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Ultrasonic inspection of austenitic steel weld is a great challenge due to skewed and distorted beam in such a highly
anisotropic and inhomogeneous material. To improve the ultrasonic measurement in this situation, it is essential to have
an in-depth understanding of ultrasound characteristics in austenitic steel weld. To meet such a need, in the present study
we propose a method which combines the weld model, Dijkstra’s path-finding algorithm and Gaussian beam equivalent
point source model to calculate the acoustic fields from ultrasonic phased array in such a weld. With this method, the
acoustic field in a steel-austenitic weld-steel three-layered structure for a linear phase array transducer is calculated and the
propagation characteristics of ultrasound in weld are studied. The research results show that the method proposed here is
capable of calculating the acoustic field in austenitic weld. Additionally, beam steering and focusing can be still realized in
the austenitic steel weld and the beam distortion is more severe in the middle of weld than at other positions.

Keywords: simulation of acoustic field, ultrasonic phased array, austenitic steel weld

PACS: 43.20.+g, 43.35.+d, 43.38.+n

1. Introduction

Austenitic steel, as a kind of specific complex mate-
rial, is welded widely in nuclear power plants and other
industries.!'=>! For security reasons, it is of great importance
to evaluate the structural integrity of the austenitic steel weld.
However, due to the high anisotropy and inhomogeneity, huge
difficulties exist when using ultrasound technique to inspect
such a structure. Apart from the energy attenuation, the elastic
wave will be spited and skewed, which makes the testing re-
sults inaccurate. As a result, developing a method to evaluate
the acoustic fields inside austenitic steel weld has become an
urgent need.

Up to now, a lot of efforts have been made by numerous
researchers. Silk[%! first developed a computer model based
on ray tracing technique to predict the ray paths in complex

orthotropic structures. Ogilvy!”:8]

presented a weld model to
approximately describe the grain orientation at each position
and developed the RAYTRAIM, a commercial software pack-
age, based on weld model and traditional ray tracing tech-
nique. Spies!”! calculated the acoustic fields emitted from a
single transducer in multilayered inhomogeneous anisotropic
medium and austenitic steel weld respectively by using multi-
Gaussian beam (MGB) model. Ye et al.!'%! presented a model
combining the traditional ray tracing technique and the lin-
ear phasing multi-Gaussian beam model to calculate the fo-
cused fields produced by a phased array transducer in dissim-
ilar metal welds. Kolkoori et al.l''! introduced the ray di-
rectivity factor into ray tracing technique and calculated the

DOI: 10.1088/1674-1056/ab4d41

acoustic fields in specific directions from distributed sources
in austenitic steel weld. Simulation results were validated
with the results obtained from two-dimensional (2D) elasto-
dynamic finite integration technique (EFIT) and experiments.
Although the traditional ray tracing technique is a powerful
tool for determining the ray path, it must be run many times
if the number of target points is large, which will increase
the computation time. In such a situation, Nowers Oliver et
al.">131 first adopted the Dijkstra’s algorithm and A* algo-
rithm which have been widely used in computer science for
finding the shortest path to predict the ray paths in austenitic
steel welds efficiently. And, it is worth mentioning that the
Dijkstra’s algorithm,!'*! as a novel ray tracing technique, can
be used to obtain the ray paths from one source to any number
of target points in one run. However, such an algorithm can
only be used to determine the ray path but not to calculate the
amplitude of acoustic field.

For the calculation of acoustic fields in frequency do-
main, the multi-Gaussian beam (MGB) model, based on the
superposition of several (10-15) special Gaussian beams, has
been widely used by numerous researchers!!>-1° and con-
sidered as the most efficient method, especially in multiple
medium. However, due to the assumption of paraxial approx-
imation, when it comes to phased array, this method will lose
accuracy if the steering angle becomes too large.!?°! For this
reason, some efforts have been made to solve this problem.
Zhao!?1-22] expressed the distance factor in terms of several ap-
proximate terms and proposed a nonparaxial multi-Gaussian
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beam model. Huang!?*-%! introduced 2 modification factors
into the MGB model including linear phasing and directiv-
ity function and developed the LPMGB model. Furthermore,

151 combined the point source superposition model

Schmerr!
and Gaussian beam method, and finally developed the Gaus-
sian beam equivalent point source (GBEPS) model. In this
model, the surface of each transducer is considered as the
superposition of several point sources and each point source
emits spherical wave into medium. Through substituting a
specific Gaussian beam for spherical wave and rotating the co-
ordinate system to make each field point be on the main axis of
Gaussian beam, the limitation of paraxial approximation can
be eliminated. In view of this, the GBEPS model is used here
to simulate the acoustic fields emitted by ultrasonic phased ar-
ray in austenitic steel weld.

