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Abstract

Dissimilar metal welding that is the joining of two different metals which would not be welded together has been used in
nuclear power plants so that the probability of occurrence of cracks that can cause serious accidents is high. Therefore, it
is necessary to diagnose and investigate structures with dissimilar metal welds through nondestructive testing techniques.
Among them, nondestructive evaluation techniques using phased array ultrasonic waves have been widely used and studied.
However, transmitted ultrasound into dissimilar metal welds is split, skewed and distorted due to course grained anisotropy
and inhomogeneity. Therefore, there are many limitations in tests using the conventional phased array ultrasonic technique.
In this study, the phased array ultrasonic focusing methods such as phase matching method, adaptive focusing method and
time reversal method were applied to the nondestructive ultrasonic testing of dissimilar metal welds for detecting internal
cracks, and the performance and efficiency of each technique were compared through numerical simulations and experiments.

Keywords Dissimilar metal welds - Focusing ultrasound - Phased array ultrasonic testing

List of Symbols S Diagonal positive semi-definite matrix
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part. PWSCC can be seen as a major factor hindering the
integrity estimation of the main equipment in the nuclear
power plant, as it can lead to a fatal serious accident where
the primary cooling water of the nuclear power plant is
leaked.

Accordingly, in recent years, the development of non-
destructive evaluation techniques capable of detecting and
evaluating cracks existing in dissimilar metal welds in
nuclear power plants is becoming more important as it is
related to the safety of nuclear reactors and the development
of technologies for precise diagnosis of cracks has been car-
ried out. Among them, phased array ultrasonic techniques
[2—4] have been mainly used for nondestructive diagnosis
of dissimilar metal welds [5]. However, due to the phenom-
enon of the ultrasonic beam skewing and distortion caused
by geometric boundary conditions of coarse grain compo-
nents and anisotropic and inhomogeneous structures, it is
not easy to detect and verify the cracks in dissimilar metal
welds in case of phased array ultrasonic inspection using
conventional techniques [6]. Therefore, it is necessary to
develop theoretical studies and signal processing techniques
for the phenomenon of ultrasonic distortion in DMWs and
improve the detectability of the cracks for accurate inspec-
tion of DMWs. For this purpose, numerous studies have
developed techniques for improving the flaw detectability.
Kim et al. [7] investigated and compared the performance
of ultrasonic focusing techniques using the DMW model
with modified Ogilvy’s model [8, 9]. However, this study is
limited to being performed only by numerical simulation.

In this study, the development of techniques for effec-
tively focusing ultrasonic beams on internal cracks and ana-
lyzing received signals reflected from the cracks has been
conducted to improve the detection capability of cracks
existing in dissimilar metal welds. Numerical simulations
and experiments of test specimens with dissimilar metal
welded parts and a standard crack were carried out to ana-
lyze the phased array ultrasonic propagation characteristics
of the cracks in the dissimilar metal welds and compare the
phased array ultrasonic focusing performances by ultrasonic
focusing technique.

2 Theory

In order to focus ultrasonic waves using phased array trans-
ducers, time delays should be applied to each element in
the array. In this study, for improvement of the probability
to detect cracks in DMWs, the performances of three tech-
niques to focus the ultrasound transmitted from each element
of the phased array transducer to the focal point were com-
pared; phase matching method, adaptive focusing method,
and time reversal method-DORT.
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2.1 Phase Matching Method

