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Abstract

Vibratory weld conditioning (VWC) was performed on the AA-5083 aluminum alloy speci-
mens while they were welded with gas metal arc welding (GMAW). The variables in this study
were vibration forces range from 400-3150 N and vibration frequency of 50-90 Hz. Microstruc-
ture, residual stress, and fatigue crack growth behavior of the welded samples were examined.
Fracture analysis was also undertaken after the fatigue crack growth test using a scanning
electron microscope (SEM). The results show that compared to the no-vibration welded sam-
ple, with increasing vibration forces, the columnar structure was replaced by equiaxed grains,
and the area fraction of equiaxed grains increased to 75 %. In contrast to the sample welded
without vibration, residual stress decreased while vibration was applied during welding. On
the other hand, the application of mechanical vibration during welding, at each given fre-
quency of 50, 75, and 90 Hz caused residual stress decrement of about 36, 38, and 44 %. At
low AK values, the crack growth rate is low in all welded specimens and is approximately
similar to the crack growth rate of the no-vibration welded specimen. Tensile residual stress
is an effective reason that caused the crack growth rate of the material to increase.
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The influence of the applied mechanical vibration during welding
on the residual stress and the fatigue crack growth rate

minum alloy, fatigue crack growth

1. Introduction

Aluminum alloys have been selected as a candidate
for structural materials due to the attractive proper-
ties, including light weight, moderate strength, good
corrosion resistance, and proven weldability [1-3]. AA-
-5083 is a non-heat-treatable aluminum alloy, mainly
used in the main building of ocean vessels [4-6]. The
most significant challenge for using aluminum is the
loss of strength when fusion welding is involved. Be-
sides, due to fusion welding, coarse dendrites are
formed in the fusion zone. Also, because of the non-
-homogeneous thermal gradient, residual stress can
be formed in the welded components [7-9]. Residual
stress could reduce crack initiation time [10, 11], tend
to decrease fatigue life, and stress corrosion cracking
(SCC) [12-14].

To eliminate the residual stress, some of the older

techniques such as shot peening, solid-state welding
(e.g., friction stir welding), and heat treatment have
been applied [15-17]. The standard method used for
residual stress reduction is thermal stress relief by
heating the structure to a relatively high tempera-
ture. At the high temperature, the creep strength of
the material is low. Creep relaxes the elastic strains
to values much below that characteristic of the high-
temperature yield stress [18, 19].

Vibratory stress relief (VSR) is a post-weld treat-
ment in which vibration force is applied to the welded
structure. The application of vibration during the
welding process (called vibratory weld conditioning
(VWQ)) is a process derived from VSR. VWC is a
process in which vibration force is applied with a suf-
ficient amplitude during the welding of the compo-
nents. Application of vibration during welding is bene-
ficial in such ways including residual stress decrement,
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Table 1. Chemical composition of the samples and the welding electrode (wt.%)

Element Si Fe Cu Mn Mg Cr Ti Zn Al
AA-508 30.32 0.29 0.44 0.88 4.73 0.09 0.02 0.22 B
Al518 30.41 0.38 0.11 0.75 4.78 0.11 0.15 0.25 ase
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Fig. 1. Welding structure design: (a) side view, (b) top view, and (c) welding structure actual assembly [32].

heat transfer rate acceleration, and reduction of the
thermal gradient in the weld pool from the weld cen-
ter to the weld edge, so constitutional supercooling
increases. Finally, the growth rate diminished, then
smaller grains can be generated [9, 10]. In contrast to
the post-weld heat treatment, which is a high-energy
consuming process and does not apply to the large
structures, vibratory weld conditioning is a process
with low energy consumption that reduces production
costs. It is also a process with no air pollution gener-
ation [20, 21].

VWC improves the mechanical properties of

welded joints, which is mainly due to the effective
grain refinement and the increased resistance of the
weld to crack initiation. Application of vibration dur-
ing welding causes nondendritic fine equiaxed grains
to generate. The nondendritic structure is advanta-
geous, mainly because of higher plasticity and a no-
tably higher crack resistance [22]. Campbell [23] has
reported the effect of mechanical vibration, which was
applied during the solidification process of cast alloys,
on the grain refinements.

