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ABSTRACT

In this research, aluminium metal matrix composites (AMMCs) have been manufactured through friction stir
processing (FSP) by reinforcing micro sized SiC particles in an A16061-T6 alloy. The consequences of the volume
percentage of reinforced SiC particles on mechanical properties and microstructural features were analyzed for
the developed AMMCs. Microstructural evaluation of a cross-section of a friction stir processed (FSPed) sample
has been conducted through Electron backscatter diffraction (EBSD) Energy dispersive spectroscopy (EDS) and a
scanning electron microscope (SEM) technique. Microhardness tests were conducted athwart the cross section of
FSPed specimen to obtain microhardness feature. A tensile test of FSPed samples has been conducted on a univer-
sal testing machine (UTM). Homogeneous distributions of SiC particles were found in the stir zone without any
consolidation of particles. The size of the reinforcement particles was decreased slightly by increasing the volume
fraction. It has been found that increasing the volume fraction of SiC particles, enhance the tensile strength and
microhardness, but decreases the ductility of the aluminium. The maximum ultimate tensile strength (UTS) and
microhardness were obtained as 390 MPa and 150.71 HV, respectively, at 12% volume percentage of reinforce-
ment particles. UTS and microhardness of the FSPed Al/SiC have been improved by 38.29% and 59.48% respec-
tively as compared to A16061-T6. The brittle nature of the FSPed Al/SiC has increased due to a rise in the volume
fraction of micro sized SiC particles, which causes a decrease in ductility.

Keywords: friction stir processing, aluminium metal matrix composite, silicon carbide, microstructure, surface
composite, composite material.

INTRODUCTION acrospace industries, the FSW/FSP technique is
widely used. In 1998, NASA implemented this

In FSP, due to the rotational and translational ~ technique to fabricate the external tank of the

motion of the tool, microstructure and mechani-
cal behaviour of the metal can be altered [1, 2].
Visco plastic movement of material started due
to the stirring operation of the tool. The FSP tool
started moving in the processing direction at tra-
verse speed. Softening of the base metal started
due to the heat generated between the FSP tool
and base metal. Many researchers have fabricated
surface composites using nanosize reinforcement
particles [3, 4]. Some researchers investigated
the effect and feasibility of an aluminium alloy
by reinforcing different nanoparticles [5—7]. In
the structural application of the automobile and

space shuttle [8]. The U.S. Navy used the FSW
technique to fabricate AA5083 and AA6061 alu-
minium alloys [8]. The major utilization of the
FSP is the alteration in the mechanical behaviour
and refinement of the microstructure of the metal-
lic surface [9]. An effective and proper treatment
to obtain refined microstructure, results in homo-
geneity of the base metal’s processed zone [10].
The hardness property of the composites Al/Gr
and AI/MOS, manufactured through FSP were in-
creased by and 75.26% and 55.6%, respectively,
in comparison to base metal, while the wear re-
sistance properties of Al/Gr and AI/MOS, were
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decreased by 24.35% and 33.5%, respectively, in
comparison to the base metal [11]. The variation
in wear resistance and hardness of the composite
AA1120 with feed rate was observed. It increased
up to 56 mm/min, and after that, the wear rate
enhanced while the hardness of the composite
reduced [12]. In the fabrication of AMMCs with
hybrid micro and nano-reinforcement, the FSP
technique has better potential due to its high tem-
perature and severe plastic deformation and mix-
ing as compared to other fabrication processes
[13, 14]. The FSP technique produces excellent
results with reinforcement of different hybrid
nanoparticles [15, 16].

Type of reinforcement and processing pa-
rameters of FSP mostly influence the mechani-
cal behaviour of the surface composite. Thread-
ed pin profile of the FSP tool produced uniform
distribution of reinforcement particles [17, 18].
The microhardness of the surface composite
SA06A1/SiC was enhanced by 10% through the
FSP technique [19]. In the composite fabrica-
tion of AA1050/SiC through FSP, the microhard-
ness was increased by 139% [20]. Increment in
wear resistance and microhardness of the surface
composite AAS5083/SiC fabricated using the FSP
technique were observed by 48% and 51%, re-
spectively [21]. Many researchers obtained good
results by incorporating nanoparticles like graph-
ite, Cu, and ceramic B,C in AMMCs through the
FSP technique [22-24].

