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ABSTRACT

A six-layered Al/Alz03 functionally graded composite material
(FGCM) was successfully fabricated via powder metallurgy (PM),
with each layer approximately 1.5 mm. thick. The influence of
varying Al:03 volume fractions on the microstructure, hardness and
tribological properties (wear rate, specific wear rate, relative wear
resistance and coefficient of friction) was systematically evaluated.
Grey Relational Analysis (GRA)was effectively utilized for multi-
criteria optimization, revealing that, relative wear resistance
significantly influences the wear stability of the FGCM. Optimal
performance was achieved at an intermediate Al/ Al:03 fraction
(e.g., 30%), resulting in notably enhanced wear resistance. The
study demonstrates the efficacy of integrating PM fabrication and
GRA optimization in producing FGCMs suitable for demanding
applications in automotive and aerospace industries.

© 2025 Published by Faculty of Engineering

1. INTRODUCTION

Functionally Graded Composite
(FGCM) represents a cutting-edge class of
composite materials, engineered to exhibit
variations in

continuous and gradual

homogeneous materials composed of similar
constituents, offering enhanced performance

Materials and functionality [2-4]. FGCM exhibits

continuous and smooth variations in
mechanical properties, including Young's
modulus, Poisson's ratio, shear modulus, and

composition, structure, and properties [1]. Upon density, in preferred directions [5-6].

knowingly designing gradients
directions or orientations, FGCM outperforms

specific Researchers have developed functionally
graded materials to address the increasing

567


mailto:pragyansenapati@soa.ac.in
https://orcid.org/0000-0002-5656-8805
https://orcid.org/0000-0003-2670-6530
https://orcid.org/0000-0002-6511-3220
https://orcid.org/0000-0002-7966-6424

Aravind Tripathy et al, Tribology in Industry Vol. 47, No. 3 (2025) 567-582

demand for materials that offer multiple
functionalities and can perform well in
challenging environments, such as those found
in aerospace applications [7]. The outstanding
stiffness-to-weight ratio of functionally graded
materials has contributed to their widespread
adoption. Current research priorities include
developing efficient, cost-effective methods for
bulk production [8-9]. Among most popular
assembly procedures like powder metallurgy
(PM), solid freeform fabrication, laser cladding,
selective laser sintering, 3-D printing and
selective laser melting etc. one may opt for a
process depending on various factors (i.e.
material compatibility, desired property
gradient, part geometry and complexity,
production volume, processing capabilities,
post-processing requirements, environmental
impact) the most prominent among them being
the cost factor [10-12]. Alumina (Al;0s3) is a
commonly used ceramic reinforcement in
functionally graded composites due to its
exceptional hardness, wear resistance, and
thermal stability [13]. The addition of alumina
particles to the aluminium matrix has been
found to dramatically enhance the hardness and
sliding wear resistance of these composites [14-
16]. The hard alumina particles act as load-
bearing components, effectively increasing the
overall hardness and wear resistance of the
functionally graded material [17-18]. The
gradual increase in alumina content from the
metal-rich to the ceramic-rich regions of the
composite provides a smooth transition in
mechanical properties, contributing to its
improved tribological performance [19-20].
Furthermore, the interface between the
Aluminium and Alumina in the functionally
graded composite plays a crucial role in
determining the wear characteristics. A strong
interfacial bond between the matrix and the
reinforcement ensures efficient load transfer,
preventing the pullout or fracture of the hard
ceramic particles during wear [21-22].

Applications of FGCM: These engineered
materials have found multiple fronts of
application, right from aerospace to modern
electronics (computer hardware and robotics
etc.), with the aim of optimizing the use of
available materials' inherent properties. These
materials are used in a range of applications,
including aerospace engineering (aircraft and
spacecraft), biomedical devices (implants),
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industrial equipment (heat exchangers, engine
components), and energy applications (fusion
reactors). Metal-ceramic composites are
among the most common FGMs, where the
ceramic portion offer excellent thermal barrier
characteristics while the metallic portions
offer superior fracture toughness property
[23-24]. Shown below (Fig. 1) the schematic of
the metal-ceramic FGM microstructure.
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Fig. 1. Schematics of
microstructure.

Enlarged view A typical Metal
of a Metal Ceramic FGM
Ceramic FGM

Metal-Ceramic FGM

These engineered materials (FGMs) commonly
involve two phases of isotropic materials,
although many material configurations are
possible; typical components include metal
alloys like magnesium, Aluminium, Copper,
Titanium, Tungsten, and Steel and advanced
ceramics such as Zirconia, Alumina, Silicon
Carbide, and Tungsten Carbide.

In summary, the incorporation of hard and
wear-resistant alumina particles into the
aluminum matrix, along with the functionally
graded structure, significantly enhances the
hardness and wear resistance of these
composites. Here through this endeavor, the
authors have tried to address the parametric
process effect on the fabrication of Al-Alumina
FGCM using uniaxial hot press following the
powder metallurgy route (particle size, mixing
the different constituents, volume fraction of
reinforcement (Alumina) in the mixture, and
pressing parameters playing the key role).

