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The consequence of multipass FSP (MPFSP) and Reinforcement Particles SiC on
mechanical characteristics FSPed region of AA7010 was successfully fabricated. The
microstructure of MPFSP/SIC of AA7010 in the SZ was observed to be fine and equiaxed
in the fifth pass FSP and found excellent mechanical properties compared to the base
metal, and other FSP passes due to homogenously dispersed reinforced particles in the
AMC. Reduced grain size and scattered SiC particles increased mechanical properties.
In the 5th pass FSP, the reinforced particles are uniformly distributed and fragmented
completely. The accumulation of reinforcement particles reduces as the FSP pass
increases. AA7010 had a UTS of 348.31 MPa and a percent strain of 15.32. Tensile
characteristics were improved as the FSP pass increased after using MPFSP with SiC
nanoparticles on the AA7010. The maximum UTS measured after one, three, and five
passes were 415.09 MPa, 438.72 Mpa, and 452.07 MPa, respectively. The VMHN at the
stir zone were 119.2 HV, 126 HV, and 129.8 HV was perceived in the single pass, third

pass and fifth pass FSP.

©2022 ijrei.com. All rights reserved

1. Introduction

Due to the numerous applications for aluminium alloys, their
utilization has grown. This covers various structural
applications, such as food packaging, aerospace, maritime
shipbuilding, and car body building [1-3]. Aluminum alloys
are used because of their attractive properties, such as their
high strength-to-weight ratio, appearance, increased ductility,
and simplicity of manufacture [4-7]. The alloying components
used to create each alloy impact the mechanical and thermal
characteristics of the wvarious aluminium alloys [6-7].
However, it is common knowledge that material advancements
are crucial for enhancing material performance and extending
the lifespan of components [8]. Friction stir processing is one
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of the numerous methods for improving materials' properties.
Nano-sized ceramic particles like TiB2, SiCp [9-11], Al,Os
[12], and ZrB; [13] have been added to alloy matrixes to
fabricate nano-particulate-reinforced alloy matrix composites
to enhance the mechanical characteristics of aluminium alloys.
It has been observed that the tensile ductility of such particle-
reinforced alloys may be maintained or even improved with a
concurrent rise in tensile strength, depending on the processing
method, mainly by lowering the reinforcing particle size to the
nanometer range [14-16]. But casting often reduces ductility
and toughness because of flaws like porosity, particle-matrix
bonding, and notably particle clustering [17, 18].
Agglomerates in the melt are pushed by the solidification front
and eventually cluster along grain boundaries in solidification
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[19, 20], making it impossible for even the most vigorous
stirring procedures, such as ultrasonic dispersion during
casting, to break them up. The 7XXX family of aerospace
aluminium alloys are high-strength materials typically heat
treated to offer the ideal blend of strength, toughness, and
stress corrosion cracking resistance. They are precipitation-
strengthened alloys, with the Mg.Zn phase [21] serving as the
primary strengthening precipitate. The heat treatment of the
base metal creates a supersaturated solid solution in almost all
precipitation hardening aluminium alloys: a solution heat
treatment is followed by a quick quenching. The solid solution
decomposes during an ageing process that entails one or more
phases of keeping the material at a temperature lower than the
solution treatment temperature. The microstructure that results
from this dispersion of tiny precipitates is tuned. Depending on
the type of welding and the particular parameters (heat input,
welding speed) utilized, the temperature histories associated
with any welding operation will affect the "optimal®
microstructure to variable degrees. The existence of low-
melting phases in many alloys from the 7XXX family, along
with the fact that many precipitation hardening alloys include
more alloying elements than can be brought into solid solution,
can cause the occurrence of local melting at temperatures much
below the bulk solidus. Significant microstructural refinement,
densification, uniformity of the processed zone, and the
removal of manufacturing process flaws have all been
demonstrated to be achievable with FSP [22-24]. The
mechanical characteristics of processed surfaces, such as
hardness, tensile strength, fatigue, corrosion resistance, and
wear resistance, have improved [25, 26]. The impact of process
factors on the microstructure was assessed following a single
pass in most FSP experiments. However, the microstructure of
Al castings may be modified further with numerous FSP
passes. To analyze the effects of multi-pass friction stir
processed joints of aluminum alloys, identify a knowledge gap,
and summarize the literature that is currently accessible on
multi-pass FSP of aluminum alloys. In this work, the effect of
multipass FSP (MPFSP) and reinforcement particles SiC on
mechanical properties and microstructure was investigated.