Therefore, in this work, for evaluating the acoustic field
in weld, a systematic method combining with the weld model
for describing grain orientation inside austenitic steel weld, the
Dijkstra’s algorithm for obtaining ray paths, and the Gaussian
beam equivalent point source (GBEPS) model!!3! for calculat-
ing the amplitude of displacement is introduced and discussed.
In addition, as a simulation example, the case of steel-weld-
steel with linear phased array transducer is considered and the
focusing and steering fields are calculated and analyzed by us-
ing the proposed approach.

2. Model for simulating acoustic fields in
austenitic steel weld

2.1. Weld model

Generally, the austenitic steel weld is a kind of anisotropic
and inhomogeneous material. In the formation of the weld,
crystalline grains grow along the maximum thermal gradient
when cooling,m which causes the coarse grains with differ-
ent orientations: such a formation process is different from
that of isotropic material. As a result, while traveling through
such a material, the ultrasound will be steered and distorted
by these grains, which means that the determination of grain
orientations plays an important role in studying the propaga-
tion of ultrasound in austenitic steel weld. In this paper, the
weld model presented by Ogilvy!”l is adopted, which gives
a mathematical empirical function to describe the local grain
orientations of the weld. The form of function is given as

—T(D+ztanx
arctan ((—knzan))’ x>0,
X

T(D+ztana)
arctan | ————— |, x <0,
(=x)n

where 0 is the grain orientation with respect to the x axis, 7T is

0 (x,2) = (1)

the slope of the grain axis at the fusion face, D is the half width
of the weld root gap, n is the rate of change of orientation
throughout the weld, and o is the fusion face angle [Fig. 1(a)].

It can be seen from Eq. (1) that only 2D situation (xoz plane)
is considered, which means that the three-dimensional (3D)
austenitic steel weld is regarded as a transversely isotropic
medium. In addition, using Eq. (1), the virtual boundary, on
which the nodes have the same grain orientation, can alsobe

calculated.
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Fig. 1. Austenitic steel weld model.

Figure 1(b) shows the simulation model used in this study,
where the austenitic steel weld is surrounded by an isotropic
steel material, and the phased array is placed on the surface of
the steel. It also shows the grain orientations of the weld cal-
culated by Eq. (1), where T = 0.3, n = 0.85, D = 7.5, and
a = 5°. In this model, the transversely isotropic type-316
austenitic steel weld metal!'?! is used for numerical calcula-
tion and its density and material elastic properties are shown
in Table 1.

As a matter of fact, the phase velocity c is generally dif-
ferent from group velocity V' in anisotropic medium and the
energy always propagates along the direction of group veloc-
ity. Therefore, the determination of group velocity is also im-
portant here. According to the theory of solid acoustics,!'!]
the relationship between group velocity V' and phase velocity
c is expressed as

Ciirilruiu
Vj: ijkltkUi l7 (2)
pc
where C;jy; are the matrix stiffness constants, Iy is the direction
cosine of wave vector, u; is the particle displacement, p is the
density of material, and i, j, k, [l = 1, 2, 3. Therefore, to obtain

the phase velocity and group velocity in the weld, bond matrix
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transformation!'! is used to transform the elastic constant into
local crystal axis coordinate according to the grain orientation
at each node.

Table 1. Material properties for transversely isotropic type-316
austenitic steel weld metal.

Material parameter Value Unit
p 8120 kg/m?
c11 263 GPa
C12 98 GPa
C13 145 GPa
c33 216 GPa
C44 129 GPa
Co6 82.3 GPa

Figure 2 shows the slowness curve of quasi-P (qP) wave
in austenitic steel in the xoz plane when the crystal axis is par-
allel to the z axis. According to the relationship between group
velocity, phase velocity and slowness curve, it can be discov-
ered from Fig. 2 that the group velocity and phase velocity are
different except in the pure mode directions (0°, 45.26°, and
90°). When the acoustic beam is incident into austenitic steel,
although its phase velocity direction conforms to snell’s law,
the energy of the acoustic beam propagates along the direction
of group velocity. Therefore, it is very complicated to calcu-
late the sound field in the austenitic steel weld with changing
grain orientation.