Thus Al-Al,0; FGCM samples were fabricated
using the PM route as illustrated in Fig. 2 below.
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Stages of the Powder Metallurgy Process
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Fig. 2. Schematic view of powder metallurgy process
with hot press used for sample fabrication.

To investigate the tribological performance of
these composites, key process parameters such
as speed, load, time, and percentage of Al,03
reinforcement based on their influence on wear
characteristics, has been selected as identified in
prior studies [25-27]. These parameters were
systematically varied to optimize wear rate,
specific wear rate, relative wear_resistance, and
coefficient of friction (COF), with the goal of
identifying optimal conditions for enhanced
tribological performance.

To efficiently explore the effects and interactions
of these parameters, the Taguchi’s Lis orthogonal
array design with spindle speed (300, 350, 400,
450 RPM), load (30, 35, 40, 45 N), and fixed levels
of time (30 minutes) and Al,0z reinforcement
(30%) has been employed (Table 1).

Table 1. Process parameters at different levels.

Level [ Sample Speed Load | Relative Sliding
Sintering Speed
Temp (°C)

300 30
350 35

1 400 400 40 0.52m/s
450 45
300 30
350 35

2 450 400 40 0.52m/s
450 45

Taguchi’s Lis orthogonal array design has been
utilized considering the various point
boundaries combined with the above-stated
parameters, which has not been referred to
earlier in the past works [28]. Unlike previous
studies [28], which did not apply this design to
the specific combination of parameters and
boundary conditions for Al-Al,0; FGCM, our
approach ensures a robust and systematic
evaluation of tribological properties.

The Grey relation analysis (GRA) approach has
been adopted in the present work in
proceeding fabrication parameters of Al-Al;03
FGCMs. Thus, by applying Taguchi’s L1s plan of
design [26-27], it is to confirm the engineered
material has achieved the desired quality and
reliability through the established process
route, which can be universally accepted for
greater challenges in the field of science and
technology.

2. MATERIALS AND METHODS

From available research papers it is clearly
understood that for the various advantages of
Al-Al;O3  functionally graded composite
materials, it has a great demand as well as
future prospects among the advanced
engineered materials, which is still evolving.
As an important material for engineering
applications, wear characteristics plays a very
vital role in defining the overall life and
stability of the component or assembly, and
the wear property can be tailored as per
requirement by altering the composition,
position, and other relevant process
parameters.

The Al-Al;03 samples, which were fabricated
using a uniaxial hot press and sintered at
4009C and 4500°C respectively were subjected
to a wear resistance test in the ceramic
(Al;03)-rich surface for a thirty-minute cycle
on a Ducom’s TR-20 model pin on disc wear
measurement device maintained at room
temperature and with rpm 300, a comparative
sliding speed of 0.52m/s and at three distinct
loads of 30, 35 and 40 Newtons
correspondingly.

In this present work, before conducting the
experiments, many trials were conducted with
varying sintering temperatures to find the best
sintering temperature for such FGCM for low
weight and superior strength application. It
was followed by wear tests which were carried
out with varying speeds, and loads for the best
possible results. After studying the results, an
appropriate set of parameters was selected to
restrict wear characteristic of the Al-Al;03
functionally graded composite material and
also zeroed in on the best temperature at
which the component is to be fabricated in
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order to develop the required material
properties that would eventually restrict wear
to the optimum level. With each experimental
set up, four sets of trials were carried out. For
detailed analysis the average value of the
above trials was considered. For each set of
trials, a new tool was used so that the tool
wear condition was as minimal as possible.

2.1 Experimental procedure of wear test

Ducom’s pin-on-disc machine, (Fig. 3) Model:
TR-20, Wear & Friction Monitor was used for the

dry sliding wear tests for different number of
specimens as per ASTM G99 [29].
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Fig. 3. Schematic view of the pin-on-disk machine set up.

A notable feature of this machine is its
interchangeable setup, allowing for a quick
transformation from a rotary tribometer to a
linear reciprocating tribometer in less than
two minutes. Precise motion control and
customizable movement options provide
added flexibility. This machine boasts an
innovative  design, enabling effortless
conversion between rotary and linear
reciprocating tribometer configurations within
minutes. Advanced motion control and
versatile movement options further enhance
experimental capabilities. Wear characteristics
are determined by the following calculation:

Area (A) = Tir?

Volume loss = Area x height loss

Wear rate = volume loss / distance slid
Wear resistance « 1/ wear rate

Specific wear rate=wear rate / load
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2.2 Design of experiments

By studying various available literatures and
with the reference to the outcomes of the trials
in this specific area, the independent process
parameters were identified and using Minitab
software, an experiment was designed by
applying fundamentals of the Taguchi Li¢ design
of experiment [29]. The process variables with
its limits were tabulated below in Table 2. The
process parameters at 400°C and 4500C sample
sintering temperature are given in Table 3 and
Table 4 respectively.

