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Abstract. In this work, experiments were carried out to quantify the behaviour of friction stir welded (FSW) AAS5082-AA7075 butt joints
under tensile loading and completely reversed fatigue loading. Different samples were prepared to identify optimum tool rotational and travel
speeds to produce FSW AA5082-AA7075 butt joints with the maximum fatigue life. ANOVA was performed, which confirmed that both tool
speed and tool rotational speed affect the tensile strength of the weld. The samples exhibit a considerable difference in their fatigue life and
tensile strength. This difference can be accounted to the presence of welding defects such as surface defects and porosity. S-N curve plotted
for the sample shows a significantly high fatigue life at the lower stress ranges. Fracture surfaces were also analysed under scanning electron
microscope (SEM). Study of the fracture surface of the sample that failed under fatigue loading showed that the surface was mainly divided in
two zones. The first zone was the area of fatigue crack growth where each stress cycle, slowly and gradually, helped in the growth of the crack.
The second zone was the region of fast fracture where the crack growth resulted in the failure of the joint instantaneously. The fracture surface

study of the sample that failed under tensile loading showed that the mode of failure was ductile in nature.

Key words: friction Stir Welding, Dissimilar Al Welding, Resonance Fatigue Analysis, Fracture Surface Analysis, ANOVA.

1. Introduction

The demand for alloys with high strength to weight ratio is in-
creasing in recent times. These alloys have high demand in in-
dustries like automotive, aerospace, aeronautics, railways and
naval industries. In this scenario, aluminium alloys are a good
option due to their high strength to weight ratio and having bet-
ter resistance to corrosion. Al-alloys are difficult to-weld by
conventional fusion joining techniques [7,9, 10,41] in which
several problems such as porosity formation and cracking are
encountered. To avoid or minimize these problems the heat in-
put should be kept as low as possible during joining process.
One way of doing this is the use of FSW in which the heat input
is low since it is a solid state joining technique [2,4,5,8,27]. In
order to survive in this competitive world, these industries are
consistently finding for methods to reduce costs while maintain-
ing the high standards for materials and processes. Nowadays,
industries are using friction stir welding (FSW) process to weld
these alloys [38]. A few companies have already started using
FSW for the manufacturing of their products and services for its
cost saving advantages [39]. Although the welding of dissimilar
metals or metal matrix composites is a very new process, recent
studies have been made for dissimilar welding of aluminium
alloys using FSW.

Frictional heat has been used as a solid-phase welding tech-
nique for over a century. However, there was no technologi-
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cal advancement in the field of friction welding [49]. The re-
searchers at the Welding Institute invented and patented a new
solid-phase welding technique known as the FSW [48]. In FSW,
the welding occurs at a temperature lower than the melting
point of the material, this helps the material to retain its par-
ent mechanical properties. Also, the FSW joint displays better
strength properties than TIG and MIG welded joints [26]. This
is because all the problems associated to the solidification of
the welded region are avoided as the welding occurs in visco-
plastic solid phase. It produces welds that have good quality. It
is difficult or even impossible to weld dissimilar metallic mate-
rials using fusion methods. Fusion methods result in cracking,
voids, distortion and/or the heat affected zone (HAZ) which be-
comes excessively soft. FSW has the benefit of being able to
weld dissimilar metallic materials without the introduction of
these defects. It is also a clean and ecological technique [46,47].