Phase matching method (PMM) is a method of applying
time delays to each element of a phased array ultrasonic
transducer so that each emitted ultrasonic beam is focused
at the focal position through constructive interference. This
method is a standard method for phased array inspection and
one of the conventional techniques for focusing ultrasound
using phased array ultrasonic transducer. To determine the
time delays for each element using PMM, the propagation
distance of ultrasonic waves for each individual element to
the focal point and the time delays for phase matching at the
focus should be calculated. Figure 1 shows the geometry of
the linear phased array for ultrasonic focusing. For ultrasonic
focusing on an isotropic homogeneous elastic material using
a linear phased array transducer, time delays for any number
of elements can be derived as [10]:
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This technique can usually be used to calculate the time
delay. However, because the phase matching method uses
theoretical calculations to obtain time delays, the point
at which the calculation is applied and the point at which
the ultrasound is actually focused may be different in case
of focusing ultrasound on anisotropic inhomogeneous
materials.
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Fig.1 Scheme of a linear phased array for ultrasonic focusing
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2.2 Adaptive Focusing Method

Adaptive focusing method (AFM) is a method of focusing
ultrasonic waves by calculating new time delays using the
signals obtained through PMM. The time difference between
acquired signals can be calculated by applying cross-correla-
tion to A-scan data reflected on the crack after the ultrasonic
waves are transmitted using the PMM. The obtained time dif-
ferences can be used as new time delays to focus ultrasound
at the desired point. The cross-correlation function can be
expressed as [11]:

N t
At, =) max{ DS, =)8,(1) } )
n= 0

1

In order to calculate time delays from each cross-correlation
function, the received signals must be optimally aligned for
calculating the cross-correlation between each received sig-
nals. Therefore, the time differences between the data can be
obtained by substituting A-scan data for each element in S,
and §,, of the cross-correlation function. Unlike PMM, AFM
computes time delays based on received ultrasonic signals, so
it has an excellent focusing performance for anisotropic inho-
mogeneous materials because the propagation characteristics
of ultrasonic waves are reflected physical information of the
object. Therefore, in cases where ultrasonic waves are trans-
mitted in anisotropic and anisotropic material, this method can
be expected to have better focusing performance.

2.3 Time Reversal Method: DORT

Time reversal method (TRM) is a time delay estimation
method that calculates the time delays by received signals for
all possible transmit-receive combinations of the given phased
array ultrasonic transducer. The implementation of this process
using matrices and vectors is called DORT (Decomposition
of the time reversal operator, from the French decomposi-
tion ‘de 'operateur de retournement temporel’) [12, 13]. For
TRM-DORT, acquired inter-element waveforms reflected from
cracks are measured by the process of transmitting one ele-
ment among the array transducer and receiving the reflection
signals of all the elements individually. Then, a transfer matrix
is obtained by converting from time-domain to frequency-
domain through Fourier transform. The time reversal opera-
tor is calculated using the selected center frequency and the
eigenvalue and eigenvector values of acquired inter-element
waveforms are obtained through singular value decomposition
(SVD) of the transfer matrix. The SVD of the transfer matrix
K(w) can be represented as [13]:

K(w) = US'V. (3
The number of relatively high eigenvalues is equal to
the number of received signals reflected by well-resolved

scatterers. The corresponding eigenvector has the informa-
tion of phase and amplitude that should be applied to calcu-
late time delays for focusing the ultrasonic waves at the loca-
tion of the best-resolved scatterer. Therefore, TRM-DORT is
also suitable for detecting cracks by focusing ultrasound in
an anisotropic inhomogeneous structure like dissimilar metal
welds, because it calculates time delays using information
of the object.

3 Simulated and Experimental Results
3.1 Experimental Setup

To compare the performance of three ultrasonic focusing
techniques for phased array ultrasonic inspection of dissimi-
lar metal welds, a dissimilar metal weld specimen with a
welded region and a buttering made of Inconel 182 was fab-
ricated as shown in Fig. 2. The dimension of the specimen
is 300 mm length, 70 mm width, and 23 mm height. A flat
bottom hole (FBH) with a diameter of 3 mm and an electri-
cal discharge machining (EDM) notch with dimensions of
0.5 mm X5 mm X 5 mm were machined at the weld interface
in the welded part of the specimen so that ultrasonic signals
reflected from the cracks inside the welded part of the dis-
similar metal could be analyzed.

