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Abstract

This paper uses a 3D thermo-mechanical finite element analysis to evaluate welding residual stresses in austenitic
stainless steel plates of AISI 304L. The finite element model has been verified by the hole drilling method. The
validated finite element (FE) model is then compared with the ultrasonic stress measurement based on
acoustoelasticity. This technique uses longitudinal critically refracted (Lcr) waves that travel parallel to the surface
within an effective depth. The residual stresses through the thickness of plates are evaluated by four different
series (1 MHz, 2 MHz, 4 MHz and 5 MHz) of transducers. By combining FE and Lcr method (known as FELcr method)
a 3D distribution of residual stress for the entire of the welded plate is presented. To find the acoustoelastic
constant of the heat affected zone (HAZ), a metallographic investigation is done to reproduce HAZ microstructure
in a tensile test sample. It has been shown that the residual stresses through the thickness of stainless steel plates
can be evaluated by FELcr method.
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1. Introduction

Residual stresses of welded structures are produced as a result of non uniform thermal expansions and
contractions during the welding processes. Nondestructive measurement of residual stress is important to
optimize the structures’ design and control their mechanical strength. Unfortunately, there is no reliable method
that nondestructively gives complete satisfaction in the in-situ stress monitoring of the welded structures.
Material, geometry, surface quality, cost, and accuracy of the measurement are some of the parameters that must
be taken into account in choosing a proper method. Therefore, the development of several methods like X-ray
diffraction, incremental hole drilling, and the ultrasonic waves are inevitable [1].

Stress measurement by ultrasonic waves is a nondestructive, easy to use, and reasonably inexpensive method
recently used in some industrial applications. However, it is slightly sensitive to the microstructure effects like
grain size [2], carbon rate [3], texture [4], and structure [5] and also to the operating conditions (temperature [6],
coupling [7], etc.). The ultrasonic evaluation of the residual stresses requires the division between the
microstructure and the acoustoelastic effects which are simultaneously reasons of changing in ultrasonic
properties of the structure materials.

Welding simulation by Finite Element (FE) has become a popular method for the prediction of welding residual
stresses and deformations. Earlier studies of welding simulation accounted for the nonlinearities caused by
temperature dependent material properties and plastic deformations [8]. The majority of those studies, due to
weakness in the computational capabilities of the previous computers, were limited to two-dimensions on the
plane perpendicular to the welding direction. Good agreements have been observed between the numerical
predictions and experimental results ([9]-[10]) which encourage using FE welding simulation in residual stress
evaluation.

2. Theoretical Background

2.1. Ultrasonic Stress Measurement

Ultrasonic stress measurement is based on the linear relationship between the velocity of ultrasonic wave and the
stress of material. This relationship, within the elastic limit, is the acoustoelastic effect which says that ultrasonic
wave flight time varies with stress. The longitudinal critically refracted (Lcr) wave is a longitudinal ultrasonic wave
which can travel parallel to the surface. The Lcr method uses a special longitudinal bulk wave mode, as shown in
Fig. 1, mainly propagating beneath the surface at a certain depth. When a longitudinal wave passes through an
interface between two materials, there is an incident angle that makes the angle of refraction for the wave 90°.
This is known as the first critical angle which is calculated 28° from the Snell’s law when the wave moves from
PMMA wedge to the steel (Fig. 1). It is shown by Egle and Bray [11] that sensitivity of the Lczr waves to the strain is
highest amongst the other types of ultrasonic waves.

The relationship between the velocity of the longitudinal waves which travel parallel to load direction and the
strain (a) is expressed by the following equation:
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a1=g, az= as=-vxe, where ¢ is the strain in the direction 1 and v is the Poisson’s ratio. Using these values, Eq. (1)
becomes:
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The variation of the velocity with the strain is called as “relative sensitivity” and can be calculated by Eq. (3).
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where Li; is the dimensionless acoustoelastic constant for Lcr waves which should be measured by the uniaxial
tensile test.

Eq. (3) is rearranged to calculate the stress variation in terms of time-of-flight (dt/to), as shown in the Eq. (4).
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,where do is the stress variation, E is the elasticity modulus and to is the time for the wave which travels through a
stress free path in the material being investigated. For a fixed probe distance, the travel time of the Lcr wave
decreases in compressive stress and increases in tensile stress field. The acoustoelastic constant (Lzz) links the
stress and the velocity or change in travel time.

