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Abstract

Residual stresses developed during complex multi-physics electron beam welding process are usually detrimental to the joint
integrity. Moreover, the natural frequencies of vibration are reported to decrease with an increase in stress value. Not much
literature is available on the study of the changes in natural frequency of vibration due to welding stresses. Moreover, such
analysis is limited to mathematical modeling and conventional welding processes. Thus, in the present study, residual stresses
of the welds corresponding to different heat inputs are measured experimentally using X-ray diffraction machine. A Polytec
laser vibrometer—data acquisition system—LabView assembly is used to experimentally determine the natural frequencies of
vibration. The novelty of this study lies with the establishment of a correlation between the measured welding stress and
natural frequency of vibration. Additionally, the experimentally obtained residual stresses have also been validated through
FEM results with satisfactory agreement. Furthermore, a noble approach of stress estimation using the natural frequencies is
proposed and tested successfully.
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FEM  Finite element model
GTAW Gas tungsten arc welding
NDT  Nondestructive testing

SS Stainless steel
XRD  X-ray diffraction

1 Introduction

Vibration is associated with biology, geology, structure,
machine components and various aspects of human life.
The study of frequency and vibration has been employed in
various fields of applications, such as in the analysis of earth-
quake, failure detection in engines and turbines and design of
nuclear reactors. In fact, a rise in the demand and the use of
vibratory equipment had been witnessed in the last few years.
As a result, the study of vibration properties and its associ-
ated natural frequencies of a material could be employed
profitably in various R&D and industrial applications [1].

Moreover, welding had been reported to be a multi-
physical complex process [2], because of the simultaneous
occurrence of heat transfer, fluid motion, stress formation,
etc. [3, 4]. This results in the joints being prone to failure
[4]. Additionally, as one of the most popular high-energy
welding techniques, electron beam welding (EBW) process
is accompanied by the higher cooling rate and strong influ-
ence of Marangoni forces, Lorentz and buoyant forces [5, 6].
The integrity and quality of the joints under the influence of
these complex conditions need to be assured through proper
inspection to prevent any monetary losses, unwanted fail-
ure and loss of life. Hence, proper inspection of the welded
joints is needed to minimize the defect and, thereby, obtain
quality products, which also ensures safety. Among many
methods of welding defect inspections, the nondestructive
testing (NDT) methods offer certain advantages. It has been
reported to evolve from a small-scale laboratory experiment
to an essential industrial need [7]. Furthermore, the demand
for the better quality products led to the need of various avail-
able NDT tests to ensure the quality, longevity, safety and
reliability of products, available in the market [8].

Among many welding issues, residual stress is one of the
prime concerns, as it is known to strongly affect the mechan-
ical properties of the joint [9]. Non-uniform heating and
cooling during EBW of steel plates lead to non-uniform ther-
mal expansion and compression, resulting in the development
of transient stress—strain distribution and plastic deformation
[10, 11]. High stress is observed to promote brittle fracture,
failure or stress corrosion cracking and reduction in buck-
ling strength [12]. Paradowska et al. [13] reported the loss in
performances in corrosion, fatigue, fracture and creep due to
stress. It also depends on the weld geometry and input pro-
cess parameters. Moreover, post-weld heat treatment does
not always ensure a complete removal of stress [14]. As a
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result, accurate information of stress becomes important from
the point of failure analysis. Residual stress was reported to
be measured using X-ray diffraction (XRD) [11, 15], neu-
tron diffraction method [13, 16], drill hole method [17, 18],
high-energy synchrotron radiation [19], ultrasonic method
[20], magnetic Barkhausen noise (MBN) approach [11, 21],
etc. Among many different NDT methods, defect identifi-
cation using X-rays gained popularity in various industries
and research fields [8]. However, measurement of welding
stresses is subjected to several difficulties. For example, the
stress measurement was carried out at one point at a time.
Moreover, these were subjected to restrictions on specific
types of materials [2]. Additionally, in some stress measur-
ing machines, the sample size was to be reduced as per the
size of the stage of that machine. Furthermore, the measure-
ment of residual stress at EBW heat-affected zone (HAZ)
through XRD is extremely difficult because of the small size
of the HAZ [11]. In addition, repetitions of experiments are
required for the minimization of deviation observed in the
data. As a result, the overall welding stress measurement
becomes a time taking, expensive and hectic process.

