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Residual stresses are one of the most important factors in the integrity of welded structures.
There have been vast majorities of research conducted on the mechanism of vibratory stress
relief method (VSR), but the lack of a specific mechanism, explaining the process, was
tangible. Therefore, in this article, the mechanism of VSR was explained using a new finite
element model by focusing on the welded residual stresses, being widely used in industry. To
be more specific, the effect of resonant vibration on residually stressed specimens was
investigated numerically and experimentally. To model the welding simulation, a volumetric
moving heat flux was defined using Goldak’s model in Abaqus/CAE. In addition, experiments
were planned in a way to investigate not only the effects of vibration time, but also the effect
of amplitude of the vibration. Residual stresses were measured using Incremental Centre Hole
Drilling (ICHD) method. Finally, a mechanical shaker was designed and assembled to induce

higher frequencies and larger amplitudes.

© Shiraz University, Shiraz, Iran, 2021

1. Introduction

Residual stresses are mechanical stresses that have
been a matter of great interest in recent decades. In this
vein, great deals of research have been conducted on the
different scopes including residual stresses measurement
[1, 2]; their effects on different solid materials like
metals, composites and tissues, to name a few [3]; and
the methods to change their amount in a desired trend
[4]. Residual stresses could appear during manufacturing
processes such as welding, machining, and additive
manufacturing [5, 6]. Also, they could be introduced to
parts of many machines and industrial components
during the operation [7]. These mechanical stresses
change the behavior of parts, especially when external
loads are applied, and these changes usually have
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disastrous effects on dimensional stability and fatigue
life of loaded parts [8, 9]. Thus, it is important to
investigate residual stresses and know how they affect
the behavior of structures [10]. In this vein, it is
necessary to study how to remove or reduce them in
structures; residual stress relief has been investigated for
several decades [11, 12]. The usual and traditional
method is TSR (Thermal Stress Relief), having many
disadvantages such as cost deficiency as well as time and
energy consumption. Regarding these restrictions, a
method has been provided in which residual stresses are
removed using mechanical vibration. This method has
several advantages over the TRS such as independence
from temperature, preservation of energy and time, and
reduction of costs.
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VSR is practicable at room temperature by applying
external loads on a residually stressed region so that the
local plasticity takes place at that region [13, 14]. The
most important prerequisite in loading is that the
algebraic summation of residual and applied stresses
must exceed the yield stress of the material [15]. If local
plasticity happens, the residual stresses would be
released up to the extent that the summation of residual
and applied stresses on each point would exceed the
yield stress of the specimens. The larger the summation
of these stresses, the more relieved residual stresses will
be. Considering these key points is crucial to help obtain
better results:

o If the final goal is dimensional stability, it is not

necessary to relieve all residual stresses [16, 17].
¢ Resonant frequencies in different mode shapes must

be determined. The higher the frequency, the better

the result [18].

Since real-world structures are large and contain
complicated residual stress distribution, it is hard to
apply large loads so that the superimposing of residual
and applied stresses would be larger than the yield stress.
Additionally, if the resonance phenomenon occurs, large
strain and displacement can be obtained, not
necessitating the presence of large forces to be applied.
Based on Hooke’s law, these large amounts of strains
lead to large amounts of stresses [19]. This explanation
manifests why and how VSR happens by applying
vibration in the room temperature. A brief literate of the
VSR is provided in the next paragraph.

