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Abstract

This paper investigates the effect of residual stresses resulting from welding on the values of natural frequencies of welded
structures. First, two aluminum sheets constructed of the 6061-T6 alloy were argon welded together, and the residual stresses
were measured via the hole-drilling method. Welding is carried out in two passes. Before starting the longitudinal weld,
the beginning, the middle, and the end of the weld line are connected by spot welding to prevent the sheets from moving.
The plate's natural frequency values without and with residual stress were retrieved using experimental modal analysis. The
two aluminum plates are three-dimensional simulated in Abaqus finite element software, and residual stresses are extracted
to validate the experimental results of the welding process. All the conditions in finite element analysis are similar to the
welding conditions in the experimental specimen. The results demonstrate high accuracy in modeling the finite elements
of the welding process. Then frequency analysis is performed numerically considering the residual stresses. Ultimately, the
influence of residual stresses on natural frequency values was examined. The results illustrate that residual stress in the alu-
minum plate changes the natural frequency. This approach can be used as a non-destructive test to investigate the presence

of residual stress in structures.
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1 Introduction

Welding is very important in the aerospace, construction,
and transportation industries. Welding has many applica-
tions in the connections of structures. One of the problems
most industries face is residual stress due to the welding pro-
cess. Residual stress in the areas around the weld can cause
cracks to grow, so it is necessary to identify and study it in
welded structures. There are several methods for measuring
residual stress. A temperature field with a strong gradient
is established in the parts in the welding process. Obtain
temperature changes at any point during and after welding to
predict the heat affected zone width, obtain the distribution
of residual stresses weld, predict the macroscopic structure
of different parts of the specimen, and predict the distortion
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and deformation due to welding is essential (Million et al.
2005; Banno and Kinoshita 2022). Welding process due
to the application of intense heat, deformation of the body
and changes in the material's microstructure are one of the
major causes of residual stress. Residual stress in structures
can lead to distortion, unwanted and unauthorized defor-
mation, or reduce metal structures' strength and useful life.
Therefore, calculating the residual stresses resulting from
the welding process is very important (Aliha and Ghare-
hbaghi 2017). The presence of residual stresses in welded
parts has adverse effects. Tensile residual stresses around the
weld zone can cause cracks, corrosion, and structural failure
(Murugan et al. 2001; Salameh et al. 2022).

There will be significant volumetric shrinkage during the
cooling of aluminum and its alloys and reaching from the
liquid stage to the solid stage. Traction and large expan-
sion cause residual distortions in welded structures made
of aluminum alloys. Therefore, the study of residual stress
control and distortion of welded parts made of aluminum
alloys is always an essential issue in welding engineering
(Li et al. 2009). Measuring residual stress is very costly and
time-consuming. Before choosing any measurement method,
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the advantages and limitations should be examined to get the
best result from the research. In previous studies, various
methods have been developed to calculate residual stress.
Nevertheless, this stress cannot be estimated directly and
must be estimated using the residual strain determination
tool.

