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Abstract

The utilization of aluminium alloy composite materials is increased progressively in automotive, aerospace, and sports allo-
cations due to their distinct physical and mechanical properties. The conventional metal joining process is not suitable for
joining the composite material. The present work of silicon carbide (SiC) compacted aluminium alloy (AA6061) composite
surface is joined by friction stir welding (FSW) process under the rotational speed of 800, 1200, and 1600 rpm. Influences
of tool rotational speed on welding interface quality mechanical and fatigue properties of AA6061/SiC composite surface
are evaluated. The internal defect area of the weld joint is detected by radiograph inspection, and its surface morphology is
analyzed through the Scanning Electron Microscope (SEM) apparatus. It revealed that the coarse aggregated inter-metallic
structure with an effective interface of weldment was observed. The 1200 rpm (rotational speed) performed AA6061 compos-
ite found enhanced yield and tensile strength of 23.7% and 25.66% improvement compared to the yield and tensile strength
of weldment operated under 800 rpm rotational speed. The hardness of composite weldment is increased significantly with
increased tool rotational speed. The maximum hardness of 88HV is by 1200 rpm performed weld joint. Sample 3 performed
higher fatigue life (1.8 x 10° cycles) without failure.
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1 Introduction

The development of advanced materials such as aluminium
and magnesium matrix composites gained significance in
various engineering sectors such as automotive, aviation,
defence, and marine applications due to their excellent char-
J. Balaji acteristics like lightweight, high specific strength, and better
jbalajifsw @gmail.com wear resistance than conventional materials [1-3]. The SiC-
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joining these metals by traditional welding techniques [6].
Due to the difficulties of varied thermal expansion coeffi-
cient and melting temperature, the fusion weld was unsuita-
ble for aluminium composite [7]. The solid-state friction stir
welding of aluminium alloy composite decreased cracking,
porosity, dissolution, and distortion [8]. The impact of FSW
parameters on the welding characteristics of the composite
was reviewed [9, 10]. The effective weld joints offered good
mechanical characteristics [11].
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The SiC-reinforced aluminium alloy composite butt joint
was made by friction stir welding and had good mechanical
characteristics. The SEM image revealed the heat-affected
zone (HAZ), parent material, thermo-mechanical affected
zone (TMAZ), and weld nugget [12]. The corrosion perfor-
mance of friction stir welded aluminium alloy (AA2024)
was evaluated by chloride ion and alkaline solution, and
its optimum FSW parameters were noted using response
surface methodology. The corrosion rate of friction welded
AA2024 was gradually increased with increased chloride
concentration [13]. Moreover, several studies related to FSW
feasibility on aluminium alloy composite and benefit to zero
defects, improved interface quality, and homogenous distri-
bution of particles [14-16]. Researchers et al. [15] inves-
tigated the micro-structural and mechanical behaviour of
FSW aluminium alloy (AI12009)/SiC composite developed
by powder metallurgy route. The SEM results revealed good
grain refinement, uniform distribution of SiC particles in
the A12009 matrix and good interface quality. The mechani-
cal strength of the composite was increased by high rota-
tional speed friction weld Al12009 alloy composites. Fric-
tion stir welding input process parameters were optimized
via ANOVA, and its frictional power was the dominating
factor for increased tensile and fatigue characteristics [16].
The microstructure and mechanical behaviour of the FSW
AAT075/alumina composite joint were evaluated, and its
stir zone found significant refinement microstructure, result-
ing in increased mechanical strength and reduced fatigue
properties [17].

The effect of welding rotational speed on the mechani-
cal and microstructural performance of aluminium alloy
(A15083) composite with pure copper plated lap joint was
evaluated, and results showed superior tensile strength and
reduced defects of 74% and 78% improvement in tensile
strength of aluminium alloy parent and copper material [18].
The mechanical and micro-structural behaviour of the FSW
butt aluminium alloy/TiO, composite joint was evaluated,
and its SEM revealed uniform particle dispersion, which
resulted in superior mechanical strength. The hardness of
the joint increased by 22% compared to the parent material
[19]. The process parameters were also optimized via the
ANOVA route [20-22].

The present research aims to develop the aluminium
alloy composite FSW joint with different rotational speeds.
Influences of rotational speed on surface morphology and
mechanical behaviour were analyzed. The optimum weld
joint input rotational speed properties are identified for
mass production.

All the dimensions
are inmm

Fig. 1 Tool pin profile

2 Materials and Methods
2.1 Selection of Materials

Aluminium alloy (Al6061) with 150mmX100mmX5mm
size was chosen as the base matrix, and phase silicon carbide
microparticles (SiC-10 um)were fixed as secondary compact
material and kept in the groove. The chemical composition
of AA6061 is shown in Table 1.