As a result, the roles of different simulation models
become significant in the prediction of stress, as it could avoid
accidents [15] and minimize need for actual experiments,
time and cost involved in the overall process [10]. Even
though the stress analysis through simulation is not easy,
computationally expensive and often very challenging, it has
gained popularity due to its capability to deliver reasonably
accurate results [2]. Stress in welding had been predicted by
various researchers through simulations [10, 15, 18, 22-25].

The stress-induced changes, leading to changes in the
structural response, may be defined as the stress-stiffening
effect [2,26]. Noticeable changes in the dynamic response of
the structures were observed by Bezerra et al. [26], because
of the presence of welding-induced residual stresses. The
change in natural frequencies because of the welding resid-
ual stress-induced stress-stiffening effect was investigated by
Vieira et al. [2]. Stress was reported in some of the literature
to be the reason for the observed variation in natural fre-
quency [2, 26, 27]. However, most of these investigations
were associated with conventional welding techniques only.
In fact, work on the change in natural frequencies due to
stresses, developed in the weld for different ranges of heat
input (V1 /U), where V, I and U represent the accelerating
voltage, beam current and welding speed, respectively, has
not been reported yet.

Jubb and Philip [28] correlated frequency, stiffness, stress
and load for a variety of structures and observed a decrease in
the stiffness and frequency as a result of instability in struc-
tures, due to application of load. Kaldas and Dickinson [29]
developed a Rayleigh—Ritz approach-based model for the
prediction of natural frequencies and different mode shapes
during the vibration of a stress-induced rectangular plate.
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They further estimated the applicability and accuracy of the
model using numerical examples. Kaldas and Dickinson [27]
also proposed a theoretical approach, which could demon-
strate the influence of residual stress, developed during gas
tungsten arc welding (GTAW) in rectangular plates on vibra-
tion characteristics and mode shapes. Finite difference tech-
niques were also employed in order to find the stress pattern.
Vieira et al. [2] studied the effect of welding residual stresses
on the dynamic behavior of rectangular plates through the
study of variation, occurring in the natural frequencies dur-
ing GTAW using experiments as well as numerical modeling.
The numerical model-predicted dynamic characteristics of
plates were found to be accurate with the experimental
results. The influence of weld residual stress on geometrical
distortion and stress-stiffening effect was studied by Bezerra
et al. [26] through both the experiments as well as Ansys
results with a good agreement between them. They found
significant effect of residual stress on the dynamic charac-
teristics of structure. A general trend of decreasing natural
frequencies due to welding was observed [2, 26-29].

Ferro et al. [15] carried out EBW of Inconel 706 plates.
They developed a finite element model (FEM) to predict the
thermal stress and validated experimentally through XRD
results. The thermal and residual stresses were observed
to depend strongly on the bead geometry and presence of
microfissures. Deshpande et al. [10] simulated butt welding
and post-weld heat treatment process of Inconel 718 plates
using Sysweld and Abaqus FEM packages to predict resid-
ual stress, temperature profile etc., where Sysweld was found
to offer the useful inbuilt features for welding simulations.
Barsoum and Barsoum [22] used Ansys FEM package for
the prediction of residual stress during welding. Fatigue and
crack propagation were also studied using linear elastic frac-
ture mechanics (LEFM) in order to correlate residual stress
with fatigue loading. Their model was found to predict accu-
rate results. Thermo-mechanical FEM analysis using Ansys
package was carried out by [24] in order to study the nature
of distribution of stress and distortion in butt weld of stainless
steel samples. They found that the effect of longitudinal stress
is more than that of the transverse one responsible for failure.
Huo et al. [18] developed a thermo-elasto-plastic model for
the simulation of EBW and electron beam local post-weld
heat treatment (EBLPWHT) in order to study the temper-
ature and stress field of BT20 titanium. They observed the
longitudinal stress to be more than the transverse stress. They
also reported a reduction in residual stress because of EBLP-
WHT. The influence of longitudinal residual stresses on weld
failure was found to be more than the transverse stresses [30].
Dissimilar EBW of austenite stainless steel AISI 316(N) and
ferritic-martensitic steel (P91) was performed by Javadi et al.
[31]. They carried out round-robin measurement of residual
stress using five commonly used stress measuring methods
and found an overall agreement between them. Xu et al. [32]

carried out LBW and GTAW welding of AISI 304 SS pipes.
They observed good agreement between the experimentally
measured and numerically predicted weld geometry, temper-
ature profile and residual stress, based on which they reported
LBW to outperform GTAW welding.

