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The present research investigates the fatigue life of dissimilar friction stir welding (FSW) of AA6066-T6 and AA1060-T6
aluminium alloys that have undergone deep cryogenic treatment (DCT). The DCT-FSW alloy has fine, dense intermetallic
phases, as evidenced by the microstructures of the welded zones of FSW. The uniaxial fatigue experiment was done to
measure the number of cycles for failure and to plot the S-N curve. The fatigue fractures of both samples have been
examined by SEM to investigate the fracture mode. Moreover, the fatigue life of the FSW and DCT-FSW joints was
predicted using the Basquin method and the Acceleration Life Test (ALT). The predicted results revealed that the ALT

method is more accurate than the Basquin method.
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1. INTRODUCTION

Due to their outstanding strength-to-weight ratio,
welded aluminium alloys are in great need in the automotive
and aerospace industries [1—4]. The mechanical qualities of
welded dissimilar aluminium alloys appear to be lost, and
they are more susceptible to porosity and cracking. There
have been problems using conventional fusion welding
techniques [5-7]. One of the cheapest and greenest
techniques to join similar and dissimilar aluminium alloys
without adverse consequences like solidification and liquid
cracking is friction stir welding (FSW) [8—10]. Dissimilar
friction stir welding (FSW) has gained significant attention
in modern manufacturing as an efficient technique for
joining different materials while maintaining enhanced
mechanical properties. The advancements in this domain are
driven by innovative methodologies and an increasing
emphasis on sustainable manufacturing practices [11-14].
A significant issue in design evaluation is structural fatigue.
Therefore, researchers and designers are becoming
increasingly interested in the fatigue properties of FSW
jointed design. Enhancement of the friction process
parameters was the objective of some earlier studies to
improve fatigue properties [15—17]. FSW joints have better
fatigue behaviour than T1G-welded joints in terms of quality
[18]. Under welding process, it seems as though there are
always potential faults, including root flaws, that are
challenging to find with standard test methods. The main
problem is a specific type of fault in FSW joints that exists
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at the bottom side of the weld line and has a clear impact on
how well the joints perform during fatigue [19, 20].
Vysotskiy et al. [21] discovered that the FSW heat-
treated AA6061 had a higher fatigue strength than the parent
material. The conventional heat treatment method is
reinforced by the cryogenic treatment process, which
improves the mechanical properties [22]. Liquid nitrogen is
used in deep cryogenic treatment (DCT) to cool a substance
to below 196°C. In order to enhance the mechanical and
physical properties of materials, this treatment modifies
their microstructure in a controlled, low-temperature
environment [23-28]. The friction stir-welded Al-ZnCu
alloy AI7050-T7451 joint's hardness, toughness, tensile
strength, and elongation were all enhanced by cryogenic
treatment [29]. In comparison to untreated samples, deep
cryogenic treatment enhances the hardness and wear of the
aluminium alloys 2024, 6082, and 7075 by 25 % [30]. In
order to enhance the material qualities, the DCT has been
explored and employed for years [31]. According to the
literature review, very few studies focusing on the fatigue
life of cryogenically treated dissimilar FSW welding were
found. This study aims to investigate the impact of deep
cryogenic treatment on the fatigue life of the FSW AA6066-
AA1060 alloy, providing a comprehensive understanding of
its performance characteristics. This research aims to
investigate the fatigue life of the FSW AA6066-AA1060
aluminium alloy subjected to deep cryogenic treatment,
with a particular focus on analysing the effects of rotation
speed and weld speed on the alloy's microstructure and
mechanical performance. Metallurgical studies are



conducted to examine the grain structure, intermetallic
compounds (IMCs), and precipitates formed during FSW,
with a comparison to those observed in DCT-FSW.