McGoldrick and Saunders [20] conducted the first
VSR experiment on welded and cast frames, without
being aware of its mechanism. Lokshin [21] performed
VSR on cast aluminum rings and succeeded in relieving
70 percent of residual stresses. Klauba and Adams [22]
showed that the reduction of residual stresses is due to
the occurrence of local plasticity phenomenon in the
structure. Claxton [17] drew a comparison between
vibratory and thermal stress relieving methods and
suggested that VSR was not a proper substitution for
PWHT (Post Weld Heat Treatment). Munsi et. al [23]
evaluated VSR based on fatigue life of specimens. Hahn
[24] provided a finite element model about VSR in his
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paper for the first time. Rao et. al [25] suggested an
analytical equation to predict the amount of relieved
residual stresses, focusing on cyclic creep and the theory
of plasticity. Xu et. al [26] studied the effect of vibratory
weld conditioning on the residual stresses and distortion
in girth-butt welded pipes, having been developed based
on VSR. Walker [18] noticed that the reason for
relieving partial residual stresses is the initiation of the
transformation of retained austenite particles by the
movement of dislocations into positions that are
favorable for the nucleation of martensite embryos. He
et. al [27] studied the high-frequency VSR on some
quenched specimens. Lv [28] suggested a novel method
based on combining thermal and vibratory methods. Gao
et. al [29] focused on fatigue life of an aluminium alloy
treated by vibratory stress relief. Ebrahimi et. al [30]
conducted a research to investigate the effects of
frequency and amplitude of loading on VSR. Chen et. al
[31] compared three stress relief methods (Thermal
stress relief (TSR), vibratory stress relief (VSR), and
thermal-vibratory Stress relief (TVSR)) in their
investigation on an aluminium alloy.

Based on the literature history, a diverse array of
research has been conducted on the mechanism of
vibratory stress relief method, but a specific mechanism
to explain it has not been proposed yet. Therefore, in this
paper, the mechanism of VSR was explained using a new
finite element model. Specifically, the effect of time and
amplitude of resonant vibration on residually stressed
specimens was numerically and experimentally studied.
Finally, since welding is one of the most important topics
in the industry, upon which residual stresses have major
effects, VSR was investigated on some welded
specimens.

2. Material and Methods

Regarding the diverse range of applications of
stainless steels in the industry, austenite stainless steel
was selected as material. The specimens had to have
dimensions so that the natural frequency of the system
would be lower than the maximum applicable frequency
of the vibrator. Therefore, the proper dimensions of the

specimens were obtained by modifying the specimen’s
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dimensions via simulations. Hence, the experimental
the
frequency of the system would be lower than the

approach became available because natural
maximum applicable frequency of the vibrator.
According to the tensile test, the stress-strain
diagram was introduced to Abaqus. The mechanical and
other properties of austenite stainless steel were defined
for the Abaqus as new material. These properties
included elastic and plastic properties, density, and
Poisson’s ratio as well as heat expansion coefficient,
thermal conductivity, and specific heat. All these
properties are presented in Table 1 through a wide range
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of temperatures (15-1500 °C).

As shown in Fig. 1, the specimen was connected to a
Zwick instrument, located at Bu-Ali Sina University
(Adobe Photoshop CS6 was used for removing
background). Due to the restriction of loads, amplitudes,
and frequency of vibrations, another instrument was
designed. The designed instrument should have been
able to produce reciprocating harmonic displacements to
stimulate the plates in their natural frequency [32].
Having determined its location, the instrument was

bolted to ground according to Fig. 2.

Table 1. Imported material properties of the specimen to Abaqus [33]

Specific Heat
Temperature conductivity Poisson's Density [I)—|eat Yield Stress Expansion
P (W/m°C) Ratio (kg/m?) 2 (MPa) Coefficient

(J/kg°C) o

(1/°C)
20 15 0.278 8030 492 350 1.53E-05
200 17.5 0.288 8010 502 270 0.000017
400 20 0.298 7960 514 193 1.81E-05
600 225 0.313 7920 526 153 1.88E-05
800 255 0.327 7880 538 112 1.94E-05
1000 30 0.342 7790 550 72 1.94E-05
1200 40 0.35 7690 562 145 1.94E-05
1340 55 0.351 7500 575 10 1.94E-05
1390 60 0.353 7450 587 5 1.94E-05
1500 62.2 0.49999 7450 599 0.000001 1.94E-05
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Fig. 1. Experiment set-up for the vibration using the Zwick instrument.
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Vibrator
and its base

Fig. 2. Designed and erected vibrator for higher amplitudes
and frequencies.

3. Finite Element Modeling

To simulate the VSR, a three-step analysis was
performed: welding analysis (Sequentially coupled
thermal-stress analysis), modal analysis, and dynamical
loading. As the FE model was not a fully coupled
thermal-stress analyzer, heat transfer could have been
affected by the melting material during welding, giving
rise to an error. However, this error was neglected
because it was a bead-on-plate welding. In this type of
welding, the welding pass is only one and does not affect
the heat pool [34].