Mechanical methods are necessarily destructive and can-
not be used directly to measure residual stress intermittently.
Due to the complexity of the welding process, analytical
methods are often impractical, and practical methods can-
not be used in the real specimen due to their destructive
and costly nature. Accordingly, the best method for calcu-
lating the distribution of residual stresses is to use numeri-
cal analysis methods such as modeling and finite element
analysis. Andersson (1978) investigated the residual stress
distribution at the upper and lower surfaces of the base plate
near the weld during the submerged arc welding process
using the two-dimensional finite element method. Deng and
Murakawa (2006) first experimentally measured the resid-
ual stress distribution in the weld zone using strain gauges
installed near the weld zone. They then predicted residual
stress distribution using Abaqus software and axial symme-
try modeling. In recent years, many researchers have focused
their efforts on modeling the welding process of aluminum
alloys. Frigaard et al. (2001) created the thermal finite ele-
ment model with a moving heat source and corrected their
predicted temperature profiles by employing the experi-
mental profiles obtained for 6082-T6 and 7108-T79 alloys.
Khandkar et al. (2003) proposed a comprehensive model
of the input heat based on welding tool torque and used it
to model the temperature history of 6061-T651 aluminum
alloy. Chen and Kovacevic (2003) acquired Ansys software
to obtain the temperature distribution of 6061-T6 aluminum
sheet during welding and compared it to their experimen-
tal results. Kiigiikoner et al. (2020) investigated the micro-
structure and mechanical properties of the AISI2205/DIN-
P355GH steel joint by submerged arc welding. They bonded
AISI 2205 duplex stainless steel and P355GH pressurized
tank steel using additional metal and powder with similar
parameters and a submerged arc welding method. These
materials, which were welded using the SAW method, were
tested for surface and subsurface defects using ocular, mag-
netic particle, and radiographic methods. Das Banik et al.
(2021) studied the distortion and residual stresses in the
weld joint of an austenitic stainless steel thick plate using
experiments and finite element analysis. Arora et al. (2018)
simulated the finite element of the residual stress due to
welding in thin cylinders welded with a tungsten gas arc.
Zhen et al. (2022), in their research, simulated the residual
stress in the welding seam of aluminum alloy numerically
based on computer simulation technology. Hu et al. (2019)
conducted an experimental study of the residual stress test
and finite element simulation using the nonlinear ultrasonic
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surface wave technique. Their primary purpose is to investi-
gate the effect of residual stresses on the nonlinear behavior
of materials to optimize a structural design. They experi-
mented with three specimens of aluminum 7075 alloys under
various residual stresses using nonlinear ultrasonic surface
waves. Then, the residual stress distribution is simulated by
shot pinning using the finite element method. They found
that the nonlinear behavior of the material increases uni-
formly with increasing residual stress. The numerical results
correspond to the experimental data quite well. The results
indicated that the nonlinear surface ultrasound method
has a high potential for detecting and evaluating residual
stress. Liu et al. (2011) studied the measurement of residual
stresses using nonlinear rail surface waves in shot-pinning
specimens. Li et al. (2021) investigated the nonlinear behav-
ior of anisotropic microplates with multi-layer electrostati-
cally active residual stresses.

They investigated the behavior of anisotropic microplates
and multilayer anisotropic microplates in the design and
optimization of sensors and actuators. The results were then
compared with isotropic materials and monolayer micro-
plates. They presented a general reduced-order theory model
considering both arbitrary multilayer properties and material
anisotropy. The results were validated using experimental
data and finite element simulations. Jiang et al. (2015) ana-
lyzed the vibrations of a piezoelectric nanowire based on
a Green—Lagrange nonlinear strain equation. The effects
of internal residual stress and geometric nonlinearity are
evaluated.

In addition, the strain of the linear distribution with
simply supported boundary conditions of the piezoelectric
nanowire is investigated. The investigator used the method
of the green—Lagrange nonlinear strain to obtain a set of
equations governing transverse vibration through Hamil-
ton's principle. Their results showed that internal residual
stress could reduce the effect of residual surface stress and
reduce the frequency significantly or change the frequency
size dependence qualitatively. Penna et al. (2021) presented
areview of the research and application of nanowire FG with
geometric defects and initial axial force. They obtained that
increasing the non-local parameter increases the nonlinear
frequency for all nonlinear oscillator amplitudes and kin-
ematic boundary conditions. The non-dimension nonlinear
frequency increases with raising the initial axial prestress
force for all non-local parameter values, regardless of the
final condition. Verboven et al. (2006) discussed nonlinear
distortions in modal testing vibrating automotive structures
by testing. Ferhatoglu et al. (2018) analyzed the nonlin-
ear vibrations of the structures with a new modal overlap
method. They demonstrated that the new modal overlap
method with hybrid mode shapes is an excellent reduction
method for nonlinear dynamic analysis. Recent studies dem-
onstrate that researchers have not considered the effect of
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residual stress on natural frequencies. This problem is the
main novelty of this research. First, two aluminum plates of
AA6061-T6 are welded together using Argon (Tig). Using
the central perforation method, longitudinal and transverse
residual tensions are measured along the welding line.
Then, using Abaqus software, this process is simulated.
The distribution of residual stresses caused by welding with
experimental results has been compared and confirmed by
numerical simulation. Furthermore, due to the importance
of the natural frequencies of aerospace structures, the effect
of residual stresses on natural frequencies has been experi-
mentally and numerically verified. Residual stresses can
cause frequency changes, so this can be a simple method
for confirming the presence or absence of residual stresses
in the structure.

