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Abstract

Reinforcement of second phase particle in metal/alloy to develop metal matrix composite is a standard practice to enhance
various properties required for commercial applications. In this work, an industrial waste, fly ash, has been used as rein-
forcement in aluminum alloy AA5083 to improve its physical, mechanical, and tribological properties. The metal matrix
composites were fabricated using high temperature vacuum stir casting technique with varying fraction of fly ash (viz. 0,
4, and 8 wt.%). Reinforcement of fly ash in Al alloy improved its hardness from~50 BHN (for initial alloy) to~70 BHN
for 8 wt.% fly ash. Meanwhile, impact strength indicated a reverse trend in comparison to that of hardness, with a marginal
change in values from 258 to 248 J. Wear behavior of fabricated composites was investigated against EN31 hardened steel
disc at different process parameters, viz. fly ash content, sliding velocity, and normal load. Worn surface of samples were
examined under scanning electron microscope to find the wear mechanism. It showed severe abrasive grooves along with
brittle fracture for lower fraction of fly ash (i.e., 0 and 4 wt.%), while mild abrasion followed by fragmentation of protec-
tive tribolayer was observed for the larger fraction of fly ash (i.e., 8 wt.%). The optimum condition among various process
parameters for minimum sliding wear was obtained by Taguchi design of experiments. The minimum wear rate was obtained
for 8 wt.% fly ash reinforced composite at sliding velocity 1.047 m/s and normal load 15 N.

Keywords Metal matrix composite - Fly ash - Mechanical properties - Tribological properties - Taguchi design of
experiments

1 Introduction applications. In automotive and aerospace sectors, light

weight structures help in reducing fuel consumption and
In the current scenario of globalization, the development  emissions [1]. Among various alloys, aluminum alloys are
of advanced materials has become a necessity for indus-  found to be light weighted and cost-effective. These are used
trial and structural applications. Light weight structures and ~ widely in automotive and aerospace structures for compo-
low cost are the primary requirements for their commercial ~ nents like pistons, brake rotors, engine blocks, bearings,
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owing to their high specific strength, specific stiffness, and
thermal conductivity. However, aluminum alloys demon-
strate poor tribological properties when applied under hos-
tile environments. This led to the development of aluminum
metal matrix composites (MMCs) reinforced with second
phase, leading to better physical, mechanical, and tribologi-
cal properties suitable for their applications in automotive,
aerospace, and many other sectors [2, 3]. Continuous fiber
reinforced aluminum MMCs are very costly to manufacture.
Also, secondary metal forming operations like extrusion,
rolling, forging are not feasible on these MMCs, which hin-
der their use in numerous applications. Hence, particulate
reinforcement composites are preferred over continuous fiber
reinforcement composites as they allow easy fabrication of
MMCs with almost isotropic properties, have low cost, and
allow secondary metal forming operations [4].

Hard ceramic particulates like SiO,, Al,O;, SiC, B,C,
TiC, and ZrB, can improve the properties of Al alloys, how-
ever, also lead to an increase in the cost of the composite. A
high cost of MMC:s is one of the primary reasons restricting
their extensive applications. Utilization of suitable industrial
waste as reinforcement can reduce their cost. Fly ash is one
such kind of industrial waste, produced in large quantities
(~40%) in thermal power plants during the combustion of
coal and has abundant availability all over the world [5].
Also, fly ash contains traces of toxic elements like Pb, Cd,
Hg, U, Th, and therefore, their improper disposal is consid-
ered hazardous to human health, soil properties, and envi-
ronment [6—8]. Hence, utilization of fly ash as reinforcement
for the fabrication of metal matrix composite can also reduce
environmental pollution. Low density of fly ash leads to light
weight but high strength to weight ratio of MMCs in com-
parison to that of the base alloy. In addition, fly ash makes
a better bonding with the matrix. These advantages of fly
ash have motivated researchers to develop different kinds
of fly ash reinforced Al MMCs and evaluate physical and
mechanical properties in recent years [9-14].