2.2 Selection of Friction Stir Tool

Based on the friction stir tool pin profile, it is classified
as cylindrical, triangular, square, and conical. Among the
various tool pins, the 18 mm concave H-13 steel tool with
a cylindrical threaded pin was selected for this study and is
shown in Fig. 1.

2.3 Experimental Details

Figure 2 shows the actual friction stir welding setup of alu-
minium alloy composite joint fabrication configured with
computer numerical control (CNC). The 22 kW capac-
ity with 4000 rpm maximum spindle speed and S0KN
capacity FSW machine is utilized for this study. Initially,
acetone solution is used to clean the surfaces and SiC is

Table 1 Chemical composition

- Elements Mg Cu
of AA6061

Cr Fe Si Ti Zn Al

% 0.9 0.28

0.17 0.33 0.62 0.02 0.02 balance
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Fig.2 Actual setup of friction stir welding (FSW)

kept in the groove. The composite plates are held in the
worktable and fixed via mechanical clamps. The composite
joint was framed by a single pass via an H-13 steel tool
with a thread pin profile, as shown in Fig. 2(a). The suc-
cessful joint was prepared using different tool rotational
speeds of 800, 1200, and 1600 rpm. The welded samples
are polished by other emery sheets (500, 1200, and 1500
grid emery). Finally, it was cleaned using acetone solu-
tions and dipped into distilled water. The welded samples
are shown in Fig. 3. The developed wire-cut EDM pre-
pared weld samples for SEM and tensile test evaluation.

Sample 1 (800 rpm)

{ MR ERI W S k)

Sample 2 (1200rpm)
Sample 3 (1600rpm)

Fig.3 Welded samples

Fig.4 ROLI-2 60 curie—actual setup of radiographic equipment

2.4 Characteristics Details
2.4.1 Radiographic Test

Figure 4 illustrates the image of the radiographic camera
(ROLI-2 60 curie) equipment used to detect welding defects.
It was the one type's non-destructive test and was reliable
& most reliable compared to other techniques. The Kodak
film with 0.1 mm thickness was used to capture the surface
image. The 600 mm distance was followed from the position
of the surface to the film and the image captured.

Scanning Electron Microscope (SEM) The developed compos-
ite samples are sized by 10mmX10mmX10mm and polished
using different grade emery sheets. Figure 5 shows the actual
setup of the ZEISS model scanning electron microscope uti-
lized to examine the surface morphology of the weld zone.

Tensile Strength The tensile strength of the weld joint is
evaluated by ASTM ES8 standard via Instron model ten-
sile testing machine with 5 mm/min cross slide speed.

Fig.5 Scanning electron microscope analyzer
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Fig.6 (a) Tensile tested specimen (b) ASTM E8 dimension

Figure 6(a) shows the tensile tested specimen, and b) shows
the ASTM standard dimension.

Vickers Hardness Number The Vickers hardness number
of weld joints is evaluated by hardness tester equipment.
The 100-g load is applied for 15 s to measure the hardness
value. For each sample, three trials are made and their aver-
age value is considered.

Fatigue Test Instron evaluates the fatigue life of friction stir
weld joints, making fatigue tester. The specimen is machined
by ASTM E466 standard, and Fig. 7(a-c) shows the fatigue
test setup, specimen, and ASTM E466 dimension. The SN
life curve is plotted by using a MatrixTM electronic curve.

3 Results and Discussions
3.1 Radio Graphic Test

Figure 8 illustrates the radiographic tested images of alu-
minium alloy composite friction stir welding samples with

Fig.8 Captured Film Image

different rotational speeds. It clearly shows that the dark field
indicates the aluminium alloy metal surfaces, and the white
field represents the weldment area. The dark black dotted
field highlights the defect area. The internal defect is found
on the 800-rpm rotational speed. It was due to low frictional
speed, leading to insufficient heat transfer. It may cause poor
bonding between the materials.

3.2 SEM Evaluation

Figure 9 illustrates the SEM images of aluminium alloy
composite by 800 rpm rotational speed. It showed a large
grain with a coarse grain structure. The dendritic close large
grains aggregated with increased SiC particles. The adequate
bonding of weldment showed a high interfacial bond with
identical porous. It may lead to a decrease in the mechanical
properties of the weld.

Figure 10 represents the SEM micrograph of friction stir
welded aluminium alloy composite by 1200 rpm rotational
speed. It was proof of good interfacial bonding between the
two metals. It was due to the applied rotational speed of
1200 rpm and the applied 10kN axial force. Compared to
Fig. 9 SEM image, fine grain structure with reduced weld
defects was found. The increased particle distribution with
efficient bonds was found to increase mechanical strength.

5.5mm

Fig. 7 (a) Fatigue setup with test specimen, (b) machined test specimen, (¢) ASTM E466 Dimension
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Fig.9 SEM Micrograph of Al6061 Composite Joint —Sample 1
(800 rpm Rotational Speed)

However, the high rotational speed increases the friction
temperature above the parent metal solidifications. So, both
of the aluminium alloy composites are welded successfully.