2 Experimental
2.1 The Manufacturing Procedure

In this research, the welding of AA6061-T6 aluminum sheet
with final dimensions of 150 X 150 mm and a thickness of
6 mm has been studied. The argon welding process is used
for the welding. The actual welding is performed in double
pass using TIG welding using argon as shielding gas. This
process is used ubiquitously for aluminum and its alloys
(Diaz-Rubio et al. 2006). An electric arc connects a non-
consumable tungsten electrode to the workpiece surface. The
tip of the electrode, the puddle and the warm area around
it are protected by inert gas (argon, helium, or a mixture
thereof) escaping from around the electrode. From the avail-
able literature, the vital parameters affecting the quality
characteristics of the process were identified as the welding
current, voltage, welding speed and flow rate of shielding
gas (Santhanakumar 2014). The welding parameters are con-
sidered such as the voltage of 12 (V), welding current of 120
(A), welding speed of 10 (cm/min) and flow rate of shielding
gas of 15 (L/min). By using spot welding at the start and end
of the weld line, the precise configuration of the joint was
performed before the main welding. The photograph of the
actual welded plates is shown in Fig. 1.

2.2 Residual Stress Measurement

In this study, using a hole-drilling method according to
ASTM standard (E837) (2013) and a strain gauge (rosette
with the FRS-2-23 model of TML company), residual stress
changes at a depth of 1 mm from the workpiece surface are
measured for each specimen and measured at three points
according to Fig. 2. The selected points are in the center of
the weld line, 15 and 30 mm from the center of the weld
line, respectively.

Fig. 1 The original pictures of weld plates

15 mm 15 mm

" Weld hine

-

\

’

Roscticic) Rosclieih) Roseuw(a)

AAGIN AA 661

Fig.2 Strain gauges on a welded sample

Hole-drilling is the most common method for determin-
ing residual stress. The advantages of this method are its
low cost, ease of use, and accessibility. This method is
classified as a semi-destructive method due to its size and
depth (e; The diameter and depth of the hole are usually
0.8 to 3.2 mm). The steps used in order to perform the
hole-drilling method according to the standard (ASTM
E837-13a 2013) are: placing a 3-member strain gauge on
the specimen, connecting and adjusting the strain gauges
to the data device, and placing a device for drilling in the
middle of the 3-member strain gauge, performing drilling
operations, recording and converting results into residual
stresses through existing relationships.

Flamen (Das Banik et al. 2021) showed that residual
stress is created on the sides of the hole at low speeds
in the drilling process. Therefore, the drilling speed in
this experiment is estimated at 300,000 rpm, which was

bni7 .
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Fig.3 The device used for high-precision stage punching

performed by the SINT MTS 3000 machine with high
accuracy (refer to Fig. 3).

Residual stress on the sides of the hole is unavoidable due to
the applied pressure and the heat generated in the drilling pro-
cess. Non-uniform residual stress determination is performed
according to the standard, with 20 drilling stages at a depth of
0.05 mm per stage. First, the readable strains from each strain
gauge are used to define the new variables p, ¢, and 7.

P=— (1)
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where € is the strain released. Then, using the equations
obtained by Schajer (Schajer 1988), the combinations of P,
0, and T stresses were obtained according to Egs. (4—6) and
were related to the readable strains utilizing the calibration
coefficients according to Egs. (7-9).
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where E is Young's modulus, and v is the Poisson's ratio of
the part in question. a and b the calibration coefficients, ¢
and 7 are the normal and shear stresses on the plane, respec-
tively. The stresses and elasticity relations in each layer are
obtained as Eq. (10). The k index corresponds to each layer.
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2.3 Modal Analysis

The values of natural frequencies were calculated using a
hammer and an accelerometer (see Fig. 4). The non-welded
and welded specimens are considered simply supported
boundary conditions. The excitation force is applied to the
structure using the modal analyzer's hammer at the specified
points. An accelerometer sensor then measures the resulting
acceleration. The information received from the acceleration
sensor is transformed into a frequency domain per unit of
time using the Fourier series transformation.

3 Numerical Method (Welding)

Figure 5 indicates an aluminum sheet with a length of
150 mm, a width of 75 mm, and a thickness of 6 mm, pro-
duced by welding with longitudinal weld seams.

The welding process was assumed to be two-pass by
the argon welding method. As illustrated in Fig. 5, the

Fig.4 Measurement of the natural frequency of aluminum sheet
using modal analysis
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Fig. 5 Model plate with the longitudinal weld seam

butt connection is square. The plate is made of 6061-T6
aluminum alloy, and only half of the sheet is considered
to reduce the model size and number of elements. Abaqus
14.2 finite element software was used to model the weld-
ing process in this research. Simulating the welding pro-
cess is done simultaneously with thermal and mechanical
analysis. For this purpose, a three-dimensional transient
mechanical-thermal analysis is performed. The distri-
bution of temperature and stress fields is obtained. The
Goldak double ellipsoid model (Long et al. 2009) is used
to model the heat source, shown in Fig. 6.