Several research studies have been conducted on
the influence of vibratory weld conditioning on resid-
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Table 2. GMAW parameters of AA-5083-H321 aluminum alloy samples

Welding Root gap Electrode Arc current Arc voltage Welding speed Gas flow
position (mm) diameter (mm) (A) (V) (cmmin™1) (L min™%)
Flat 1.2 1.2 166 22 45 14

Table 3. Vibration parameters of welding structure

Sample No. Frequency Vibration force Physical displacement
(Hz) (N) of welding structure (pm)
1 400 130
2 50 750 300
3 1000 350
4 850 65
5 75 1650 115
6 2200 155
7 1250 20
8 90 2350 80
9 3150 125
10 No vibration

ual stress reduction [24-26]. Limited investigations
were carried out about the effect of vibratory weld
conditioning on microstructure and the tensile proper-
ties [27-30]. Moreover, variations of the yield strength
in terms of welded samples grain size, due to vibratory
weld conditioning are reported in [31].

Literature has discussed the vibration effect on the
welded parts. Still, it was not clearly explained about
the impact of vibration force and vibration frequency
on the microstructure and the mechanical properties
of the welded parts, and the relation between them, by
attention to the vibrational behavior of the structure.
Also, the vibration analysis of the welded structure
was not considered. Most of the fusion welding meth-
ods require post-weld treatments due to high heat in-
put, grain growth, residual stress, and reduction of me-
chanical properties. In this study, following the back-
ground of using mechanical vibration to improve the
final microstructure and the mechanical properties of
various types of weldments, vibration force was ap-
plied during welding. The AA-5083-H321 aluminum
alloy specimens were welded by GMAW, in the butt-
joint configuration while being vibrated, and a study
on the influence of the applied mechanical vibration
during welding of the samples on the microstructure,
residual stress, and crack growth rate has been carried
out.

2. Experimental procedure

The welding sample is a 5 mm thick AA-5083-H321

aluminum alloy plate, which is cut into 400 x 150 mm?.
Then, the samples were beveled to a 30° of each plate
to provide a 60° V-butt joint configuration. The chem-
ical composition of the AA-5083-H321 aluminum alloy
sheet and the welding electrode is shown in Table 1.
The welding samples were fixed into three sheets
of steel as the welding fixture. The lower part was
500 x 500 x 3mm?, and two pieces of sheets measur-
ing 500 x 100 x 5mm? were used as the upper fix-
tures (Fig. 1 [32]). The welding structure was located
on a vibration-isolated base to eliminate excessive vi-
bration from the ground. The samples were carefully
cleaned using acetone before welding. After chemical
cleaning, the aluminum oxide layer was removed by a
stainless steel brush. Finally, the samples were welded
according to the welding parameters listed in Table 2.
To study the effect of vibration force and vibration
frequency on the microstructure, residual stress, and
crack growth rate of the welded AA-5083-H321 alu-
minum alloy samples, ten series of the samples were
welded in butt-joint configuration, in which nine sam-
ples were welded while being vibrated and one sample
without vibration. The variables used in this study
were vibration force ranged from 400-3150 N applied
with an AC vibrating motor, and vibration frequency
of 50, 75, and 90 Hz. Table 3 summarizes the vibration
parameters entered into the welding structure during
the welding process, paying attention to the vibration
response of the welding structure. To record the vibra-
tion parameters of the structure such as the physical
displacement of the structure under the influence of
vibration, a CA-YD-11814 (SINOCERA) accelerome-
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Fig. 2. Fatigue crack growth test sample drawing (dimensions in mm).

Table 4. Residual stress measurement parameters using

XRD
Radiation Cu Ko 1.54645° A
20422} 80°-150°
0°, 10°, 20°, 30°, 40°, and 50°
Tube voltage 40 kV
Tube current 37 mA

Curve fitting Gauss function

ter sensor was mounted on the welding structure (see
Fig. 1c).

After welding, all samples were thoroughly in-
spected by radiographic non-destructive testing (RT).
Then, they were cut perpendicular to the welding
direction for metallographic examination and crack
growth tests via an electro-discharge cutting machine
(EDM). To study the area fraction of the equiaxed
grain, the cross-sections of the welded samples were
polished followed by treating with a reagent mixing
50 ml (1ml H,O 4+ 6ml HNO3 + 1ml HF + 12ml
HCl) + 25ml HoO 4+ 40ml HNO3 + 12¢ CrOj3 at
room temperature. Then they were investigated using
the ZEISS (Axioplan 2 Imaging) optical microscope.