2. State of art

Dubourg et al. optimized the friction stir lap welds process
for different alloys. In their experiment best fatigue life was
found for the double pass welded samples keeping overlap-
ping in advancing side [14]. Ericsson et al. investigated the
influence of process parameter on fatigue life of FSW sam-
ples. They observed that at very low welding speed, fatigue
life was increased due to increased amount of heat input per
unit length of weld [17]. Lee et al. studied the lap joint prop-
erties of dissimilar FSW joints. They concluded that interface
morphology was the main factor for predicting the strength of
FSW lap joints [36]. Miller et al. investigated the development
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in automotive industry for the use of aluminium alloys. They
suggest to improve the aluminium scrap recycling by introduc-
ing unialloy system [37]. Nandan et al. studied the recent ad-
vances in the field of friction stir welding process. Their re-
view gives the understanding of process and its metallurgical
aspects [40]. Rao et al. made a comprehensive study on fa-
tigue and fracture properties of dissimilar FSW joint to alu-
minium with magnesium alloys. Through fractographic anal-
ysis they concluded that fatigue cracks initiated at weld cracks
area [43]. Rodriguez et al. conducted an experimental analy-
sis for low cycle fatigue behaviour of dissimilar FSW joints of
aluminium alloys. They studied the fracture surface using scan-
ning electron microscope. By their study they concluded that
crack initiated at either the crown or at the root of the welded
joints [44]. Feng et al. studied the effect of varying tool feed and
rotational speed on the microstructural and fatigue behaviour of
FSWed AA7075 alloy. They observed two low hardness zones
between TMAZ and HAZ and the failure of the samples with
lower welding feed occurred in these low hardness zones. Also,
samples prepared at higher welding feed failed in the nugget
zone [18]. Infante et al. studied the fatigue behaviour of the
dissimilar FSWed AA6082 and AA5754 alloys. Their results
exhibited that for the lower applied stress ranges, fatigue life
of the FSWed AA6082 and AA5754 joints had a better fatigue
performance [20]. Cam et al. established that there is a loss in
the strength in the welded region, inspite of the the sound weld
quality. They also exhibitted that during FSW, the strength of
the nugget could be enhanced by using high strength interlayer.
However, the external cooler used was not sufficient to achieve
the adequate cooling conditions for improved strength [6].
Cavaliere et al. studied the effect of process parameters on
the properties of dissimilar friction stir welded joints. They
also conducted the fatigue test at the axial total stress ampli-
tude control mode. They concluded that the main reason for the
fatigue fracture is the presence of forging defects in joints [11].
Crawford et al. studied the defect development in the AA6061-
T6 FSWed joints, prepared at varying tool feed and rotational
speed. They observed two types of defects, wormholes and
weld deformations, owing to these varying parameters [13].
Ipekoglu and Cam produced dissimilar AA7075-0/6061-O and
AA7075-T6/6061-T6 butt joints using FSW and postwelding
heat treatments were performed on the joints obtained. They
observed that hardness increase was obtained for O-temper pro-
duced joints wheras hardness loss was obtained for T6 temper
produced joints. They also obseved that the postwelding heat
treatment improved the joint properties [21]. Bozkurt et al. in-
vestigated the effect of plate positioning, plunge depth, dwell
time and tool tilt angle on dissimilar friction stir spot welded
AA 5754-H22/2024-T3 joints. They observed that plate posi-
tioning was crucial for the joint strength. Higher joint strenght
was obtained when AA5754 was on top in comparison to when
AA2024 was placed on top. Plunge depth, dwell time and tool
tilt angle affected the failure mode of the friction stir spot
welded lap joints produced [1]. Kim et al. examined the effect
of varying tool plunge downforce on FSWed joints. They con-
cluded that higher tool plunge downforce results in wider range
of optimum conditions for friction stir welded joints. They also
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discovered that there are three types of defects depending on
the FSW conditions: (i) large mass of flash (excess heat in-
put); (ii) cavity or groove-like defects (insufficient heat input);
and (iii) cavity due to abnormal stirring [28]. Leal and Loureiro
studied the effect of varying tool feed on the formation of de-
fect. They observed that defects were formed mainly on the ad-
vancing side of the weld. Also, the formation of voids increases
with the increasing tool feed [35].

In real world scenario, fatigue strength of the joint is a greater
problem as the material is rarely subjected to monotonic (either
tensile or compressive) stress condition. The materials are sub-
jected to cyclic stresses of varying stress ratios and hence the fa-
tigue life of the material or the welds is more important [12,51].
Regarding the fatigue life of similar aluminium alloys, several
studies have been performed and they reveal that the fatigue
life of similar FSW joints at 10 million cycles is much lower
than that of the base material [29, 44]. In case of dissimilar
FSW, very limited research have been published regarding its
fatigue life [11, 50]. Furthermore, the results revealed that fa-
tigue life is also affected by the presence of defects in the weld.
There is also an alloy dependence in the occurrence of these
defects [34]. Various works [30] discuss the different reasons
for the presence of these defects in FSW but no work has been
published stating the optimum tool feed and rotational speed
for the FSWed joints, without the inclusion of any defects.

In this study, the main objective is to find an optimum tool
speed and feed which provides the maximum fatigue life for
the butt FSW of AA5082 and AA7075 keeping the inclusions
of welding defects at minimum. Micro-hardness and tensile
property tests, and fractography has been performed on the
AAS5082-AA7075 butt FSW. As per the literature review, the
study for the optimum condition for FSW of AA5082-AA7075
will be vital for industrial purposes.

