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Ultrasonic evaluation of austenitic welds has long been considered to
be difficult. Recent studies in this field have made it possible to
inspect these welds in many cases. However, the ultrasonic inspection
methods of austenitic steels are more complicated and limited than
those of ferritic steels. The difficulty in ultrasonic testing of austenitic
welds stems from the presence of anisotropic and expanded grains,
which are usually in the form of columnar structures. These grain
structures lead to local anisotropy in these types of welds. This paper
aims to create a more thorough understanding of the propagation of
ultrasonic waves in austenitic welds produced by gas tungsten arc
welding and shielded metal arc welding processes. For this purpose,
special finite element models are developed for these two types of
welds. In these finite element models, the orientation of the structural
domains in welds is accounted for in both SMAW and GTAW
processes. Results are validated by comparison of the numerical
models with theoretical predictions and experiments already reported
in the literature. The numerical models provide a better understanding
of how ultrasonic waves propagate in anisotropic structures of

SMAW and GTAW welds.
© 2020 Iranian Society of Acoustics and Vibration, All rights reserved.

1. Introduction

The applications of austenitic stainless steels in various industries are widespread [1]. Desirable
properties of these materials such as suitable weldability, excellent corrosion and oxidation
resistance [2], good creep resistance at elevated temperatures, and high toughness and strength
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have resulted in various applications of austenitic stainless steels in different industries [3]. The
austenitic stainless steel microstructure is remarkably different from the one in ferritic steel. This
difference is due to the lack of phase transformation in the weld metal during the slow cooling
process which causes dendritic structures with coarse grains. This complicated microstructure
leads to anisotropic properties in these kinds of welds [4]. Austenitic welds should be inspected
for safety and quality and this is usually done by non-destructive tests. Ultrasonic testing is
widely used for inspecting various parts due to its ability to measure the size and depth of
different kinds of defects [5, 6]. However, ultrasonic testing of austenitic welds has long been
considered to be extremely difficult [7]. This is mostly due to high levels of attenuation and
scattering in these welds. Some other phenomena like skewing and beam splitting, furthermore,
gets in the way of the interpretation of test results [5]. The effect of these complexities on the
interpretation of results has been investigated in several studies [7-9]. To optimize the UT
process, one needs to have a comprehensive knowledge of the propagation of waves in austenitic
steel weld metals [10]. The complexity of the governing equations in the propagation of
ultrasonic waves in cases where the system geometry and the material specifications are complex
has made the use of analytical equations very difficult and sometimes impossible. Moreover, in
cases where there is a solution, the governing equations can only be solved by numerical
methods [11]. To better understand the behavior of ultrasonic wave propagation and to examine
the related parameters, various studies have been carried out. Ploix et al. investigated the
ultrasonic scattering attenuation in austenitic stainless steel welds using numerical modeling
[10]. Bond studied different ways to simulate the ultrasonic waves in solid media [11]. Ludwig et
al. investigated the propagation and also scattering of ultrasonic waves in aluminum [12]. Yim et
al. developed a mass-spring model in order to numerically simulate the propagation of elastic
waves in solids [13].

In this study, we use finite element modelling (FEM) to study the propagation of ultrasonic
waves in two austenitic weld samples; one prepared by gas tungsten arc welding (GTAW) and
the other by shielded metal arc welding (SMAW). Our purpose is to verify if the difference in the
behavior of ultrasonic waves in these two materials can be attributed to their grain structure. For
this purpose, we measure the grain orientation on the two samples and try to reproduce them in
our FEM models. The velocity and beam skewing in the FEM models and actual samples are
then compared to see how closely the models represent the real samples.

2. Test Samples

The finite element models are developed based on real weld samples. Therefore, we first review
these weld samples. The test samples used in this paper are the same as those reported by the
authors in[14]. They are made of austenitic steel AISI 316L. This type of stainless steel is widely
used in many industries.

The two weld specimens were produced by gas tungsten arc welding (GTAW) and shielded
metal arc welding (SMAW) processes. Both samples were welded in a flat position. The
dimensions of the weld samples are shown in Fig. 1.
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Fig. 1. Dimensions of the welds in millimeters.
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Some weld samples were cut from the weld metal and the base metal so as to investigate the
anisotropy in the base metal, SMAW metal, and GTAW metal. The samples had a cubic shape
with a side length of 15 mm. The measurement of the wave velocities in the base metal and the
welds were carried out in several directions along the main axes as well as non-principal axes
with the angle of 45° with respect to the main axes.