Element type, element family, and solver type were
selected based on the model and simulations.
ABAQUS/CAE 6-12.3 was used for all simulations.
Second-order elements (DC3D20) were used in all
analyses except for modal analysis. As it was not
practical to use this element type for modal analysis,
linear elements were used for the model (700000 linear
elements). Furthermore, a Fortran subroutine code was
linked to ABAQUS for defining Goldak’s heat source
model for bead-on-plate welding simulation [35]. In the
finite element model, it was required to monitor the
elements’ stresses history during resonance in the
loading step; therefore, the implicit dynamic solver was
used.

According to Goldak’s model, the heat model for
welding is a moving three-dimensional heat flux in
which two heat fluxes, for both the front and rear of the
torch, are used. Equation 1 and equation 2 [35] represent
the body heat fluxes, and all the parameters are defined
in Table 2 and Table 3.
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The electric arc welding (SMAW) was performed on
a provided stainless-steel plate. To obtain steady residual
stresses along the welding path, the plate was welded
before being divided into small specimens as shown in
Fig. 6. The initial width of the plate was 300 mm at first.
As the width of each specimen was 40 mm, 7 specimens
were created from that plate. Residual stresses at the
beginning and the end point of the welding procedure,
especially at the beginning, are different from those at
mid-points of the welded path [37]. To neutralize this
effect, two metal pieces were placed on the beginning
and the end points of the welding path so that the start
point and the end point of the welding happened on these
metal pieces. The residual stresses get changed by
distancing from the welding line. However, if there is
one pass of the weld bead, except the beginning and end
of that bead, the contour of residual stresses will be the
same for each section perpendicular to the weld bead. As
the endpoint and start point of welding were out of the
area that specimens were cut, it was a safe assumption
that specimens had the same contours of residual stresses
along with the weld bead. The relevant geometrical
recorded [38]. Also, the
parameters, being used to define the heat input in

parameters of welding

simulations, are presented in Table 3.
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300/mm

Fig. 3. The welded plate and geometric parameter for
modelling the welding simulation.

Table 3. welding parameters for simulation of welding
process

Voltage 30v
Current 100 A
Ambient Temperature
Cooling Duration
Torch Speed

3°C (winter in Hamedan)
30 minutes
4.67 mm/s

4. Results and Discussion

In this part, the numerical and experimental results
are illustrated in the form of different figures. First, the
results of the simulations are presented and discussed.
Then, the experimental measurements are reported in
different figures and compared with each other. Finally,
a comparison is drawn between numerical and
experimental results to verify the numerical results.

4.1. Results of simulation

The welding simulation and the simulation of
different loading mechanisms are illustrated in the
following section. Element size was studied as such, it
was concluded that the 1 mm for the element size was
optimum.

4.1.1. Results of welding simulation

According to a drawn comparison between the
Fusion Zone (FZ) of the experimental and numerical
models, which are shown in Fig. 4, the welding
simulation predicted reliable results. The gray section in
this contour experienced temperatures above 1530 °C.
The same work was performed for the Heat Affected
Zone (HAZ) and a geometrical comparison is shown in
Fig. 5.
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1530°C

723 °C

I
Fig. 4. Geometrical comparison of Fusion Zone between
specimens and the FE model.

Fig. 5. Geometrical comparison of Heat Affected Zone
between specimens and the FE model.

4.1.2. Results of loading

In this part, two cases of simulations have been
studied and presented. Firstly, the results and figures of
three different amounts of loading were presented and
discussed. Then, the history of residual stresses on an
element, which was under the strain gage in the real-
world situation, was provided in order to open up a new

window of understanding how VSR works.

4.1.3. Different loadings

Several states of loading in resonance condition
according to experiments were simulated. In these
simulations, the supports were harmonically excited at
the natural frequency of the system by amplitudes of +25
mm, 50 mm, and £75 mm. In this paper, the vibration
of support with amplitude “a” has represented as “+a”
for abbreviation. Furthermore, the words longitudinal
and transverse stresses have been used to show these
parameters with respect to the weld line. In all diagrams,
the amount of displacements of supports, the input of the
vibratory system, was shown by “fixed end
displacement” (FiED). Also, displacement of the free
end of the plate, the output of the system, was shown by
“free end displacement” (FrED).
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Residual stresses were illustrated in two longitudinal
and transverse paths to evaluate the effects of time and
amplitude of the loadings. The paths for depicting
residual stresses and dimensions of specimens were
shown in Fig. 6. These dimensions were the result of the
simulation, adapting the specimens’ size to an applicable
frequency with the current instrument. In addition, the
locations of strain gages, being the nearest attachable
points to the weld bead on the top and bottom of plates,
were shown in Fig. 6.