No significant literature is available on the study of the
changes in natural frequency of vibration due to welding
stresses. Moreover, such analysis is limited to mostly mathe-
matical modeling and conventional welding processes. Thus,
a correlation between the experimentally measured resid-
ual stress values and natural frequency of vibration for high
energy-based EBW process has not been reported yet in the
literature.

This gap in the literature is addressed in the present study,
where the welding residual stresses corresponding to differ-
ent process parameters are measured experimentally using
X-ray diffraction (XRD) machine. A Polytec laser vibrom-
eter—data acquisition (DAQ) system—LabView assembly is
used to experimentally determine the natural frequencies
of vibration. The aim of the present investigation lies with
establishing a correlation between the EBW-induced weld-
ing stresses and natural frequency of vibration. Additionally,
the welding stresses are validated through FEM.

The rest of the text is structured as follows: Sects. 2 and 3
deal with the details of the experiments conducted and that
of the FEM simulations, respectively. Results are discussed,
and conclusions are drawn in Sects. 4 and 5, respectively.

2 Experimental Procedure

2.1 EBW Setup

The experiments have been conducted using a
80 kV-150 mA-12 kW EBW machine, installed at IIT
Kharagpur, India, by Bhabha Atomic Research Centre
(BARC), Mumbai, India. A photograph of the EBW
machine is depicted in Fig. 1a. A photograph of the welded
sample is also shown in Fig. 1b, from which the desired
samples for vibration analysis are obtained.

Please note that during welding, the accelerating voltage
(V), beam current (/) and welding speed (U) are varied in
the ranges of 60—70 kV, 80-94 mA and 750-1650 mm/min,
respectively.

2.2 Sample Preparation

AISI 304 stainless steel plates with the dimensions of
55 mm x 80 mm x 5 mm have been welded using EBW pro-
cess for different sets of input process parameters. From the
final welded structure of dimensions: 110 mm x 80 mm X
5 mm, a thin rectangular strip of dimensions 110 £ 1.54 mm
x 4 +0.238mm x 0.64 & 0.08 mm is cut using wire-EDM
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Fig.1 a EBW setup at IIT Kharagpur, India, b EBW welded plates from which vibration samples are obtained

Fig.2 Sample for determination
if natural frequency of vibration

Base metal

=3 Reflector

at Central Workshop, IIT Kharagpur, India. Figure 2 shows
the sample used for the determination of natural frequency.

2.3 Determination of Different Modes of Vibration

The experiments for determining the natural frequency of
vibration are carried out at the Systems, Dynamics and Con-
trol Laboratory, Department of Mechanical Engineering, IIT
Kharagpur, India. During the experiment, a length of 5 mm
is used to fix these thin samples on an anvil. A reflector
is attached at the free end of the plate to reflect the laser
light, coming from the PDV-100 Polytec portable digital laser
vibrometer. The plate is struck manually and is then allowed
to vibrate. This vibration is recorded directly in LabView
2012 using a DAQ system. The data acquisition system cap-
tures the experimental vibrations of the present problem in
the form of velocity—time plot, and the frequencies are cal-
culated using fast Fourier transformation (FFT) algorithm.
These frequency data corresponding to different mode values
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Weld zone

Welded plate

are stored as .m MATLAB format file. The numerical values
of the frequencies are directly obtained from these MATLAB
files. These vibration data corresponding to different weld-
ing parameters have been analyzed. This is shown in Fig. 3.
Here, Fig. 3a shows the simplified representation of the actual
experimental setup, where vibration occurs along the z-axis.
The actual complete experimental setup is shown in Fig. 3b.
Please note that the changes in natural frequency of vibration
are considered up to fourth mode. This is so, because of the
unavailability of frequency information of mode 5 and above
due to damping effect.

A block diagram, used in LabView software to obtain dif-
ferent modes of natural frequency, is shown in Fig. 4.

2.4 Stress Measurement

Stress measurements have been carried out using PANalyti-
cal EMPYREAN XRD machine, at Mechanical Engineering
Department, IIT Kharagpur, India. The tube voltage and cur-
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Fig. 3 a Simplified representation of the experimental procedure, b experimental setup for the measurement of frequency of vibration using fast

Fourier transformation algorithm

Fig. 4 Block diagram used in
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rent are kept equal to 30 kV and 55 mA, respectively, for
X-ray generation from chromium target. The sample has been
scanned with CrKa radiation at 20 = 129°, corresponding
to hkl plane {220}, as suggested in the literature [33]. The
stress values have been analyzed through PANalytical stress
plus 2.3 software employing sin” (1) method [12, 15]. Please
note that the measurement of stress values corresponding to a
particular welding condition has been conducted three times
at a point in the fusion zone, and their average is reported to
ensure repeatability of the dataset. Moreover, only longitu-
dinal stresses in the fusion zone are considered due to their
more significant contributions to the failure of components

compared to other stresses, as discussed in the literature [40,
41].