3. Methodology

The Al alloys used for the study were 6 mm thick sheets of
AAS5082 and AA7075 which are in HI9 and T651 conditions
respectively. These materials were selected as there are similar-
ities in the areas of their usages. Both AA5082 and AA7075 can
be used for universal purposes. However, the main constraint
for not being used universally is their cost of which AA7075
costs more. Accordingly, AA5082 finds its usage in the field of
shipbuilding (marine), vehicle parts, automobile, and aerospace
industries. AA5082 shows remarkable performance in severe
environments such as under seawater and industrial chemical
environment. It is prone to intergranular corrosion (IGC) and
hence is not suitable for application in environments with high
temperatures. AA7075 is not prone to IGC and hence can be
used in high-temperature environments. However, its high cost
restricts it from being used in the automobile industry and limits
its application to aircraft and aerospace industries.

Dissimilar FSW butt joints of AA5082-AA7075 were pro-
duced under varying conditions and the impact of these vary-
ing welding conditions on the joint was investigated. The vary-
ing conditions for FSW are given in Table 1. The material of
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Varying conditions for the prodTliliilgnl of AA5082-AA7075 FSW butt
joints
Sample No. Speed (RPM) Feed (mm/min)
1 900 25
2 900 40
3 900 63
4 1120 25
5 1120 40
6 1120 63
7 1400 25
8 1400 40
9 1400 63

the FSW tool used for the production of the test samples was
HSS [31,32]. The tool consists of three parts: shank, shoulder,
and pin. The tool, as shown in Fig. 1 has a cylindrical shank and
a shoulder of diameter 14.84 mm and 18.07 mm respectively.
The pin was tapered with base diameter 5.9 mm and top diam-
eter 3.15 mm. The vertical milling machine was used to pro-
duce the FSW butt welds. A fixture for holding the aluminium
plates in place was designed and fabricated. Fig. 2 shows the
setup prepared for the FSW. Tables 1 and Table 2 discuss vari-
ous parameters used for preparing FSWed joints. More heat is
generated in advancing side compared to retreating side. It is
due to the fact that rotating tool swept the cooler material from
advancing side to retreating side. Hence, for joining of dissim-

FSW TOOL

Fixture for FSW

NS

Fig. 2. Friction Stir Welding setup prepared for the HMT FN2V
vertical milling machine
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ilar material low strength alloy is placed atadvancing side, so
that more strength is generated at advancing side to increase
the overall strength of welded joints. The contact surface on the
plates was ground, to get rid of the oxide layer from the surface,
using abrasive paper of grit size P600. The AA5082-AA7075
plates were butt welded using FSW. The welded plates were
then machined to fabricate the test samples.

Table 2
Varying parameters of FSW

FSW Control Parameters

Rotational Directions Counter Clock Wise (CCW)
AA5082

AAT075

Advancing Side

Retreating Side

4. Experiment

The test samples for fatigue and tensile tests were prepared
using ASTM EO0466 [15] and ASTM E8M [16] standards re-
spectively and the corresponding test samples are presented in
Fig. 3. Fig. 4 shows an experimental flowchart for the tests per-
formed on the samples. The monotonic stress (tensile) test was
performed on a servo-hydraulic testing system with a load cell
of 100 kN, at a strain rate of 5 mm/min. The resonance fatigue

testing was performed and the stress ratio was set to R = —1,
a)
N
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Fig. 3. a) ASTM E8M standard test specimen for tensile testing;
b) ASTM E0466 standard test specimen for fatigue testing
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fully reversed load condition. All the tests were performed at
room temperature (23-27°C) with the relative humidity fluctu-
ating from 15% to 20%. The rupture of the test sample was es-
tablished as the stopping criterion for fatigue test. Fractography
of the failed samples was performed using scanning electron
microscope. For studying the micro-hardness, samples of size
30 mm X 2 mm X 6mm were machined and the tests were car-
ried out on a Vickers hardness testing machine. A total of 56
indents were made starting from one base material to another
with a gap of 0.5 mm and the load applied was 100 grams.