Residual stresses before and after vibrations for
transverse stresses are illustrated in Fig. 7. According to
these curves, the amount of relieved residual stresses
increased as a result of an increase in the inputted
amplitude. In other words, the more the amplitude of
excitation, the more the relief of residual stresses. Based
on this figure, the transverse residual stresses reduced up
to 50 MPa for the best state. Similar results were
obtained for longitudinal residual stresses.

The longitudinal stresses are shown in Fig. 8. Based
on the theory discussed in the introduction, it was
expected that for 0.50 mm FiED the level of residual
stresses after vibration comes exactly between the
diagrams of 0.25 mm FiED and 0.75 mm FiED.
However, in these curves, it is obvious that for both
loading 0.50 mm and 0.75 mm high amounts of residual
stresses have been relieved, ending with the same
amount of residual stresses after the vibration in both
cases. In fact, the reason is that 0.50 mm FiED relieved
almost all longitudinal residual stresses. Therefore,
when 0.75 mm FiED applies, there were not any
considerable amounts of residual stresses left to be
relieved. Hence, both 0.50 mm and 0.75 mm loadings
could lead the experiments to their optimum results in
terms of the longitudinal stresses.

Strain gage 1

Weld Bead
Y : 40mm
t % Strain gage 2
d —1
| e =T
10 mm—sd E
————— \— — — — Longitudinal Path -
5 mm
~—» 45 mm l L% 700 mm
\Iransv erse Path ‘
Fig. 6. Paths for depicting residual stresses and dimensions of

specimens.
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Fig. 7. Transverse stresses along a portion of transverse path.
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Fig. 8. Longitudinal stresses along the longitudinal path.

4.1.4. Element history

In the first part of this section, the mechanism of VSR
is discussed; then, stress history diagrams have been
illustrated for different loadings. The history of residual
stresses on an element, being under the real strain gage
in specimens, is provided in this section. The position of
these elements on the model, with respect to the welding
bead, is shown in Fig. 9. Initially, the plate was vibrated
for 120 seconds; equivalent to the initial 1000 cycles at
the resonance frequency (based on modal analysis
simulation, the first natural frequency in the bending
mode-shape of the system was 8.33 Hz). According to
Fig. 10, the amount of average stress was reduced during
the initial seconds. In Fig. 11, being the magnified figure
of Fig. 10, the curve became approximately stable after
almost 4.5 seconds. Hence, in order to reduce the
computational costs, the rest of the simulations were
performed for 5 seconds.

It was essential to specify a criterion to study the
residual stresses in these curves. As the applied force
was harmonic, it was expected that the response of the

system to this load would have been harmonic as well
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(based on the theory of vibration). Hence, the free end of
the plate followed a harmonical movement. This meant
that the applied stresses to every point in the plate,
including the monitored element, would have followed a
harmonical trend over time. Therefore, the deduced
stresses were expected to be harmonic as well.
Consequently, using the principle of superimposing
forces, the oscillation around average stresses in Fig. 11
are the result of harmonic loads. Also, the average line
of stress history is representative of the residual stresses
of the considered elements. Since the purpose of this
paper was studying residual stresses, the average line
was a good criterion for such studies.

\

¢ [ Specimen

|
‘ Considered Element ‘

Fig. 9. Position of the chosen elements on the model.

400 Stresses

= Residual Stresses

Transverse Stresses (MPa)

0 20 40 60 80 100 120
Time (Sec)

Fig. 10. Transverse residual stresses on the considered
element for 120 seconds.