Electron beam radiation, powder metallurgy,
stir casting and hot pressing are commonly ap-
plicable techniques for the fabrication of the
composite. At high temperature in the liquid
phase, unwanted substrate developed in the com-
posite. Agglomeration of the reinforcement was
observed in the composite due to high density
difference and uneven distribution of reinforce-
ment [25, 26]. Some common defects like brittle
intermetallic formation, agglomeration and high
manufacturing cost were generally observed in
these conventional methods. The FSP technique
is an exceptional manufacturing technique be-
cause surface properties of the base metal are al-
tered while inherent properties remain same. FSP
is basically used to revise the granular structure,
to refined microstructure, lower defects and dis-
solve secondary particles which observed during
the conventional processes [27].

Reinforcement of SiC particles does not cre-
ate any undesirable phases in the composite [28,
29]. Limited research is available on the varying
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volume fraction of reinforced particles in A16061-
T6/SiC composites through FSP. In this experi-
mental work, FSP method has been applied for
modification of the mechanical properties of
Al6061-T6. Microstructure and mechanical be-
haviour of Al6061-T6/SiC AMMCs have been
investigated by changing the volume percentage
of micro size SiC particles.

EXPERIMENTAL PROCEDURE

Aluminium alloy Al6061-T6 of dimension
250 mm x 75 mm x 6 mm were selected as base
metal. The composition of the base metal is shown
in Table 1. Some basic mechanical properties of
base metal are listed in Table 2. All data of chemi-
cal composition has been obtained by spectro test
and properties of base metal have been taken as
per ASM material data sheet.

At the centre line of the base plate, a square
groove was machined using milling cutter. Three
different groove dimensions for an 8%, 10%, and
12% volume fraction are created at base metal.
The variation in groove size is calculated based on
three levels of fractional volume of reinforcement
particle (8%, 10%, and 12%) in the processed re-
gion of SCs. The groove dimensions on the basis
of the selected volume fraction were calculated
using Equations 1 and 2 [39].

Fractional volume % =

1
Area of groove M)
= - X 100
Projected area of SZ
Area of groove =
2)

= Groove width X Groove depth

From the previous studies it is observed that
in FSP, flow of material due to the motion of tool
follows two mechanisms, one is “material flow by
shoulder of tool” and second is “flow of material
by tool pin” [30]. Due to these two mechanisms,
width of the stir zone steadily decreases from top
to bottom. Hence for more precise dimensions,
the projected area of the stir zone is assumed to
be a half parabola. The projected area of the stir
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zone is calculated by the integration method to
find out the area bounded by the curve with the
help of Equation 3.

2ab
projected area of SZ (area of parabola) A = = 3)

where: a — tool shoulder diameter
b-1+y,
I —tool pin lenght
¥ — height of isosceles triangle
d — tool pin diameter

Height of isosceles triangle calculated as

d
y = 5 tan 15 4)

After machining a groove on the Al6061-T6
base metal, the plates were cleaned using acetone
to remove dust particles. Micro size SiC particles
with 99% purity were selected as reinforcement.
Magnified SEM image of the micro size rein-
forcement SiC particles are shown in Figure 1a.
The reinforcement particles were properly filled
in the groove. A pinless tool of shoulder diam-
eter 20 mm was used to cover the reinforcement
particles sputtering out of the groove. After using
pinless tool, a threaded pin profile built of H13
tool steel with 6 mm diameter and 4 mm length
was selected for FSP. Tool shoulder diameter was
taken at 20 mm, as shown in Figure 1b. On the ba-
sis of literature survey it is found that apart from
these important parameters such as tool shoulder
diameter, tool rotational speed, and tool traverse
speed, there are many other parameters such as
tool tilt angle, tool plunge depth, axial load, dwell
time etc. affect the quality of surface composite.
Many trial experiments were performed for se-
lecting the process parameters for the fabrication
of surface composite on Al6061-T6. The perfor-
mance of FSP was evaluated on the basis of pro-
cessed surface of plate without defects, processed
zone, machine without vibration and noise during
processing. Different processing parameters of
FSP used in this experiment are listed in Table 3.

First, FSP was carried out without any rein-
forcement in the base metal. Then FSP was car-
ried out on different volume fraction of reinforced
SiC particles. Three varying volume fractions
(8%, 10%, and 12%) of reinforcement were se-
lected on fixed levels of process parameters and
dimension of tool to obtain the exclusive effect
of different volume percentage of micro size SiC
on the mechanical behaviour and microstructure
of AMMCs. All defect free samples prepared
through the FSP technique are shown in Figure 2.