In this experiment, 32 channels linear ultrasonic trans-
ducer with frequency of 2.25 MHz was used. The pitch of
the phased array transducer was 0.75 mm. Experiments
were performed by transmitting ultrasonic waves from the
top surface of the test piece, that is, from the opposite side of
the bottom surface where the crack was machined. Figure 3
shows the experimental setup using a phased array ultrasonic
transducer.

3.2 FEM Simulations for FBH

For comparison with the experimental results, FEM sim-
ulations for inspection of cracks were performed using a

Buttering -

Carbon Steel S‘t'ari‘nlesis Stéel

Fig.2 Photo of the dissimilar metal weld specimen with artificial
cracks
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Fig.3 Photo of inspection setup using phased array ultrasonic trans-
ducer for dissimilar metal welds

dissimilar metal weld model with the same structure. The
calculation was carried out using NDT simulation software,
CIVA UT. Ogilvy’s model [14—18] was applied to model the
grain orientation of dissimilar metal welds. The structure of
the dissimilar metal welds was assumed to be symmetrical to
the left and right. Distance from the global coordinate origin
to the sloping bounding plane and angle of the sloping edge
were determined by measuring the actual dimensions of the
specimen. Tangent of the grain axes at the sloping edge and
parameter for determining how fast the grain orientation falls
with an increase in y were assumed to be 0.4 and 0.75. Elas-
tic constants and density for this model were applied as input
parameters and orthorhombic stiffness matrix was applied
as austenitic grains are usually regarded as orthotropic. So,
the orthorhombic stiffness matrices of Inconel 182 [19, 20]
and austenitic weld metal [7] have been used. The attenu-
ation for welding and buttering was assumed to be 0.5 dB/
mm and 0.9 dB/mm, with reference to the attenuation curve
[21] based on the experimental results for 2.25 MHz. Fig-
ure 4 shows the simulation setup for ultrasonic propagation
to detect FBH in DMW.

In order to analyze the received signals according to the
characteristics of the dissimilar metal welds, the ultrasonic
propagation distances to the focal point from the individ-
ual elements were calculated and the time delays for phase
matching at the focus in the homogeneous metal model
with the same flat bottom were obtained. The obtained
time delays were equally applied to the homogeneous metal
model, isotropic dissimilar metal weld, and anisotropic dis-
similar metal weld, each with the same crack. The phased
array ultrasonic transducer constructed in the simulation was
attached to the surface of the specimen and scanned hori-
zontally, and received ultrasonic signals were analyzed for
B-scan images. Figure 5 shows the results of the 2D imaging
through the simulation for each of the specimen models.
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Fig.4 Simulation setup and modeling for ultrasonic beam propaga-
tion in DMW

Due to the complexity of grain orientation in the dissimi-
lar metal weldment model, it can be seen that the informa-
tion of the crack in the anisotropic dissimilar metal weld is
likely to be different from the actual crack position and the
image of the object owing to beam skewing and distortion
during ultrasonic beam propagation. So, the signal-noise
ratio (SNR) for detection of cracks in anisotropic structures
is expected to be low by beam distortion and skewing in
anisotropic structure. Therefore, it is necessary to improve
the crack detection performance by applying other phased
array ultrasonic focusing methods for focusing ultrasonic
waves in anisotropic structure.

In addition, to analyze the effect of each technique on
the detection of cracks in dissimilar metal welds, simula-
tions were conducted using each technique to collect signals
reflected by cracks in the anisotropic dissimilar metal weld-
ing model. Since the experiments were performed in the
same manner as the setup of these simulations, the perfor-
mances of the focusing methods can be compared and ana-
lyzed through both results. Figure 6 shows the time delays
for focusing ultrasonic waves at the top center of the flat
bottom hole by each focusing technique. Figure 7 shows the

Fig.5 B-scan images of the flat bottom hole embedded specimen; a
the scanning image of the homogeneous metal model, b the scanning
image of the isotropic dissimilar metal weld model, and ¢ the scan-
ning image of the anisotropic dissimilar metal weld model
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Fig.6 Time delays calculated by each ultrasonic focusing method
through numerical simulations on vertical incidence to FBH
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Fig.7 The sum of A-scan signals received at all array elements by
each ultrasonic focusing method through numerical simulations on
vertical incidence to flat bottom hole

sum of received A-scan signals obtained by focusing the
phased array ultrasonic waves to the top of the FBH using
each focusing method.