Residual stress was measurement conducted by
a scanning X-ray diffractometer (Inel equinox 6000)
with Cu Ka, according to the sin?t) method per BS
EN 15305 [33]. Also, the data figured out in real time.
The type of the residual stress measured adjacent to
the weld line was longitudinal, represented the resid-
ual stress at the surface layer of the material. The
XRD parameters are in Table 4.

Besides, a fatigue crack growth test was carried out
on a computer-controlled servo-hydraulic INSTRON
8516 testing machine to study the fatigue behavior of
welded samples at room temperature. For this pur-

pose, the samples were prepared according to ASTM
E647 [34], schematically shown in Fig. 2. Also, an
extensometer was used precisely determining the nu-
cleation and growth of the crack under the cyclic
load. The experimental parameters of the fatigue
crack growth test were the maximum load of 2700 N,
and the minimum load of 400 N. The load ratio, R
(Prin/ Pmax) was 0.148, and the frequency of the load-
ing cycles was 5 Hz. After the fatigue crack growth
test, the fracture surfaces were studied using SEM
(Leo 1450 VP).

3. Results and discussion
3.1. Microstructural observation

Figure 3 shows the effect of mechanical vibration
on the microstructure of the welded sample. The sam-
ple welded with conventional GMAW includes colum-
nar grains in the fusion line, but the coarse equiaxed
grains were produced in the weld center. However,
the columnar grains disappeared due to the influence
of the applied vibration. Equiaxed grains originated
from the fragmented dendrites, in which the mechani-
cal vibration of the weld pool promotes the dendrite
fragmentation, and weld metal convection carries the
fragmented dendrites, disperses them from the region
near the fusion line to the weld center, makes new
nucleation sites resulting fine equiaxed grains genera-
tion. This phenomenon leads to grain refinement and
the disappearance of coarse grains in the center of the
weld. However, the grain size in the vibration-assisted
welded sample is finer than that in the conventional
GMAW welded sample.

From the consideration mentioned above, when vi-
bration frequency was varied from 50-90 Hz and the
vibration force was ranged from 400-3150 N, the area
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Fig. 3. The optical micrographs of the welded samples: (a) 50 Hz, 400 N, (b) 75 Hz, 2200 N, (c) 90 Hz, 3150 N, and (d) no
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Fig. 4. The fine equiaxed grains zone area fraction of the weld samples.

fraction of equiaxed fine grains (was calculated by
dividing the area of refined grains by that across
the entire weld) was increased from 9-75%. On the
other hand, while a higher vibration force was applied,
smaller grains were produced in the weld metal.
Figure 4 depicts the area fraction of the equiaxed
fine grains of the welded samples with respect to the
vibration force. At identical welding conditions, the
application of vibration during welding led to grain
refinement, including a reduction in grain size and the
increment of the area fraction of equiaxed grains. Sev-

eral studies based on the grain refinement of Al al-
loys in the welded joints have been carried out ex-
tensively [35-37]. The ways in which grains are re-
fined by mechanical vibration may include dendrite
fragmentation, grain detachment, and heterogeneous
nucleation. The process mentioned above could occur
due to the fragmentation of the dendrite tips in the
mushy zone due to weld pool convection, detaching
of loosely held grains in the partial melting zone in
the temperature between T1iquidus and TEutectic, and
acting as a non-homogeneous nucleus of external par-
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Table 5. XRD data for the welding sample, welded with a frequency of 75 Hz and vibration force of 1650 N

