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Abstract—This work aims to measure the dynamic stress in
specimens during vibration treatment and to judge its
relation with the relaxation of residual stress. Specimens
with residual stress were vibrated at natural frequency on a
dynamic shaker with different accelerations (different
applied loads). Dynamic stress was calculated from dynamic
strain that was measured with a strain gauge on the
specimen surface. Residual stress in the specimens before
and after vibratory stress relief was measured by hole
drilling method. Finite element analysis for the specimens
was performed at natural frequency with various applied
loads. Results from experiments and simulation have shown
a nonmonotonous dependence of residual stress reduction
on applied load although dynamic stress monotonously
increases as applied load increases. Stress reduction
effectiveness increases as applied load increases due to
dynamic stress increasing, but when the applied load
exceeds some value stress reduction effectiveness decreases
with increasing applied load.

Index Terms—residual stress, dynamic stress, vibratory
stress relief, cyclic load, finite element analysis

I.  INTRODUCTION

Many technological processes such as welding,
casting,... produce residual stresses. These stresses often
have bad effects on the work piece: decreasing the load
capacity, increasing corrosion attack, increasing
dimension instability and decreasing the manufacturing
precision [1]. Many work pieces undergo stress relieving
treatment after mechanical treatment to improve
dimension stability or increase service life. Traditionally,
work pieces are thermally treated by putting them in the
furnace at high temperature for a certain length of time
followed by slow cooling to room temperature. At
elevated temperature the yield limit of materials become
lower than the residual stress in the work piece, so the
plastic deformation takes place and leads to reduction of
residual stress. The thermal method of stress relief is
effective but it also has some disadvantages: high cost
due to high energy consumption, size limitation of treated
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work piece due to the size of the furnaces, oxidation and
scaling of the work piece [2-3].

Some decades to now, vibratory stress relief (VSR) is
considered as an alternative method to thermal treatment
in stress relieving of work pieces. The VSR process can
be described as follows: a stimulator is clamped to work
piece and vibrates it; Frequency of the stimulator is
adjusted to the resonant frequency of the work piece and
this resonant vibration is maintained for a predetermined
length of time for stress relieving to take place [4]. The
method of VSR has overcome the mentioned
disadvantages of thermal stress relief. This technology
has been applied successfully in manufacturing of large
steel work pieces such as: welded shaft, marine shaft,
large rail [5-7]. VSR technology was also extended to
work pieces by materials other than steel: large surface
plate from stainless steel, thin parts from aluminum alloy
[8-9].

Application of VSR technology in production was
based on studying effect of vibrating parameters on the
stress reduction. Most of researchers suggested that the
treatment should be carried out at natural frequency of the
work piece to bring it to resonant state with enough
amount of deformation strain [10, 11]. The time of
vibration at resonance may vary to an extend of 10
minutes or less. Amplitude of the applied load is another
significant parameter, but there is no concrete range in
choosing this. According to different authors, load
amplitude must be sufficient to induce microscopic
plastic deformation to bring about stress relaxation [3, 12].
But the way the applied load amplitude affects the stress
reduction result is not really clear.

Effects of vibrating amplitude on the results of VSR
are directly related to its stress relaxation mechanism,
however, there are few studies on this fundamental aspect
of the technology. From experiments with steel
specimens, a hypothesis on the plastic deformation of
stress reduction was proposed [13,14]. Recently, in
Hanjun Gao’s work [15], VSR was conducted on
specimens from 7075 aluminum alloy. The result for
aluminum alloy was similar to results for steels and
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suggested the relation between plastic deformation and
stress reduction in VSR.

Effects of technological parameters on vibratory stress
relief have also been simulated numerically [16, 17].
These simulations have fairly well demonstrated effects
of vibration frequency and vibration time on stress
reduction. S. Kwofie [18] established an equation
describing the mechanical behavior of materials with
residual stress under cyclic load. This gave stress—strain
characteristics, stress-relaxation curve similar to those
observed experimentally.

The mechanism of VSR can be addressed in a broader
context as the residual stress relaxation under cyclic load.
C. H. Lee et al. [19-20] showed stress relieving can occur
after a few cycles of loading and the stress reduction
depends on the amplitude of the cyclic load. Different
material model have been used to predict the residual
stress relaxation in welded aluminum plates [21] or in
hot-rolled sheet steel [22]. Experiments have been
conducted to verify the simulation results and shown a
good agreement between experiment and simulation for
the initial loading cycles.