The reflected waves from the crack using phase match-
ing method was low because of beam distortion and skew-
ing during the ultrasonic beam propagation. Otherwise, the
reflected beams from crack using adaptive focusing method
and time reversal method were stronger than the reflected
beam using phase matching method and the beam distortion
and skewing was noticeably decreased. And, the positions
of the crack obtained by AFM and TRM-DORT were also
closer to the actual position of the crack in the DMW model.

Table 1 shows the comparison of each peak-to-peak and
each time-of-flight that was calculated through the mid-point

Table 1 Comparison of peaks-to-peak and times-of-flight obtained by
simulations on vertical incidence to FBH

Focusing method Peak-to-peak Time-
of-flight
(us)
PMM 0.244 7.15
AFM 1.000 7.30
TRM-DORT 0.934 7.29
Crack Signal Bottom Signal
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Fig.8 A-scan received on one element using the phase matching
method for FBH in dissimilar metal weld specimen

between the maximum and minimum amplitude of the sum
of A-scan signals obtained through simulations performed
on each technique.

3.3 Experiments for FBH

Phased array ultrasonic focusing experiments using test
specimen were performed. Since the time delays for PMM
were obtained by calculation using Eq. (1), the values for
the experiment were the same as the values applied for the
simulation using PMM. In this way, experiments using PMM
were performed. One of the received signals using PMM is
shown in Fig. 8 and the signals by FBH and bottom surface
are confirmed.

All signals obtained from each element through PMM are
shown in Fig. 9a. And, the cross-correlation between these
signals was calculated using Eq. (2) and aligned for AFM as
shown in Fig. 9b. Using the time difference obtained through
the cross-correlation function, the time delays for AFM were
calculated and applied.

And, the time reversal operator was constructed by
repeating the process of receiving the signal received by
all the elements from the ultrasonic wave emitted from one
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Fig.9 A-scan data by phase matching method for FBH in dissimilar
metal weld specimen; a received signals, and b aligned signals

element and repeating it for all the elements. Using the Fou-
rier transform, the transfer matrix and time reversal operator
were obtained. Through the calculated time reversal opera-
tor, the eigenvalues and eigenvectors that contain informa-
tion about the crack in DMW specimen were calculated.
And, the time delays were obtained through the eigenvector.
Figure 10 shows the eigenvalues obtained by calculating the
time reversal operator.

In addition to the eigenvalues of the crack, eigenvalues
of the noise by scattering owing to the coarsened crystal
grains and anisotropic materials of dissimilar metal weld
were also calculated. However, as one eigenvalue has a very
high value, it can be seen that there is only one scatterer in
this specimen.
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Fig. 10 Calculated eigenvalues for dissimilar metal weld specimen

Through these processes, the performance of each phased
array ultrasonic focusing techniques has been verified. Fig-
ure 11 shows the time delays obtained using three focusing
methods. Figure 12 shows the comparison of the sum of
received A-scan signals obtained by using three different
focusing techniques.