2.0
1.0f 1
. A
=
SO0 1
(I) - <
—1.0f 1
oo .
—2.0 —1.0 0 1.0 2.0
S,/10-4

Fig. 2. Slowness curve of qP wave with pure mode directions (0°,
45.26°, and 90°) in austenitic steel weld.

2.2. Calculation of acoustic fields in weld

Consider a linear phased array with N elements. Each el-
ement is divided into Q segments which are tiny enough to be
regarded as point sources emitting spherical wave. According
to the GBEPS model, such a spherical wave at each field point
is approximated as a specific Gaussian beam. And the particle
velocity in the M + 1 medium, v+, generated by the n-th
element with Q segments, is given as!!3]

Vet (M (58.0)]

det [My ., (0)]

Y
V41 (®) = voA Z {qued/qvlﬂ
q=1

[T }

m=1 det [M;}, (0)]

M+l 4
X exp [ia) Z m] } 3)
m=1 Cm

In Eq. (3), v is the velocity amplitude of the Gaussian beam
on the element face; Dy is the directivity function; dj, , | is the
unit polarization vector; M} a2 x 2 matrix, related to the den-
sity, the wave speed, the incident angle, and the refracted angle
in the M-th medium, can be obtained by using the ABCD ma-
trix method;>3! 7, is the plane wave transmission/reflection
coefficient between M-th and (M + 1)-th mediums, and can
be calculated by solving the Christoffel equation and slowness
surface; 13! s, is the propagation distance of group velocity
(rather than phase velocity) in the M-th medium along the ray
path; ¢, is the phase velocity in the M-th medium, which can
be obtained by solving the Christoffel equation.

From Eq. (3), it can be discovered that the expression of
particle velocity contains two parts: amplitude and phase, and
both of them in the i-th layered medium can be calculated by
those in the (i — 1)-th layered medium. Additionally, the de-
termination of the ray path from group velocity is of great im-
portance for calculating the wave fields. Therefore, the Di-
jkstra’s algorithm,!”! a kind of path finding method in com-
puter science, is adopted to obtain the ray path which has the
shortest propagation time of group velocity. Based on this,
a method of combining weld model, Dijkstra’s algorithm and
GBEPS model is presented here to calculate the acoustic fields
in austenitic weld.

O

40

230 —20 —10 0 10 20 30
z/mm

Fig. 3. Numerical nodes distributed randomly in austenitic weld.

According to the Dijkstra’s algorithm, a large number of
nodes are distributed randomly in the austenitic weld and on
the interfaces (/; and ;) (Fig. 3), which means that the acoustic
fields and ray paths in austenitic weld are represented by these
nodes. Define d; as the step distance of Dijkstra’s algorithm.
In Fig. 4(a), the amplitude and phase of N; on the interface /;
can be simply calculated through Eq. (3). And then, the main
steps involved in calculating ray path and acoustic field in the
weld are as follows.

114302-3
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Fig. 4. Model for determinining ray path and acoustic field of node.

(i) Choose a current node Ny on the interface /; [Fig. 4(a)]
and obtain the adjacent nodes whose distances are less than dr
from Nj.

(i1) With the known grain orientations at these adjacent
nodes, calculate the phased velocity and group velocity corre-
sponding to the propagation directions from N to them. And
then, the propagation time of group velocity can be obtained.,
on the assumption that the materials between N; and its adja-
cent nodes are homogeneous anisotropic medium.

(iii) Find the node N, which has the shortest propagation
time and define it as the new current node [Fig. 4(b)]. Using
the vectors ON|, N1N, and interface /; to calculate the inci-
dent, refracted angle 0y; and 6y;, and transmission coefficient
T, at [ corresponding to group velocity at Ni. And then, the
amplitude and phase of particle velocity at N; can be calcu-
lated using Eq. (3).

(iv) Calculate the vector of virtual boundary L, at current
node N, using Eq. (1) and draw the normal. Find the next
current node N3 corresponding to N;.

(v) Calculate the incident, refracted angle 6,;, 65, and
transmission coefficient 75 at N,.

(vi) Using Eq. (3), calculate the amplitude and phase of
vy at N, according to that of Nj.

(vii) Repeat Steps (iv)—(vi) until all of nodes in weld are
calculated.