Many authors in literature have suggested that the
applied load in VSR should be high enough to cause
residual stress reduction, but the further effect of applied
load on stress reduction has not been surveyed. Moreover,
stresses present in the specimens during VSR process
include: residual stress and dynamic stress that is caused
by cyclic external load during VSR. These stresses should
be measured and calculated to access the effect on the
stress reduction. In this study, an attempt was made to
measure the dynamic stress in the specimen during VSR
process. This was conducted by measuring the dynamic
strain generated in in specimen upon vibration. Then the
total stress in specimen was calculated to judge the role
of dynamic stress in residual stress reduction. In addition,
previous simulations on VSR only guessed bit did not
reveal the plastic deformation upon stress relaxation
process. In this study, a program on ANSYS was coded
to monitor the plastic deformation in specimen and to
relate this with the stress relaxation process.

II.  MATERIAL AND METHODS

Experiments on VSR of steel specimens were carried
on a dynamic shaker V830-335 of LDS Test and
Measurement, UK. Specimens for experiments are steel
plates having a rectangular base with four holes to clamp
it to the dynamic shaker and a long body with a hole to
attach the accelerator (Fig. 1). The specimens with
thickness of 6 mm were made from ASTM A36 steel.
Mechanical properties of the steel plates, obtained by
tensile test, are as follows: o, = 440 MPa; oy = 290 MPg;
8 =17%.

Residual stress in each specimen was generated by
thermal method. The specimens were locally heated at
transition area between the body and the base parts by an
oxyacetylene torch running along the heating line (Fig. 1).
The heating process is displayed in Fig. 2a. Distance
between the torch and the specimen, speed of the torch’s
movement were kept so that the heating zone has a width
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of 6mm and the temperature is about 1000 °C. After
heating, the specimens were quickly cooled in water to
obtain the high residual stress at the transition area.
According to the shape of the specimens and the scheme
of vibrating test (in next paragraph), this area is also
expected to have the highest value of dynamic stress
during the test.

Specimens were clamped to the vibrating table of
V830-335 dynamic shaker with four bolts at the base part.
As the vibrating table moves vertically with a specific
acceleration, different parts of the specimen will undergo
different displacements, therefore its body will be
deformed during the test. Deformation during vibration
treatment may cause the reduction of residual stress in the
specimens. With this LDS shaker, beside vibrating
frequency it is possible to adjust the acceleration of
vibration. In principle, each vibrating frequency of the
table is equivalent to a certain load applied on the
specimen.
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Figure 1. Dimensions of test specimens.
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Figure 2. Heating of the specimens to generate residual stress (a) and
strain gauge FLA-5-11 for measuring strain during vibration treatment
(b).

Specimens were clamped to the vibrating table of
V830-335 dynamic shaker with four bolts at the base part.
As the vibrating table moves vertically with a specific
acceleration, different parts of the specimen will undergo
different displacements, therefore its body will be
deformed during the test. Deformation during vibration
treatment may cause the reduction of residual stress in the
specimens. With this LDS shaker, beside vibrating
frequency it is possible to adjust the acceleration of
vibration. In principle, each vibrating frequency of the
table is equivalent to a certain load applied on the
specimen.
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I1l.  EXPERIMENTS MATERIAL

A group of 5 specimens have been prepared and for
each of them a strain gauge FLA-5-11 of Tokyo Sokki
Kenkyujo was attached to its transition zone where the
residual stress has highest value (Fig. 2b). The strain
gauge at the position as in Fig. 1 was aligned to monitor
the strain along the x-direction in this figure, that is the
main direction of the specimen. With the use of
accelerators as shown in Fig. 3, natural frequency of
specimens was found to be of around 283.5 Hz. Each of
the 5 specimens was vibrated on the table at natural
frequency, 283.5 Hz, with different accelerations: a = 10-
200 m/s2. The strains during each resonant test were
collected with LMS data collector, then amplitudes of
strain oscillations were calculated. Each obtained strain
was the mean value of the 5 strain amplitudes from 5
specimens.

Eight specimens with residual stress at the transition
zone in the range of 205-230 MPa were used for the
vibratory stress relief experiment. Each specimen was
vibrated on the vibrating table at resonant frequency,
283.5 Hz, for 10 minutes with a specific acceleration to
create a certain amount of dynamic stress on the
specimen. Before and after VSR, residual stress at
transition zone in each specimen was measured by hole
drilling method according to ASTM E837-2008 standard
[23].