A 2 MHz contact probe was used for measuring the longitudinal wave velocities. The
dimensions of the samples that were cut from the welds to investigate the grain orientation in the
welds were 5 x 25 x 40 mm?®. The characteristics of the etching solution which was used to study
the grain orientation in the weld metals are presented in Table 1.

Table 1. The characteristics of the etching solution used to study the grain orientation in welds.

Chemicals Amounts
Ammonium persulphate 15¢
H,0 7.5ml
Iron perchloride 25¢g

HCI 10 ml

3. Characterization of austenitic welds

In the characterization of austenitic welds, the grain orientation and degree of anisotropy are two
important factors that should be taken into consideration. The direction of grain growth and the
columnar grain structure can be clearly seen in the metallographic pictures of the two welds
samples. The grain orientations in the SMAW and GTAW welds are quite different as depicted
in Figs. 2(a) and 3(a). Figs. 2(b) and 3(b) show the schematic of grain orientation in the SAMW
and GTAW welds.

As shown in Figs. 2(a) and 3(a), the macrostructure images obtained from the austenitic welds
clearly show the structure of the pillar grains and the initial growth perpendicular to the surface
of the weld preparation. There is a significant difference between the direction of the grains and
the extent of epitaxial growth in the two types of welds. In the case of the SMAW weld sample
(Fig. 3), the penetration is not deep, and the grains are leaned to the left and right sides as they
move away from the centerline. Furthermore, the extension of the columnar grains passes
through several layers. A more complex structure is observed in the GTAW weld sample, which
has a greater penetration depth compared to the SMAW weld. The grains in this type of weld are
in the form of inverted "V" as shown in Fig. 2.
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Fig. 2. (a). Macrostructure of the austenitic weld produced by GTAW process, (b) The austenitic weld grain
orientation pattern produced by GTAW process.
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Fig. 3. (a). Macrostructure of the austenitic weld produced by SMAW process, (b) The austenitic weld grain
orientation pattern produced by SMAW process.

In fact, the grains grow toward the center of each pass or direction of the temperature gradient.
However, in the weld structure of the GTAW process, this epitaxial growth is not the same as the
structure of the SMAW process, and the stretching of the grains through the weld layers does not
exceed three weld passes. Epitaxial growth depends on the location of the welding passes. In the
case that a weld pass lays directly on top of the lower pass, the epitaxial grain growth is more
likely to happen. Generally, the solidification structure in multipass welds depends on several
factors, such as the shape of the weld pool, the composition of the filler and the base metals, and
the weld geometry. Considering that the other factors are constant, one of the most important
factors in this structure is the shape of the weld pool. It depends on the type of welding process,
and its parameters. Parameters such as thermal concentration, heat input, welding speed,
temperature gradient direction, angle of inclination of the electrode, welding condition, position
and arrangement of passes in the welding process play significant roles in shaping the pool. It
should be noted that the type and rate of the gas flow in the GTAW process affect the shape of
the weld pool too [15, 16].
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The degree of anisotropy is a very important factor in ultrasonic evaluation. Anisotropy can
affect the attenuation of the waves by beam skewing which depends on the material elastic
constants matrix. Austenitic welds are often considered to be orthotropic. The matrix of elastic
constants can be calculated through the measurement of the wave velocities in the media [17-19].
Christoffel equation is used to show the elastic properties of materials [20]:

g = PO | =0 )

where 4, v and p are Christoffel acoustic tensor, velocity, and the density, respectively. The

Christoffel acoustic tensor is as follows [20]:
i = Ciim MMy @)

where C,, is the material stiffness tensor and n, and n, are the normal direction cosines. One of

the methods to calculate the material stiffness tensor is through the measurement of the
ultrasound wave velocities in various directions. The material density is needed for calculating
the matrix of the elastic constants as well. The densities of the SMAW weld sample, the GTAW
sample, and the base metal are given in Table 3 [14].

Table 3. The densities of the SMAW weld sample, the GTAW weld sample, and the base metal.