Tensile
Fracture
Sample

Fractography

Fatigue Fracture Sample >

Fig. 4. Experimental sequence adopted for the tests to be performed

5. Result and discussions

5.1. ANOVA. Two-way ANOVA was performed on Minitab
19 and the results are presented in Table 3, 4, 5 and Fig. 5.
Table 3 shows the factors that were considered for the analy-
sis, namely tool rotational speed and tool feed. Table 4 presents
the results obtained in the analysis. Here, DF is degree of free-
dom, SS is sum of squares, MM is mean of squares, F is the
F-ratio and P is the P value. Table 5 provides the model sum-
mary where S represents how far the data values fall from the
fitted values and is measured in the units of the response, R-Sq
is the percentage of variation in the response that is explained
by the model and is calculated as 1 minus the ratio of the error
sum of squares to the total sum of squares and R-sq(adj) is the
percentage of the variation in the response that is explained by
the model, adjusted for the number of predictors in the model

Table 3
Factor Information
Factor Type Levels Values
Tool Rotational Speed Fixed 3 900, 1120, 1400
Tool Feed Fixed 3 25, 40, 63
102

relative to the number of observations and is calculated as 1 mi-
nus the ratio of the mean square error to the mean square total.
ANOVA was performed at 95% confidence, i.e. o = 0.05. The
three null hypotheses assumed for the two-way ANOVA are:

1. The tool rotational speed has no effect on the tensile
strength of the weld.

2. The tool feed has no effect on the tensile strength of the
weld.

3. The interaction of tool rotational speed and tool feed has no
effect on the tensile strength of the weld.

As can be seen in Table 4, P < « for all the three cases, viz.
tool rotational speed, tool feed and their interaction and hence
all three null hypotheses are false. This shows that all these fac-
tors effect the tensile strength of the weld. Fig. 5 shows that the
residual fall very close to the normal probability line. Accord-
ingly, the variation of these process parameters was convinc-
ing to find the optimum conditions for production of FSWed
AAS5082-AA7075 butt joints.

Table 4
Analysis of variance for UTM
Source DF SS MM F P

Tool Rotational 1 | 37535 | 1866.1 | 633.56 | 0.000
Speed
Tool Feed 2 | 24989.7 | 12494.9 | 4242.09 | 0.000
Tool Rotational
Speed & Tool 4 4494.9 1123.7 381.51 | 0.000
Feed Interaction
Error 18 53 2.9
Total 26 | 33269.9

Table 5

Model Summary
S R-Sq R-sq(adj)
1.71623 99.84% 99.77%

Percent
@
=

Residual

Fig. 5. Normal Probability Plot
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5.2. Tensile test analysis. Table 6 and Fig. 6 present the ten-
sile behaviour of the dissimilar FSW of AA5082-AA7075. The
UTS for the welded joints was attained by the sample 5, that
was welded at tool speed and feed 1120 rpm and 40 mm/min
respectively, with an average UTS of 205.30 MPa. Fig. 7 and
Fig. 8 shows the change in UTS corresponding to the change
in tool speed and tool feed respectively. From Fig. 7 it is ob-
served that as tool speed increases tensile strength increases
up to a certain point. After that with increase in tool speed,
strength decreases. It is due to the fact that after certain point
that is 1120 rpm excess heat is generated. It creates turbulence
in the heating zone. The same phenomena is observed with the
variation of tool feed, as shown in Fig. 8. Heat generated due
to slower tool speed is insufficient for the alloys to be welded
properly which results in lower UTS. Also, at lower tool feed

Table 6
Tensile Properties of FSW AAS5082-AA7075 samples
Yield | Ultimate Tensile ) - Tensile
Strength | Tensile | Young’s extension strain
Sample at Yield at
(MPa) | Strength | Modulus .
No. Offset Maximum
Offset (UTS) (GPa) 02 % Load
0.2% (MPa) (mm) (%)
1 148.53 165.83 29.358 0.5165 1.65
2 149.46 190.27 29.571 0.5054 2.77
3 72.36 89.40 30917 0.3127 0.35
4 141.88 157.59 26.422 0.5208 1.15
5 149.33 205.30 28.317 0.5213 3.10
6 138.60 142.64 29.432 0.4741 0.83
7 142.89 164.32 25.440 0.5332 1.22
8 138.90 155.52 27.290 0.5055 1.09
9 93.61 99.54 30.329 0.3793 0.45
Sample 1
Sample 2
Sample 3
200 Sample 4
180 ] /%”"\ ggzg:zz
ample
|(,0_- /‘V/\W\ W Sam;p)le;
] H Sample 9
1 %\ i