2.2. Finite Element Welding Simulation

Numerical simulation of welding residual stresses needs to accurately take into account the interactions between
heat transfer, metallurgical transformations and mechanical fields. The phenomena involved in the heat input such
as arc, material interactions, as well as, fluid dynamics in the weld pool are not precisely described. From the
thermo-mechanical point of view, the heat input can be seen as a volumetric or surfaced energy distribution, and
the fluid flow effect, which leads to homogenized temperature in the molten area, can be simply taken into
account by increasing the thermal conductivity over the melting temperature. As no metallurgical transformation
occurs in the austenitic stainless steel (304L), the detailed modeling of the melting is not considered. Heat
transfers in solids are described by the heat equation as following:
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,where p, H, K and T are density, enthalpy, thermal conductivity and temperature respectively. Q represents the
internal heat source. In Eq. (6), n is the outward normal vector of domain 02 and g the heat flux density that can
rely on temperature and time to model convective heat exchanges on the surface and T is a prescribed
temperature. In the present study, the double ellipsoid heat source pattern proposed by Goldak et al. [12] is used.
The Goldak equations for the front and rear heat source are expressed by the Eq. 8 and Eq. 9 respectively:
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,where x, y and z are the local coordinates of the double ellipsoid model aligned with the welded plate; frand f; are
parameters which give the fraction of the heat deposited in the front and rear parts, respectively. Q is the welding
energy which is calculated by knowing the welding current and voltage and considering the arc efficiency. The
parameter a is one-half the width of melted zone; b is depth of the melted zone; ¢sand cr are the front and behind
section dimensions of the heat source respectively. In this study, the parameter a and b are measured 6.5 mm and
7mm for the main weld respectively, while they are 5.5 mm and 3mm for the back weld. The front section
dimension of the heat source (cy) is assumed equal to a and the rear section (¢;) is equal to 4xa. The relations 2/(1+
¢/ ¢f) and 2/(1+ ¢s/ c/) are used to calculate the frand f- respectively. The moving heat source is modelled by a
user subroutine in the ANSYS software.

In the thermal analysis, the boundary conditions include the radiation and convection to the environment from all
of the plate surfaces except the symmetry surface and the area under the heat source. Radiation losses are
significant for higher temperatures near the weld zone, while convection losses are higher for lower temperatures
nodes away from the weld. A user subroutine is employed to simulate the combined thermal boundary condition
while the heat convection coefficient is assumed 8 W/m?2K. The structural constraints are also applied on the
symmetry section of weld as the mechanical boundary conditions.

The mechanical analysis is based on the usual equations of the static equilibrium. As the plastic dissipation is
neglected in the thermal analysis, thermal and mechanical analysis can be treated separately. The temperature
fields computed by the thermal analysis, is used in the mechanical analysis. The materials are supposed to follow
an elastic—plastic behavior with isotropic hardening. The material parameters, young’s modulus, poisson’s ratio,
yield stress, strain hardening and heat expansion coefficient are temperature dependent.

Material modeling has always been a serious issue in the simulation of welding because of the scarcity of material
data at elevated temperatures. Some simplifications and approximations are typically introduced to cope with this
problem. These simplifications are necessary because of both lack of data and numerical problems when trying to
model the actual high-temperature behavior of the material [13]. The material properties of 304L stainless used in
the finite element analysis is extracted from X.K.Zhu et al. [14].

The problem is formulated as a successively coupled thermal stress analysis. First, a non-linear thermal analysis is
performed to calculate the temperature history of the entire domain. Then, the results of the thermal analysis are
applied as a thermal body load in a non-linear mechanical analysis determining residual stress and distortion. The
finite element (FE) models for both thermal and structural analysis are the same. The general-purposed FE
program ANSYS is used for the analysis. A full Newton-Raphson iterative solution technique with direct sparse
matrix solver is employed for obtaining a solution. During the thermal analysis, the temperature and the
temperature dependent material properties alter very rapidly. Thus, the full Newton-Raphson technique with
using modified material properties is believed to give more precise results.