Anilkumar et al. [9] synthesized AA6061-based com-
posite reinforced with 10, 15, and 20 wt.% of fly ash hav-
ing different particle sizes by stir casting route. They found
that the hardness, compressive strength, and ultimate tensile
strength (UTS) of the composites decreased with an increase
in the particle size of the fly ash reinforcement, while an
increase in the fly ash content increased these mechanical
properties. In a similar work, Selvam et al. [15] reinforced
AAG6061 alloy with 4, 8, and 12 wt.% of fly ash by com-
pocasting and found an improvement in the microhardness
and UTS of the fabricated composites on the incorporation
of fly ash. Rohatgi et al. [10] incorporated up to 20-65%
volume fractions of fly ash cenospheres into the A356 alu-
minum alloy matrix using pressure infiltration technique and
found that compressive strength, plateau stress, and modulus
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of elasticity of the composites increased with an increase
in the fly ash content. Juang et al. [11] utilized stir casting
and multipath friction stir processing (MP-FSP) to synthe-
size aluminum alloy ADC6 reinforced with 5 wt.% fly ash.
They observed a significant refinement in grain size of the
composite by MP-FSP, and consequently, improvement in
mechanical properties.

Since reinforcement plays a vital role in the fabrication of
composites, therefore, size and distribution of reinforcement
largely affects the properties of composites, as suggested by
El-Khair et al. [16] Proper mixing of reinforcement with
the matrix is pertinent for getting the better performance of
materials. Stir casting is an attractive synthesis method for
the fabrication of aluminum alloy matrix composites owing
to its simplicity, cost-effectiveness, low porosity in the cast
product, ability to uniformly distribute the reinforcements,
and applicability to mass production of materials. Investiga-
tion of wettability of filler materials with matrix in compos-
ite was studied by Patil et al. [17] They observed improve-
ment in tensile strength of composite with an increase in fly
ash content up to 15 wt.%, followed by a decrease in strength
due to poor wettability of the filler particle with the matrix.
These literature works indicate that fly ash as reinforce-
ment in metal matrix composites enhances its mechanical
properties.

Apart from mechanical properties, investigation of the
tribological properties of fabricated composites is desired
to understand their suitability for tribological applications.
Ramachandra and Radhakrishna [18] fabricated Al-12 wt%
Si alloy-based composite reinforced with 5, 10, and 15 wt.%
fly ash by liquid metallurgy route and investigated its wear
and friction characteristics. They observed an improve-
ment in wear resistance of the fabricated composite with
an increase in fly ash content, however, the wear resistance
decreased with an increase in track velocity and normal
load. The wear of fly ash reinforced composite happened
because of micro-cutting, delamination, thermal softening,
and oxidation. Sudarshan and Surappa [12, 19] synthesized
A356 Al alloy composites containing 6 and 12 vol.% of fly
ash particles and studied its dry sliding wear in the load
range 20-80 N at a constant sliding velocity of 1 m/s. They
observed better wear resistance in fabricated composites
compared to that of unreinforced alloy. Prasat and Sub-
ramanian [20] used the stir casting method to synthesize
AlSi10Mg/fly ash/graphite hybrid composite and charac-
terized its wear behavior using the pin-on-disc machine
by varying the load and fly ash content. They observed a
decrease in the coefficient of friction (COF) and wear rate of
the fabricated composites in comparison to that of the base
metal alloy and Al-graphite composite. Uthaya Kumar et al.
[21] fabricated the fly ash filled composite material by stir
casting method to investigate its wear behavior and found
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retention of wear resistance at lower load without significant
wear at higher sliding speed. Dinaharan et al. [22] fabricated
AA6061/(0, 6, 12, and 18 vol.%) fly ash composites using
friction stir processing method and observed an improve-
ment in wear resistance with an increase in the fly ash con-
tent. Also, the increase in fly ash content changed the wear
mechanism from adhesion to abrasive.

An extensive literature survey on aluminum metal matrix
composites reveals fly ash as reinforcement leads better
mechanical properties, but several aspects of wear data on
aluminum-fly ash metal matrix composites for tribological
applications are limited. Wear leads to a gradual degrada-
tion of materials with time, causing an untimely collapse of
the material. Hence, the objective of the present research
is to explore the use of fly ash as a low-cost reinforcement
in developing aluminum alloy AA5083-based composites
with improved physical, mechanical as well as tribologi-
cal properties. As the present research deals with numerous
process parameters, Taguchi method has been adopted as a
design tool to optimize the outcomes in terms of multiple
input variables and responses. These findings are expected
to contribute to the development of lightweight, low cost,
and environment-friendly aluminum products.