120

100

Stress (MPa)

I i
=
T

1/
57 AauE
/B EANEAVE

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

Strain (mm/mm)

Fig. 6. Stress-Strain plot for FSW AA5082-AA7075 samples
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causes improper stirring of the material at the joint which de-
creases the UTS of the material [33]. The decrease in the UTS
at higher tool speed is due to the high heat generation which
causes surface defects to occur on the weld surface. The higher
tool feed created turbulance in the weld zone which resulted
in the introduction of pores in the weld zone. These surface
and pores further decreases the strength of the weld. The joints
failed AA5082 side which is in accordance with other stud-
ies on dissimilar FSW joints, where the failure occurred either
at the TMAZ or the HAZ of the material with lower tensile
strength [19,44].

W Ultimate Tensile Strength
at tool feed 25 mm/min
225 - @® Ultimate Tensile Strength
at tool feed 40 mm/min
A Ultimate Tensile Strength
at tool feed 63 mm/min
Polynomial fit at 25 mm/min
Polynomial fit at 40 mm/min
Polynomial fit at 63 mm/min

200 oo S ~

=
P

> S

3 b3

/ )(,/
¥ :

Ultimate Tensile Strength (MPa)
I
>

75

1
800 900 1000 1100 1200 1300 1400 1500
Tool Speed (RPM)

Fig. 7. Ultimate tensile strength vs. Tool speed comparison at different
tool feed

W Ultimate Tensile Strength

at tool speed 900 RPM
® Ultimate Tensile Strength

at tool speed 1120 RPM
NG - | A Ultimate Tensile Strength
at tool speed 1400 RPM
Polynomial Fit of 900 RPM
P ial Fit of 1120 RPM
Polynomial Fit of 1400 RPM

200 o

175 | /’ﬂ.\
| e

150 - \.

125 4

Ultimate Tensile Stength (MPa)

100

7

75 . . . . . .
20 30 40 50 60 70

Tool Feed (mm/min)

Fig. 8. Ultimate tensile strength vs. Tool feed comparison at different
tool speed

5.3. Resonance fatigue analysis. Fatigue testings performed
at the resonance frequency of the material being tested is termed
as resonance fatigue analysis or tests. The RUMUL Testronic
tests the material to find its resonance frequency and then per-
forms the fatigue analysis at that frequency. It also modifies
the frequency accordingly as the resonance frequency of the
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material changes with the introduction of crack. The result of
the resonance fatigue tests performed on the test samples at
40 MPa and 60 MPa stress amplitude is presented in Table 7
and Fig. 10. The results demonstrate that sample 2 (tool speed
=900 rpm and feed = 40 mm/min) has higher fatigue life at any
given stress than the other samples tested. In other welded sam-
ples, defects were observed which were generated due to im-
proper welding conditions. Surface defects and/or porosity, as
shown in Fig. 9a and b, are observed in all the samples prepared
except for sample 2. The presence of these welding defects is
the reason for disagreement in the tensile test and fatigue fail-
ure test result. Also, these defects make it difficult to predict the
fatigue life of the FSW joints. As can be seen from Table 7, the
fatigue life for sample 4 and 7 at 60 MPa were quite different
from the results of other samples. This is due to the presence of
varying number and size of the defects present in the welds. In
sample 2, no such defects were observed. For sample 2, fatigue
test at different stress conditions were conducted and Fig. 11
shows its life in those stress conditions. In addition, S-N curve
was also plotted on the basis of the fatigue test results. The S-N
curve shows that the fatigue performance is quite significant in
the lower range of applied stress.

Table 7
No. of cycles to failure at applied stress
No. of cycles No. of cycles
Sample No. to failure at to failure at

40 MPa 60 MPa
1 86003 15001
2 2.27938E6 443870
3 84000 45002
4 108006 2005
5 479001 152000
6 158002 110000
7 155010 2000
8 19005 31000
9 79003 39002

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

2
1
® ® 6V ACHPOTDR

Stress (MPa)

10° 10* 10° 10°

No. of Cycles

Fig. 10. Stress vs No. of cycles plot for all the FSW AA5082-AA7075

samples at 40 and 60 MPa (As the endurance strength, 6, = 0.4 x

UTS, of all the samples varied between 35 MPA and 80 MPa, 40 MPa

and 60 MPa were chosen for testing all the samples irrespective of
their endurance strength)