A conventional technique named "Element Birth and Death" [15] is used for modelling of the deposited weld. A
complete FE model is generated in the start of the analysis. However, all elements representing the deposited
weld except elements for the tack welds are deactivated by assigning them a very low stiffness. During the thermal
analysis, all the nodes of deactivated elements (excluding those shared with the base metal) are also fixed at room
temperature till the birth of the respective elements. Deactivated elements are reactivated sequentially when they
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come under the effect of the welding torch. Linear elements are preferred than higher-order elements in non-
linear problems of this type [16]. Here, eight-noded-brick elements with linear shape functions are used in the FE
modeling.

A meshing investigation is done to find the most proper mesh according to the mesh size and accuracy of the FE
results. The basic mesh size is shown in Fig. 2, while some finer and coarser meshing models are studied and the
results are compared with the experimental measurements. Selecting the most effective mesh size leads to the

accurate results along with time-consuming calculations.

3. Experimental Procedures

3.1. Sample Description

Tested material is austenitic stainless steel plate (A240-TP304L). Single pass butt-weld joint geometry with a back-
weld pass and without root gap is used. Two 600x250x10 mm normalized and rolled plates are welded in V-groove
(90° included angle). Back and the main weld passes are performed by submerged arc welding (SAW) process with
the specifications mentioned in Table 1. The plates are tacked weld in two points while no clamps are employed
during the welding process. The face and the root reinforcement are removed to be adapted to the shape of
ultrasonic measurement devices. A 30000 rpm hand grinder is utilized to remove the reinforcements while water
cooling is simultaneously employed to control the temperature. The cooling process along with very low depth of
cut, keeps the grinding temperature less than 50 C to prevent the creation of new thermal stresses.

3.2. Measurement Device

The measurement device, shown in Fig. 3, includes an ultrasonic box, computer and time of flight (TOF) measuring
element. Also, a measuring table is needed to move TOF measuring element accurately and with enough stability.
The ultrasonic box is a 100 MHz ultrasonic testing device which has synchronization between the pulser signal and
the internal clock, which controls the A/D converter. This allows very precise measurements of the time of flight —
better than 1ns. TOF measuring element includes three normal transducers assembled on an integrated wedge to
measure the time of flight. A poly methyl methacrylate (PMMA) material, under the trademark Plexiglas, was cut
by laser cutting to construct the wedge. A three-probe arrangement was used, with one sender and two receivers
in order to eliminate environment temperature effect to the travel time. Twelve transducers in four different
frequencies were used where their nominal frequencies were 1 MHz, 2 MHz, 4 MHz and 5 MHz. Using different
frequencies helps to evaluate residual stresses through the thickness of the plates. The diameter of all the
piezoelectric elements was 6 mm.

3.3. Determination of Lcr Penetration Depth

When the Lcr technique is applied to an application with limited wall thickness, the penetration depth of the Lcr
wave is expected to be a function of frequency. Since there is no definite relation for Lcr depth and frequency, it
should be measured experimentally. Four different frequencies have been used in this work to evaluate the
residual stress through the thickness of the plates. Therefore the depth of all frequencies should be exactly
measured. The setup which is shown in Fig. 4 is used to measure the penetration depth of the Lcr wave. Two
transducers as sender and receiver (No. 6 and 7) with the same frequency are used to produce the Lcr wave. A slot
is performed between the transducers by milling tool (No. 8) to create an obstacle in the path of the Lcr wave. The
depth of the slot is increased step by step and the amplitude of the Lcr wave is measured in each step. When the
amplitude of the Lcrwave is equal to the noise, milling process is stopped and the depth of slot represents the
penetration depth of the Lcr waves for the tested frequency. The material is the same as the welded plates. The
measured penetration depths of Lcr wave are 5 mm, 2 mm, 1.5 mm and 1 mm for the transducers with nominal
frequencies of 1 MHz, 2 MHz, 4 MHz and 5 MHz respectively.