2. Materials and Method

The base metal AA7010 was employed to fabricate the
MPFSP/SIC. Plates were cut into the dimensions of 6.2 x 80 x
180 mm by an EDM machine. The groove was created on the
center of the base plate with a dimension of 2.5 x 3 x 170 mm.
This groove was filled by SiC reinforcement particles closed
this groove with a pin-less tool with an RTS of 900 rev/min
and a WS of 65 mm-min’. The process parameters of the
MPFSP/SIiC are shown in Table 1. During the MPFSP, a fixture
was employed to avoid the misalignment of the fabricated
plates demonstrated in Fig. 1. The FSP passes were varied from
one to five, while the axial force (6.5 KN), tilt angle (2°), WS,
and RTS were kept constant for all the specimens. The
temperature peak of the MPFSP samples varied between 434
to 462°C, which was measured by an infrared thermometer.
The square FSP tool made of H13 tool steel was used to

process the base plates. The tool's dimensions included a tool
shoulder diameter of 19.5 mm, a tool pin length of 5.5 mm, and
a 6 mm tool pin diameter. After the MPFSP, the emery papers
were used to polish the processed region and etched all samples
for about 10 s by Keller's reagent (82 ml H,0O, 8 ml HNOs3, 6
ml HCL, 4 ml HF) [27]. The tensile specimens were cut along
the welding direction and perpendicular to the welding
direction as per ASTM EB8 standard [28]. The microstructure
of MPFSP and fractured samples was examined by the
scanning electron microscopy (SEM) machine and optical
microscopy machine. A Vickers hardness machine studied the
micro hardness test with a load of 100 g for 10 s as per the
ASTM E384 standard.

Table 1: Processing parameter of friction stir processing
TRS (rpm) | TS (mm/min) | Nano SiC (%) No of Pass
9 5
6
12
9
900 65 6
12
12
9
6

W WRk|IFkrlwo|lol

AA7010

Groove for Nano particles

- Number of pass
y .
Figure 1: (a) Groove for reinforcement particles, (b) multipass FSP
process
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3. Results and Discussion
3.1 Ultimate Tensile Strength (UTS)

The influence of process parameters on the mechanical
properties and microstructure of MPFSP with SiC
nanoparticles has been evaluated. A UTM was employed to
test three tensile samples for each MPFSP/SIiC parameter as
per the ASTM E8 standard. The true stress strain curve of
MPFSP/SIC of AI-7010 of different parameters was
demonstrated in fig. 2. As long as no reinforcing particles were
utilized, the mechanical properties of FSP samples were
primarily controlled by grain size. According to fig. 3, the fifth
pass FSP’ed nanocomposite had the maximum tensile stress
and elongation compared to other specimens. The improved
tensile characteristics of MPFSP can be attributed to their more
uniform reinforcement dispersion, fine grain size, and less
clustered particles. Moreover, the bigger agglomerates and
particle clusters in single-pass FSP nanocomposite may behave
as preferred sites for fracture initiation [29]. Fig. 2 depicts the
AMC stress-strain diagram after MPFSP/SiC of AA7010. The
tensile strength of MPFSP/SIC increased from 350 MPa to 455
Pa as the FSP passes increased from 1 to 5. Because of the
coarse grain structure and low hardness, the tensile specimens
cracked in either the TMAZ or HAZ area. Previous studies
have also reported fracture sites in HAZ and TMAZ [30, 31].
The UTS of the MPFSP/SiC of AA7010 was perceived to be
higher than base metal due to grain refining and the equiaxed
grain structure. The ductility and strength of defect-free
MPFSP/SIC are influenced by the thermal characteristics of
AAT7010. The toughness of the MPFSP enhanced as the FSP
pass increased. These findings may enhance the percentage of
fragmentation and dispersion of reinforcement particles. It
resists dislocation movement under axial loading. The MPFSP
convinces SiC with Al-7010 composites of severe DRX,
dispersion, fragmentation, and structural plasticization.
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Figure 2: Stress-strain curve of Al-7010/SiC subjected to MPFSP,
(@) 6%SiC, (b) 9% SiC, (c) 12% SiC
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Figure 3: Variation of grain size and joint efficiency of MPFSP with
SiC reinforcement particles.