2 Materials and Methods
2.1 Matrix Material

Aluminum alloy AA5083 was selected as a matrix material
to fabricate the composite. AA5083 alloy has excellent form-
ability, low density, high strength, good corrosion resistance,
and weldability. Owing to these properties, AA5083 alloy is
used extensively in marine, aerospace, and other transporta-
tion applications [23]. The chemical composition of AA5083
alloy (in wt.%) was 4.9 Mg, 0.4 Mn, 0.4 Fe, 0.4 Si, 0.25 Cr,
0.25 Zn, 0.15 Ti, and the rest as Al.

2.2 Reinforcing Material

Fly ash produced by the combustion of coal in a thermal
power plant was used as reinforcing material. The composi-
tion of the constituent of fly ash was obtained from National
Thermal Power Corporation (NTPC), Badarpur, Delhi,
India, which is given in Table 1. The morphology of fly
ash obtained from the thermal power plant was spherical, as
shown in Fig. 1. Fly ash was used as a reinforcing material

Fig. 1 Morphology of reinforcing material (fly ash) used in AA5083
alloy-based composite

to fabricate composites due to its better properties, viz. low
density, low thermal conductivity, and high electrical resis-
tivity. Fly ash, also known as dry ash, has density 2.17 g/
cm®. Low density and low cost fly ash produces light weight
and low-cost metal matrix composites.

2.3 Fabrication of AA5083/Fly Ash Metal Matrix
Composite

Aluminum alloy AA5083-based composite was fabricated
using high temperature vacuum stir casting technique with
varying fractions of fly ash, viz. 0, 4, and 8 wt.%. Stir cast-
ing method was used due to its cost-effectiveness, simplic-
ity, and ability to uniformly distribute the reinforcements in
the matrix [24]. Here, blend of AA5083 aluminum alloy (in
the molten state, at 750 °C) and dispersed phase (fly ash)
was mixed properly using centrifugal stirring for ~5 min.
Then, this mixture was poured into a permanent mold and
allowed to cool up to room temperature. After getting the
solidified composite, specimens were sectioned for further
characterization.

2.4 Physical, Mechanical, and Tribological
Characterization

2.4.1 Void Content and Density Evaluation

Since the fabrication of composite in the present study
was done using stir casting technique, so, there might be
chances of trapping of undissolved gases, which may lead
to the formation of voids. Therefore, the determination of

Table 1 Composition of fly ash

Compound SiO
used in the current work P 2

ALO, FeO CuO CaO TiO, Mg0 K0

Composition (Wt. %) 51.43

29.65 5.39 4.86 2.82 2.54 1.73 1.58
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void contents is pertinent to evaluate the mechanical and
tribological properties of the fabricated composite. The void
content of the fabricated composites was evaluated using the
following equation [25]:

Void content (%) = b= Pe (D

t

where p, is the theoretical density and p, is the experimental
density.

The theoretical density was obtained using the rule of
mixture according to Eq. (2), proposed by Agarwal and
Broutman [26]. Actual density was calculated using Archi-
medes’ principle by measuring the weight of the composite,
first in the air and then in water.

1

Th tical densi = —
eoretical density (p,) (W(m) " W(p)) 2
plm) — p(p)

where w(p) and p(p) are weight fraction and density of
particulate material, respectively. w(m) and p(m) are weight
fraction and density of the matrix material, respectively.

2.4.2 Hardness Test

Hardness test on fabricated composite was conducted using
Brinell hardness tester, having the ball indenter of diameter
2.5 mm. Load applied on the specimen was 31.5 Kgf for 10 s
dwell time. Brinell hardness number (BHN) was measured
using the following equation:

Normal load

Steel Pin

2P

ﬂD(D - \/ﬂ) )

where P is the load applied on the specimen in Kgf, D is
the ball diameter in mm, and d is indent diameter obtained
on the specimen in mm.

BHN =

2.4.3 Impact Test

Impact strength of a material implies its ability to withstand
a suddenly applied load. Since composite material fabricated
in the present study was intended for use in automotive and
aerospace applications where sudden load might be experi-
enced, impact strength was investigated using Charpy test.
For conducting Charpy test, the centered notch specimen
was placed as simply supported beam, and impact load was
applied on the center behind the notch. The standard speci-
men with V-shape notch, having notch angle of 45° was
prepared, where notch was placed on the tension side of the
specimen.