3.4. Evaluation of the Calibration Constants

To evaluate the calibration constants (acoustoelastic constant and free stress time-of-flight), the calibration
samples were taken from both sides of the plates. Eight rectangular tension test specimens were extracted to
determine the acoustoelastic constant (L11) with an average of the results as following:

a) Four specimens were extracted from both sides of the plates in the parent material (PM) zone.
b) Two specimens were extracted from the melted zone (MZ).

c) Two specimens were extracted from the parent material and then were heat treated to reproduce the
microstructure of the heat affected zone (HAZ). Metallographic analysis of the weld shows that the heat
affected zone is not large enough to extract tensile test sample (Fig. 5). Therefore 12 metallographic
samples were prepared from tensile test specimens. Each one has experienced different annealing
temperature, annealing time, cooling rate and cooling environment. Since no microstructure phase
change occurred in the HAZ during the welding process, the criterion is austenitic grain size. From this
point, the best agreement was found for the sample annealed at 1200°C for 7 min followed by an air
cooling (Fig. 6). The grain size of HAZ and simulated sample were close to G5.5 according to the ASTM:
E112 (standard test methods for determining average grain size).

To evaluate the residual stress according to Eq. (4), the value to is measured directly from the stress-free samples
and the acoustoelastic constant (L:1) is deduced experimentally from a uniaxial tensile test associated with an
ultrasonic measurement (see Fig. 7). The results of tensile test are shown in Fig. 8 for 1 MHz transducer and also
the L1z for all of the transducers listed in Table 2. The acoustoelastic constant of HAZ is less than the PM while the
MZ constant is the maximum. Similar results were previously reported in the acoustoelastic constant
measurement of P335 steel [17]. The stress-free samples are the same as the tensile test specimens which are
stress relieved by heat treatment. The samples are constructed with the dimensions of Sheet type (0.5 in. wide)
according to the ASTM: E8 standard while the width of grip section and reduced section are 20 mm and 12.5 mm
respectively.

4. Results and Discussion

In this study, the 3D finite element analysis for welding simulation is verified by hole-drilling method. The
validated finite element model can be used to predict the 3D distribution of residual stresses through the plate
thickness. The 3D distribution of residual stresses is measured with four set of transducers with different
frequencies. To compare ultrasonic with FE results, eight test sections are selected as shown in Fig. 9. The test
sections are selected according to the plate surface deformations to employ the most flat sections and facilitate
ultrasonic measurement. Since the maximum Lcr depth is 5 mm for 1 MHz transducer, the investigated 10 mm
thickness plates cannot be inspected only from one side. Therefore, all of the measurements are performed for the
top and bottom surface (referred to as Main-Weld and Back-Weld respectively) of the plates.

The wave speed for Lcr waves is affected by the average stress in a layer which may be a few millimeters thick [18].
It means that ultrasonic method measures the average of stresses in determined depths. For example, the 1 MHz
Lcr wave travels in 5 mm from the surface and gives the average of residual stress in this zone. Therefore, the FE
residual stresses for all the nodes located in 5 mm under the surface are extracted and their averages are
calculated to compare with measurements performed by the 1 MHz Lcr wave. Fig. 10 shows the FE distribution of
residual stress through the thickness in the line of Z=300 mm and X=0 mm (which is the middle line of the weld
length). The residual stress in the top surface is 192.11 MPa while it is 174.75 MPa in the bottom surface according
to Fig. 10. The boundary separating main and back weld is about 7 mm from the top surface where the minimum
of residual stress occurs. To compare with ultrasonic measurements, the averages of residual stress in the middle

line are listed in Table 3 according to the test frequencies.
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The results of the finite element method are shown in Fig. 11 for different depths correspond to the integration
points of the elements. These results are in good agreement with welding logic which says the maximum of tensile
residual stress is produced in the weld centerline and it will be transformed to compressive stress near the HAZ
and finally free stress zone in the parent material [19]. The results which are shown here are the exact quantity of
the residual stresses in the determined depth. In this figure, the depths (which are mentioned on the right side of
the charts) are the distance from the top surface and are selected to divide the main and back weld to the four
equal depths. The Fig. 11 shows quality variation of the longitudinal residual stress from tensile stress in the top
surface of the weld to the compressive stress in the root of the main and back weld. However, the results shown in
Fig. 11 cannot be compared with the ultrasonic results because they are exact results while ultrasonic method
measures the average of residual stresses. Therefore, the averages of residual stresses are calculated by the FE and
are shown in Fig. 12. These averages are calculated according to the penetration depth of available test
frequencies.