The SEM micrograph noted the fine grain with increased
interfacial quality of the composite weld joint, as shown in
Fig. 11. It was due to the high rotational speed that increased
the frictional temperature on the applied force of 10kN at
1600 rpm speed. The temperature of the parent metal was
increased as soluble condition and diffused parallel to the
adjusting metal with their interface quality increased. How-
ever, the higher temperature on increased frictional pres-
sure on SEM may affect the structure, resulting in reduced
mechanical properties.

|50 pm

Fig. 10 SEM Micrograph of Al6061 Composite Joint —Sample 2
(1200 rpm Rotational Speed)

Fig. 11 SEM Micrograph of Al6061 Composite Joint —Sample 2
(1200 rpm Rotational Speed)

3.3 Weld Strength of Welded Samples

Figure 12 indicates the welding strength of the aluminium
alloy composite welded sample followed by 800, 1200, and
1600 rpm respectively. The yield and tensile strength of
sample 1 weld joint was found to be 135+ 1.5 MPa and
187 +2 MPa. It was improved by 1.44 and 0.5 times yield
and tensile strength by AA6061 alloy.

The improvement in tensile strength was due to the pres-
ence of SiC and effective interface quality. The SiC exhib-
ited good tensile strength and particle stability [23, 24].
While the weld rotational speed was increased by 1200 rpm,
results improved yield and tensile strength of 167 + 1.8 MPa
and 235 +2 MPa. It was increased by 23.7% and 25.66% of
sample 1 (800 rpm) treated weld sample. The improvement
in weld strength of the composite was due to the quality
interface between the weld joint with fine grain structure
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Fig. 12 Strength of Welded Samples
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able to resist the break with an increased elongation rate of
2.3 mm. The effective interface quality is reported in Fig. 10.

The weld strength of aluminium alloy composite treated
by 1600 rpm rotational speed slightly decreased yield and
tensile strength of 155+ 1.2 MPa and 218 + 1.7 MPa. The
gradual decrement in weld strength was due to the fine grain
with aggregated structure, as evidenced in Fig. 11. However,
the 1200 rpm operated rotational speed enhanced mechani-
cal weld strength compared to others.

3.4 Vickers Hardness of Welded Samples

Figure 13 shows the Vickers hardness of FSW welded alu-
minium alloy composite with various rotational speeds of
800, 1200, and 1600 rpm. The weld zone took the hardness
and showed a progressive improvement in hardness. The
sample 1 composite with 800 rpm speed found a hardness of
82 +1.6Hv, and an increased hardness value of 88 +1.2Hv
was found by 1200 rpm. The hardness value increased due
to the hard SiC particle in AA6061 alloy. However, the hard-
ness of weldment was increased by the resistance of SiC on
high indentation force.

The sample 3, 1600 rpm performed welded aluminium
alloy composite decreased in hardness due to the elongated
structure may permit the load. The effective joint can resist
indentation against high force.

3.5 Fatigue Test of a Welded Sample

Figure 14 shows the fatigue strength with cycles to failure
of aluminium alloy composite tested by 100N to 100kN
load. The proof stress of the composite joint increased
gradually with an increase in rotational speed. Sample 3
was found to have a maximum proof stress of 62+ 1.2 MPa
and increased by 12.7% compared to sample 1. The
increase in fatigue-proof stress is due to good interface
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Fig. 13 Vickers Hardness of Welded Samples
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Fig. 14 Fatigue Strength of Welded Samples

weld quality, evidenced by Fig. 11. However, the cycles to
failure are increased progressively. Sample 1 was 0.8X10°
cycles, and sample 2 increased the 50% of life compared to
sample 1. However, the maximum fatigue cycle is shown
in sample 3 and increased by 63% compared to sample 1.
Sample 3 found maximum cycles without failure.

4 Conclusions

The aluminium alloy (AA6061) with SiC compacted sur-
face composite was successfully joined by friction stir weld-
ing on different rotational speeds like 800 rpm, 1200 rpm,
and 1600 rpm. The radiography test found a few porous on
800 rpm rotational speed performed sample 1 weld. The
SEM image discussed microstructure with their different
grain and interface quality. Samples 2 and 3 found good
interface quality, which results in increased yield and tensile
strength of the composite. While compared to sample 1 weld
joint, it was improved by 23.7% of yield and 25.66% of ulti-
mate tensile strength. The hardness of composite weld joint
with 1200 rpm made sample offered good hardness value,
and sample 2 (1200 rpm) observed a maximum hardness
value of 88 +1.2Hv. Sample 3 (1600 rpm) joint completed
its entire fatigue life without failure. It is improved by 63%
compared to sample 1 fatigue cycle.
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