2.4.4 Sliding Wear Test

After getting the physical and mechanical properties of the
composite materials, tribological behavior was investigated
using sliding wear test set up. Wear test was conducted using
a pin on disc tribometer machine (model TR20, Ducom,
Bangalore, India) in the ambient atmosphere (relative
humidity 45 +10% and ambient temperature 25+5 °C).
The schematic of pin on disc wear test set up is shown
in Fig. 2. Pin was made of fabricated composite material

Worn Track

EN31 Hardened

Composite

Woids Specimen

:\o
S ogm Vo g a9
i o - o
Q,O\dod @ 0

X',(\'i/l. %) Fly ash-AA5083

Morphology of Composite material
Fig.2 Schematic of pin on disc sliding wear test set up
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Table 2 Different controlling factors and levels used in the wear test

Levels
Controlling factors 1 2 3 Units
Sliding velocity (A) 1.047 2.094 3.140 (m/s)
Filler content (B) 0 4 8 (%)
Normal load (C) 5 15 25 (N)

with dimensions 8 X 8 x4 mm?>, which slided against EN31
hardened steel counterbody (having hardness 60—70 HRC).
During wear test, traveling circle diameter and the sliding
distance were fixed as 50 mm and 1000 m, respectively.
Sliding velocity was varied as 1.047 m/s, 2.094 m/s, and
3.140 m/s. Apart from sliding velocity, applied normal load
was also varied with values 5, 15, and 25 N to examine the
effect of load on wear behavior. The experimental param-
eters are shown in detail in Table 2 with different levels
where each level indicates a particular experimental condi-
tion having a combination of different process parameters.
The entire test was carried out at least three times for getting
repeatability and reproducibility in wear data. After comple-
tion of wear test, wear volume was calculated in terms of
weight loss using precision electronic balance having accu-
racy +0.001 g. Also, the specific wear rate (mm>*/N-m) was
calculated by the following equation [27]:

AM

pecific wear rate ( s) p,.V.t.F, @

where AM is weight loss of composite (g), which is the
difference of weight of composite before wear test (M;) and
weight of composite after wear test (M,), p, is the theoretical
density of composites (g/cm?), V, is sliding velocity (m/s),
F, is normal load (N), and ¢ is test duration (s).

After the wear test, the worn surface morphology of
samples was examined using scanning electron microscopy
(SEM) to find out the wear mechanism. The chemical com-
position of the worn surfaces was examined using energy
dispersive spectroscopy (EDS) analysis.

2.5 Experimental Design

Taguchi method was used as a design tool to optimize the
outcomes in terms of multiple input variables and responses.
This technique helps in solving complex problems to restrict
the experimental runs without considerable loss of data. In
the present technique, signal-to-noise (S/N) ratio was used
as the performance characteristic of fabricated composites.
Three different categories of S/N ratio are generally used
to optimize the process parameter, viz., larger-the-better
model, smaller-the-better model, and nominal-the-better

Table 3 Theoretical L9
orthogonal table using Taguchi
method

Control factor/ A B C
Experiment number

O 0 N N BN =
W W W N NN = = =
W N = W N = W N =
N = W o= W N W N =

model. For tribological characterization, smaller-is-better
or lower-is-better approach was implemented for investi-
gating the wear rate of fly ash reinforced composite. Since
three input parameters, i.e., filler content, sliding velocity,
and normal load were used, therefore, L9 orthogonal array
design (Table 3) was used for particular output such as spe-
cific wear rate. The S/N ratio with lower-is-better perfor-
mance characteristic can be expressed as:

S =—101og+ (3 ?) )

where n is number of observations, and y is the observed
data.

Generally, the experimental design method requires a
large number of sample points for several process param-
eters. Taguchi method can be used as a simple and effective
tool for process parameter selection along with experiment
planning to reduce the number of trials. In this method, the
largest value of signal-to-noise (S/N) ratio is necessary while
analyzing the response using signal-to-noise (S/N) ratio.
After completion of the experiment, design data were ana-
lyzed to determine the optimum levels of controlling factors
and confirmation of results.