To compare FE results with ultrasonic measurements, it is needed to verify the FE model with the experimental
results. The validation of the thermal analysis is done by comparison of the real melted zone dimension, shown in
Fig. 5, and the MZ size estimated by FE analysis. The mechanical analysis is also verified by hole-drilling method
according to Fig. 13. The average results of FE residual stress in 2 mm from the surface are in good agreement with
those of hole-drilling. It should be noticed that, hole-drilling method is also gives the average of residual stress
measured along the 2 mm depth hole. The hole-drilling method is performed in four different points based on the
characterizations described in ASTM: E837 while the measurement setup and holes position are shown in Fig. 14.

The distribution of longitudinal residual stress in the weld line is shown in Fig. 15. It shows rapid changes in the
weld start and end point and a mild increase in the final third of the weld line. Similar distribution of longitudinal
residual stress along the weld length, was previously reported in FE analysis of SAE 1020 steel plate [20].

The results of ultrasonic measurements are shown in Fig. 16-Fig. 19 and Fig. 21-Fig. 24 for the main and back weld
respectively. The 3D distribution of ultrasonic measurement is also shown in Fig. 20 and Fig. 25. All of the results of
ultrasonic measurements are compared with finite element analysis showing an acceptable agreement. Given the
large number of graphs to compare the eight test sections, only the results of the last test section (Test Section 8,
near the welding end point) and the middle test section (Test Section 5, near the hole-drilled zone) are discussed.

Fig. 16, Fig. 17, Fig. 18 and Fig. 19 show the Lcr results performed by 5 MHz, 4 MHz, 2 MHz and 1 MHz transducers
respectively and comparison with the finite element data in the main weld. The maximum deviation of ultrasonic
and FE results by 5 MHz is 44.72 MPa in the center of the weld at the Test Section 8. This large deviation is because
of the improper effect of welding end point which can not accurately be considered in finite element simulation.
However, improper effect of welding end point cannot be observed in the 4 MHz, 2 MHz and 1 MHz results. It
means that this is a surface effect and do not penetrate more than 1 mm (which is the measured penetration
depth of 5 MHz Lcr wave). The deviations of other points by 5 MHz do not exceed +30 MPa and also it is +18 MPa,
116 MPa and +11 MPa for the test performed by 4 MHz, 2 MHz and 1 MHz transducers respectively. Comparison
between different test frequencies shows that the Lcr waves work more accurately, when lower frequencies are
employed. It means that the deviation of Lcr waves and FE results by 5 MHz is higher than the deviation by 4 MHz
and the minimum occurs at 1 MHz. Higher error for higher frequencies can be justified by the fact that the low
frequency transducers produce sharp and more powerful echo in the receiver than high frequency transducers.
Therefore it is necessary to increase the “Gain” by using higher frequencies, which will lead to less resolution and
higher measuring error in the time of flight.

The maximum of residual stress measured by 5 MHz, 4 MHz, 2 MHz and 1 MHz transducers is 225.56 MPa, 233.31
MPa, 214.32 MPa and 159.56 MPa respectively. It means that, Lck wave can penetrate in the depth of stainless
steel and measure the residual stress of the bulk. The potential of the Lcr waves to measure the bulk stresses, is
also confirmed by the majority of previous studies [1, 11, 17-18, 21-24]
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Comparing ultrasonic with FE results show less agreement in HAZ (7-9 mm distance from the weld centerline)
because of the small width in HAZ (about 1.5 mm) and also the change of dimensions through the thickness. The
width of wedge is 15 mm which is about 10 times of the HAZ width. If the wedge moves with 0.5 mm steps over
the HAZ, it will be 15/0.5 + (1.5/0.5) = 33 points which HAZ and wedge have contact. A combination of HAZ, MZ
and PM acoustoelastic constant is applied for all of the 33 points. For example if 1.5 mm of wedge width is over
the HAZ and the other 13.5 mm is on the PM, the acoustoelastic constant is calculated according to 1.5/15=10% of
HAZ constant and 90% of PM constant. Another practical limitation in ultrasonic measurement of the HAZ is
changing dimensions through the thickness because of welding groove shape. According to the groove shape
shown in Fig. 5, for example in 5 mm distance in the right of the weld centerline:

1) The 5 MHz Lcr wave travels 1 mm under the surface where about 80% of wave width is propagated in the
MZ and the other 20% in the HAZ.