The position of strain rosettes on specimens is the
same as the position of strain gauges as shown in Fig. 2b
and the rosettes were aligned so that direction of the first
gauge coincide with the x-direction in this figure.
Residual stress in specimen was calculated from the
relaxed strains by a procedure described in ASTM E837-
2008. For the ease of comparison of residual stress before
and after vibratory stress relief, residual stress was

cor'npu'ied according to the case of uniform stress.

Figure 3. Specimens with strain gauges on vibrating table of LDS
dynamic shaker.

IV. SIMULATION

Modeling the VSR process is another approach to
validate the hypothesis on the mechanism of stress
relaxation. The simulation was carried out in ANSYS
APDL package for the specimen with geometry shape
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and materials properties as specimens for experiment
above Fig. 1. Harmonic analysis for this steel plate gave
the first resonant frequency of 383,06 Hz. Further in the
study, vibration for stress relieving was carried out at this
resonant frequency.

In this study, the heat source for heating the specimen
was taken as an arc-welding source which was a traveling
two-dimensional source with Gaussian distribution. The
heat flux distribution on the surface of the solid is related
to the radial position r (whose origin is the arc center), as
follows [24]:

Q(r) = U I .U,%e(k-(xzﬂy_vt)z) ' (1)

where Q(r) is the surface flux at radius r, n is the
efficiency coefficient, U is the voltage, | is the current
and v is the travel velocity of the welding torch, x and y —
surface coordinates of the welding torch. R, k - constants
of the heat flux concentration.

Analysis of temperature distribution for welding was
conducted with following parameters: U=20 V, 1=160 A,
v=3 mm/s, R = 0,006, k = 1/3, 1= 0,85. The total time for
heating and cooling was 1100 s. The temperature
distributions in the specimen at various time was
calculated and recorded.

The residual stress and quenching deformation are
calculated from the thermo-mechanical properties of A36
steel and temperature distribution. In this modeling the
specimen is assumed to be clamp at one edge of base part.
Materials model for thermo-mechanical problem is
bilinear  kinematic  hardening [25]. Temperature
dependence of the materials constants were taken as those
of an equivalent steel grade, CT3 steel GOST 2590-88,
from literature [26].

Specimen with residual stress, as in Fig. 1 clamped at
the end of base part, is subjected to a external cyclic load
at the end of the steel plate. This is a surface load put on
the inner of the M5 hole in the head of specimen (see Fig.
1). The frequency of cyclic load is chosen to be resonant
frequency of 383,06 Hz and time of vibration is
equivalent to 60 load cycles. Therefore, applied load on
the specimen varies with time:

where A —amplitude of applied load; f — frequency of the
cyclic load, f = 383.06 Hz; t — time at vibration treatment.
Different cyclic load’s amplitudes were chosen for
simulation: 5N, 10N, 20N, 30N, 40N, 50N, 55N. After
each run at a specific amplitude specimen was brought to
unloaded state by being additionally vibrated at zero
amplitude (A=0) for 20 cycles. This was called “die-out”
time to stabilize the stress state in the specimens.

V. RESULTS AND DISCUSSIONS

Fig. 4 represents the dynamic strains at different
vibration amplitudes at the strain gauge position during
VSR of the specimen. Dynamic strain in this case is the
amplitude of oscillating strain generated by specific
acceleration amplitudes applied to the specimen. As it is
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well known, this acceleration amplitude is proportional to
the applied load’s amplitude. It is obvious from this
experiment that dynamic strain was not simply
proportional to the acceleration (or applied load) for these
specimens vibrating at resonance. To the first
approximation, relation between dynamic strain and
vibrating acceleration of the specimen could be fitted by
formula:

& = 216.222% (2)07ee. )
g

With ¢ — strain at the transition zone, x10°;
a — acceleration, m/s?;
g — gravity acceleration, g = 10 m/s?.
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Figure 4. Experimental relationship between test acceleration and
strain at transition zone for specimen at resonant vibration.

According to scheme of strain gauge bonding, the
obtained dynamic strain was amplitude of strain along the
x direction of specimens. Therefore, dynamic stress
(amplitude of dynamic stress) along the x-direction at the
position of strain gauge could be calculated:

Gdy = E. Edy- (4)

Where: oay - dynamic stress along the x direction at the
position of strain gage;

edy — dynamic strain along the x-direction at the
position of strain gauge;

E - elastic modulus of the specimen’s materials,
E =210 GPa.