3 Results and Discussion
3.1 Physical Properties of Composite
3.1.1 Effect of Reinforcement on Density and Void Fraction

The calculated values of theoretical and experimental
density of fabricated composites are shown in Fig. 3. We
observe that magnitude of experimental density remains
comparatively lower than that of theoretical density. The fab-
ricated composites show lower density than that of AA5083
alloy, and it keeps on decreasing with an increase in the
fly ash content. These two kinds of densities were used in

@ Springer
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Fig. 3 Variation of void content and density with varying fraction of
fly ash in AA5083 alloy-based composite

calculating void fraction as per Eq. (1). It can be observed
from Fig. 3 that with an increase in reinforcement content,
the void fraction of composites increases, and the maximum
void fraction is obtained for 8 wt.% reinforcement. The rea-
son for this may be the agglomeration of fly ash particulates,
which increases on increasing the fly ash content and not
able to spread uniformly during the stir casting process. It
might also form due to the gas entrapment during the stir-
ring process and the formation of air bubbles at the time of

mixing the fly ash particulates with the molten Al matrix
during the fabrication process [28, 29].

3.1.2 Surface Morphology of Composites

Surface morphology of fabricated composites was examined
using SEM to observe the initial condition, i.e., the effect of
void content. It is shown in Fig. 4a-c for varying fractions
of fly ash. It can be observed that the composite surface for
0 wt.% fly ash content is quite smooth. With an increase in
fly ash content (i.e., for 4 and 8 wt.% fly ash), the composite
surface becomes rough and contains fine pores, as visible
from the larger magnification image shown in the inset. The
increase in void fraction with an increase in fly ash content
causes these fine pores. Apart from the fine pores, cracks
were also detected, which might have formed due to residual
compressive and thermal stresses developed during the stir
casting process.

3.2 Mechanical Properties of Composite
3.2.1 Effect of Reinforcement on Hardness

Hardness of fly ash reinforced composite was evaluated
experimentally and shown in Fig. 5. Since the hardness of

Fig.4 Surface morphology of fabricated AA5083 alloy-based composites for a 0 wt.% b 4 wt.%, and ¢ 8 wt.% fly ash content

@ Springer
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Fig.5 Variation of hardness and impact strength with varying frac-
tion of fly ash in AA5083 alloy-based composite

fly ash is more than that of base AA5083 alloy, therefore,
hardness of fabricated composite increases linearly with an
increase in the fraction of fly ash. We obtained maximum
hardness, i.e.,~70 BHN for 8 wt.% fly ash reinforced com-
posite, which is ~28% more than that of 0 wt.% fly ash rein-
forced composite (~54.7 BHN). The reason for this increase
in hardness with an increase in fly ash content may be a large
amount of dislocations generation due to the incorporation
of fine particles. An increase in the hardness of the com-
posite with the incorporation of hard dispersoids has been
observed by various researchers [30-32].

3.2.2 Effect of Reinforcement on Impact Strength

After examining the hardness of the fabricated composite,
impact strength was tested using the Charpy impact test.
Impact strength of fly ash reinforced composite is shown in
Fig. 5. It can be observed that impact strength decreases with

0.15
——1.047m/s (a)

0.12 ——2.094m/s
. —a—3.140m/s
= 0.09-
2
= 0.06-
S
&
Z 0.03-

0.00

0 4 8
Fly Ash Content (%)

an increase in the fraction of fly ash. The increase in void
fraction (with the increase in fly ash content) causes a reduc-
tion in the interfacial bonding between AA5083 alloy matrix
and reinforced particulates, which directly affects the impact
strength of the fabricated composite. Also, the increased fly
ash content as reinforcement acts as barriers to disloca-
tion movement in the matrix, resulting in an increase in the
number of local stress concentration sites, which causes an
embrittlement effect in the composite.

3.3 Tribological Properties of Composite

Wear is the gradual loss of the material from the surface
when there is a mechanical interaction between the surfaces.
Once a soft material (pin) has relative sliding motion against
hard counterbody (disc) under applied load, soft material
gets worn out, and the process is known as sliding wear
[33]. Materials with a low wear rate can improve machine
efficiency by maintaining the design tolerance of the compo-
nents for a longer time duration. Therefore, hard phase rein-
forced composite was used as initial material for automotive
engine pistons applications because it results in increased
power output along with better component life. Process
parameters like sliding velocity and normal load largely
affect the properties of material during the wear process and
alter the efficiency of the component along with component
life. So, in order to understand the effect of process param-
eters, a detailed analysis was performed, as explained below.