Y 0 10 20 30 40 50

20 136.11 136.282 136.249 136.374 136.346 136.553
d 0.82919 0.82979 0.82970 0.83007 0.82997 0.83046
€ —-0.00098 —-0.00025 —-0.00036 0.000084 —-0.00036 0.00055

ticles presented in the weld pool, respectively. Ad-
ditionally, the bending stress interred into the weld-
ing structure could cause the dendrite arms to break
down, crushed into smaller parts. With increasing the
vibration force, the bending stress, which was interred
into the molten metal, increased significantly. Mean-
while, while vibration was applied, weld pool convec-
tion increased. Therefore, fragmented dendrites and
detached grains were carried into the bulk weld pool.
Detached grains like fragmented dendrites can act as
the nucleus if they can survive in the weld pool tem-
perature. According to the nucleation theory, if atoms
in a liquid metal are brought together and form solid
nuclei that are larger than the critical size to overcome
the critical energy barrier, they can survive, grow, and
act as heterogeneous nucleation sites [38]. From liter-
ature, other grain refinement processes due to the ap-
plication of mechanical vibration are turbulent melt
flow around dendrite arms and showering due to the
impingement of detached dendrites [23]. Surface grain
refinement also could occur using a cooling gas entered
into the surface of the molten pool either by instant
temperature reduction or by removing heat. The ma-
jor effect of turbulence caused by vibration is local
fluctuation in the molten metal temperature around
dendrite arms. The temperature fluctuations are so
strong that the melting conditions of dendrite arms
are provided [38].

3.2. Restdual stress measurement

Residual stresses are those stresses that would exist
in a body if all external loads were removed. Attention
to residual stress is mainly due to its role in fatigue,
fractures, and stress corrosion cracking (SCC) [12, 13,
39]. Since 1930, the residual stress in welding and its
effect on welding performance have been studied [40].
Residual stresses, if compressive, increase fatigue life,
reduce SCC and hydrogen embrittlement [41].

The XRD method was used to measure the resid-
ual stress of the samples. The basis of this method is
to change the crystal lattice due to the stress causing
the displacement of the spectra. If the metal is plasti-
cally deformed, the crystal lattice usually changes, in
which the distance of each crystal plane (hkl) varies
from one grain to a neighbor grain. This uneven mi-
crostrain leads to the diffraction pattern to broaden.
The residual stress in metals results in the displace-
ment and broadening of the diffraction pattern, not

only due to the differentiation of crystal plane spac-
ing from one grain to another one but also its amount
in the metal, which is plastically deformed, is varied
from the undeformed one.

Using XRD, the strain in the crystal lattice mea-
sured, and the associated residual stress can be de-
termined based on the elastic distortion of the ap-
propriate crystal lattice plane. Many metallic speci-
mens strongly absorb X-rays and because of this phe-
nomenon, the intensity of the incident beam greatly
reduced in a very short distance below the surface.
Consequently, the majority of the diffracted beam
originated from a thin surface layer, and hence, the
residual stress measurements correspond only to the
surface layer of the material. The XRD stress mea-

surement is taken with the sin?¢y) method, according
to Eq. (1):

E 1 [ 9dgy >
=\ — | 5= 1
v <1+v)(hk1) do <asin21/1 ’ W)

where dgy is the spacing between the lattice planes
measured in the direction, which is defined by ¢ and
1. E is Young’s modulus, and v is the Poisson ra-
tio. Furthermore, the network strain (¢) is expressed
according to Eq. (2):

8dq§w dqsw
(%) on(). o

In an undeformed material, the distance between
the crystal planes is dy, and the spectra position being
at 260 angles. It differs from dg, due to residual stress
[33]. Table 5 shows the XRD data for the welding sam-
ple, which was welded with a frequency of 75 Hz and
the vibration force of 1650 N.

Figure 5 shows the relationship between the net-
work strain () of the sample and the change of sin?w.
By attention to the text mentioned above, the mea-
sured residual stresses of the samples are shown in
Fig. 6.

The residual stress of the non-vibration welded
sample was 170 MPa, whereas by applying vibra-
tion force, the residual stress decreased to the lower
amounts. In other words, since the vibration force
increased from 400-1000N, at a given frequency of
50 Hz, the residual stress changed from 109-132 MPa.
Besides, while the vibration force was 850-1650 N, the
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Fig. 6. The residual stress of the welded specimens in terms
of (a) vibration force and (b) physical displacement of the
structure.