® No. of cycles to failure
at a given Stress

110 S-N curve for Sample 2
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Fig. 11. Stress vs No. of cycles plot for Sample 2

Fig. 12 demonstrates a common trend of decrease in reso-
nant frequency of the weld with an increase in the number of
cycles. The rate of change of frequency depended on the UTS

——Sample |

Samp o
—— Sample 3 ﬁ
p

Samp
— Sample 7

Frequency (Hz)
[
quency (Hz)

Fig. 9. a) Surface Defects which appear due to high tool rotational

speed were observable in Samples 7, 8 and 9 due to high RPM; and

b) Porosity which appear due to high tool feed were observable in Sam-

ples 3, 6 and 9. Sample 5 and 8 also displayed porosity at some points
in the welded region
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It
No. of Cycles at 40 MPa

w

w
No. of Cycles at 60 MPa

Fig. 12. Frequency vs No. of Cycles plot for FSW AA5082-AA7075
samples
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and the size and number of defects present in the weld. Fre-
quency change percentage, Fig. 13, can act as a reliable way of
predicting the life of the welds in real time. It is observed that
frequency change over 1% accounted to an exponential change
in the frequency which always resulted in failure.

centage (%)

Delta Frequency Per
Delta Frequency Pe

t w

w o i
No. of Cycles at 40 MPa No.of Cycles at 60 MPa

Fig. 13. Frequency Change Percentage vs No. of Cycles plot for FSW
AAS5082-AA7075 samples

5.4. Micro-hardness analysis. Fig. 14 demonstrates the mi-
crohardness test results for all the samples. These results ex-
hibit a considerable change in the hardness of the weld zone
in both the advancing and the retreating side. This change is
due to the fact that different materials were used for weld-
ing. There is also a change in hardness of both the materials
as the distance from the centre of the weld increases. The re-
sults illustrate that for every sample HAZ has the least hard-
ness which lies around £7.5 mm to +1.25 mm from the cen-
tre of the weld. However, the hardness of the TMAZ, which
lies around +2.5 mm to 7.5 mm from the centre of the weld,
and the SZ, which lies from —2.5 mm to +2.5 mm, is con-
siderably higher than the base material. The higher hardness
in these zones is the result of dynamic recrystallization of the
grains present in this region. Natural ageing of the material,
at room temperature, may also be partly responsible for these
variations in the hardness of the material. The hardness profile
shows that there is a hardness minimum at the higher strength
AA7075-T651 alloy side. This hardness loss is in the HAZ
and is due to the overaged HAZ in the age-hardened AA7075-
T651 [3,22-25].

——Sample 1
—O— Sample 2
—— Sample 3
—— Sample 4
—<+—Sample 5
—>— Sample 6|
—<o— Sample 7
—O— Sample 8
—O— Sample 9|

200

@
S
1

Hardness (HV)

100

50 T T T T T
15 -1.0 0.5 0.0 0.5 1.0 15

Distance from the center of the weld (mm)

Fig. 14. Microhardness test result
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5.5. Fracture analysis. Fig. 15 exhibits the fracture surface
of FSW sample 2 that failed under fatigue loading. The growth
of fatigue cracks is greatly confined to the normal stress plane
and is thus does not depend upon properties of the material. At
high stress intensity, crack growth is marked during each load
cycle, this creates a band of markings along the fracture sur-
face and these markings are referred to as striation. Striations
help to determine the direction of crack growth. Striations start
to disappear with decreasing stress intensities and only a weak
band like pattern remains which helps to identify the direction
of crack propagation [42,45]. The centre of the striations was
identified and the region around it is shown in Fig. 15a. Fig. 15b
presents a magnified view of the region highlighted in Fig. 15a.
In Fig. 15a and Fig. 15b, the area of growth of fatigue crack and
the region of fast fracture is separated by the dotted line. The
area on the left of the dotted line shows the presence of ridge
like structures which depicts the area of fatigue crack growth.
Whereas, the area on the right of the dotted lines show a flat
plane area which depicts the region of fast fracture. The magni-
fied view of the highlighted regions in Fig. 15b marked as A and
B are shown in Fig. 15¢ and Fig. 15e, respectively. The magni-
fied views of regions marked A1l and B1 Fig. 15c and Fig. 15e,
respectively, are presented in Fig. 15d and Fig. 15f, respectively.
The areas A, B, Al and B1 shows the presence of striations
which is evident due to the formation of ridge like structures