Tensile characteristics were improved as the FSP pass

increased after using MPFSP with SiC nanoparticles on the
AAT7010. As shown in fig. 3 and table 2, the maximum joint
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efficiency and maximum UTS were 129.8% and 452.07 MPa
was observed at rotational tool speed of 900 rpm, welding
speed of 65 mm-min?® with 12% of reinforcement particles
with 5" FSP pass.

3.2 Micro-Hardness

Fig. 4a-c depicts Vicker micro hardness number (VMHN)
variation and distance from the weld center of MPFSP/SIiC
composite. As the FSP pass increases, so do the VMHN.
Meanwhile, it could be related to the refinement and
fragmentation of reinforcement particles. The presence of hard
Nano (SiC), fragmented particles, and the fined grain structure

in the composite were related to the heat input of MPFSP. The
maximum hardness value was observed as per the hall-Petch
relationship [32, 33]. In the 5th pass FSP with 6, 9, and 12%
SiC nanoparticles, the three most significant VMHN at the SZ
were 126, 119.2, and 129.8 HV. The parent metal AA7010 had
a mean indentation hardness of 96 HV, which increased to
129.8 HV in the fifth pass of FSP with the incorporation of a
reinforcing agent of SiC reinforcement particles. The presence
of hard reinforcement particles, increased dislocation density,
and, most crucially, the fine grain size was the primary reason
for enhancing the VMHN of multipass FSPed joints.
Moreover, the 5th pass FSP sample has superior reinforcing
particle distribution, resulting in minor variance in VMHN.

Table 2: Mechanical Properties of MPFSPed joints of AA7010

Distance from weld center (mm)

TRS (rpm) | TS (mm/min) | Nano SiC (%) | Number of FSP Pass UTS | Strain (%) | Hardness (HV) Joint efficiency (%)
9 5 415.09 19.84 118 119.2
6 5 438.72 21.69 122 126.0
12 5 452.07 22.84 125 129.8
9 3 360.91 15.36 107 103.6
900 65 6 1 401.16 20.48 112 115.2
12 1 362.10 16.32 103 104.0
12 3 365.50 17.3 109 104.9
9 1 353.42 16.67 107 101.5
6 3 389.63 19.36 113 111.9
130.0 130
- (a) I —=8—1 Pass FSP (C) ::_—; ]]:ass zz]]:
E 1200 —o—3 Pass FSP é\ 120 s P::: Fep
§ 5 Pass FSP :/ 110
= g
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= / & (%
é o v £ M o0 M
‘ 80.0 g : 80
" 15 10 5 789 0 s 10 15 20 20 -15 -10 5 - 0 5 10 15 20
Distance from weld center (mm) Distance from weld center (mm)
Figure 4: Variation of microhardness of MPFSP/SiC of AA7010, (a)
" 6% SiC, (b) 9% SiC, (c) 12% SiC
(b) —&—1 Pass FSP
- ¥ 3 Pass FSP The microhardness value rose in MPFSP with filler SiC due to
2 110 R higher dislocation density and grain refining. During MPFSP,
; 105 the heat and plastic strain was created by the DRX, while
é M } forming refined grain structure cause mechanical breakage of
5 - the intrinsic grain boundary. The reinforcement particles
§ ; 7\ Be distributed in the parent material (AA7010) were accountable
é -,\f*‘ 92 ) \,\ for grains boundary during MPFSP. The fragmentation of
35 ¢ nanoparticles during MPFSP allows grains boundary to
" migrate [34]. A favorable location for additional refined and
20 15 10 5 0 5 10 15 20 equiaxed grains were observed after DRX in MPFSP [35].

