
most important challenges in the development of modern high
strength steels. The reduction or elimination of severe slab cracking
has been the focus of large number of studies [1-5]. A number of
studies [2-9]. have shown that thermal or transformation stresses
during the solidification of the slab are perhaps one of the most
important cause of internal cracking. Several methods for analyzing
this problem have been presented in the literature. For example,

Won et al. [5]. used a two-dimensional coupled thermo-elastoplastic finite element model and analyzed the crack susceptibility
during steel slab solidification. Li and Thomas [6]. used a thermal
resistance model to deal with the heat transfer coefficient between
the shell and the cooling water in the mold. Lei et al. [7]. set up
a 2D transient thermo-mechanically coupled FEM to calculate the
temperature and stress distribution in a chamfered mold. Gur and
Tekkaya [8].

combined thermal analysis and microstructural analysis with
small strain elastic-plastic analysis to predict the temperature
distribution, the progress of phase transformation, the evolution
of internal stresses and residual stresses during quenching for
axisymmetric steel components. Kristiansson [9]. presented a finite
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element model in which a strip of elements was used to model a
slice of the casting. Boundary conditions were imposed restricting
axial displacements to be equal above and below the slice. Internal
defects in continuously cast slabs can have a strong effect on the
performance of the steel during thermo-mechanical processing.
Therefore, attempts to find a suitable method to identify, quantify
and characterize the defects have been the subject of many
studies. The use of NDT (Non-destructive Testing) technique such
as ultrasonic signal testing is practical and efficient method for
examining bulk material in different applications, especially in the
case of relatively thick slab castings. The work conducted in this
paper attempted to study the effect of temperature fluctuations
on the formation of internal defects during the unidirectional
solidification of an experimental steel. In order to conduct this
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study an experimental Cu-chill mold was developed and built. To
aid in the analysis of the experimental unidirectional solidified
steel ingot, a NDT-UT system was used to localize and describe the
presence of defects caused by thermal or transformation stresses.

Experimental Procedure

Figure 1 is the schematic diagram of the designed unidirectional
experimental device (Cu-chill mold). The copper plate and the steel
plate are joined together and the channel was machined on the
copper plate for the circulation of cooling water. Insulating bricks
were used to prevent the loss of heat on the mold narrow sides
during solidification process. After the completion of the pouring,
the ingot will be ready for NDT-UT scanning when it is cooled
sufficiently.

Figure 1: Copper Chill Mold.

Non-Destructive Testing

Figure 2: Function of Sensor Detecting Defects in the Test Sample.
In ultrasonic NDT test techniques, ultrasonic signal waves
are emitted from a sensor made up of a transducer, which are
mainly piezoelectric, and a receiver. Parts of the emitted waves
are reflected off the samples by surfaces of anomalies to the

transducer or other electronic receivers and other portions of
waves are scattered and damped into the structure. The schematic
view of the ultrasonic mechanism can be seen in Figure 2. In this
experimental research work, ultrasonic NDT was used to detect and
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locate internal defects on the test ingot which was obtained from
the Cu-chill mold unidirectional solidification experiment (Figure
3). shows the preparation of the sample and scanning process. The
hot top of the sample was cut off before testing and final size of
the sample is 89mm(thickness)×198mm(width)×235mm(length)
(Figure 4). is the general result of NDT-UT testing. Area 0 (A0) is the
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hole formed by thermocouple of temperature measurement during
the solidification experiment. Area 2 (A2) is the central shrinkage
defect during solidification process. Area 1 (A1) was analyzed in
detail using a technology called “gating” for accurate capture and
display of the specific location of defects in the test ingot.

Figure 3: Sample Preparation for ut Scanning.

Figure 4: Result of ut Scanning.

Signal Processing Characteristics

Figure 5: Illustration Of “Gating” Technology.
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As the thickness of the test sample increases, there is a
possibility of interference between returned waves from a point
within the sample to the sensor’s receiver and waves reflected from
odd angles of other anomalies located in other points in the test
ingot. These interactions of sound wave could result in resonance
phenomena, amplifying the reflected waves, and increasing the
error in the image analysis data. To minimize these errors, the
control software was set to generate imaginary sections, “gates”,
through the thickness by arranging a decibel range filter through
the thickness of the test ingot. The data captured for each point
by the receiver is collected for the total thickness of the gate. The
number of gates used in the ultrasonic test depends on the material
geometry and its thickness. The accuracy of the testing increases
in direct relationship with the number of gates. To avoid losing
any information of defects through entire thickness of the slab, an
overlap range between adjacent gates was considered (Figure 5). is
the scanning result used the “gate” in the ultrasonic testing.
It can be seen from this figure that the location of defects is easy
and accurate to locate after scanned by using the “gate” technology.
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The crack in Figure 6. shows a length of about 6.5mm. This figure
clearly shows films of pro-eutectoid ferrite are decorating the prior
austenite columnar grains. SEM-EDS analysis of the inclusions near
the crack revealed that the inclusions are composite non-metallic
inclusions of alumina and manganese sulfide. In the functional
process of subsequent development of NDT signal characterization
technology, NDT has been successfully applied to characterize
the change of microstructures for our test steel (Figure7). shows
the microstructures and hardness corresponding to different
signal response in terms of Peak Amplitude (dB). In summary, by
combining the UT scanning results, a better understanding of the
formation of the crack observed and shown in Figure 6. can be
explained as follows: During the cooling process, heat is transferred
from inside to the surfaces of the steel ingot by conduction. Cooling
of the ingot generates a thermal stress distribution around the
region of the steel matrix containing inclusions. Different cooling
rates will produce different thermal stress values and distributions
specially at the grain boundary containing films of pro-eutectoid
ferrite and inclusions.

Figure 6: Result of Microstructural Analysis in a1.

Figure 7: Microstructures and Hardness Corresponding to Different Signal Response.
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This can affect the interaction of the inclusion and the matrix
during the cooling process because of their differences in material
(elastic and plastic) properties, especially thermal conductivity
and thermal expansion coefficient. With fast cooling rate during
solidification experiment, this condition modifies the thermal stress
distribution in the region with inclusions compared to one without
any inclusions or with different inclusion type and volume fraction,
as well as, thermal stress concentration around those inclusions.
In the case of the increasing thermal stress concentration or large
volume shrinkage, cracks will be generated along the boundary
between inclusions and steel matrix [10,11]. Different heat
treatments used to produce a variety of microstructures were
also subjected to NDT signal processing. Each microstructure
has a “finger print” that is easily identified by the proper signal
processing. The signal response and hardness is shown in Figure 7.

Conclusion

In this work, a NDT-UT system was used to localize and describe
the presence of defects caused by thermal or transformation stresses.
To minimize these errors and make the location of defects become
easy and more accurate to locate, the control software was set to
generate imaginary sections through the thickness by arranging
a decibel range filter through the thickness of test ingot using the
“gating” technology. During the cooling process, heat is transferred
from inside to the surfaces of the steel ingot by conduction. Cooling
of the ingot generates a thermal stress distribution around the
region of the steel matrix containing inclusions. Different cooling
rates will produce different thermal stress values and distributions.
The presence of increasing thermal stress concentration at the hard
inclusion- steel matrix interface is the source of the void and cracks
at the interface region. In the functional process of subsequent
development of NDT signal characterization technology, it has been

successfully applied to characterize the change of microstructures
and hardness for the test steel in terms of peak amplitude.
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