3 Estimation of residual stresses through
FEM simulations

Rosenthal first proposed a model to represent a heat source
[34, 35]. Henceforth, several 2D and 3D welding heat source
models had been proposed. In particular, Goldak’s double
ellipsoid model [36] and deep penetration conical models
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Fig.5 Mesh distribution and
employed beam profile used in
of the present study
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Fig.6 Restraints applied to welding plate: a experimental top—bottom fixture setup, b FEM top—bottom encastre boundary condition

were used extensively [15, 37-40]. Phanikumar discussed
many heat source models in NPTEL video lectures [38].

In the present study, a sequential thermo-physical FEM is
developed with Abaqus 6.14 to extract information related
to thermal and stress distributions. The details of the process
are discussed below.

3.1 The Thermal Model

This section deals with thermal modeling of the EBW pro-
cess. Assuming the part to be isotropic and homogeneous
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with no heat generation, the heat transfer model of conduc-
tion is given in Eq. (1) [41]:

oT a ([ oT a (. oT a (. oT
pCo—=—|k— )+ —|k—|+—=|k— ). @)
ot dx \ ox ay \ dy az\ 0z

where the different space coordinates are denoted by the x, y
and z coordinates. p, Cp, T, k and ¢ have been defined ear-
lier in the nomenclature table. This model also includes the
heat losses through convection and radiation. The numeri-
cal values of the coefficient of convective heat transfer and
emissivity are considered to be equal to 15 W/m?K and 0.9,
respectively [42].
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Table 1 Material properties considered in the present analysis [5, 43]

Properties AISI 304 stainless steel
Density of liquid (kg/m?) 7200

Solidus temperature (K) 1697

Liquidus temperature (K) 1727

Specific heat (J/kg-K) 800

Coefficient of thermal expansion (1/K) 1.96E—05

Emissivity of the material 0.9

Table 2 Thermal conductivity and latent heat considered in the present
analysis [25, 43-47]

Temperature (K)  Thermal conductivity Latent heat of fusion

(J/m s K) (kJ/kg)
293 25 247
1697 40
1727 65
3090 532.85

Table 3 Temperature-dependent Young’s modulus and Poisson’s ratio
used in the present study [48]

Temperature (K) Young’s modulus (GPa) Poisson’s ratio

271 194 0.27
466 184 0.28
686 168 0.3

1080 130 0.33
1281 73 0.34
1430 2 0.34

Table 4 Hardening model parameters used in the present study [48, 49]

Temperature (K) Hardening model parameters for power law
obtained at 3% plastic strain from the

stress—strain curve

Yield point (MPa) Tangent modulus (MPa)
343 293 1440
373 250 1480
473 210 1500
573 181 1470
723 157 1380
873 147 1510
1073 129 833
1273 48 640

3.1.1 Part Design

A20mm x 15 mm x 5 mm half plate with symmetric bound-
ary condition about the yz plane is developed. The thermal
cycle involves heating followed by the cooling, the same

Amplitude

6 8 10 12
Time (s)

0 2 4

Fig.7 Amplitude—time profile

Single-Sided Amplitude Spectrum of X(t)
0.8 .

0.6~ 1

0.4

Amplitude

0.2

|- * .

0 50 100 150 200 250 300
Frequency (Hz)

Fig. 8 Frequencies corresponding to different modes of vibrations

as that of real experiments. DC3D8-type mesh with 15,624
nodes and 13,800 eight-node linear hexahedral elements is
used in the present study. The minimum and maximum mesh
sizes are measured to be equal to 100 wm and 2.933 mm, at
the fusion line and part end, respectively. The details of the
mesh information along with beam profile used in the heat
flux equation are shown in Fig. 5.