After the above algorithm is done, the acoustic fields of
all the nodes in the weld, generated by one element of trans-
ducer, are calculated. When the phased array transducer with
N elements is used, the acoustic fields can be calculated by su-
perposing the results from all elements with proper time delay,
which is expressed by

“)

N
Uyl = Z vy exp(io-At,).
n=1

3. Simulation results and analysis

To demonstrate the presented method, the radiated acous-
tic fields emitted by a linear phased array transducer in steel-
austenitic steel weld-steel structure [Fig. 1] are calculated. In

this section, the width of the element is 0.2 mm while the
distance between centroids of adjacent elements is 0.25 mm.
Each element is assumed to be in harmonic vibration with a
frequency of 8 MHz. The density of steel is 7850 kg/m> and
the longitudinal wave velocity and shear wave velocity in steel
are 5800 m/s and 3200 m/s respectively. The parameters of
weld are given in Table 1. In addition, for simplicity, during
numerical simulation the wave attenuation and scattering are
not considered just as done in other research. ']

Figure 5 shows the ray paths of longitudinal wave, cal-
culated by the Dijkstra’s algorithm, travelling from the point
source O to several target points in steel and austenitic steel
weld. From the result, it can be discovered that the ray path is
straightline in steel and is distorted in weld.

O
40—
30 | austenitic
= steel weld steel
20 \
£ |

\

10 \
\ 1
\ |

0 \ f
—-30 —-20 -—10 0 10 20 30
z/mm

Fig. 5. Ray path calculated by Dijkstra’s algorithm.

Figures 6(a)-6(d) show the acoustic fields emitted by ul-
trasonic phased array with steering angle (in the steel) (a) 0°,
(b) 30°, (c) 45°, and (d) 60° respectively. By comparing the
propagation behavior of ultrasound in steel with that of weld,
some differences can be discovered. In Fig. 6(a), the ultra-
sonic beam emitted by phased array without time delay propa-
gates along a straight line because of isotropic medium. But in
Fig. 6(b), the steered beam starts to be refracted into weld and
it almost propagates along a straight line at the beginning. But
when the steered beam arrives at the middle of the weld, beam
distortion occurs obviously as shown in Figs. 6(c)-6(d), which
show the great difference between the ultrasound propagation
in steel and that in weld. In the weld, the grain orientation

114302-4
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varies continuously and the group velocity differs from that  is refracted many times in the weld, which causes the beam
from each direction. It can be assumed that the steered beam  distortion.
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Fig. 6. Acoustic fields with steering angle (a) 0°, (b) 30°, (c) 45°, and (d) 60°.
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Fig. 7. Acoustic fields focused at several points: (a) [—20,30] mm, (b) [—5,30] mm, (c) [—20,20] mm, (d) [—5,20] mm, (e) [0,30] mm, (f) [0,20] mm.
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To make acoustic wave focus at a specific point, time de-
lays of all elements should be obtained at first by using Dijk-
stra’s algorithm. Figure 7 shows the longitudinal wave fields
focused at (a) [—20, 30], (b) [—5, 30], (¢) [—20, 20], (d)
[—5,20], (e) [0, 30], and (f) [0, 20] mm respectively. When
the acoustic field is focused into steel, the focal spot becomes
longer and wider as the focal distance increases, which is sim-
ilar to the results calculated by Song.!*®! As shown in these
results, with the presented simulation method, the beam fo-
cusing is also realized in weld and it can be discovered that
the focal spot is generally wider in weld than in steel, partly
because of larger steering angle in weld, and also partly for the
dispersion of energy in weld as mentioned above. As expected,
comparing Fig. 6 with Fig. 7, the amplitude from focused field
is indeed much higher than that from steering field at focal
point. In addition, in Figs. 7(e) and 7(f), none of the actual fo-
cal points is the same as predetermined focal points although
the wave fronts arrive at the predetermined focal point simul-
taneously, which shows the focusing limitation of the phased
array. Such a discrepancy between actual focal point and pre-
determined focal point can be solved through improving the
frequency and increasing the number of elements.

At present, during setting the detection parameters and
image processing, the ultrasonic detection of welds is still
generally based on the weld model under the assumption of
isotropic medium. In practice, however, the propagation path
of sound wave in the real austenitic stainless steel welds is de-
flected and bent as shown in Figs. 6 and 7. Obviously, such
an assumption will lead the application of current detection
schemes to be questionable. In the past, due to the lack of
reliable weld model for simulation, one did not have an in-
depth understanding of these problems. In the following, this
problem will be analyzed through the numerical simulation.
In order to match the actual probe, the width of the element
is taken to be 0.8 mm while the distance between centroids of
adjacent elements is adopted as 1.0 mm. Each element is as-

—60
—65
—70

z/mm

—75
—80

—60
—65
—70

z/mm

—75
—80

—20
z/mm

sumed to be in harmonic vibration with a frequency of 8§ MHz,
and the parameters of media and weld structure are the same
as those mentioned above.