Specimens for microstructural observation
were prepared from the stir zone of the sample.
According to standard procedure, all specimens
were polished using grinding papers of vari-
ous grit sizes (120, 220, 320, 400, 600, 800, and
1000). After that, the samples were polished by
diamond polishing. EBSD and SEM technique is
used for the characterization of prepared samples
using a Zeiss Gemini SEM 300. Microhardness
test sample prepared according to ASTM E384
standard. Microhardness tests of the samples
were carried out using a 500 gram load for around
10 seconds. The microhardness test was accom-
plished on the samples in cross section at a point
located 2 mm beneath the upper surface along a
0.5 mm horizontally spaced line using a Vickers
hardness machine. The final microhardness value
was taken as the average of the three measured
values.. Tensile test specimen prepared from the
FSPed sample using wire EDM. Specimen is re-
moved from stir zone in which tensile axis was
seized as alongside to the direction of FSP and
prepared according to ASTM D638 standard.

RESULTS AND DISCUSSION

Microstructure of Al6061-T6/SiC AMMCs

The SEM micrographs of the fabricated
Al6061-T6/SiC composites are shown in Fig-
ure 3a—c and the composition in EDS map at 12%
SiC volume fraction shown in Figure 4. It can
be revealed that the reinforced SiC in AMMCs
are uniformly distributed. Material moves from
advancing side to retreating side due to the ro-
tational motion of tool. The plasticized material

Table 1. Elemental composition of A16061-T6 (obtained by spectro test)

Mg

Si

Cu

Fe

Mn

Cr

Al

0.895%

0.623%

0.297%

0.279%

0.414%

0.214%

Remainder
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Table 2 Properties of Al6061-T6

S.N. Properties Value
1 Ultimate tensile strength 310 (MPa)
2 Young’s modulus 68.9 GPa
3 Possion’s ratio 0.33
4 Elongation at break 12%
5 Density 2.70 g/cm?®

is assembled at rear of the tool. The plasticized
aluminium material was combined and mixed
with reinforced SiC particles because rotational
motion of tool creates stirring effect. Clustering
and accumulation of the reinforcement are mostly
as a result of density gradient. The whole process
of FSP is completed in a solid state of metal with-
out melting the aluminium matrix. Hence, no free
flow of the particles occurred due to the differ-
ence in density in FSP. The bonding between the
aluminium and SiC perform a major role in trans-
ferring the load during tensile loading. Enhanced
mechanical properties are obtained at high in-
terfacial bonding between aluminium and SiC
particles. The high temperature during AMMCs
formation has a significant impact on interfacial
bonding. When the formation of AMMCs takes
place at higher temperature, intermetallic is
formed. This intermetallic weakens the bonding
between aluminium and SiC particles. The tem-
perature required to initiate an interfacial reaction
is not produced during the FSP. Hence, no such
intermetallic is formed during FSP [31].

On the basis of the quantitative analysis of
SEM images displayed in Figure 3, it is revealed
that the size of the reinforcement is slightly re-
fined. The reason behind the refinement of the
reinforced particle’s size is the tool’s rotational
motion and the high plastic strain. This joint

action reduces the SiC particle size. By enhanc-
ing the volume percentage of reinforcement
from 8 to 12 percent, the intermediate size of the
reinforcement has been reduced. This action was
possible may be due to two factors. Firstly, flow
stress is improved as a result of enhancement
in the volume percentage of reinforcement be-
cause SiC particles have high non-deformability.
Second, due to their heat sinking property, SiC
particles absorb heat generated due to the fric-
tion available between base metal and FSP tool.
Hence, by enhancing the volume percentage of
the reinforced SiC particles, the temperature of
stir zone reduced, which resulted in an increase
in flow stress. Figure 5 shows the EBSD images
of A16061-T6, FSPed Al16061-T6 and AMMC:s.
It can be observed that coarse and elongated
grains in base metal were replaced by refined
grains in AMMCs. The average grain size in
AMMCs was decreased due to the dynamic re-
crystallization. Similar results were obtained by
Huang G. et al [36].