3.1.2 Heat Source Design

The conical heat source has been employed through DFLUX
subroutine. The details of the volumetric heat flux equations
along with mathematical formulations are available in the
literature [39, 43]. Figure 5 also depicts the instantaneous
beam radius (r) with respect to (x, y, z) space coordinates, as
depictedin Eq. (2). This instantaneous beam radius (r) is con-
sidered to be the maximum on the workpiece surface (r), and
it gradually decreases along the workpiece thickness, accord-
ing to the considered conical heat source model. Moreover,
the total input power (Q) is subgrouped into power acting on
the surface (Qs = ys Q) and volume (Qy = y, Q), where the
surface coefficient (ys) and the volume coefficient () are
considered to be equal to 0.1 and 0.9, respectively [39, 43].
Please note that being very small, the surface heat flux has
not been considered in the present study. The net power con-
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Fig. 9 Heat input versus natural frequency of vibrations corresponding to a mode 1, b mode 2, ¢ mode 3, d mode 4

sidered is given in Eq. (3), where 1, V and I are the efficiency,
accelerating voltage and beam current, respectively. The vol-
umetric heat flux is represented using Eq. (4), where gy, rp,
h and z denote the volumetric heat flux, beam radius at the
workpiece surface, maximum heat source spread along the
plate thickness and instantaneous heat source spread along
the plate thickness, respectively, as defined earlier:

2 =x2+ y2, 2)
Oy = nwVlI, 3)
h2 3(x2+y2)
00, [-stasten]
G, y, ) = 2 L TE TR @)

2
wrih
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As stated above in Egs. (2—4), the instantaneous beam radius
(r), volumetric power (Qy) and volumetric heat flux (gy) are
essential to represent the incidence of the welding heat source
(electron beam for the present study) on the workpiece. It is
to be noted that these are well-established equations and are
often reported in a different literature to represent conical
heat source model in FEM analysis [39, 43].

3.2 The Mechanical Model

The temperature history has been used in the FEM mechani-
cal modeling as inputs for estimation of the welding stresses.
During experiments, fixtures are used to prevent the unneces-
sary workpiece movement. This is recreated in FEM model
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using encastre boundary conditions at both the top and bot-
tom surfaces of the half plate. This is done to keep the
experimental and simulation boundary conditions as closely
matching as possible, as shown in Fig. 6a, b, respectively.

3.3 Material Properties

The material properties, used in the thermal modeling of
Abaqus 6.14, are listed in Tables 1, 2, 3 and 4.

Similarly, temperature-dependent Young’s modulus and
Poisson’s ration are provided in Table 3 [48].

Moreover, Chakraborty et al. [48] observed kinematic
hardening model to perform the better, and hence, it has
been used in the present study. In addition, the temperature-
dependent parameters of the hardening model, obtained using
tangent modulus for the power law hardening curve obtained
at 3% plastic strain from the stress—strain curve fitting, are
provided in Table 4 [48].

4 Results

In this section, the authors first discussed about the changes
occurring in the natural frequency of vibration with the corre-
sponding change in the welding heat input. Next, the welding
stresses, measured through XRD, are compared with the
same, predicted through FEM results. Finally, a correlation
between the natural frequency and welding residual stress is
developed and discussed below.

4.1 Natural Frequency of Vibrations

In the present study, Figs. 7 and 8 show how the frequency
dies out with time due to material damping. Figure 8 also
displays that the decrease in amplitude with an increase in
the frequency is almost exponential.

It has been reported in the literature that welding caused
a decrease in the natural frequency of vibration [2, 26-29].
Our observations also are found to be in line with the liter-
ature. The natural frequencies of all the welded samples are
observed to be less than that of the base metal. This reduc-
tion in the natural frequencies of vibration has been reported
in the literature [2, 26, 27] due to the stresses developed in
the weld. In addition, it has been observed that the natural
frequency decreases with an increase in heat input. The cor-
relation between heat input and natural frequency, obtained
in the present study, is shown in Fig. 9.

4.2 Experiment Versus FEM-Predicted Stress
in the Weld

The experimentally measured longitudinal residual stresses
are observed to increase with heat input. This is in line with

150 T T " [EE==Experimentally measured

[ITTFEM Predicted

100 E

(%4
(=]
1
1

Longitudinal residual stress (MPa)

65kV-87mA-  60kV-87mA-  60kV-94mA-
1200mm/min 750mm/min 750mm/min

Different welding conditions

Fig. 10 Experimental versus FEM simulated stress values of the fusion
zone corresponding to different welding conditions

the observations, reported in the literature [15, 50, 51]. More-
over, the experimentally measured stresses closely matched
the FEM-predicted results. The comparison among three dif-
ferent stress values, obtained experimentally and simulated
through FEM, is shown in Fig. 10.