By the application of the time delays determined by the
adaptive focusing method and time reversal method, the sig-
nal amplitude were higher than that by the phase matching
method. When the time delay is determined by the adaptive
focusing method, the signal amplitude is the highest; 68.35%
higher than that by the phase matching method. With the
time reversal method, the amplitude is 58.23% higher than
that obtained by the phase matching method. And, the posi-
tion of the crack obtained through PMM was confirmed to
be farther than the actual position of crack, but the positions
obtained through AFM and TRM-DORT were similar to
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Fig. 11 Time delays calculated by each ultrasonic focusing method
through experiments on vertical incidence to flat bottom hole
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Fig. 12 The sum of A-scan signals received at all array elements by
each ultrasonic focusing method through experiments on vertical inci-
dence to flat bottom hole

the top position of the flat bottom hole. Therefore, adaptive
focusing method and time reversal method enhanced the
amplitudes of crack signals effectively compared to phase
matching method. Peaks-to-peak and times-of-flight to the
crack in the DMW specimen, obtained through experiments,
are shown in Table 2.

Compared with the results obtained by simulations, the
amplitude was relatively low and the location of crack was
different from the actual position using PMM. However,
when AFM and TRM-DORT were used, the amplitudes
were increased and the times-of-flight converged close to
the time value of returning from the reflection at the actual
position.

3.4 FEM Simulation for EDM Notch

Receiving and analyzing reflected ultrasonic signals at the
top of the flat bottom hole is suitable for evaluating the per-
formance of the three phased array ultrasonic focusing tech-
niques. However, since the FBH differs from the shape of
the actual defect in dissimilar metal welds, additional studies
have been carried out. Therefore, the signals received by
transmitting the ultrasonic wave on the EDM notch, which is

Table 2 Comparison of peaks-to-peak and times-of-flight obtained by
experiments on vertical incidence to FBH

Focusing method Peak-to-peak Time-
of-flight
(bs)
PMM 0.594 7.39
AFM 1.000 7.25
TRM-DORT 0.940 7.24

close to the shape of the actual defect, were also compared.
In the case of ultrasonic inspection for EDM notch, ultra-
sonic waves were focused on the corners of the EDM notch
and the bottom surface. A wedge that set the angle of refrac-
tion of the transverse wave to 45° was used and attached to
phased array ultrasonic transducer. They were placed on the
top surface of stainless steel to focus the ultrasonic waves
to the corners of the EDM notch. Figure 13 shows the time
delays calculated by three focusing methods for EDM notch
in DMW specimen. Figure 14 shows the sum of received
A-scan signals from all array elements by using three differ-
ent focusing techniques. The results show that the intensities
of the reflected beams were also high when adaptive focus-
ing method or time reversal method was applied. Table 3
summarizes the performance of three focusing methods for
EDM notch in the specimen.

3.5 Experiments for EDM Notch

Experiments using a phased array ultrasonic probe to com-
pare the time delays and crack signals were also performed.
The transducer with wedge was placed in the direction of
permeation through stainless steel to focus the ultrasonic
waves to the corners of the EDM notch, under the same con-
ditions as the FEM simulations. The time delays calculated
by applying each three phased array ultrasonic focusing tech-
nique and the reflected ultrasonic signals from experiments
are shown in Figs. 15 and 16. The results of the phased array
ultrasonic focusing methods on the EDM notch in the dis-
similar metal weld specimen show that the amplitude was
increased by 23.62% using the adaptive focusing method
and time reversal method increased the amplitude by 16.54%
compared to the phase matching method. In case of oblique
incidence on EDM notch, the performance of phased array
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Fig. 13 Time delays calculated by each ultrasonic focusing method
through numerical simulations on oblique incidence to EDM notch
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Fig. 14 The sum of A-scan signals received at all array elements by
each ultrasonic focusing method through numerical simulations on
oblique incidence to EDM notch

Table 3 Comparison of peaks-to-peak and times-of-flight obtained by
simulations on oblique incidence to EDM notch
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Fig. 16 The sum of A-scan signals received at all array elements by
each ultrasonic focusing method through experiments on oblique inci-
dence to EDM notch

Table 4 Comparison of peaks-to-peak and times-of-flight obtained by
experiments on oblique incidence to EDM notch