3.3.1 Effect of Sliding Velocity on Tribological Behavior
Sliding velocity is a prominent process parameter that

largely affects the wear performance of machine compo-
nents in commercial applications. Therefore, wear test was

0.10

—+5N (b)

0.08+
0.06

0.04

Weight loss (g)

0.02+

0.00

T

0 4 8
Fly Ash Content (%)

Fig.6 Variation of weight loss with fraction of reinforcement for different a sliding velocities at constant load (15 N) and b normal loads at con-

stant sliding velocity (2.094 m/s)
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conducted to evaluate the influence of sliding velocity on fly
ash reinforced composite at constant load of 15 N. In order
to calculate weight loss, weight of composites before and
after wear test was measured. Difference in weight before
and after wear test is illustrated in Fig. 6a. It can be observed
that an increase in the fly ash content at constant sliding
velocity results in a decrease in the weight loss of the com-
posites. A significant drop in weight loss was observed at
the largest sliding velocity (3.14 m/s) from 0 wt.% to 8 wt.%
fly ash content.

Similarly, the specific wear rate of fly ash reinforced com-
posite was also investigated, which is shown in Fig. 7a. Spe-
cific wear rate can be observed to decrease with an increase
in fly ash content and with a decrease in sliding velocity.
There is a significant fluctuation in the specific wear rate
from ~817 x 10® mm?/N-m (for 3.14 m/s) to~100x 107®
mm?*/N-m (1.047 m/s) on varying sliding velocity for
0 wt.% fly ash content. However, the wear rate decreases
substantially after increasing the fraction of fly ash content
by 4 wt.% and 8 wt.%. The decrease in wear rate is due to
increased hardness of composite on varying the fraction of
fly ash.

3.3.2 Effect of Normal Load on Tribological Behavior

Besides sliding velocity, normal load is another important
process parameter that generally affects the wear perfor-
mance. Therefore, wear test was also performed with vary-
ing normal load keeping constant sliding velocity 2.094 m/s
to investigate the influence of load on weight loss and wear
rate. Wear volume in terms of weight loss with varying load
was calculated and shown in Fig. 6b. Drop in weight loss
of composite was found with an increase in the fraction of
reinforcement. Also, weight loss increases after increasing
the normal load from 5 to 25 N at constant filler content.

1000

-8

(@)

800 - B 1047 m/s
B 2.094 m/s
600 - B 3140 ms

Specific Wear rate (mm3/Nm)><10

Fly ash content (wt.%)

The largest drop in weight loss (~92%) was observed for the
lowest load (5 N) followed by ~72% drop in weight loss for
15 N load and again ~72% drop in weight loss for 25 N load.
A high drop in weight loss in 8 wt.% fly ash content is due to
the presence of a larger fraction of hard phase reinforcement.

The effect of normal load (i.e., 5 N, 15 N, and 25 N) on
the specific wear rate of fly ash reinforced composite was
also calculated and shown in Fig. 7b. It can be observed that
the wear rate decreases continuously by increasing the frac-
tion of fly ash in the composite at a constant load. It is also
observed that the largest fly ash (8 wt.%) contained compos-
ite is not much affected by the normal load in comparison to
the lower fly ash contained composite.

After comparing the experimental results of specific wear
rate for different composites, we obtain the lowest specific
wear rate for sliding velocity 1.05 m/s, fly ash content 8 wt.
%, and normal load 15 N applied during wear test.

3.3.3 Worn Surface Morphology

After investigating the wear behavior of fabricated compos-
ite materials, the worn surface morphology of wear sam-
ple was explored in SEM in back-scattered electron (BSE)
mode to find the wear mechanism and correlate it with wear
properties. The surface morphology of worn surface in the
fabricated composites with varying fraction of fly ash, i.e.,
0 wt. %, 4 wt.%, and 8 wt.% at constant load 15 N and slid-
ing distance 1000 m is demonstrated in Fig. 8a—c. Figure 8a
clearly shows that sliding motion of composite pin (0 wt.%
fly ash) against hard counterbody leads to the formation of
wider and deeper severe abrasive grooves along with brit-
tle type fracture in the grooves. Breakage of materials in
the abrasive groove is clearly shown in the inset of Fig. 8a
at larger magnification. The absence of fly ash in the com-
posite leads to lower hardness compared to the composite