Material Density (kg/m?)
Gas tungsten arc welding sample 7745
Shielded metal arc welding sample 8021
Base metal 7968

4. Finite Element Simulations

Simulation of ultrasonic wave propagation requires the modeling of the piezoelectric transducer.
Two approaches can be taken. Either a piezoelectric element can be used or the effect of the
piezoelectric transducer can be introduced into the model by application of a transient excitation
pulse to the weld surface. The second approach is used here by applying the following excitation
pulse to the model:

2 f N
Yt = cos(2r ft)[1- cos(Tt)] 0<t< 3 o

0 otherwise

where f is the frequency and N is the number of cycles [21]. The pulse shape for N =3 and f =2
MHz is shown in Fig. 4.

This pulse is exerted on the nodes that are at the interface of the weld surface and the transducer.
The contact line between the transducer and the weld surface was simulated by using various
point forces operating on the weld.
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Fig. 4. Excitation pulse with a frequency of 2 MHz used in simulations.

The austenitic macroscopic structure and the orientation of the grains were defined in the
software by dividing the weld cross section into various domains which were extracted from the
weld cross sections as shown in Fig. 5. A typical ultrasonic wave propagating in the GTAW and
SMAW weld FEM models are shown in Fig. 6.
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Fig. 5. The finite element model of the austenitic weld samples in which the welded section is divided into several
structural domains for assigning the corresponding matrix of elastic constants: (a) the weld cross section obtained
from the GTAW process, (b) the weld cross section obtained from the SMAW process, (c) the mesh used for the
GTAW model, (d) the mesh used for the SMAW maodel.
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Fig. 6. The finite element model of the propagation of ultrasonic waves in austenitic weld samples: (a) GTAW
model, (b) SMAW model.

The matrix of elastic constants, C, of a material can be formed through the measurement of the
elastic constants using ultrasonic waves and incorporating the Christoffel equation. The method
of determining C is commonly referred to as the cube-cutting technique [20]. To make the
required measurements, cubes were cut from the original specimen at various orientations to the
main axes, and wave velocity measurements were carried out on them [20]. The matrices of the
elastic constants of the shielded metal arc welding sample, the gas tungsten arc welding sample,
and the base metal, were reported in [14] as:

2655 121.8 1102 0 0 0
121.8 2655 1129 0 0 0
_|110.2 1129 2655 0 0 0
Cem="0" "0 "0 792 0 o0 |CP @)
0 0 0 0 765 0
0 0 0 0 0 779
[258.5 178.7 131.8 0 0 0 |
181.7 225.1 1642 O 0 0
C _|131.8 1639 2089 0 0 0 | opa
sMAW = | 0 0 1153 0 0 ®)
0 0 0 0 1011 O
| 0 0 0 0 0 742 |
[278.6 173.7 1481 O 0 0 |
173.7 2549 1121 0 0 0
C _|148.1 1121 2472 0 0 0 | gpa
GTAW =| 0 0 0 1065 0 0 (6)
0 0 0 0 739 0
| 0 0 0 0 0 743 |
the anisotropic factor is determined as [22]:
2C
A= 44 0]
C11_C12

To introduce the anisotropic structure of the welds into the finite element model, the matrix of
elastic constants obtained from the experiments (Egs. 4 to 6) is rotated according to the grain
orientation relative to the y axis in each of the SMAW and GTAW welding samples. Then, the
matrix of each of the structural domains (shown in Fig. 5) is assigned to the corresponding
domain under a certain angle. For the elastic constant matrices acquired, the anisotropic factors
were calculated to be 1.1 for the base metal, 2.9 for the SMAW weld, and 2.0 for the GTAW
weld. In isotropic materials, A is equal to 1. Therefore, with an anisotropic factor of 1.1, the base
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metal is almost isotropic. Besides, the matrix of the elastic constants of the base metal shows that
the base metal crystal structure can be assumed to be cubic. The austenitic stiffness matrix also
confirms the orthotropic structure for the welds generated by the SMAW and GTAW processes.

5. Discussion

In anisotropic materials, like austenitic steels, The beam skewing phenomena occurs because of
the difference between the group velocity and phase velocity [4]. Therefore, the wavefront will
not be perpendicular to the beam axis as shown in Fig. 7.

Energy
Flux

Wave front normal ¥

Fig. 7. Beam skewing in austenitic welds.

