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The residual stress beneath the surface is crucial to the safety of the structures. Neutron
Diffraction and Hole-drilling are the two methods being used to measure the inner resid-
ual stress. Longitudinal Critically Refracted (LCR) wave transmission that is propagated
parallel to surface also can be used for measuring residual stress, but measurements are
within an effective depth and need to be further studied. In this paper, the parameters
of K are separately tested in WZ, HAZ and BM zone. The welding process of 6082-
T6 aluminum alloy welded joints is simulated in SYSWELD, the finite element model
has been verified by the X-ray diffraction method. The residual stress value calculated
by SYSWELD and the values obtained from the ultrasonic measurement show a good
agreement. It is demonstrated that the residual stress of 6082-T6 aluminum alloy welded
plate can be evaluated by using the ultrasonic method.

Keywords: Longitudinal critically refracted wave; welding residual stress; 6082-T6; finite
element.

PACS number: 81.20.V]j

1. Introduction

6082 aluminum alloy is widely used in the production of high-speed train body
because of its high strength, due to its large linear expansion coefficient, which
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resulted in the large volume shrinkage then the residuals stress in welding compo-
nents was higher. Residual stress affects the performance of high-speed strain on
service, such as fatigue life, stress corrosion resistance, brittleness fracture and the
stability of the size. Efficient and reliable measuring residual stress is one of the
most important challenges to the safety of high-speed train.

In the past years, various nondestructive techniques have been developed to
measure the residual stress, the strain gauge method,! X-ray diffraction,>* and
neutron diffraction method.® Unfortunately, there is no reliable method which gives
complete satisfaction in the in situ stress monitoring of the welded structures. Ma-
terial, 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 ultrasonic wave stress method is inevitable. The critical refraction
longitudinal (Lcr) wave method is widely used, which is relies on the variations
between the velocity of the ultrasonic wave and the material stress to evaluate the
residual stress.% 8

The main goal of this research is to carry out a feasibility study for non-
destructive stress measurement to evaluate the welding residual stress of 6082-
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Fig. 1. (Color online) Article framework and research background.
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T6aluminum alloy welded joint (Fig. 1). The parameters of K (stress coefficient)
are separately tested in weld zone (WZ), heat-affected zone (HAZ), and base metal
(BM) zone, then the residual stress is compared with FEM method by Sysweld
software calculation.

2. Theoretical Background
2.1. LCR stress measurement method

According to Snell’s law,? when ultrasonic velocity in the second medium is greater
than in the first one, the angle of the refracted longitudinal wave increases with
the increase of the incidence angle of the longitudinal wave. When the incident
angle increases to a certain value, the refracted longitudinal wave travels parallel
to member surface. These waves are called longitudinal critically refracted waves,
or Lcr waves.

The relation between measured travel-time change of Lcr wave and the corre-
sponding uniaxial stress derived by Egle and Bray'® is

_EdVy, _ E

do = =
ViiLir  Lutg

dt, (1)

where do is the stress variation; F is the elasticity modulus; and dt is the variation
of time-of-flight (TOF); and t¢ is the time for the wave which travels through a
stress-free path in the material being investigated.

By assuming that K represents E/Lq1to, Eq. (1) can be simplified to Eq. (2) in
which K is called the stress coefficient with the unit of MPa/ns.

Ao = KAt (2)

where Ao is the observed change in applied stress (MPa); At is Log wave time-of-
flight varying in the test samples.

2.2. FFE sitmulation

In this study, three-dimensional finite element models are developed in Sysweld
software. The solution procedure consists of two steps; first, the temperature history
and different phase proportions are computed by coupling between heat transfer
and phase transformation analyses in order to better approach the actual heat
source condition, 3D double ellipsoid heat source model'! (Fig. 2) was chosen for
welding numerical simulation.

In the next step, the mechanical analysis is accomplished which is based on the
usual equations of the static equilibrium.The temperature fields computed by the
thermal analysis, are used in the mechanical analysis. The FE model of plates is
shown in Fig. 3.
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Fig. 2. (Color online) Double ellipsoid heat source model.

Fig. 3. (Color online) FE model.

3. Material and Measure Systems
3.1. Materials and welding parameters

Two 6082 Al alloy plates with the dimension of 300 x 150 x 12 mm under T6 aging
condition (solution-treated and naturally aged according to ISO 2107:2007) were
used in this study. Joints were processed by the metal inert gas (MIG) technique
with a Kemppi arc pulse 450 welding machine. The parameters of the welding
process are listed in Table 1.

3.2. Measurement system

A measurement system is designed in this study, which includes a total of four
components in the system (Fig. 4). Respectively, (1) the core device is used to
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Table 1. Welding processing parameters.