Firstly, for a real austenitic stainless steel weld, if the
isotropic medium model is used to simplify the calculation,
the ray paths and time delays of phased array will be ob-
tained easily, but the actual acoustic beam cannot accurately
focus on the target point. Figure 8 shows the focused acous-
tic fields calculated by the proposed method and the method
under the assumption of isotropic medium respectively. The
structural parameters of the weld are the same as those men-
tioned above. In order to display the characteristics of focused
acoustic fields more clearly, the drawing display range is lim-
ited between [—60, —80] dB. Figures 8(a) and 8(c) are the
results obtained by proposed method with the presupposed fo-
cal points at [0, 10] mm and [0,20] mm. Figures 8(b) and 8(d)
show the results from traditional isotropic model with the same
focal points. As can be seen, when the isotropic model is used,
the actual focal point deviates from the preset focus position
farther (to the upper left) than the present model. It should be
noted that the actual focal points in Figs. 8(a) and 8(c) are also
in the front of the preset focus, but this is a common feature
of the focused acoustic field in phased array, which is caused
by the diffraction of acoustic waves and can be predicted and
improved by adjusting the parameters such as frequency and
spacing of array elements. The offsets in Figs. 8(b) and 8(d)
are due to the fact that the weld structural parameters (7', 1, D,
and ) are not introduced into the calculation of time delays.
It is also found that the amplitude and offset of focused beam
change with focal point and structural parameters. However,
under the isotropic model, these changes are unpredictable,
which would lead to the false detection and mis-detection in
practice. In contrast, the simulation model proposed in this
paper can help us to detect the propagation characteristics of
sound beam clearly, and has a guiding role in actual detection.

40 e A —60
—65
—70

z/mm

—75
—80

—60
—65
—-70

z/mm

—-T75
—80

—20
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Fig. 8. Comparison among focused sound fields in anisotropic weld model (Ogilvy) under different delay rules. Delays are calculated by using

((a), (c)) proposed method and ((b), (d)) isotropic model.
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In addition, in the process of defect imaging, such as time
reversal focusing imaging, the actual delayed echo data are af-
fected by the inhomogeneous anisotropy of weld, but such an
effect cannot be reconstructed in the isotropic medium model,
which will lead to inaccurate defect imaging results. At this
time, more accurate weld simulation model is needed to re-
construct the echo data, and the model and algorithm proposed
here can be used to improve the imaging accuracy. Figure 9
shows a simplified simulation result of this problem. The time
delays from Ogilvy weld model with focal point at [0, 20] mm

z/mm

—67

—-73

are obtained and used to simulate the actual delayed echo
data. The focused sound fields are calculated under the present
model and the isotropic medium model respectively to analyze
the imaging results. It can be seen from Fig. 8 that compared
with the results from the isotropic medium model, the results
from the proposed model indicate that the actual focal point
is very close to the preset focal point, and the beam energy is

highly concentrated, which demonstrates better imaging accu-

racy from the proposed model.

Fig. 9. Focused sound fields with the same time delay in (a) Ogilvy weld model and (b) isotropic weld model.

4. Conclusions

A systematic method combining with weld model, Di-
jkstra’s algorithm and Gaussian beam equivalent point source
model is presented and allows the calculation of acoustic fields
generated by phased array transducer in austenitic steel weld.
As a simulation example, the case of steel-austenitic steel
weld-steel with linear phased array is considered, in which,
the longitudinal acoustic fields with different time delays are
calculated and beam steering and focusing are realized. As
the example illustrates, useful information including ray path,
particle velocity amplitude and propagation characteristics in
austenitic steel weld can be obtained, which demonstrates the
capability of the proposed method. Simulation results show
the propagation behavior of ultrasound through austenitic steel
weld and also indicate that the ultrasound is distorted and
skewed severely in the middle of the weld. Finally, the prob-
lems that may be caused by the isotropic theory in the actual
austenitic weld inspection are analyzed. These results present
theoretical support for actual ultrasound testing.
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