residual stress reduced from 112 to 106 MPa. Finally,
residual stress increased from 181 MPa when vibra-
tion force was 2200 N. Moreover, the increment of the
vibration force from 1250-3150N, at a frequency of
90 Hz, caused the residual stress reduction from 95—
157 MPa. Compared to the sample which was welded
without vibration, the application of vibration during
the welding of the samples at a given frequency of 50,
75, and 90 Hz led to residual stress decrement of about
36, 38, and 44 %, respectively. Moreover, when the vi-
bration force reached 2200 N, residual stress increased

dynamic stress (04) into the structure so that its sum
with residual stress (o) exceeds the yield strength
(oy) of the material and eventually causes some plas-
tic deformation, leads to a reduction in residual stress

(Eq. (3)):
0d + 0r > 0y (3)

The reduction of residual stress in the weld is due
to plastic deformation around the weld area [43]. Con-
sequently, the decrease in residual stress is a function
of the magnitude of the applied vibration force, in
which an optimum value of it is required to reduce the
amount of residual stress. On the other hand, if the vi-
bration applied on a welded structure is not adequate,
the residual stress of the weld cannot be reduced.

As mentioned earlier, when the vibration ampli-
tude increases, the residual stress can be effectively
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removed by simultaneous vibration welding. Mean-
while, higher vibration amplitude influenced the resid-
ual stress and might raise it again. Welding produces
particularly severe residual stresses, because of large
temperature gradients in a short time in the weld
metal and surrounding base metal. The interaction
between the rapid heating and cooling cycle leads to
a heterogeneous strain in non-vibrated weld samples
and causes residual stress to form. Due to local heating
during welding, complex thermal stresses occur during
welding, and residual stress and distortion result af-
ter welding. High tensile stresses produced in regions
near the weld, while compressive stresses produced in
regions away from the weld. This is the usual distri-
bution of residual stresses that remain after welding
is completed.

There are two mechanisms for vibration stress re-
lief. The first hypothesis is about the similarity be-
tween the vibration stress relief and the heat treat-
ment considering the displacement of atoms that are
in the crystalline lattice. By performing low-frequency
vibration stress, the atoms are given enough energy to
move to a new location. This theory is based on in-
ternal friction and is likely for materials that tend to
age naturally. The second hypothesis is that stress re-
lief occurs during plastic deformation, in which during
VSR, the combination of cyclic applied stresses and
residual stresses exceeds the yield strength of the part
and causes plastic deformation [44, 45].

3.3. Fatigue crack growth properties

To correctly predict the operational life of a compo-
nent, it is important to understand the physical back-
ground of fatigue. One of the primary mechanisms by
which metal fatigue occurs is the propagation of small
cracks. Cracks can be generated by alternating plas-
tic deformations due to cyclic loads. Even if the ap-
plied stress is below the elastic limit, local stress may
be higher than the yield stress due to the stress con-
centration. The first and last stages of fatigue crack
growth of the welded samples are shown in Fig. 7. As
shown in the picture, the nucleation of the crack was
in the weld zone, and it continued to grow along the
weld line.

In Fig. 8, fatigue crack lengths are plotted versus
the number of cycles leading to failure of the welded
specimens. As shown in Fig. 8, the behavior of differ-
ent welded samples affected by vibration is different
from that of the welded specimen without vibration.
In other words, at the frequency of 50 Hz, the sample
that was welded with the vibration force of 750 N has
better fatigue behavior than that of 1000 N (Fig. 8a).
The variation of fatigue behavior of the material can
depend on either the grain size, tensile strength, or
residual stress.

At the frequency of 75 Hz, an increase in the vi-

Fig. 7. Fatigue crack growth sample: (a) crack initiation
and (b) growth.

bration force resulted in a sharp decrease in fatigue
behavior. As shown in Fig. 8b, the fatigue crack be-
havior of the welded specimen with the vibration force
of 1650 N was much greater than that of 2200 N. On
the other hand, the sample welded with the vibra-
tion force of 1650 N failed at higher cycles than the
specimen welded while being vibrated with 2200 N. In
this frequency range, according to the data obtained
from the residual stress examination, the effective fac-
tor that causes the various fatigue behavior of the
samples is their obvious residual stress difference. The
residual stress of the welded specimen with 1650 N
is about 106 MPa, while it is about 181 MPa in the
welded specimen with 2200 N. Hence, the behavioral
differences, which are observed in fatigue crack growth
test of these samples, are reasonable.