Table | shows the vibration accelerations for specimen
and the dynamic strain along x direction at the strain
gauge positions on the specimens, obtained from formula
(3) or Fig. 4. Also in the table: ooy, ci1x are the stresses
along the x-direction before and after VSR, respectively;
ody IS the dynamic stress along x-direction caused by
vibrating table at the strain gauge position, calculated
from formula (4); o is the total stress a long x-direction
at the gauge’s position caused by residual stress and
dynamic stress along the x direction: 6 = oox + Gay; R iS
effectiveness of residual stress reduction, estimated by
the reduction in the x-direction stress [13, 15, 16]:

R= (Gox' Glx)/(jox.loo% . (5)
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TABLE I. RESIDUAL STRESS IN SPECIMENS AFTER VIBRATORY

STRESS RELIEF
Specimen N1 N2 N3 N4 N5 N6 N7
a, (M/s?) 15 30 40 55 70 100 170
&4y (x10°9) 345 | 580 | 686 | 859 | 967 | 1252 | 1890
o%, Mpa 205 | 213 | 220 | 206 | 210 215 214
c’y, Mpa 190 | 129 | 118 | 39 64 99 112

oy, Mpa 69 | 116 | 137 | 170 | 193 | 250 | 381
ow Mpa 274 | 320 | 357 | 376 | 403 | 465 | 595
0,
R, % 73 | 304 | 464 | 81 | 695 | 54 | 476
As indicated in Table I, vibration with small

acceleration, around 15 m/s2 in specimen N1, caused a
dynamic stress in the x-direction of 68 MPa. This
dynamic stress grew up to hundreds of megapascals as
vibration acceleration increased (specimens N2-7). But
for low vibrating acceleration (specimen N1) the dynamic
stress at the strain gauge position was not high enough
and the total stress along the x direction (274 MPa) was
below the vyield limit of this materials (290 MPa).
Therefore, its residual stress reduction was very low (only
7,3%).

As the vibrating acceleration increased in specimens
N2-4 the dynamic stress gradually increases to 116, 137,
170 MPa. Consequently, residual stress decreased and
stress reduction effectiveness grew up. This can be
explained by the fact that the total stress along x-direction
for these specimens was visibly higher than the yield
limit of the materials. The good results have been
obtained with specimens N4 where the stress reduction
effectiveness can reach to 81%. But as the vibration
acceleration increased further in specimens N5, N6, N7,
the stress reduction effectiveness fell to lower values,
only 46,7% for specimen N7 (Fig. 5). At the same time
the total stress along x direction in these specimens far
exceeded the materials’ yield limit, e.g. 570 MPa for
specimen N7.
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Figure 5. Stress reduction effectiveness of VSR at different
accelerations.

It is clearly shown in this experiment that stress
reduction of vibration treatment effect appeared clearly
when the dynamic tress was high enough, and therefore
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applied load must be high enough to sum up with the
existing residual stress. However, if the vibration
acceleration was too high, and the dynamic stress gets to
very high value. As a consequence, the specimen is
heavily deformed with large difference in the amount of
plastic deformation between various parts of the
specimen. Therefore, after unloading additional residual
stress will be created and resulting residual stress grows
up to higher value, effectiveness of VSR process will
decrease (Fig. 5). This has a practical meaning that
applied load on one hand should be high enough to bring
about the stress reduction effect. On the other hand this
load should not be too high, otherwise VSR can take the
work piece to a state of heavy plastic deformation and
cause additional residual stresses, therefore effectiveness
of VSR will be low. In addition, very high load can be
less cost-effective as it will require more energy and
cause difficulties for implementing the vibration scheme.

The obtained corelation of stress reduction
effectiveness with the total stress in specimens may
suggest the occurenece of plastic deformation during
stress relaxation process. Nevertheless, it is unfeasible to
express the plastic deformation condition for residual
stress relaxation as in literature [13-15]. The reason is
that as total stress was lower than materials yield limit in
specimen N1, the stress reduction efffect was still existent
at low value (7.3%).

Simulation provided additional confirmation to the
experimental results. Distribution of x-direction stress
and first principal stress along the heating line in
specimen before VSR are shown in Fig. 6. As is shown
by the data in the figures, along the heating line the first
principal stress (maximum stress) did not coincide with
the x-direction stress (direction perpendicular to the
heating line). This meant the angle between first principal
stress and heating line was slightly different from 90
degrees. In addition, the x-direction stress and first
principal stress got to maximum near the center of the
heating line (postion in the distance 9 mm). These may be
due to the narrow width of the specimen, and the heating
line (18 mm). Moreover, the position of stress maxima
was also the position of strain gauge for dynamic stress
measurement and residual stress measurement in the
experiment. Also, this position was expected to be where
the stress reduction would be most likely to occur with
high effectiveness during VSR.
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Figure 6. Distribution of X-direction stress (a) and first principal stress
(b) along the heating line in the specimen after heating and cooling.