As mentioned in the introduction, the basic rule of
performing a successful VSR is that the algebraic
summation of loading and residual stresses must exceed
the yield stress of the material. The upper and lower
bounds of the diagram, being depicted in shaded lines,
were the algebraic summation of loading and residual
stresses in the considered element at any specific time. It
was obvious that the upper bound of the diagram was
restricted by the horizontal line, referring to the yield

point of the material. Based on the theory, it was
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expected that by reaching to yield stress the stress relief
starts; this meant a decline in the residual stress amount,
the average line in Fig. 11. The more this situation
continued, the more residual stresses got relieved. This
trend continued until there was not any surpassing from
the yield stress. From this moment out, the residual
stresses did not change anymore because there were
either no existing residual stresses at that point or the
summation of the applied stress and the residual stress
could not surpass the yield stress.

A closer look at the initial steps in Fig. 11 showed
that when the shaded diagram has crossed the horizontal
line, residual stresses have started to decline. After that,
the more time passed, the more the residual stresses
reduced. As itwas shown, after 1.5 seconds, the residual
stresses’ curve reached zero, and after 4.5 seconds, the

curve became virtually stable.

Transverse Stresses (MPa)

Stresses

— Residual Stresses

0 1 2 3 4
Time (Sec)

Fig. 11. Transverse residual stresses on the considered
element during 0 to 5 seconds.

The stress relieving initiated before stabilization of
the vibrational system. To be more specific, the residual
stresses in the specimen after welding were near the
yield stress. Consequently, although the loading stresses
were small at the beginning of vibration, the algebraic
summation of loading and residual stresses could be
bigger than the yield stress. Therefore, the amount of
residual stresses was reduced in a way that the algebraic
summation of residual and loading stresses was equal to
the yield point. In fact, the amounts of residual stresses
that have made the summation exceed the yield point
have been relieved. Thus, the cycle-to-cycle reduction of
the residual stresses was supported by cycle-to-cycle
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increasing of applied stresses due to resonance. Besides
that, the resonance phenomenon has begun, and
consequently, the amplitude of the applied stresses has
increased. Hence, the residual stresses dramatically
plunged to the extent that almost all of them were
relieved.

Furthermore, it was expected that after vibrations get
stable, the upper bound of the shaded curve stay on 400
MPa. However, according to Fig. 11, after stress relief,
this amount became less than yield point and remained
stable there. The reason for this phenomenon was the
subtle reduction of natural frequency, being affected by
the reduction of residual stresses. In fact, increasing
residual stresses hardened the specimens, and by
hardening, the natural frequency of specimens increased.

The history of transverse stresses at the first 5
seconds of vibration for elements below the hole of the
strain gage for FiED 0.25 mm, 0.50 mm, and 0.75 mm
are shown in Fig. 12. According to these diagrams,
representing the history of transverse residual stresses on
the considered element for several amounts of FIiEDs,
the bigger the amplitude of vibration, the faster the
residual stresses relief. Residual stresses were reduced to
almost zero for all FIEDs while no such results were
observed in diagrams of the residual stresses paths (Fig.
7 and Fig. 8). The reason was that the amount of reported
stress in Fig. 12 has been calculated from 27 integration
points of the considered 20 nodes on its borders (these
elements were 3D and of second-order) [39].
Conversely, the amount of reported residual stresses
along the paths has been the exact amount of the nodal
stress.

Moreover, the history of longitudinal stress curves
for several states of vibrations are represented in Fig. 13.
Despite the variation of transverse stresses, longitudinal
components of stress tensor had no high oscillations.
This was because of the fact that resonance happened so
that it excited the plate in the bending mode. As bending
of the plate imposed larger transverse stresses than
longitudinal stresses (see Fig. 6), applied stresses of this
mechanism, which were supposed to be added to the

residual stresses, caused slower stress relieving for the
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longitudinal residual stresses rather than the transverse
residual stresses. In addition, the amounts of transverse
residual stresses were reduced much quicker than that of
longitudinal stresses. This can be attributed to the
mechanism of loading: since the excited mode was
bending around axis Z, the deduced normal stresses were
along axis X, so according to relations between bending
forces on a plate and normal stresses, Equation 5 [19],
the major loading stresses were in the X direction.

oy = My/I )

350

......... 0.25 mm FED

----- 0.50 mm FED

0.75 mm RED

Transverse Residual Stresses (MPa)
&
o

-50

Time (Sec)

Fig. 12. History of transverse stresses.