2. EXPERIMENTAL PROCEDURE
2.1. Materials

Manufactured alloy plates measuring 100 x 75 x 6 mm
and labelled AA6066-T6 and AA1060-T6 were used for
dissimilar metal welding. The chemical composition of the
purchased wrought alloys is given in Table 1. According to
the author's previous work [32], the optimum parameter for
welding AA1060 and AA6066 alloys was 1000 rpm tool
rotation speed at 63 m/s welding speed. The optimum set of
input parameters was used to prepare the FSW joints, as
shown in Fig. 1.
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Fig. 1 FSW processes for the alloys AA6066-T6 and AA1060-T6

2.2. Deep cryogenic treatment

Ten FSW joint samples with dimensions of
20 x 15 x 3 mm in the transverse direction of the welded
zone underwent DCT. Samples were submerged in a cryo
can flask with liquid nitrogen at —196°C for deep cryogenic
treatment. The samples were carefully removed from the
flask after two hours [33, 34]. Following that, the samples
were allowed to remain in the air for 30 minutes.

2.3. Microstructure studies

A few transversely bisected FSW and DCT welded
joints were prepared and polished using different grades of
silicon carbide paper, and then cloth polished with 3 mm and
1 mm diamond paste. Following polishing, the samples
were etched using Keller's reagent (1 % HF, 1.5 % HCI,
2.5 % HNOs, and 95 % distilled water). For the examination
of microstructure, SEM was used.

2.4. Fatigue life test

Fatigue strength data are obtained at a stress ratio SR,
of 0.1 with different maximum stresses of 132 to 75 MPa at

Fig. 2. Fatigue specimen loaded at Instron machine

3. RESULTS AND DISCUSSION
3.1. Microstructure

The macrographs and micrographs of the FSW and
DCT-FSW joint weld zones are shown in Fig. 3. No flaws
or cracks can be seen in Fig. 3 a. In the FSW-WZ zone
microscopy, the stirring effect results in refined
recrystallized grains with uniform grain size (Fig. 3 a and
b). The increased magnification of Fig. 3 b depicts a fine
Mg,Al; precipitate phase scattered uniformly throughout
the surface combined with needle-shaped Mg,Si phases.
High temperatures affect the FSW microstructure,
significantly distort the spinning tool plastically, and
activate dynamic recrystallization mechanisms [35]. The
optimal tool rotation speed for FSW was 1000 rpm. This
allowed for powerful mechanical contact over a wide area
and material mixing in the welding zone (WZ). When the
tool rotates quickly, the material is touched by the shoulder
and pin. During the cryogenic treatment the dislocation
motions are created, in which sub crystals are generated
from the original grains, are what cause the grain refining.
It is this dislocation impact that causes grain rotations and
volume shrinkage. The material's properties are improved
when the vacancies and micropores in the matrix compress
[36].

In DCT-WZ microstructure images (Fig. 3 ¢ and d), the
Mg,Si phases are shown with a thick Mg;7Al, precipitate
phase. Due to Mg's ability to reinforce the aluminium matrix
and create new phases, the DCT of the FSW joint is
improved. Sonar (2018) [37] recorded comparable
outcomes. When comparing the micrographs in Fig. 3 a and
b, the Mgi;7Al;» intermetallic generated marginally

a frequency of 10 Hz. The tests are carried out in the Instron ~ increases. Even with a small size increase, DCT
fatigue testing machine as shown on Fig. 2 in laboratory air recrystallizes coarse grains, increasing intermetallic
at ambient temperature. The standard flat specimens were ~ volume.
prepared as per ASTM standard E 466.
Table 1. Chemical composition of alloys AA 6066 and AA 1060
Material Mg Zn Mn Ti Cu Fe Si Al
AA 6066, wt.% 0.82 0.25 0.6 0.01 0.7 0.01 0.9 96.71
AA 1060 wt.% 0.03 0.05 0.03 0.03 0.03 0.05 0.2 99.58
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Because the intermetallic density is less than 2 %, X-
ray diffraction cannot distinguish between the phases. The
elements and intensities of the precipitate have been
determined by SEM-EDX analysis and similar precipitate
phases were reported by the same researchers in 2023 [38].