To measure the velocities of ultrasonic waves in the base metal, SMAW, and GTAW welds,
several samples of each material were cut at different angles and the velocity of the longitudinal
wave was measured in each of them. Longitudinal wave velocities were also measured in the
corresponding finite element models. The measured velocity of each material as a function of the
beam direction is shown in Fig. 8.

As a result, the beam skewing is a function of the angle between the material grain orientation
and the direction of the ultrasonic beam. Figures 8(a), (c), and (e) show the phase velocity and
Figs. 8(b), (d), and (f) show the beam skewing in the base metal, SMAW weld sample, and
GTAW weld sample on the XY plane, respectively as depicted in Fig. 5. The beam skewing is
determined from the angle between the group velocity and phase velocity. Figure 8(c)
demonstrates that the longitudinal phase velocity for the shielded metal arc welding sample
changes from 5190 to 6280 m/s with respect to the propagation angle. These variations in the
finite element simulation are from 5160 to 6135 m/s. This variation range for the gas tungsten
arc welding sample, shown in Fig. 8(e), changes from 5550 to 6060 m/s in experiments and from
5850 to 5890 m/s in simulations. By comparison of the velocities of the longitudinal waves in the
SMAW and GTAW weld metals, it can be concluded that due to the difference in the maximum
and minimum wave velocities in the SMAW weld metal, the anisotropy in this weld is higher
than that of the GTAW weld sample. The comparison of the anisotropic factor obtained from the
matrices of elastic constants for the two welds also confirms this conclusion (Egs. 4 to 7).
Pearson correlation coefficient [23] of the phase velocity curves in SMAW weld obtained from
simulation and experiments is 0.983.
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Fig. 8. (a) Phase velocity in the base metal, (b) beam skewing in the base metal, (c) phase velocity in the shielded
metal arc welding sample, (d) beam skewing in the shielded metal arc welding sample, (€) phase velocity in the gas
tungsten arc welding sample, and (f) beam skewing in the gas tungsten arc welding sample.
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This value is 0.938 for GTAW weld metal and 0.918 for the base metal. These coefficients show
that the FEM models represent the real samples very well. Figure 8(d) demonstrates that the
maximum angle between the vector of the phase velocity and the vector of the group velocity
(beam skewing) for longitudinal waves in the SMAW weld is 16.5° in the experiments and 13.1°
in simulations. These values are 6.3° and 8.8° for the GTAW weld, respectively, see Fig. 8(f). By
comparing the beam skewing curves of the two types of the welds, it can be observed that beam
skewing in the shielded metal arc welding sample is higher than that of the gas tungsten arc
welding sample.

Pearson correlation coefficient of the beam skewing curves in SMAW weld obtained from
simulations and experiments is 0.984. This value is 0.983 for GTAW weld sample and 0.894 for
the base metal. It can be concluded that the experimental results are in good agreement with the
results obtained from simulations. In addition, the relatively low anisotropic factor in the
AISI316L base metal and the approximately linear shape of its velocity and beam skewing
curves indicate that this material almost isotropic, Figs. 8(a) and 8(b).

6. Conclusion

In this paper, the propagation of ultrasonic waves in austenitic steel welds prepared by two
different welding processes was studied. The two welding processes considered are shielded
metal arc welding (SMAW) and gas tungsten arc welding (GTAW). The anisotropic and
heterogeneous structure along with large elongated grains of austenitic welds makes the
ultrasonic testing of these welds very difficult. A novel finite element model was developed to
simulate the weld structure in which the material orientation of the structural subdomains was
taken into consideration. Finite element simulations of ultrasonic wave propagation in these
welds showed that the anisotropy in SMAW sample is greater than that of the GTAW sample.
Comparison of finite element results with experimental measurements confirmed the validity of
the developed model. By comparing the longitudinal phase velocities in SMAW and GTAW
welds, it was found that the difference between the minimum and maximum wave velocities in
SMAW sample is larger than that of the GTAW sample. For the base metal, this difference was
found to be insignificant. The beam skewing in the SMAW sample was also found to be larger
than that of the GTAW sample. It is concluded that different welding processes and different
operating parameters can result in completely different weld structures. The proposed FE model
can be used for predicting the behavior of ultrasonic waves in these welds and help in developing
more efficient test procedures.
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