Microhardness

Heat available by the relative motion between
base metal and tool, initiates the dynamic recrys-
tallization of grains and may cause the develop-
ment of strain-free grains. The average microhard-
ness value of each sample is listed in Table 4. The
microhardness profile all samples are displayed in
Figure 6. It can be seen that by increasing the vol-
ume percentage of reinforcement, the average mi-
crohardness of the sample increased. A maximum
microhardness value of 150.71 HV is obtained at
a 12% of SiC particles in AMMCs. When a load
is acted to the FSPed composite, the load is trans-
ferred from the matrix to the reinforced material,

-_-¢ =4 mm

<> I = Tool pin length

d=6 mm

1
J
1
1
1
1
1
]
[
1
1

d = Tool pin diameter

a=20 mm a = Toel shoulder diameter

Figure 1. SEM image of micro size SiC particles (a), Dimension of tool used in FSP (b)
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Table 3. Value of FSP parameters

S.N. Fixed Parameters Value
1 Rotational speed of tool (rpm) 800
2 | Traverse speed of tool (mm/min) 50
3 | Tilt angle of tool (degrees) 2°
4 | Plunge depth of tool (mm) 0.2
5 Dwell time (second) 15
6 | Axial load (kN) 100

resulting in increased AMMC:s strength [32]. Due
to plasticized matrix deformation, large density
dislocations were formed, resulting in increased
composite strength [33, 34]. SiC particles have
an extremely high hardness, which increases the
hardness of the composite through their uniform
distribution. According to the Hall-Patch equa-
tion, more grain boundaries are generated due to
the refinement of grains, which results in more
difficulties in dislocation slip. Greater stress is
needed for plastic deformation of the material.
Because interparticle spacing decreases with in-
creasing SiC particle concentration, it is possible

Figure 2. Defect free samples fabricated through FSP technique (a) FSPed base A16061-T6,

that during hardness testing, the indentator will
strike on the SiC particles, increasing the com-
posite’s microhardness value [35].

Tensile properties

The stress strain curve and main tensile prop-
erties of all samples are presented in Figures 7 and
8, respectively. The tensile strength profile depicts
that the UTS improves with the enhancement in
the volume percentage of SiC particles. Identical
results were obtained by Haung et. al [36]. Grain
size refinement is observed in the FSPed sample,
which enhances the tensile strength of the sam-
ple according to the Hall-Patch grain refinement
strengthening equation [35]. The pinning effect
of increasing reinforcement particle homogeneity
in AMMCs inhibits dislocation movement, and
thus necessary stress (Orowan strengthening) is
evaluated for overcoming dislocation movement
[37]. The interparticle space between reinforced
SiC particles decreases due to the enhancement
in the volume percentage of the reinforcement,

(b) Al6061-T6/SiC 8% volume fraction, (c) A16061-T6/SiC 10%, (d) Al6061-T6/SiC 12%

EHT=2000kV Eignal A= NTS BSD Date 2 Jan 2023 < EHT=2000kV
o= 70 s o Tove 185558 = W0 75

SgrelA<ATSESD  Dato.2.Jan2023 | 20 pm* EHT=2000KV Signat4 = N7 Dete 24an 2023
Mag= 500X Time 152532 =7 Mag o

Figure 3. SEM micrograph of the FSPed sample (a) A16061/SiC 8% volume fraction,
(b) Al6061/SiC 10% volume fraction, (c) Al6061/SiC 12% volume fraction
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Figure 4. Distribution and composition of Al, Si and Mg elements

which results in enhanced strength and bonding
in the matrix. As a result, AMMCs with 12% of
reinforced particles has the highest UTS with a
uniform dispersion of reinforced particles. The
SEM picture of Al6061/SiC composite of 12%
volume fraction displayed in Figure 3c clearly
shows a uniform distribution of SiC materials.
Size of the particles is decreased due to the high
amount of strain produced at the optimum vol-
ume percentage of SiC particles and the tool’s
stirring action. Maximum yield strength (YS) of
290 MPa and UTS of 390 MPa were obtained
at 12% volume fraction. The UTS and YS were

enhanced by 38.29% and 48.71%, respectively,
in comparison of Al6061-T6 alloy. Apart from
this, the ductility of the unreinforced FSPed Al
6061-T6 was increased as compared to the base
metal Al6061-T6. Work hardening capability is
improved by the development of fine grains with
depressed dislocation density [38, 39]. However,
the ductility of FSPed Al6061-T6 has decreased
with the increase in SiC particles. As we know,
the microvoids are created at the site of disloca-
tion accumulation. During tensile deformation,
cracks are initiated at these fragile parts adjacent
to the AI/SiC interface. Despite better interfacial

Figure 5. EBSD image of (a) A16061-T6, (b) FSPed Al6061-T6, (c) Al16061/SiC 8% volume