350

--------- 0.25 mm FED

2 +  =e==- 0.50 mm FED

0.75 mm FED

Longitudinal Residual Stresses (MPa)
=
w1
3

-50

Time (Sec)

Fig. 13. History of longitudinal stresses.

Another noticeable point was that the initial
longitudinal stresses were less than the initial transverse
stresses. For this reason, the required time for transverse
residual stresses to get relieved was less than the
required time for longitudinal residual stresses. (in Fig.
12 for 0.75 mm FiED, the stable state was achieved in
1.7 Sec, but in Fig. 13 in 2.7 Sec.). The reason was that
the induced stress by vibrations was not large enough at
first, but as the FrED increased, the summation of
residual and vibratory stresses reached the level of yield

stress, leading to residual stress relieving.
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4.2. Experimental results

The measurement of residual stresses of the
specimens were performed at the laboratory of residual
stresses and mechanical behavior of materials, located in
the Bu-Ali Sina University of Hamedan, Iran [40]. In
total, 12 measurements were implemented using the
method of Incremental Center-Hole Drilling (ICHD).
This technique works by measuring strains when part of
the component was machined away. Then, the specimen
relieves the equivalent residual stresses that were
presented in the removed section before drilling. In fact,
this method measures the equivalent strains due to the
existence of residual stresses. The beauty of the
incremental method is that it can measure the residual
stresses almost near the yield stress of the specimen
which was impossible in the previous methods. Six test
samples were prepared and the tests were planned in a
way to investigate the effects of vibration time as well as
the variation of FIED. Moreover, a pair of measurements
were done for the specimen that had vibrated with the

designed vibrator.

4.2.1. Study of fixed end displacement effect

In this section, three states of applied vibrations were
studied. An unloaded specimen, which was supposed to
determine initial residual stresses, was considered as the
reference specimen. Six measurements were performed
on the location of the first strain gage (see Fig. 6). To be
more specific, four measurements were performed to
study the effect of base displacement on each strain gage
point (one before and three after vibrations). The results
of longitudinal stresses are shown in Fig. 14. In these
curves, the horizontal axis represents the depth of drilled
holes. As it was expected, by increasing the amplitude of
excitation, the amounts of relieved residual stresses
increased.

The transverse stresses are depicted in Fig. 15 for
different FiEDs. In this figure, the amount of relieved

stresses was equivalent to excitation amplitude. Since
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FrED increased by approaching resonance, bigger
bending stresses applied to the specimen, especially at
its base. Furthermore, the transverse stresses in the
second point of measurement are depicted in Fig. 16. In
this diagram, the transverse residual stresses were
reduced from 350 MPa to somewhere between 100 MPa
and 140 MPa.

w
o
o

——— Before VSR
250 F 0 e After VSR, 0.25 mm FiED
----- After VSR, 0.50 mm FED

= - = After V5R, 0.75 mm FiED

w
o

Jﬂunuﬂuqnuﬂgﬂuﬂci

Longitudinal Residual Stresses (MPa)
&
o

o
=]

0 0.1 0.2 03 0.4
Depth Along Y (mm)
Fig. 14. Longitudinal stresses for different FIEDs (first point
of measurement).

w
v
o

Before VSR

--------- After VSR, 0.25 mm FiED

r
0
(=]

----- After VSR, 0.50 mm FiED

=« = After VSR, 0.75 mm FED

w
(=}

Transverse Residual Stresses (MPa)
I
w
o

o
=]

0 0.1 0.2 03 0.4
Depth AlongY (mm)

Fig. 15. Transverse stresses for different FiEDs (first point of

measurement).

According to Fig. 17, the longitudinal residual
stresses were reduced in all cases. In the shown
diagrams, based on the previous paragraph, for Fig. 14,
Fig. 15, and Fig. 17, the best result was achieved when
FiED was equal to 0.75 mm. Admittedly, according to
transverse residual stress results, Fig. 16, the result of
0.50 mm FiED was the best. However, the results were
very close to each other and this unexpected result could
be neglected. Thus, by increasing the amplitude of the
vibration, larger amounts of residual stresses were

relieved.
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Fig. 16. Transverse stresses for different FIEDs (second point
of measurement).
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Fig. 17. Longitudinal stresses for different FIEDs (second

point of measurement).