Five-pass FSP/SIC revealed an excellent grain structure as
compared to other processed region. Thus, microhardness
augmentation during MPFSP/SIC can be attributed to grain
refining, and dispersion strengthening [36].
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3.3 Microstructure Analysis

The optical microstructure of multipass FSP/SiC of AA7010,
single pass, third pass and fifth pass FSP is shown in Fig. 6.
The microstructure samples were polished using emery sheets
(grade size 400 to 2000), and the disc polishing machine is
used for final polishing with alumina powder. Following
polishing, specimens were submerged into ASTM E407 killer
reagent (82 ml H,O, 5 ml hydrochloric acid, 4 ml hydrofluoric
acid, and 8 ml Nitric acid). The equal distribution of refined
grains in the SZ resulted from the appropriate softening of the
metal, revealing the highest VMHN and UTS of the MPFSP
[37]. The optical microstructure of the parent metal AA7010
was depicted in Fig.6a, and coarse grain size of 65 + 15 um
were perceived; the microstructure of AA7010 was
significantly refined in the regions SZ in MPFSP. Image J
software was used to assess the grain size of the MPFSP
specimens, and the grains size of one pass, three passes, and
five passes were determined to be 17.24 um, 8.85 um, 4.80
pm, respectively for 12% SiC, as shown in fig. 5. The modified
grain structure refinement of AA7010 towards SZ, TMAZ, and
HAZ was gradually adjusted in one pass FSP. As shown in the
figure, nanoparticles of SiC were added to improve the SZ
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Figure 5: Comparison of grain size to the processing parameters of
MPFSP/SiC of AA7010
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3.4 Fracture Analysis

The fracture analysis of multi-pass FSP/SiC was done by SEM
machine and observed the failure pattern, tiny and ductile
dimples on the multi-pass FSP samples. The higher area of tiny
and ductile dimples and least amount of cleavage facets was
observed in the five pass FSP/SIC. Fig. 7a-b depicts the
fracture surfaces of the composite AA7010/SiC with one pass
and five pass FSP. The shear plane of 45° to the tensile axis
was formed along the periphery of the specimens during the
tensile test, forming a cup-cone fracture [38]. The tiny and
equiaxed dimples were observed in five pass FSP/SiC
fractured sample which indicating ductile failure. One pass
FSP/SiC specimen showed the honey comb dimples which
shows microporous and agglomerative ductile fractures. The
microstructure of the composite AA7010/SiC with fifth passes
showed uniform and finer than the other passes, and it was also
reveals from the fracture morphology that the dimple size in
multi-pass FSP/SiC was smaller than the parent metal
AAT7010; that’s why the mechanical properties of multi-pass
FSP/SiC was much higher than the base metal AA7010.

five passes

The ductile fracture with honeycomb dimples were observed
in one pass FSP/SIC, and the separated features on the fracture
surface showed characteristics of both plastic deformation and
cleavage [39].

All multi-pass FSP samples processed at a constant TRS and

TS. During the multi-pass FSP/SIC, the uniform dispersion of
reinforcement particles, consequently decreasing the grain
size, effectual material mixing, fine and equiaxed dimples,
were observed. All the multi-pass FSP/SIiC samples were
fractured in the HAZ or TMAZ region due to coarse grains
structure and material softening as confirmed by variation in
the microhardness.

4, Conclusions

The consequence of MPFSP and Reinforcement Particles SiC

on mechanical characteristics FSPed region of AA7010 was

successfully fabricated and found the following conclusions.

e  The microstructure of MPFSP/SIiC of AA7010 in the SZ
was observed to be fine and equiaxed in the fifth pass FSP
and found excellent mechanical properties compared to
the base metal and other FSP passes due to homogenously
dispersed reinforced particles in the AMC.

e Reduced grain size and scattered SiC particles increased
mechanical properties. In the 5th pass FSP, the reinforced
particles are uniformly distributed and fragmented
completely. The accumulation of reinforcement particles
reduces as the FSP pass increases.

e AA7010 had a UTS of 348.31 MPa and a percent strain of
15.32. Tensile characteristics were improved as the FSP
pass increased after using MPFSP with SiC nanoparticles
on the AA7010. The maximum UTS measured after one,
three, and five passes was 415.09 MPa, 438.72 Mpa, and
452.07 MPa respectively.

e The VMHN at the stir zone were 119.2 HV, 126 HV, and
129.8 HV was perceived in the single pass, third pass and
fifth pass FSP.
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