93

fraction, (d) A16061/SiC 10% volume fraction, (¢) A16061/SiC 12% volume fraction
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Figure 6. Microhardness distribution of the FSPed composite

Table 4. List of results obtained after testing of samples

Average Hardness Percentage
S.N. Sample (HV4.9) UTS (MPa) YS (MPa) elongation
1 As received Al6061-T6 94.5 282 195 10
2 FSPed Al6061-T6 105.14 312 212 12
_ H 0,
3 |FSPed MO001 TOSIC 8% 130.28 352 246 10.5
4 FSPed Al6061-T6/SiC 10% 143 57 376 276 92
volume fraction ’ '
5 FSPed Al6061-T6/SiC 12% 15071 390 290 8.6
volume fraction ) )

400 -

300 -

200 -+

Tensile stress (MPa)

As recieved AlI6061-T6
——FSPed Al6061-T6

100 - —— Al/8% volume SiC composite
—— Al/10% volume SiC composite]
—— Al/12% volume SiC composite
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Tensile strain

Figure 7. Stress-strain curve of A16061-T6, FSPed Al and FSPed AMMCs
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Deep and large
dimples

Figure 9. Tensile fractograph of (a) A16061-T6, (b) FSPed Al 6061-T6, (c) AMMCs 8%
volume fraction, (d) AMMCs 10% volume fraction, (¢) AMMCs 12% volume fraction

bonding was observed in AMMC:s, the weak ar-
eas in the AMMCs were increased by increasing
the SiC particle volume fraction, which results in
a reduction in ductility.

Fractography

The SEM pictures of the ruptured part of the
sample after the tensile test are shown in Fig-
ure 9. Deep and large dimples, indicating typi-
cal ductile failure are shown in Figure 9a of the
base metal. Slightly larger and deeper dimples
are observed in the fractured surface of FSPed Al
in Figure 9b, which is a good agreement in ten-
sile testing. FSPed A16061-T6 shows the highest
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elongation before fracture. When compared to
Al6061-T6 and FSPed A16061-T6, AMMCs have
a greater number of shorter and hollow dimples
shown in Figure 9c-e. The flatness of the sur-
face of AMMCs enhances with the increase of
SiC particle, attributing a reduction in AMMCs
plastic deformation. It may be associated with
their superior strength and hardness properties.
Its capability for plastic deformation decreases
with increase in flatness. In the observation of
small dimples of AMMCs, large number of SiC
particles has found which indicates that the bond-
ing between the matrix and reinforced particles
is robust. Hence no interfacial reaction processed
in the AMMCs, which would reduce bonding
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strength. However, further feeble regions of the
Al/SiC interface were created by enhancing the
volume percentage of reinforced SiC particles in
AMMC:s. Because of these weak regions, cracks
initiate and propagate near the Al/SiC interface,
resulting in early failure of AMMCs. Hence, the
type of fracture becomes brittle, and ductility out-
set lowering with an increasing volume fraction
of SiC particles in AMMCs.

CONCLUSIONS

In this experiment, A16061-T6/SiC compos-
ites were fabricated through FSP technique with
increasing volume percentage of reinforcement
particles. Mechanical behaviour and microstruc-
ture of the prepared AMMCs were analyzed and
obtained the consequences in the variation of vol-
ume fraction of reinforced SiC particles. The out-
comes were concise below. Uniform and homo-
geneous dispersion of the SiC particles has been
observed in AMMC:s in different volume percent-
age of SiC particles. SiC particles were fragment-
ed due to the rotational motion of tool and high
plastic strain, which results in a decrease in size
of reinforcement particles by enhancing volume
percentage reinforcement particles. Defect free
bonding between reinforcement and aluminium
matrix was well established.

The high hindering consequence produced
by reinforcement has reduced the size of grains,
which accelerates the dynamic recrystallization of
grains. The maximum microhardness, UTS, and
Y'S of the composite were obtained as 150.71 HV,
390 MPa and 290 MPa, respectively, at 12% vol-
ume percentage of SiC particles in the AMMCs.
Microhardness, UTS and YS of the AMMCs
were improved by enhancing the volume fraction
of SiC particles by 59.48%, 38.29% and 48.71%
respectively. First, the ductility of FSPed A16061-
T6 increased, but after reinforcement with SiC
particles, its ductility decreased. Also, the mor-
phology of the fracture surface has changed.
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