4.2.2. Effect of time of vibration

In this section, the effect of time on vibratory stress
relief has been studied. Based on sec 4.1, the results of
simulations showed that the time of vibration does not
affect the amount of relieved residual stresses, and its
diagram became stable after about 5 seconds; although
this stability depended on some parameters. Observation
in these trends led to an explanation for the mechanism
of VSR.

Additional to the theory of plasticity, two other
theories were used to explain the mechanism of
vibratory stress relief. Firstly, the history of the average
dynamic creep conducted by Rao et. al [25], and
secondly, the transformation model of retained austenitic
particles suggested by Walker [18]. In the latter model,
the relieving of residual stresses was attributed to the
transformation of retained austenite particles to some
positions for the nucleation of martensite embryos. The

amount of relieved residual stresses' level in Walker’s
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theory is not too large, so the changes in residual stresses
that were made after initial cycles could be explained
using this theory. Thus, a combination of both these
models could explain the behavior of the material: Based
on the theory of plasticity, major variation in residual
stresses happens in the initial cycles. The theory of
plasticity has no clarifying explanation regarding stress
relieving after the initial cycles. In this case, the behavior
of the material can be explained according to the theory
of transformation of retained austenite particles.
Accordingly, the reason for partially relieving residual
stresses was related to the beginning of transformation
of the retained austenite particles to some positions for
the nucleation of martensitic embryos.

In the first measurement point, according to Fig. 18,
the time of vibrations had no remarkable effect on the
longitudinal vibrations. Moreover, based on Fig. 19, the
effect of time on transverse stresses was low, which can

be explained by Walker’s theory.
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Fig. 18. Effect of time of vibration on longitudinal residual
stresses for the first point of measurement.
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Fig. 19. Effect of time of vibration on transverse residual
stresses for the first point of measurement.
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For the second measuring point, by letting specimens
vibrate for a longer time, larger amounts of transverse
stresses got relieved. For different vibrating times for
transverse stresses (Fig. 20), it was observed that the
time of vibration was effective on stress relief at this
point. In fact, the only difference between measurement
points was their stiffness: The stiffness of point 2 was
increased due to its high-temperature history because of
its adjacency to the welding torch (see Fig. 6).
Accordingly, the stiffness of the sample in the second
measurement point has increased, and relieving of
residual stresses was further delayed. To be more
specific, in the next 6000 cycles, the transverse residual
stresses changed from 200 MPa to 100 MPa (The level
of residual stresses had been 350 MPa). As a result, VSR
will be more successful for more ductile metals, and for
stiffer metals more time is needed to have successful
stress relief. Moreover, the longitudinal stresses at
different vibration times are shown in Fig. 21. Likewise,
the stress relief was dependent on time, and during the
initial cycles, the residual stresses were necessarily not
relieved.
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Fig. 20. Effect of time of vibration on Transverse residual

stresses for the second point of measurement.
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Fig. 21. Effect of time of vibration on longitudinal residual
stresses for the second point of measurement.
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4.2.3 The vibrated sample by constructed vibrator

Vibratory stress relief was done using a vibrator
instrument, designed and constructed during this
research. In Fig. 22 and Fig. 23 the diagrams of
transverse and longitudinal residual stresses are
illustrated, respectively. The results obtained for both
transverse and longitudinal stresses were remarkable in
the performed tests by the constructed instrument.
Admittedly, the results of the Zwick instrument were
better than the results of the constructed instrument. In
fact, the chosen result of the Zwick instrument was
considered to be the best one, which was 0.75 mm FiED.
However, for such a cost-effective device, achieving to,
approximately, the same result as Zwick was quite
impressive.
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Fig. 22. Vibratory stress relieving of transverse stresses using

constructed vibrator.
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Fig. 23. Vibratory stress relieving of longitudinal stresses
using constructed vibrator.

4.3. Comparison of results

In this part, the results of simulations have been
validated by the experimental results. The path of
depicting stress in the numerical model is represented in
Fig. 24. The experimental results in a drilling path were
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compared with the numerical results of the same path.
For both transverse and longitudinal stresses, numerical
and experimental results showed a good agreement.