Fig. 7 represents residual stress in the specimens after
vibration treatment at resonant frequency and 60 cycles
with various applied load’s amplitude. At the load with
low amplitude, 3N or 5 N, there happened residual stress
reduction in specimen with very low effectiveness. When
the load increased to 20 N, 30 N, the dynamic stress
certaintly also raised. Therefore, the residual stress
declined obviously: maximum of x-direction stress was
reduced from the initial value of 151,2 Mpa in Fig. 6a to
the maximum of 8,7 MPa after treatment with a 30 N
applied load in Fig. 8.

But as the amplitude of external force grew further, to
55 N for example, the residual stress went up even to the
value higher than initial value (218 MPa in Fig. 9). This
meant  stress  reduction  effectiveness  declined.
Furthermore, in comparison with Fig. 6 and Fig. 8, Fig. 9
shows a quite different distribution of residual stress
along the heating line after VSR at 55 N. This can be
explained that high applied load has brought the
specimen to the state of heavy plastic deformation as
explained with the aforementioned experiment. Therefore,
additional residual stress has been created and residual
stress along the heating line changed drastically.
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Figure 7. X-direction stress at center of heating line after VSR at
resonant frequency with different applied loads.
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Figure 10. Change in plastic work density at node 412
during VSR process with applied load of 5 N.

Fig 10-11 show changes of plastic work density at
node 412 vs. time of vibration with different load
amplitudes. Node 412 lies on the surface of the specimen
at the center of the heating line, and this was also the
position of strain gauge for residual stress measurement
in the experiment. At a low external load of 5 N, the
plastic deformation did not occur as plastic density did
not change (Fig. 10), therefore change in residual stress
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of the specimen was very small. At higher load with
amplitude of 20 N this node endured plastic deformation
(Fig. 11), residual stress in the specimen reduced
drastically (Fig. 8). Indications of plastic deformation
have been also obtained in simulations at 30 N, 45 N, 50
N, 55 N applied loads with higher plastic work density
(not shown by figures). These showed a correlation
between the micro plastic deformation and stress
relaxation upon VSR process in this simulation.
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Figure 11. Change in plastic work density at node 412 during VSR
process with applied load of 20N.

Moreover, it is worth noting that with the materials
model of bilinnar kinematic hardending, criteria for
plastic deformation is value of equivalent stress. But this
equivalent stress is not additive, it means equivalent
stress of the total state at a point is not the sum of
equivalent stress of residual stress and equivalent stress
of dynamic stress. Hence, it is not possible to state about
the relation between total of residual stress and dynamic
stress with the yield limit of materials. Therefore, the
interaction between dynamic stress and residual stress
should be investigated and different hardening models
need to be taken into account upon simulation of VSR
process.

V1. CONCLUSIONS

In this study, steel plates were vibrated at resonant
frequency on a dynamic shaker at different accelerations.
The residual stress before and after vibration treatment,
and dynamic strain during vibration were measured.
Simulation of the vibration treatment for specimen was
also conducted with different applied load amplitudes
with bilinear kinematic hardening model. Stress state,
plastic work density in critical point of in the specimen
after vibration were observed. Several conclusions can be
drawn as follows:

* As the applied load’s amplitude increased the
dynamic  stress in  specimen  increased
monotonously. The dynamic stress could reach
very high value, several hundreds of MPas, to add
to existing residual stress.

« As the dynamic stress increased due to increasing
of applied load, the residual stress reduced and
residual stress effectiveness could get to 81% at
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vibration acceleration of 55 m/s2. But as applied
load, and dynamic stress, exceeded certain values,
the residual stress increased again and stress
reduction effectiveness reduced. This non-
monotonous dependence of the residual stress was
explained by the arrival of specimens to a heavy
deformation state and, consequently, additional
residual stress had been produced.

Simulation at resonance with different load
amplitudes also demonstrated the nonmonotonous
dependence of residual stress reduction on applied
load. The simulation point out that the residual
stress reduced obviously only when the dynamic
stress was high enough to cause micro plastic
deformation in specimens.

Further studies need to be carried out to investigate
the way that dynamic stress combines with residual stress
to reduce the latter and to investigate the effect of
plasticity behavior of the material on the stress relaxation
process.
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