Focusing method Peak-to-peak Time- Focusing method Peak-to-peak Time-
of-flight of-flight
(us) (us)
PMM 0.826 29.93 PMM 0.809 30.20
AFM 1.000 30.04 AFM 1.000 30.66
TRM-DORT 0.982 30.08 TRM-DORT 0.943 30.42
3.0 1 — x— Phase Matching Method 4 Conclusions
— A — Adaptive Focusing Method
2.5 4 —°— Time Reversal Method In this paper, performance evaluation of phased array
—_ ultrasonic inspection using three focusing techniques for
i_%. 20 Saaaa,, dissimilar metal weld were investigated by comparison of
= X’X'X\X‘X*X-X\x\x\x\x\x phased array ultrasonic signals scattered from the flat bot-
3 1.5 1 o-0-0-0-0, tom hole and EDM notch. In order to compare the focusing
g oo methods, numerical simulation using commercial software
= 101 and experiments using dissimilar metal weld specimen
have been adopted. Time delays were calculated to focus
051 ultrasonic beams at the desired position in the dissimilar
0.0 metal weld for each ultrasonic focusing technique. Com-
(') 1'0 parisons of focusing techniques were performed by quan-

Element Number

Fig. 15 Time delays calculated by each ultrasonic focusing method
through experiments on oblique incidence to EDM notch

ultrasonic focusing methods for anisotropic and inhomoge-
neous dissimilar metal welds is relatively worse because of
the longer time-of-flight than when the ultrasonic waves are
incident vertically. Numerical data for these experimental
results are shown in Table 4.
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titatively comparing the amplitude values of the received
signals reflected by the cracks in DMW. According to the
results obtained by simulation and experiment, the adap-
tive focusing method enhanced the amplitudes of phased
array ultrasonic signals more than other techniques. How-
ever, in practical fields, adaptive focusing method and time
reversal method could be used to improve SNR for DMWs.

By the way, the phased array ultrasonic focusing tech-
niques mentioned in this paper are difficult to describe
2D or 3D images of the subject at present. Even if there
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are data obtained by scanning a phased array ultrasonic
transducer for the subject and it is possible to apply the
techniques using the obtained data to calculate respec-
tive time delays, an automated system must be built to
utilize the respective time delay values in the correspond-
ing positions since all time delays are different for every
position in the scanning process. Therefore, there are cur-
rently limitations to the direct performance evaluation
of a phased array ultrasonic image processing technique
such as total focusing method (TFM) [22]. If the phased
array ultrasonic image processing algorithm using the
adaptive focusing method and the time reversal method
is constructed, it will contribute to improving the image
processing for anisotropic inhomogeneous materials.

Acknowledgements This research was supported by Korea Electric
Power Corporation (Grant Number RI5SGA12).

References

1. Kang, S. S., Hwang, S. S., Kim, H. P, Lim, Y. S., & Kim, J. S.
(2014). The experience and analysis of vent pipe PWSCC (pri-
mary water stress corrosion cracking) in PWR vessel head pen-
etration. Nuclear Engineering and Design, 269, 291-298.

2. Drinkwater, B. W., & Wilcox, P. D. (2006). Ultrasonic arrays for
non-destructive evaluation: A review. NDT & E International,
39(7), 525-541.

3. Moles, M., Dubé, N., Labbé, S., & Ginzel, E. (2005). Review of
ultrasonic phased arrays for pressure vessel and pipeline weld
inspections. Journal of Pressure Vessel Technology, 127(3),
351-356.

4. Satyanarayan, L., Sridhar, C., Krishnamurthy, C. V., & Balasubra-
maniam, K. (2007). Simulation of ultrasonic phased array tech-
nique for imaging and sizing of defects using longitudinal waves.
International Journal of Pressure Vessels and Piping, 84(12),
716-729.

5. Han, T., Schubert, F., Hillmann, S., & Meyendorf, N. (2015).
Phased array ultrasonic testing of dissimilar metal welds using
geometric based referencing delay law technique. In Smart Mate-
rials and Nondestructive Evaluation for Energy Systems 2015
(Vol. 9439, p. 943904). International Society for Optics and
Photonics.