In Fig. 25 and Fig. 26, the experimental and
numerical results of residual stresses for transverse and
longitudinal stresses were, respectively, compared.
Since the comparison was performed before welding, it
could be considered as a validation for welding

simulation, as well.
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Fig. 24. paths of stresses in FEM and drilling.
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Fig. 25. Numerical and experimental comparison of
transverse residual stresses before vibration.

The comparison of numerical and experimental
results for transverse stresses in the first point of
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measurement is given in Table 4. The same comparison
for longitudinal stress is shown in Table 5. The reduction
percent in these tables showed the percentage of relieved
residual stresses in comparison with their initial amounts
in both the numerical and experimental results. In fact,
the percentage of reduced amounts was considered as the
comparative result in experiments and simulations. The
maximum error was from longitudinal stresses for 0.25
mm FiED. However, except that one, the other results
were relevant, and showed the efficiency of the
numerical method for simulation. Therefore, the
performed analyses, using this numerical method, were
valid and reasonable.
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Fig. 26. Numerical and experimental comparison of
longitudinal residual stresses before vibration.

Regardless of the comparison of the numerical and
experimental results, the stress relief in real specimens
was remarkable. The minimum and maximum amounts
of relieving residual stresses were 59.99% and 97.57%,
respectively, and this was an acceptable and satisfying
result.

Table 4. Numerical and experimental results for transverse residual stresses in the first point of measurement

Numerical Results

Experimental Results

Residual Relieved Residual Relieved
Stresses Stresses % Reduction Stresses Stresses % Reduction Error
(MPa) (MPa) (MPa) (MPa)
Before Vibration 257 - - 263.74 - - -
FiED 0.25 mm 109 148 57.59 105.51 158.23 59.99 2.4
FiED 0.50 mm 413 215.7 83.93 72.402 189.338 71.79 12.14
FiED 0.75 mm 37.0 220 85.6 45.69 218.05 82.67 2.93
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Table 5. Numerical and experimental results for longitudinal residual stresses in the first point of measurement

Numerical Results

Experimental Results

Residual Relieved Residual Relieved
Stresses Stresses %Reduction Stresses Stresses %Reduction Error
(MPa) (MPa) (MPa) (MPa)
Before Vibration 113 - - 141.05 - - -
FiED 0.25 mm 74.2 38.8 34.33 42.733 98.317 69.70 35.37
FiED 0.50 mm 19.1 93.9 83.10 35.299 105.571 74.85 8.35
FiED 0.75 mm 6.39 106.61 94.34 3.4212 137.6288 97.57 3.23

5. Conclusions

Vibratory stress relief was performed to study the
effect of amplitude and time of vibration. After
measuring residual stresses using the Incremental
Center-Hole Drilling (ICHD) method, investigations
showed that the amplitude of excitation, on both
longitudinal and transverse stresses, was more effective
than the time of vibration. Finally, the general results
achieved from the simulations and experiments have
been presented below.

1- As was expected, the more the amplitude of
excitation, the more the amount of relieved residual
stresses was.

2- By using residual stresses histories on elements
and also the experimental results, it was shown that VSR
happens in the first cycles.

3- The stiffer the material, the later the VSR will take
place.

4- Generally, the residual stresses were reduced
uniformly and the time of vibration had no remarkable
effect on this matter. However, in some cases, the
relieved residual stresses were bigger for cases with
more time under vibration. These results were explained
using the model of retained austenite particles.

5- The results achieved from the constructed
instrument were noteworthy. However, in a comparison,
these results were not better than the results of the Zwick
instrument.

6- The simulations for different cases of loading in
resonance conditions were completed using a dynamic

implicit model. In these simulations, the support was

January 2021

vibrated by amplitudes of 0.25 mm, 0.50 mm, and 0.75
mm at the natural frequency of the system.

7- Regardless of the comparison of the numerical and
experimental results, the stress relief in specimens was
notable. The minimum and maximum amounts of
relieved residual stresses were 59.99% and 97.57%,
respectively, and this was an acceptable and satisfying
result.

8- According to the fact that the amount of removed
residual stresses after initial cycles was low but not
negligible, in some cases, the theories of transfer of the
retained austenite particles and plasticity were combined
to introduce a new model to explain the mechanism of
the VSR.
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