0000 18 40 SEI X60  200um 0000 17 40 SEI

: f\\ ‘?”' N1 E 4

'
AR A «

20kv X350 50um 0000 17 40 SEI 20kV X1,000 10um 0000 17 40 SEI

Fig. 15. a) Fracture surface of FSW sample that failed due to fatigue

loading as seen under SEM; b) Magnified view of the highlighted

region A, in the region of fatigue crack growth, showing ridge like

formation; c) Magnified view of the region B showing striations and

cracks; d) Magnified view of the region B1; e) Magnified view of the

region B showing the possible crack initiation point; f) Magnified view
of the region B2
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during fatigue loading. These striations show that the fracture
is ductile in nature for the region of fatigue crack growth [18].
In the region of fast fracture, the failure of the joint was imme-
diate which exhibits the brittle nature of fracture in this region.

Fig. 16a exhibits the fracture surface of FSW sample 2 that
failed under tensile loading. In ductile fracture, microvoids are
formed during the material separation. These microvoids grow
and ultimately fuse into larger voids during the plastic flow
of materials. These larger voids are subjected to considerable
amount of necking during the final phase of failure which con-
tributes to the separation of these voids at the fracture surface.
This phenomena causes the characteristic dimpled texture of a
ductile fracture. If the separation is normal to the fracture plane,
equiaxed or round dimples are formed. If the dimples are elon-
gated, then shear stress is also involved in the fracture. The dim-
ples are elongated in the direction of the shear [42,45]. Fig. 16b
and Fig. 16¢ show the regions C and D, respectively, high-
lighted in Fig. 16a. Fig. 16d shows the magnified view of D2,
highlighted in Fig. 16c and Fig. 16e shows the magnified view
of D2, highlighted in Fig. 16d. Equiaxed dimples are observed
in Fig. 16d and Fig. 16e. These equiaxed dimples demonstrate
that the material failed under ductile fracture without the in-
volvement of shear stresses.

20kV X25 imm 0000 1640 SEI

Fig. 16. a) Fracture surface of FSW sample that failed due to ten-

sile loading as seen under SEM; b) Magnified view of the region C;

c) Magnified view of the region D; d) Magnified view of the region D1

showing the presence of dimples; e) Magnified view of the region D2
showing that the dimples are equiaxed

Fatigue and tensile fracture surface analyses under SEM
demonstrates the presence of striations and dimples, respec-
tively, due to the ductile nature of the failure. For both fatigue
and tensile samples, central and bottom zones of the welded
surface were observed for the fracture morphology. However,
no difference was observed in the fracture morphology of the
central and the bottom zone which suggests a good penetration
of the tool pin. Fatigue samples were characterized by the stri-
ations whereas the dimples characterised the tensile samples.

6. Conclusions

Fatigue and tensile behaviour of dissimilar butt FSW joints,
with base materials AA5S082 and AA7075, produced at varying
tool speed and feed were studied. The following conclusions

are presented:
e Ultimate tensile test of welded samples increases with in-

creasing tool rotational speed and welding speed up to
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1120 rpm and 40 mm/min respectively. From this point,
further increase in tool rotational speed and welding speed
decreases the strength of welded samples.

e Sample prepared at a tool rotational speed of 900 rpm and
a tool travel speed of 40 mm/min, exhibited the best fatigue
life as compared to other samples. This was due to the ab-
sence of defects such as pores and surface defects in this
welded sample.

e FSW samples show the acceptable variation in SN curve.
Fatigue life increases with decrease in stress applied. Below
40 MPa applied stress number of cycles required to fail the
joint is of the order of 10° .

e It was observed that frequency change over 1% accounted
to an exponential change in the frequency which always re-
sulted in failure.

e The study of fracture surface for both fatigue and tensile
tests demonstrates that fatigue and tensile fractures were
ductile in nature. This was established by the presence of
striations and dimples in fatigue and tensile fracture sam-
ples respectively.

From the above analysis it can be concluded that for
fatigue life determination of FSW joints samples prepared at
high ro-tational and travel speeds is good. In this study
samples pre-pared at tool rotational speed 900 rpm and
tool travel speed 40 mm/min shows best fatigue life. It is due
to the fact that at high rotational speed adequate amount
of heat generated, which softens the material properly. It
leads to better stirring of mate-rial beneath the tool and
produces a good quality FSW sample.
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