3.2. Fatigue life (5-N) curve

Fig. 4 presents the fatigue life experimental data
through the S-N method for the samples of FSW and DCT-
FSW joints. The maximum cycle has been attained at
75 MPa for the DCT-FSW sample, and the lowest cycle of
42932 has been obtained at 132 MPa for the FSW sample.
In all stresses, DCT-FSW samples exhibited a higher fatigue
life cycle than FSW samples. The image also shows that the
curve with the highest slope has been generated by
employing a maximum level of stress. The failure cycles for
FSW and DCT-FSW are closer to each other at higher stress
ranges. At a lower stress level, the failure cycle deviation is
greater, which is elucidated in Fig. 4. The increase in fatigue
strength of the DCT-FSW joint can be due to the formation
of more intermetallic compounds.
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Fig. 4. S-N curve of FSW and DCT-FSW

Fig. 5 shows the SEM images of fatigue-fractured
samples. Fig. 5 a represents minor cracks and dimples in the
surface of the FSW sample fractured at 75 MPa stress
further, at maximum stress of 132 MPa, secondary cracks
and shallow dimples are seen in Fig. 5 b. Sonar et al. [39]
identified ductile mode with dimples and brittle mode with
striation in the fatigue fracture surface of the 1060 Al alloy.
The plastic deformation has been seen in FSW samples,
which makes it quasi-cleavage fracture mode. No cracks
have been seen in Fig. 5 ¢ and d moreover, dimples of small
size seem to be present in the DCT-FSW fractured samples.
The cryogenic treatment plays a significant role in shrinking
the size of the dimples, and the intermetallic compound also
improves the fatigue life. The greater the number of
compound formations, the smaller the dimples on the
surface. A similar observation has been reported by Li et al
[40]. The fatigue striation has been observed in the DCT-
FSW samples. The DCT-FSW sample shows a quasi-
cleavage fracture mode.

Fractography revealed the primary cracks that caused a
fatigue failure that started on the specimens' free surface at
both temperature conditions. The primary mechanism of
deformation during cyclic loading was dislocation slip.
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Fig. 5. SEM images of fractured surface of fatigue samples at:
a—75 MPa of FSW; b—-132 MPa of FSW; c¢c—-75 MPa of
DCT-FSW; d—132 MPa of DCT-FSW

Fatigue striations developed along the path of crack
growth. Dimple ductile mode was found in the middle of the
fractured sample. A greater number of dislocations were
produced at cryogenic temperature to accommodate the
necessary strain during cyclic loading since dislocation
mobility was constrained. Additionally, during cryogenic
treatment, the grain size decreased, resulting in smaller
dimples.

3.3. Fatigue life prediction model

The total quantity of variables that make out the
relationship between two key factors, the stress level (o) and
the number of cycles to failure (N), has been considered
when modelling an S-N curve [41]. These factors can be
taken to be both dependent and independent factors, as well
as being able to be expressed in a natural form by using
logarithmic conversions.
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Fig. 6. Predicted (S-N) value by Basquin model

According to Basquin, fatigue resistance is inversely
associated with the number of cycles essential to material
failure, and it follows a power law. The S-N model
developed by Basquin Eq. 1 [42]:

om = a (Nr)?, 1)

where oy, stands for mean stress, a is for the coefficient of
fatigue strength and « is for the exponent of fatigue strength.
The predicted (S-N) values for the experimental data have
been calculated using the Basquin equation, and the same is
plotted as shown in Fig. 6. The graph inferred that predicted
values were closer to the experimental data and intersected
the experimental curve for both cases.

3.4. Accelerated life testing (ALT) for prediction
of fatigue life

The illustration of a probability distribution is a focus
of the Anderson-Darling (A-D) goodness-of-fit test method,
which was calculated using MINITAB. Either the p-value or
the A-D statistical value forms the basis for confirmation.
Table 2 shows the A-D measurement calculates how well
the results of the fatigue test conform to a specific
distribution. It is a measurement of how far the real data
points on a probability plot deviate from the fitted line.
Higher weights are seen in the tails of the distribution and
represent the weighted squared distance between the plot



points and the fitted line. A low A-D number often denotes
a better fit between the provided distribution and the data.