6. Becache, E., Joly, P., & Tsogka, C. (2001). Application of the
fictitious domain method to 2D linear elastodynamic problems.
Journal of Computational Acoustics, 9, 1175-1202.

7. Kim, H. H., Kim, H. J,, Song, S. J., Kim, K. C., & Kim, Y. B.
(2016). Simulation based investigation of focusing phased array
ultrasound in dissimilar metal welds. Nuclear Engineering and
Technology, 48(1), 228-235.

8. Ye,J., Kim, H.J., Song, S.J., Song, M. H., Kang, S. C., Kang, S.
S., et al. (2008). Determination of focal laws for ultrasonic phased
array testing of dissimilar metal welds. Journal of the Korean
Society for Nondestructive Testing, 28(5), 247-435.

9. Ye,J., Kim, H. J., Song, S. J., Kang, S. S., Kim, K. C., & Song,
M. H. (2011). Model-based simulation of focused beam fields

produced by a phased array ultrasonic transducer in dissimilar
metal welds. NDT & E International, 44(3), 290-296.

10. Azar, L., Shi, Y., & Wooh, S. C. (2000). Beam focusing behavior
of linear phased arrays. NDT & E International, 33(3), 189-198.

11. Tamim, N. S. M., & Ghani, F. (2010). Techniques for optimization
in time delay estimation from cross-correlation function. Interna-
tional Journal of Engineering and Technology, 10(2), 69-75.

12. Prada, C., Thomas, J. L., & Fink, M. (1995). The iterative time
reversal process: Analysis of the convergence. The Journal of the
Acoustical Society of America, 97(1), 62-71.

13. Prada, C., Kerbrat, E., Cassereau, D., & Fink, M. (2002). Time
reversal techniques in ultrasonic nondestructive testing of scatter-
ing media. Inverse Problems, 18(6), 1761-1773.

14. Ogilvy, J. A. (1985). Computerized ultrasonic ray tracing in aus-
tenitic steel. NDT International, 18(2), 67-717.

15. Ogilvy, J. A. (1986). Ultrasonic beam profiles and beam propaga-
tion in an austenitic weld using a theoretical ray tracing model.
Ultrasonics, 24(6), 337-3417.

16. Ogilvy, J. A. (1988). Ultrasonic reflection properties of planar
defects within austenitic welds. Ultrasonics, 26(6), 318-327.

17. Ogilvy, J. A. (1990). A layered media model for ray propagation
in anisotropic inhomogeneous materials. Applied Mathematical
Modelling, 14(5), 237-247.

18. Ogilvy, J. A. (1992). An iterative ray tracing model for ultrasonic
nondestructive testing. NDT & E International, 25(1), 3-10.

19. Chassignole, B., Dupond, & O., Doudet, L. (2009). Ultrasonic and
metallurgical examination of an alloy 182 welding mold. In 7tk
International conference on NDE in relation to structural integrity
for nuclear and pressurized components (pp. 12—15).

20. Gardahaut, A., Lourme, H., Jenson, F., Lin, S., & Nagai, M.
(2014). Ultrasonic wave propagation in dissimilar metal welds—
Application of a ray-based model and comparison with experi-
mental results. In Proceedings of the 11th European conference
on non-destructive testing.

21. Ploix, M. A., Guy, P., Elguerjouma, R., Moysan, J., Corneloup,
G., & Chassignole, B. (2006). Attenuation assessment for NDT
of austenitic stainless steel welds. In 9th European conference on
NDT (ECNDT).