There are two models for kinematic hardening for metal
cycle loading modeling in Abacus software. With a con-
stant coefficient, the linear kinematic model approximates
the hardening process. The linear kinematic stiffness coef-
ficient is determined, C, in Eq. (12).

_ O'y - O'O
C=— (12)

where o, yield stress, oy, yield stress in plastic strain, £,
plastic strain in the range. This model has reasonable results
for minor strain ratios (less than 5%) based on physical
principles.

Heat Input
Distribution

Welding
Direction
-V

Y

a

Fig.6 Goldak's double ellipsoid model

The nonlinear kinematic/isotropic model significantly
predicts hardening, whereas it requires more detail for cal-
culations and experiments. Therefore, linear kinematic stiff-
ening has been used according to the strain values defined
in the present study. The thermal and mechanical plate is
considered a function of temperature, and the add or remove
elements technique is used to model the filler material. All
base metal components and weld metal elements formed
due to material deposition must first be created to apply
this approach. Consequently, welding metal elements are
deactivated by multiplying the stiffness matrix of those ele-
ments into a minimal number. Similarly, when the elements
are reactivated and the filler has precipitated after the heat
source has passed, they are added to the model.

Instead, reactivating the elements means returning the
stiffness matrices, mass, element loads, etc., to their original
value. The finite element model constructed in this simula-
tion is shown in Fig. 7. The first-order isoparametric brick
elements have been used for analysis. Eight nodes with one
degree of temperature freedom and 3 degrees of freedom of
movement per node (C3D8T) were employed in the thermal
analysis of the brick element. Due to the high-temperature
gradients near the puddle and heat-affected zone, smaller
elements in this area up to 10 mm from the welding line
have been used. However, as the distance from the welding
line increases, the size of the elements increases. The total
number of elements in this modeling is around 9000. Due
to the nonlinearity of the solution, a long time was required
for the analysis. Therefore, changes in various parameters
were ignored in modeling the welding process. Specific
heat, thermal conductivity, density, latent heat, solidus and
liquidus temperatures are essential to simulate the weld-
ing process's thermal behavior. The mechanical properties
include Young's modulus, Poisson's ratio, yield stress, and
thermal expansion coefficient, which are effective in ther-
moplastic analysis of the welding process. Properties materi-
als are applied realistically and variable with temperature;

Fig.7 Three-dimensional finite element model of the aluminum sheet

@ Springer
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Table 1 Relation between thermal and mechanical properties of aluminum 6061-T6 to temperature (Chao and Qi 1998; Aliha et al. 2013)

Thermal expansion Young's modu- Density (kg/m?) Specific heat  Thermal conduc-  Yield stress  Poisson's ratio Temp. (°C)
coefficient (p °C™") lus (GPa) J/kg °C) tivity (W/m °C) (MPa)
23.45 68.54 2685 945 162 271.17 0.33 37.8
23.61 66.19 2685 978 177 264.6 0.33 93.3
25.67 63.09 2667 1004 184 218.6 0.33 148.9
26.60 59.16 2657 1028 192 - 0.33 204.4
27.56 53.99 2657 1052 201 159.7 0.33 260
28.53 47.48 2630 1078 207 66.2 0.33 315.6
29.57 40.34 2630 1104 217 - 0.33 371.1
30.71 31.72 2602 1131 223 17.9 0.33 426.7
500
z Numerical simulation
400 | % ¢ Experimental result
o £g
g =<
Z 200 E
g =
= 2 n
100 2
A
0 1 A L A
0 500 1000 1500 2000 2500 40 60 80

Time (sec)
Fig. 8 Results of temperature history for the welding process

consequently, the finite element analysis will be nonlinear,
and the solution will be iterative (Zhu and Chao 2002).

The displacement of the nodes in the symmetry plane is
perpendicular to the weld line to apply the boundary con-
ditions. In addition, to prevent rigid movement of the sys-
tem, the beginning and endpoints of the weld line are also
clamped. A cube 1x1Xx1 (mm) represents the melt area's
size elements and the melt region's closeness. The level of
adiabatic symmetry and the initial temperature of the plate
are assumed to be equal to the ambient temperature of 20 °C.
Table 1 illustrates the mechanical and thermal properties of
the temperature-dependent 6061-T6 aluminum alloy utilized
in this modeling. Furthermore, the latent heat is 384 kJ/kg,
the liquidus temperature is 652 °C and the solidus tempera-
ture is 582 °C.