Table 2. Anderson-Darling value of fatigue life

Probability Plot (Fitted Ln) for FSW

Weibull - 95%

5 C

Stress, MPa FSW DCT-FSW 2 -
75 3.584 3.476 ] ol
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132 4.553 3.542 12
The results indicate that cryogenic treatment z
significantly influences the microstructure and mechanical 2
properties of the dissimilar FSW joints, leading to enhanced " I :
10000 100000

fatigue resistance. Moreover, the fatigue life and failure
modes are elucidated, highlighting the critical regions
susceptible to fatigue damage. The novel approach
presented in this study contributes to a comprehensive
understanding of fatigue behavior in dissimilar FSW joints,
offering valuable insights for optimizing welding processes
and improving the structural integrity of welded
components in cryogenic applications. Fatigue tests
conducted under varying stress levels elucidate the fatigue
life and failure mechanisms of the dissimilar FSW joints.
Cryogenically treated specimens exhibit prolonged fatigue
life compared to untreated counterparts, showcasing the
beneficial effects of cryogenic treatment on fatigue
resistance. Fractographic analysis of fatigue-tested
specimens highlights the initiation and propagation of
fatigue cracks, with a particular focus on critical regions
such as the weld interface and heat-affected zone (HAZ).
Cryogenic treatment mitigates crack initiation and retards
crack propagation, contributing to improved fatigue
performance.

The accelerated life testing (ALT) approach to
reliability testing is more effective and less expensive. In
order to gain knowledge on items with a long life well in
advance, ALT seeks to hasten the failure process. The
fatigue test data in accelerated settings is correlated with
ALT. The results are extrapolated to conditions of typical
use using this technique. Through acceleration testing,
Weibull condition data can be predicted using accelerated
life data. The probability sheet shows that the life data under
accelerated conditions are parallel to one another, which
supports the ALT programme. Failure rate graphs, as shown
in Fig. 7 and Fig. 8, are particularly helpful since they show
the system's failure pattern.

Table 3. ALT Predicted cycles and experimental cycles
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Fig. 8. Acceleration probability plot for DCT-FSW

Table 3 compares measured fatigue life data with an
accelerated prediction of fatigue life. The results of the
fatigue life prediction were more accurate. It is clear that the
results of the measured values and the expected fatigue life
are in good accord. As a result, this research offers a
practical way to predict a particular target life in an area with
limited lifespans and significant stresses. Future research
should investigate the long-term behavior of cryogenically
treated FSW alloys under conditions such as cyclic loading,
corrosive environments, and high temperatures.

4. CONCLUSIONS

The findings of the fatigue life of the FSW AA6066-
AA1060 alloy with and without DCT have been
summarized as follows:

1. The refinement was caused by the needle-shaped Mg, Si
phases and the Mg,Al; precipitate, according to the
results observed under a microscope.

FSW, no of cycles DCT-FSW, no of cycles
Stress, MPa - - - -
Experimental Predicted Experimental Predicted
75 195451 202809 243216 254523
88 161639 172398 194451 196899
103 103211 97601 149713 147997
117 73500 72924 95564 94205
132 42892 43884 58109 69481




DCT's impact causes dense Mg;7Al;; to appear in the
DCT-WZ, perhaps strengthening it over time.

The coarse grain recrystallization of the WZ samples on
SEM analysis resulted in a higher intermetallic density
for the DCT-WZ samples. It is less common for the
Mg28Si phase to develop after cryogenic treatment.
Aluminum near coarse grains experience significant
plastic deformation because of the increased volume
change and dislocation density brought on by DCT.

At higher stress ranges, the failure cycles for FSW and
DCT-FSW become more similar, and at a maximum
stress of 132 MPa, secondary cracks and shallow
dimples were observed on the fractured surface of the
FSW joint.

As a result of the increased compound growth, the
dimples on the surface of the DCT-FSW joint are
smaller.

The predicted (S-N) values for FSW and DCT-FSW
were closer to the experimental data using the Basquin
method, while the ALT method provided even greater
accuracy.
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