Schematic
Weld No.  Current, A  Voltage, V.  Speed, cm/min sequence
1 180-200 21 45-55 243
2 210220 23 40-50 .
3 210-220 24 40-50

1

Fig. 4. (Color online) Measurement system.
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Fig. 5. (Color online) LCR wave testing device.

generate and receive Lcr waves. The generated ultrasonic wave propagates from
poly methyl methacrylate (PMMA) material to the steel, and then to the receiving
probe via PMMA material, we calculated the incidence angle of the longitudinal
wave as 24° from Snell’s law (Fig. 5), the diameter of all the piezoelectric elements
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was 6 mm and their nominal frequencies were 5 MHz, the measured depth of the Al
samples was about 1.4 mm; (2) a Panametrics 5072PR pulser receiver; (3) a data-
processing computer; (4) the oscilloscope with the sampling frequency of 5 GHz
(Tektronix company production, MDO3104).

3.3. Correction of stress coefficient K

In order to obtain stress coefficient K of different zones, six rectangular tension tests
were extracted to determine the stress co efficient K (Fig. 6), two specimens were
extracted from the base material (BM) zone, two specimens were extracted from the
melted zone (MZ), two specimens were extracted from the parent material and then

Fig. 6. (Color online) Sample location in each zone.

35
T m  BM:Y=0.22046X-0. 0723
30 & HAZ:Y=0.19953X-0. 083
. A MZ:Y=0.2553X+0. 0835
25
w 20
=
~
<15
= i
10
5
0 T T T T T T T T T T T T ‘
0 20 40 60 80 100 120 140
Stress/MPa

Fig. 7. (Color online) Result of tensile test to evaluate the K.

1940038-6



Int. J. Mod. Phys. B 2019.33. Downloaded from www.worldscientific.com

by SOUTHWEST JAOTONG UNIVERSITY on 05/11/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Evaluate welding residual of 6082-T6 aluminum alloy welded plate

o B e e
Fig. 8. Samples and microstructure in each zone.

were heat treated to reproduce the microstructure of the HAZ. The microstructure
of different zones is shown in Fig. 8.

The calibration procedure was processed following the ASTM B557-10 stan-
dard. The Plexiglas wedge with fixing ultrasonic transducers was attached on the
calibration samples. The direction of the Lcr wave transmission was parallel to
the direction of residual stress measurement. The tensile samples were executed on
the stretching machine DNS300. The results of tensile test are shown in Fig. 7 and
also the K is 4.53, 5.1, and 3.91 for the BM, HAZ and MZ. In order to evaluate
the residual stress according to Eq. (2), the value tg is measured directly from the
stress-free sample that is created by employing the stress relieving heat treatment.

4. Residual and Discussion

In order to compare ultrasonic measurements and FE results, we need to verify that
the FE models is accurate, iXRD model X-ray stress analyzer made by PROTO
Corporation is used, and the measured point distributions are shown in Fig. 9.
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Fig. 9. (Color online) Path of distribution of LCR wave measurement and X-ray resting points.
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Fig. 10. The comparision of FE method and X-ray method according to residual stress.
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Fig. 11. (Color online) Longitudinal residual stress results of contour and three sections.
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Fig. 12. (Color online) The compare of FE and LCR mothed of residual stress results in different
testing path.

The longitudinal residual stresses analyzed by FE simulation are compared with
those obtained from the X-ray measurements (Fig. 10) and a good agreement is
achieved. This agreement can be considered as validation of FE welding simulation
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and proves the accuracy of FE model. Hence, the FE model could be employed in
verifying the results of ultrasonic stress measurements.

The longitudinal residual stress results of contour and three sections that were
obtained by the finite element method are shown in Fig. 11. These results are in
good agreement with classical 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.

The results of ultrasonic measurements in different sections are shown in Fig. 12.
All of the results of ultrasonic measurements are compared with finite element
analysis showing an acceptable agreement. The maximum deviation of ultrasonic
and FE results appears in the HAZ area because of the complicated microstructure
of this region. The wave speed for LCR waves is affected by the average stress in a
layer which may be a few millimeters thick, it means that stress measured by LCR
approach represents the average value in a fixed path and may result in noticeable
errors in residual stress sections with high gradients. In order to get a good result
in the HAZ, a probe with higher spatial resolution needs to be used.

5. Conclusion

The present work shows that the longitudinal critically refracted waves can be used
in the determination of the magnitude of the residual stress of 6082-T6 aluminum
alloy, according to the achieved results, it can be concluded that:

(1) The microstructure in WZ, HAZ and BM zone have a significant effect on the
K, especially in WZ, it is necessary to correct the errors resulted from different
microstructure in order to avoid the overestimated residual stress.

(2) 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.

(3) The comparison between the residual stress calculated by SYSWELD and
those obtained from the ultrasonic measurement shows a good agreement. It is
demonstrated that the residual stress of 6082-T6 aluminum alloy welded plate
can be evaluated by using the ultrasonic method.

(4) The maximum deviation of ultrasonic and FE results appears in the HAZ area
because of the complicated microstructure of this region, how to improve the
spatial resolution of Lor method is an important problem.
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