4 Discussion and Results
4.1 Welding Residual Stress
Figure 8 indicates the temperature history after 2500 s of the

welding process at a point location 30 mm from the welding
line's central and 150 mm from the beginning of welding.
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Distance from weld centerline (mm)

Fig.9 The results of the longitudinal residual stress of the welding

The results for longitudinal residual stresses are shown (see
Fig. 9). As observed in this process, the stresses surround-
ing the weld line are tensile, and the tensile residual stress
is transformed to compressive residual stress at a distance
of 13 mm from the center of the weld line. The finite ele-
ment analysis results show that the maximum amount of
tensile residual stress is about 34 MPa. Experimental results
are presented at a depth of 0.1 mm from the surface. The
maximum tensile stress at the center of the weld line is about
40 MPa. The small size of the welded part, the free part,
the high heat input, and the two passes of the weld can be
considered the reasons for reducing tensile residual stress in
the present study. Residual stress is reduced by preheating
before welding (Flaman et al. 1987; Fardan et al. 2021). The
first pass in two-pass welding is a preheat of the second pass;
Therefore, the residual stress in two-pass welding is less than
in single-pass welding.

Suppose the sheets are clamped in the welding process.
In that case, the amount of tensile residual stresses near the
welding line will increase significantly (naturally, a signifi-
cant percentage of the yield strength of aluminum mate-
rial). This amount of residual stress will undoubtedly have
a significant influence on the growth behavior of possible
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cracks created in this area and will accelerate the growth
of cracks and the destructive failure of cracks in the heat-
affected zone.

4.2 Modal Analysis
4.2.1 Numerical Results

The sheet was subjected to frequency analysis in the pres-
ence of residual stresses caused by welding without taking
residual stresses into account. The step related to frequency
analysis is defined in numerical analysis to examine the
residual stresses occurring from welding after the last step
(cooling down) in the indicated study. Figure 10 showed the
mode shapes of the welded sheet.

The results demonstrate that welding increases the stiff-
ness of the sheet, which increases the natural frequen-
cies. Table 2 exhibits the values for the first through third
frequencies.

In fact, according to the nonlinear modal issues, resid-
ual stress is considered a tensile preload that can affect the
natural frequencies of components and structures that have
residual stress. As a result, by comparing the natural fre-
quencies of the structure, it can understand the existence of
residual stress.

Mode |

Fig. 10 Mode shapes of welded sheet

Table 2 Comparison of the natural frequencies of the sheet with the
residual stresses from the welding and without of the residual stresses

First Second Third
frequency frequency(Hz) frequency(Hz)
(Hz)
With residual stress 736.72 1609.0 1833.9
Without residual stress  730.26 1579.5 1812.1

4.2.2 Experimental Results

This section reviews the experimental results of modal anal-
ysis for welded and non-welded sheets. Figure 11 depicts
the findings of the modal analyzer output (acceleration over
time) for welded and non-welded sheets (MajidiRad and
Yihun 2019).

The acceleration responses of the simple, welded sheets
are converted to the frequency domain utilizing the fast Fou-
rier transform, from which a frequency response diagram is
obtained. Figure 12 shows the frequency response diagram
for welded specimens. The difference between the two struc-
tures is visible in the first frequency mode (Fig. 13).

As can be seen, the first natural frequency was higher
for the welded sheet. The presence of residual stresses in
the plate increases the structure's natural frequency. The
obtained experimental results confirm the numerical results,
and the increase in frequency can be observed in the welded
state.

5 Conclusions

In this research, the effect of residual stress on the natu-
ral frequency of aluminum sheets has been investigated
experimentally and numerically. Detection of residual

5
7 10 , . , ;

— Welded plate | |
— Simple plate

Acceleration (m/sz)

2 1 . I .
0 0.2 0.4 0.6 0.8 1

time (s)

Fig. 11 The acceleration response for the welded and simple plate
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Fig.12 The frequency response function (FRF) diagram for the
welded and simple plate
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Fig. 13 The frequency response function (FRF) diagram for the first
mode of a welded and simple plate

stress in different structures is essential. A novel approach
for identifying the presence of residual stress is presented
in this study. For this purpose, two aluminum sheets are
considered, one of which the welding process has been
done. Abaqus software for numerical analysis and modal
analysis for experimental testing was considered. Numerical
and experimental results revealed that the natural frequency
could change in the presence of residual stress. The natural
frequency values of welded and simple specimens differ by
around 2%. This approach is one of the non-destructive tests
used to identify residual stress in various constructions. Due
to the high cost of investigating the presence of residual
stresses resulting from welding, bending, and machining
processes (which are often destructive), the study of fre-
quency changes in the structure can indicate the presence of
residual stresses in the structure.

@ Springer
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