The fatigue crack growth behavior of the welded
specimens at 90 Hz also confirms the improvement of
the fatigue behavior of the welded specimen with the
applied vibration force of 1250 N as compared to the
sample welded with 3150 N. In this frequency range,
the residual stress of the welded specimen with 3150 N
vibration force is about 157 MPa and is about 95 MPa
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Fig. 8. Fatigue crack growth graphs of the welded speci-

mens during vibration in terms of the number of the cy-

cles to failure, at frequencies of (a) 50 Hz, (b) 75 Hz, and
(c) 90 Hz, compared to the no vibration sample.

for the sample that was welded with the vibration
force of 1250 N (Fig. 8c). Finally, the variation that
is observed in fatigue crack growth behavior of the
welded specimens indicates that the application of
mechanical vibration when the sample being welded
caused cracks to grow at higher cycles, due to the dif-
ferent residual stress magnitude.

Damage by fatigue usually takes two steps, the ap-
pearance of an initial crack, which then grows as a
function of the present microstructure and residual
stress. Hence, the other distinction that can be seen
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Fig. 9. The crack growth rate of the welded samples versus
the stress intensity factor, at frequencies of (a) 50 Hz, (b)
75 Hz, and (c) 90 Hz, compared to the no vibration sample.

from Fig. 8 is the beginning cycles of the crack propa-
gation. Compared to the sample being vibrated during
welding, fatigue crack activated at the lower cycles in
the sample that was welded without vibration. More-
over, with increasing the vibration force, fatigue crack
delayed propagating and crack propagation shifted to
the higher cycles.

Figure 9 illustrates the crack growth data of the
welded samples with mechanical vibration applied
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Table 6. The C and n values of the Paris relation

Sample Frequency (Hz) Vibration force (N) n c
1 50 750 3.51 5.97 x 1078
2 1000 4.40 5.31 x 107°
3 - 1650 4.34 5.58 x 107°
4 2200 4.61 2.87 x 107°
5 90 1250 4.80 1.63 x 107°
6 3150 3.80 2.21 x 1078
7 Without vibration 4.40 2.98 x 107°

compared to the samples without vibration. The crack
propagation life is estimated through the observed de-
pendence of the crack growth rate, da/dN, on the
range of the stress intensity factor, AK. With study-
ing the crack growth rate chart based on variations
in the stress intensity factor, it is possible to inves-
tigate the effect of vibration during welding on the
fatigue crack growth rate. It can be seen from Fig. 9
that vibration during welding is an effective param-
eter that affects the fatigue curves. At low AK val-
ues, the crack growth rate is low in all welded speci-
mens and is approximately similar to the crack growth
rate of the welded specimen without vibration. At
the 50 Hz frequency range at the beginning of crack
growth, both samples (welded with the vibration force
of 750 and 1000 N) have low crack growth rates. Their
crack growth rate is somewhat close to that of the
sample welded without vibration. However, at higher
AK values, it can be said that the fatigue growth
rate of the specimen welded with the vibration force
of 750 N is lower than the no vibration welded sample.
Moreover, the fatigue crack growth rate of the sample
welded while being vibrated with 1000 N is approx-
imately similar to the sample welded without vibra-
tion.

In the frequency range of 75 Hz and the vibration
forces of 1650 and 2200 N, they also exhibited sim-
ilar behavior to those described for welded samples
at 50 Hz, at low AK values. On the other hand, at
low AK, the fatigue crack growth rate in these speci-
mens is approximately similar to that of the vibration-
free welded specimen. However, by increasing AK to
higher values, the crack growth rate of the welded
specimen under the vibration force of 1650 N is close
to that of the non-vibrating weld specimen, and the fa-
tigue crack growth rate of the sample that was welded
while being vibrated with 2200 N vibration force, is
higher. As mentioned earlier, the welded specimen at
2200 N has the highest residual stress compared to the
other specimens, and as a result, such behavior (higher
crack growth rate) is expected.