-8

1200

2
2

800

Specific Wear rate (mm3/Nm)><10
(=2}
S
3

4
Fly ash content (wt.%)

Fig.7 Variation of wear rate with respect to fly ash content with varying a sliding velocities at constant load (15 N) and b normal loads at con-

stant sliding velocity (2.094 m/s) for fabricated composites
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Fig. 8 Worn surface morphology of a 0 wt.% b 4 wt.%, and ¢ 8 wt.% fly ash reinforced AA5083 alloy-based composites subjected to wear test at
constant load 15 N and sliding distance 1000 m
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Fig. 9 Schematic of fracture mechanism involved in wear test of 0 wt.%, 4 wt.%, and 8 wt.% fly ash reinforced AA5083 alloy-based composite
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having a larger fraction of fly ash and results in the forma-
tion of deeper abrasive groove, which is explained through
the schematic of wear mechanism shown in Fig. 9. From
the schematic, it can be understood when there is no fly ash
content, only voids along with AA5083 alloy matrix come
in direct contact with hard counterbody during wear test.
So, this material becomes more susceptible to the formation
of severe abrasion grooves. After increasing the fraction of
fly ash to 4 wt.%, the fraction of hard phase increases, as
shown in Fig. 9. When composite pin slides against steel
disc, some portion of composite pin where fly ash comes in
direct contact with steel counterbody leads to lower down
the weight loss. Hence, the depth and width of abrasive
grooves decreases, as observed from Fig. 8b. The remain-
ing portion of composite with an absence of fly ash gets
worn out, similarly to 0 wt.% fly ash reinforced composite.

Further, an increase in fly ash content up to 8 wt.%
causes a high increase in the hardness and results in signifi-
cant improvement of wear resistance and leads to the very
low depth of abrasive grooves, as observed from Fig. 8c.
This composition shows a comparatively larger portion of

the surface covered with fly ash, as shown schematically in
Fig. 9. Therefore, the material removal rate reduces, and a
portion of composite, where wear debris comes out, starts
protecting the composite pin with the formation of a dense
oxide layer. With the passage of time, the ability of the pro-
tective layer to further protect the surface decreases because
of the fragmentation of tribolayer into small pieces. These
small pieces of oxide act as a third body, which generates
very mild abrasive grooves due to the third body abrasion
mechanism [34]. The fragmentation of the oxide layer causes
delamination, as shown in Fig. 8c. The increase in pin-disc
interface temperature during sliding wear test leads to the
removal of hard fly ash particles from the fabricated com-
posite, which also causes the delamination of the surface.
Now, to examine the composition of the protective oxide
layer, energy dispersive spectroscopy (EDS) analysis was
done for all the composites, which is shown in Fig. 10a—c.
From EDS spectra, it is clear that the fraction of oxygen
increases in composite materials with increasing the frac-
tion of fly ash content, which leads to the formation of the
protective oxide layer. Since aluminum and magnesium both
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Fig. 10 Worn surface morphology of a 0 wt.% b 4 wt.%, and ¢ 8 wt.% fly ash reinforced AA5083 alloy-based composites subjected to wear test

at constant load 15 N and sliding distance 1000 m
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Fig. 11 Elemental mapping of worn surface of a 0 wt.% and b 8 wt.% fly ash reinforced AAS5083 alloy-based composites subjected to wear test

at constant load 15 N and sliding distance 1000 m

are prone to make oxide in an ambient atmosphere, there-
fore, the protective oxide layer may be a combination of
aluminum and magnesium oxide. Consequently, to under-
stand the distribution of different protective oxide layer in
terms of the exact distribution of oxygen and other alloying
elements of composite, elemental mapping was performed
using SEM-EDS, which is shown in Fig. 11a and b for 0
wt.% and 8 wt.% composite material, respectively. It can be
observed that, for 0 wt.% fly ash reinforced composite, all
the elements excluding oxygen are uniformly distributed,
and the fraction of oxygen is very less (Fig. 11b). Composite
having a larger fraction of fly ash (8 wt.%) contains a sig-
nificant amount of oxygen (Fig. 11b). This larger fraction
of oxygen leads to the formation of either aluminum oxide,
magnesium oxide or a combination of both as some portions
of mapping are observed to enrich in oxygen-magnesium
combination while others are enriched in oxygen-aluminum
combination.