2) The 4 MHz Lcr wave travels 1.5 mm under the surface where about 65% of wave width is propagated in the
MZ and the other 35% in the HAZ.

3) The 2 MHz Lcr wave travels 2 mm under the surface where about 50% of wave width is propagated in the
MZ and the other 50% in the HAZ.

4) The 1 MHz Lcr wave travels 5 mm under the surface where about 25% of wave width is propagated in the
MZ, 25% in the HAZ and 50% in the PM.

Therefore the acoustoelastic constant is calculated according to 80% of MZ constant and 20% of HAZ constant for 5
MHz Lcr wave when the wedge center is located in X=5 mm. The same considerations should also be used for the
other frequencies mentioned above. The practical limitations explained, increase the calculations and
measurement error of residual stress obtained from ultrasonic evaluation in the HAZ.

Fig. 20 shows the ultrasonic 3D distribution of longitudinal residual stress of the main weld. Comparing the results
with finite element analysis shows good agreement between 3D distribution of FE and ultrasonic results. However,
some specifications are different, for example the tensile stress rise near the welding end point (Fig. 15) cannot be
observed in ultrasonic results because of experimental error.

Fig. 21, Fig. 22, Fig. 23 and Fig. 24 show the Lcr results performed by 5 MHz, 4 MHz, 2 MHz and 1 MHz transducer
respectively and comparison with the finite element data in the back weld. The maximum deviation of ultrasonic
and FE results by 5 MHz, 4 MHz, 2 MHz and 1 MHz transducer is £28 MPa, +18 MPa, +15 MPa and £11 MPa
respectively. The deviations data are close to the main weld results and confirm that the Lcz waves work more
accurately, when lower frequencies are employed.

The maximum of residual stress measured by 5 MHz, 4 MHz, 2 MHz and 1 MHz transducers is 208.34 MPa, 181.71
MPa, 164.18 MPa and 79.58 MPa respectively. These results are less than the main weld residual stresses because
of lower welding energy during the back weld process.

Since the height of the back weld is 3 mm, the 2 MHz Lcr wave (with penetration depth of 2 mm) travels close to
the root of the back weld. Furthermore, the 1 MHz Lcr wave (with penetration depth of 5 mm) is influenced by
both the back and main weld simultaneously.

Ultrasonic 3D distribution of longitudinal residual stress of the back weld is shown in Fig. 25. All the results of main
and back weld show good agreement between FE and Lcr and it can confirm the capability of FELcr method to
evaluate welding residual stress through the thickness.



5.

Conclusions

The main goal of this study is evaluating residual stress through the thickness of stainless steel plates with 10 mm
thickness. Finite element welding simulation, hole-drilling method and Lcr ultrasonic waves are employed to reach
this goal. According to the achieved results, it can be concluded that:

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

The Lcr ultrasonic method measures the average of stresses in determined penetration depth of
transducers. Therefore, if measuring the stress in an exact distance from the surface is needed, the
ultrasonic method is not recommended.

Since the penetration depth of Lcr wave is limited, both side measurement of thick plates is
recommended.

The finite element results are in good agreement with welding logic which says the maximum of tensile
residual stress is produced in the weld centerline; it will be transformed to compressive stress near the
HAZ and finally free stress zone in the parent material.

The average results of FE residual stress in 2mm from the surface are in good agreement with those of
hole-drilling method.

The finite element result for residual stress distribution of the weld centerline show a rapid changes in the
weld start and end point and a mild increase in the final third of the weld line.

Ultrasonic 3D distribution of residual stresses is compared with finite element analysis and shows an
acceptable agreement in the main and back weld.

The deviation of ultrasonic and FE results is increased by using high frequency transducers.

Less agreement between FE and ultrasonic results is observed in HAZ because of its small width and also
dimensional changes through the thickness.

Improper effect of welding end point on the residual stress is a surface effect and cannot penetrate more
than 1 mm.

FE and ultrasonic results show that the maximum of tensile residual stress in the back weld is less than the
main weld.

It is possible to investigate the top, bottom and root of the main and back weld by Lcr waves.