4.3 Correlation of Natural Frequency with Welding
Residual Stress

The natural frequencies of vibration up to mode 4 for all the
welded joints are found to be less than that of the base metals
(refer to Fig. 9). This is in line with the trend reported in
the literature [2, 26-29]. Moreover, a reduction in the natural
frequency is observed with an increase in heat input. Further-
more, the longitudinal residual stress in the weld is observed
toincrease with an increase in heat input. Hence, a correlation
between measured natural frequencies, corresponding to dif-
ferent mode of vibrations and the welding stresses, measured
using XRD process, is presented in Fig. 11.

It is observed from Fig. 11 that the stress and natural fre-
quencies of vibration are inversely proportional. Hence, our
investigation is in line with the expected trend available in
the literature, that is, stress promotes damping through stress-
stiffening effect.

4.4 Residual Stresses Prediction from the Natural
Frequency of Vibrations

In the present work, the authors have also proposed a novel
approach to predict the residual stresses, developed during
the welding process from its natural frequency of vibration
using regression equations. These equations are developed
using Minitab 16. Please note that in the present study, linear
regression equations have been used. The correlation coeffi-
cient (Rz) values of these linear equations are found to be

@ Springer
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Fig. 11 Natural frequency of vibrations versus stress corresponding to a mode 1, b mode 2, ¢ mode 3, d mode 4

around 90%. Moreover, these linear equations are found to
yield better predictions compared to that of the nonlinear
ones. As a result, they have been used in the present study
(refer to Table 5). The predicted stress values using these
equations are found to be in agreement with the correspond-
ing welding stress value, measured experimentally through
XRD. Equations (5)—(10) are provided in Table 5.

The input parameters are generated within their respec-
tive ranges by using random number generator. One thousand
data have been generated using Eqs. (5)—(10). The stress val-
ues determined using the process parameters and the same,
predicted using the modes of vibrations for the 1000 data,
are shown in Fig. 12, which seems to have good agreement
between them. This innovative approach of stress measure-
ment is not only cost effective and easy to conduct but also is

@ Springer

Table 5 Equations to represent natural frequency of vibrations and
stresses

Equations Eq. Nos.

M1 =51.1-0.289V —0.1641 +0.0125U
M2 = 157 — 0.952V — 0.4741 +0.0374U

M3 =273 — 1.86V — 0.7251 +0.0617U

M4 = 404 — 3.20V — 0.9371 +0.0945U

RSpp = —113 — 0.17V +3.361 — 0.100U

RSNpv = 391 +22M1 — 22M2 + 1.4M3 + 3.84M4

®
©)
O]
®
®
10

reliable and directly provides the stress values without using
any complicated analysis. Hence, the stress of a structure
could be predicted from the study of its structural behavior.
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Fig. 12 Comparison of welding residual stress predicted using process
parameters versus natural frequencies corresponding to different modes
of vibration

This approach is new and has not been proposed to the best
of the authors’ knowledge.

It is important to mention that some minor deviations
in the above-stated samples’ dimensions are observed even
after taking various precautions. This may be due to inherent
limitations of the different employed experimental facili-
ties, which include complexity of the EBW process, stress
measurement through XRD, vibration analysis using vibrom-
eter—DAQ system assembly, etc. However, the error has been
minimized through multiple repetitions of the experiments.

5 Conclusion

The present study investigates the influence of welding resid-
ual stresses on the natural frequency of vibrations for a wide
range of heat input. The natural frequencies of vibration cor-
responding to a given set of input parameters are measured
and correlated to the longitudinal residual stress values mea-
sured using XRD at the weld fusion zone. The following
conclusions have been drawn through the present study:

1. A novel approach of stress estimation using the natural
frequencies of vibration is proposed in the present study.

2. Welding-induced residual stresses cause reduction in the
natural frequency of vibration, which is in line with the
literature.

3. The residual stress and natural frequencies are observed
to increase and decrease, respectively, with an increase in
the heatinput. As aresult, an inverse relationship between
the natural frequency of vibration and residual stresses is
observed.

4. The welding stresses measured experimentally through
XRD and predicted through FEM simulations are found
to be in close agreement between them.

5. Residual stress (RSnpy) of the weld has been cor-
related to the natural frequencies of vibration
(M1, M2, M3, M4) in the form of linear regression
equation as:

RSNpv =391 +22M1 —22M2 + 1.4M3 + 3.84M4
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