Table 4 Experimental layout of L9 orthogonal array

3.3.4 Optimization of Wear Rate Using Taguchi Method

After completion of the wear test of fly ash reinforced com-
posites, optimized (best suited) process parameters were
examined for obtaining the minimum wear rate among
all the sample conditions. Taguchi design of experiments
(DOE) approach was used to understand the correlation of
specific wear rate with controlling variables (3 in the pre-
sent study) used for the wear test. For implementing the
Taguchi DOE approach, we established the ranking order
of controlling variables, which is shown in Table 3. Here,
three controlling variables were used, which results in an L9
orthogonal array. The L9 orthogonal array of runs for the
obtained experimental results is tabulated in Table 4. Signal
to noise ratio (S/N ratio) for each experimental run was cal-
culated using commercially available MINITAB 16 software
for smaller-the-better value because the smaller value of spe-
cific wear rate is the most desirable. Wear rate corresponding
to the larger signal-to-noise ratio was eliminated.

To obtain the optimized value from different conditions,
higher S/N ratio was selected from Table 4. The main effect
plot for different materials with several process parameters

Serial number 1 2 3 5 6 7 8 9
Sliding velocity (m/s) 1.047 1.047 1.047 2.094 2.094 2.094 3.14 3.14 3.14
Filler content (%) 0 4 8 4 8 0 4 8

Load (N) 5 15 25 15 25 5 25 5 15
Wear rate (mm*/N-m)x 10~ 75 25.21 38.29 475.01 325.33 459.36 37.51 113.52 25.52
S/N ratio (dB) -375 —28.03 —-31.66 —53.53 -50.25 —53.24 —31.48 —41.1 —28.14
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Fig. 12 Main effects plot for S/N ratio for different controlling factors of wear rate for fly ash reinforced AA5083 alloy-based composite a slid-

ing velocity, b filler content, and ¢ load

is shown in Fig. 12. This figure clearly shows that 1.047 m/s
sliding velocity, 8 wt.% fly ash, and 15 N load is the best
combination of process parameters among the entire selected
factors to obtain the required outcome of fly ash reinforced
AA5083 alloy-based composite materials in the present
study.

4 Summary and Conclusions

In the current work, AA5083 aluminum alloy-based metal
matrix composites were fabricated using high temperature
vacuum stir casting technique with varying fraction of fly
ash as reinforcement viz. 0 wt.%, 4 wt.%, and 8 wt.%. The
fabricated composites were comparatively studied in terms
of their physical, mechanical, and tribological properties.
Fly ash is a waste byproduct produced during the combus-
tion of coal and hazardous to the environment. Their utiliza-
tion as reinforcement in metal matrix composite is expected
to result in low cost, environment-friendly, and enhanced

@ Springer

performance of the material. The pertinent conclusions
drawn from the present study are given below.

1. As density of fly ash is lower than that of AA5083
alloy, increasing the fraction of reinforcement results
in a decrease in the overall density of the composite. It
leads to the formation of voids, and so, the fraction of
voids increases with increasing fly ash content.

2. There is a continuous increase in the hardness of
composites with an increase in the fraction of fly ash.
Approximately 28% increase in hardness was observed
for 8 wt.% fly ash reinforced composite in comparison
to that of 0 wt.% fly ash AA5083 alloy.

3. There is a continuous decrease in impact strength with
an increase in reinforcement fraction, however, it is only
a marginal decrease. Impact strength of 8 wt.% fly ash
reinforced AA5083 composite decreases by ~3.8% in
comparison to that of 0 wt.% fly ash reinforced com-
posite.
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4. Wear resistance of composite improves with increasing
fly ash content for an increase in both sliding veloc-
ity and normal load. Also, significant fluctuation in
wear rate from~817 x 1078 mm?*/N-m (for 3.14 m/s)
to~100x 10 mm?/N-m (1.047 m/s) was observed on
varying sliding velocity for 0 wt.% fly ash content. This
perturbation in wear rate decreases substantially for a
larger fraction of fly ash (8 wt.%), which indicates that
8 wt.% reinforced composite has the best tribological
characteristics among all the fabricated composites.

5. After comparing the overall results using Taguchi DOE
approach, the minimum wear rate was obtained for slid-
ing velocity 1.047 m/s, fly ash content 8 wt.%, and nor-
mal load 15 N.
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