The fatigue crack growth behavior of the 90 Hz
welded specimens indicates that at this frequency

range, at low AK, the lower fatigue crack growth rate
of the sample being vibrated during welding was ob-
served as the same as that of the sample that was
welded without vibration. By increasing AK to higher
values, the crack growth rate of the sample welded
with 1250 N is even lower than that of the welded sam-
ple with no vibration. Additionally, the crack growth
rate of the sample welded with the vibration force
of 3150N was also lower than that of the sample
welded without vibration. As previously discussed, the
welded specimen with the vibration force of 1250 N has
the lowest residual stress compared to that of all the
welded specimens studied and it is reasonable to have
lower fatigue crack growth rate. Several models based
on the principles of fracture mechanics for the pre-
diction of fatigue crack growth in components under
dynamic loads have been proposed, the best known
to be the Paris law (Eq. (4)), where da/dN is the
crack growth rate per cycle (mm cycle™!), AK is the
stress intensity factor (MPay/mm), C' and n are the
constants [46]:

da n

e C(AK)". (4)
Table 6 shows the C' and n values of the Paris relation
obtained from the crack growth rate test.

The fracture surfaces of the fatigue crack growth
test specimens are shown in Fig. 10. According to
Fig. 10, the fracture surface is composed of three re-
gions. The crack initiation zone exhibited a relatively
smooth microstructure. The crack propagation zone
(marked as fracture analyses area) had prominent stri-
ation marks with a river-like appearance. The presence
of these patterns confirms fatigue failure (the SEM
micrographs). The final failure zone of fatigue is the
ultimate damage (crack growth end) caused by void
nucleation, coalescence, and crack growth, showing a
rough and fine dimple structure. According to Fig. 10,
the microcracks are visible in some of the sections in-
vestigated. The presence of micro-cracks increases the
crack growth path and thus increases the material’s
fatigue life. Crack nucleation and growth occur due to
some microstructural defects.
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Fig. 10. The fracture surface of the fatigue cracks growth samples: (a) macroscale, (b) 50 Hz, 750 N, (c) 50 Hz, 1000 N,
(d) 75 Hz, 1650 N, (e) 75 Hz, 2200 N, (f) 90 Hz, 1250 N, (g) 90 Hz, 3150 N, and (h) without vibration.

However, as mentioned earlier, the residual stress,
which was generated in the weld zone (i.e., due to
non-homogeneous heating and cooling cycles, from the
fusion welding process), is an effective factor in chang-
ing the behavior of the material against fatigue crack
growth rate. According to the report [47], the resid-

ual compressive stress in the weld zone reduces the
stress intensity factor at the crack tip. Similarly, at
lower values of AK, the crack growth rate decreases,
and as AK increases, the positive effect of residual
compressive stress on crack growth decreases. There-
fore, at higher AK values, the crack growth rate of
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the welded specimen increases [48].

According to the aforementioned, residual stress in
the non-vibrating welded samples as well as the sam-
ples welded while being vibrated, is tensile residual
stress, which decreased due to the application of vi-
bration during welding. The presence of residual ten-
sile stress has a detrimental effect on the growth rate
of fatigue cracks. In other words, the tensile residual
stress magnitude has a serious impact on fatigue life,
so, as the tensile residual stress is higher, the lower
fatigue life is expectable.

4. Conclusions

1. The sample welded with conventional GMAW
includes columnar grains in the fusion line and the
coarse equiaxed grain in the weld center. However,
under the influence of mechanical vibrations applied
during the welding process, the columnar structure
was replaced by fine equiaxed grains. As the vibra-
tion force increased, the area fraction of the equiaxed
grains extended even to 75 %.

2. Residual stress decreased due to the application
of vibration during welding. Compared to the sample
that was welded without vibration, the application of
vibration during the welding of the samples at given
frequencies of 50, 75, and 90 Hz led to residual stress
decrement of about 36, 38, and 44 %, respectively.

3. At low AK, the crack growth rate is low in
all welded specimens and is approximately similar to
the crack growth rate of the sample welded with con-
ventional GMAW. However, at high AK, the crack
growth rate of the samples changed significantly due
to the effect of residual stress.

4. The residual stress in the welded sample is an
effective factor that affects the growth rate of fatigue
cracks in the material. It is essential to know what
kind of residual stress generated in the welded sam-
ples. The compressive residual stress in the weld zone
reduces the stress intensity factor at the crack tip and
improves fatigue life, while the tensile residual stress
seriously reduces the fatigue life of the material.

5. According to the fracture analysis results, the
microcracks are visible in some of the sections inves-
tigated. The presence of these microcracks increases
the crack growth path and thus increases the mate-
rial’s fatigue life.
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