According to the results of this study, FELcr method (which is the combination of finite element welding simulation
and ultrasonic stress measurement by Lcr waves) can evaluate welding residual stress through the thickness of
investigated stainless steel plate. FELcr method can be introduced as the most cost-effective nondestructive
method to produce full 3D maps of welding residual stresses. Its requirements are a computer for simulation and
ultrasonic equipments (which can be provided at a lower price than the other nondestructive equipments for
stress measurement). However, it can nondestructively predict the residual stress through the thickness with
verification.
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11. Tables

Table 1: Welding specifications

Weldin  Weldin Welding
g g Speed Electrode
Voltage Current (cm min- Material
(V) (A) 1)
Mai
n
28 420 60 ER308L
Wel
d
Back
Wel 24 400 95 ER308L
d

Table 2. Acoustoelastic constant (L1:) related to frequency

Frequency Parent Material (PM) Heat Affected Zone (HAZ) Melted Zone (MZ)
1 MHz 2.17 1.937 2.558
2 MHz 2.102 1.839 2.452
4 MHz 2.011 1.829 2.263
5 MHz 2.132 1.96 2.462
Average 2.111 1.8808 2.4244

Table 3: Average of residual stress according to the available test frequencies for the middle plane of specimen
(Z=300 mm and X=0 mm)

5MHz(1mm) 4MHz(1.5mm) 2MHz(2mm) 1MHz(5mm)
Main Weld 208.6534 209.7938 MPa 200.18 MPa 142.9795
(Top Surface) MPa MPa
Back Weld 164.7977 156.9695 MPa 144.8366 68.7137 MPa
MPa MPa

(Bottom Surface)
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12. Figures
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Fig. 2. Basic finite element model
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1) Measuring Table

: 9) Ruler

2) Ultrasonic Box 10) Pressure Screw

3) Tested Plate 11) Adjusting Screw

4) Ultrasonic Software 12) Plastic Screws

5) TOF Measuring 13) Plexiglas Wedge
Eleme.nt . 14) Transmitter Transducer
6) Guide Rails 15) Receiver Transducerl
7) Perforated Sheet
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8) Driver Screw

1) Ultrasonic
Software

2) Ultrasonic Box
3) Milling
Machine
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7) Receiver
Transducer

8) Milling Tool

Fig. 4. Experimental setup to measure the penetration depth of Lcr wave
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Back Weld

Fig. 5. Overetched section to make the HAZ visible

3
weid |
(a) (b)

Fig. 6. Microstructure of a) HAZ and b) Simulated Sample to reproduce HAZ microstructure

(Electro-etched with 10% Oxalic acid for 2 min at 200X)

1) Tensile Test Machine
2) Ultrasonic Box

3) Ultrasonic Software

4) Transmitter Transducer
5) Receiver Transducers
6) Tensile Test Sample
7) Holder

Fig. 7. Tensile test to evaluate the acoustoelastic constant (Lz1)
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Fig. 8. Result of Tensile test to evaluate the acoustoelastic constant of Lcr wave by 1 MHz Transducer
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Fig. 9. Ultrasonic Measurement and Plate Dimensions

Longitudinal Residual Stress(MPa)

Fig. 10. FE Distribution of Residual Stress through the Thickness in Z=300 mm and X=0 mm
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Fig. 11. FE Results for the Longitudinal Residual Stress in Different Depths (correspond to the integration points of
the elements) from the Top Surface in a) Main Weld and b) Back Weld
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Fig. 13. The Comparison of Finite Element and Hole Drilling Method according to Residual Stress
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Fig. 15. FE Results for the Longitudinal Residual Stress in the Weld Line in a) Main Weld and b) Back Weld
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Fig. 19. Comparison of 1 MHz Transducer and FE Results in Residual Stress Measurement of Main Weld in the a)
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Fig. 21. Comparison of 5 MHz Transducer and FE Results in Residual Stress Measurement of Back Weld in the a)
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Fig. 22. Comparison of 4 MHz Transducer and FE Results in Residual Stress Measurement of Back Weld in the a)
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Fig. 23. Comparison of 2 MHz Transducer and FE Results in Residual Stress Measurement of Back Weld in the a)
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Fig. 24. Comparison of 1 MHz Transducer and FE Results in Residual Stress Measurement of Back Weld in the a)
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