22. Holmes, C., Drinkwater, B., & Wilcox, P. (2005). Post-processing
of the full matrix of ultrasonic transmit-receive array data for non-
destructive evaluation. NDT & E International, 38(8), 701-711.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Young-In Hwang received his
B.S. degree in Mechanical Engi-
neering and his Ph.D. in
Mechanical Engineering from
Sungkyunkwan University,
Suwon, Korea. His major
research areas are nondestructive
evaluation for material charac-
terization using phased array
ultrasound, flaw visualization,
inspection for dissimilar metal
welds, focusing ultrasound using
acoustic metamaterials and etc.

@ Springer KEF]E



534

International Journal of Precision Engineering and Manufacturing (2019) 20:525-534

Jinhyun Park is a Ph.D. candidate
at Sungkyunkwan University
(Suwon, Republic of Korea) in
Mechanical Engineering Depart-
ment. He received his M.Sc. in
Mechanical Engineering from
Sungkyunkwan University. His
field of interest includes ultra-
sonics, dissimilar metal weld-
ment flaws classification and
deep learning etc.

Hak-Joon Kim received his B.S.
degree in Mechanical Engineer-
ing from Chosun University,
Gwangju, Korea in 1995, his
M.S. degree in Mechanical Engi-
neering from Chosun University
in 1997, and his Ph.D. in Engi-
neering Mechanics from Sungk-
yunkwan University, Suwon,
Korea in 2002. He worked at the
Center for NDE at Iowa State
University, lowa USA for 2 years
from 2002 as Post-Doctoral
Researcher. Since 2005 he has
been at Sungkyunwkan Univer-
sity and is currently Research

Professor of Mechanical Engineering. His major research areas are
Nondestructive evaluation for materials characteristics and structural
integrity using ultrasound, eddy current and etc.

V.
) —
/

‘

Sung-Jin Song obtained his Ph.D.
in Engineering Mechanics from
Towa State University, Ames,
Towa, USA in 1991. He worked
at Daewoo Heavy Industries,
Ltd., in Incheon, Korea for five
years since 1983 where he has
been certified as ASNT Level 111
in RT, UT, MT and PT. He has
worked at Chosun University,
Gwangju, Korea as Assistant
Professor for five years starting
in 1993. Since 1998, he has been
employed at Sungkyunkwan
University, Suwon, Republic of
Korea and is currently the Pro-

fessor in Mechanical Engineering Department.

@ Springer KE;E

Yong-Sang Cho received his B.S.
degree in Mechanical Engineer-
ing from Dong-Ah University,
Busan, Korea at 1983, his M.S.
degree in Mechanical Engineer-
ing from Kyeong Hee University
in Seoul, Korea at 1988, and his
Ph.D. in Mechanical Engineer-
ing from Chungnam national
University, Daejeon, Korea at
2004. Since 1989, he has been
worked for KEPCO and is cur-
rently a principal researcher of
KEPRI (Korea Electric Power
Research Institute, a Branch
office of KEPCO). His major
research areas are nondestructive evaluation for power generating
equipments using phased array ultrasound, acoustic emissionn, radi-
ography and etc.

K

Sung-Sik Kang obtained his Ph.D.
in Nuclear Engineering from
Korea Advanced Institute of Sci-
ence and Technology, KOREA
in 1994. He has worked at Korea
Institute of Nuclear Safety, in
Daejeon, since 1995. He has
been in charge of department of
nuclear safety research, and his
major areas are ageing of nuclear
materials, structural integrity
assessment and monitoring of
material degradations.




	Performance Comparison of Ultrasonic Focusing Techniques for Phased Array Ultrasonic Inspection of Dissimilar Metal Welds
	Abstract
	1 Introduction
	2 Theory
	2.1 Phase Matching Method
	2.2 Adaptive Focusing Method
	2.3 Time Reversal Method: DORT

	3 Simulated and Experimental Results
	3.1 Experimental Setup
	3.2 FEM Simulations for FBH
	3.3 Experiments for FBH
	3.4 FEM Simulation for EDM Notch
	3.5 Experiments for EDM Notch

	4 Conclusions
	Acknowledgements 
	References