Table 2. Process variables and its limits.

Variation of Sintering Spindle speed | Load (N)
Variable | Temperature (°C) (RPM)
1 400 300 30
2 450 350 35
3 - 400 40
4 450 45

Table 3. Process parameters at sintering temperature
of 4000C.

Factors Parameters Level-1
Sintering
A temperature (°C) 400 | 400 | 400 | 400
Spindle speed
B (RPM) 300 | 350 | 400 | 450
C Load(N) 30 35 40 45

Table 4. Process parameters at sintering temperature
of 4500C.

Factors Parameters Level-1
Sintering
A temperature(°C) 450 | 450 | 450 | 450
Spindle speed
B (RPM) 300 | 350 | 400 | 450
C Load(N) 30 35 40 45

2.3 Optimization technique
relational analysis (GRA)

using Grey

GRA stands out as a user-friendly optimization
technique, ideal for addressing problems with
incomplete, ambiguous, or undefined data, as well
as multiple inputs. The GRA follows various
equations as depicted below (Eq1-9). The "grey"
concept bridges the gap between unclear
("black") and clear ("white") information. The
optimization process using the GRA technique
follows the following steps:
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2.3.1 Data pre-processing / data normalization

In the pre-processing phase, the “smaller the
better” approach was (Eq.2) adopted for
normalizing the experimental data and
enumerated below, and the values lie between
zero (insignificant information) and one
(significant information).

2.3.2 Tabulation of grey relational coefficient

For each of the normalized values obtained a
grey relational coefficient was found by using
(Eqg. 5) as described below.

2.3.3 Tabulation of grey relational grade

By taking the average of all grey relational
coefficients (Eq. 9), the grey relational grade was
obtained.

2.3.4 Optimal process parameter assessment

Optimal process parameters were calculated
using Taguchi analysis of variance.

2.4 Data normalization / data pre-processing

Data normalization reduces inconsistencies in
the data, accounting for varying ranges and units
among performance characteristics. This step is
crucial in data preprocessing. Normalization
methods depend on the original sequence's set
point value. Normalization is applied to reduce
data inconsistencies, addressing differences in
range and units. This initial data pre-processing
step extracts analogous series from the original
experimental data. Depending on the set point
value, three normalization approaches exist. For
sequences with infinite set points, a 'larger-the-
better' characteristic is applied (Eq. 1).

. _ x2(k)-minx? (k)
x; (k) = maxx) (k)—min x{ (k)

1)

Nevertheless, using the ‘smaller the better’
principle, the original sequence could be
normalized as follows (Eq. 2):

max x?(k)— x? (k)

maxx (k)—minx? (k)

%1 () = @

The original sequence can be normalized if it has
a definite set point value with following (Eq. 3):

" x; (k)—x°
xi(k)=1- mlaxx?(k)—lx0 (3)
However, normalization can be achieved
through simple agreement and the greatest
elementary  process of  standardization,
presented as follows (Eq. 4):
« x} (k)
xi (k) = 2o 4)

In the above equation, x? (k) denotes the original
sequence of the performance characteristic, x; (k),
pointing out the normalized sequence max x; (k)
is the maximum magnitude of x (k) and the least
x; (k) being the minimum magnitude of x? (k) and
x0 are the recent preferred magnitudes.

2.5 Grey relational analysis coefficient and
grade evaluation

The Grey Relational Analysis procedure begins
with determining the Grey Relational Coefficient
based on the normalized database. Then, with the
help of this Grey Relational Coefficient, a Grey
Relational Grade is established. By this process, we
not only measure the relevancy of the two systems
but also establish a relationship between them.
Thus, the method of calculating the grey relational
coefficient {(k) is established as follows (Eq. 5):

_ Amin"‘EAmax

E(k) B AOi(k) +§Amax (5)
In Eq. (6), the difference between the original
sequence x(k) and the sequence after
normalization x; (k) is denoted by Ag; this concept
is also termed as the deviation sequence, with '€’
being the distinguishing coefficient. It's worth
noting that a smaller € value is associated with
higher distinguishing significance. The formula for
minimum and maximum deviation sequence is
given in Eq. 7 and Eq. 8 respectively. In general, § =
0.5 is usually considered.

Agi= ||x5 (k) — xP (k) (6)
min= ;v 00 =5 ®|

max max

A =—
max - vjei vk

x(k)—x; ()| (8

The grey relational grade is calculated by taking
the average of the grey relational coefficients
derived earlier, utilizing the Eq. 9 shown below:
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yi=-3r &) 9)

The schematic flow process chart for this
experiment is given below in Fig. 4.
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Fig. 4. Schematic view of the Methodology used.

3. A BRIEF DESCRIPTION ABOUT
APPARATUS USED

3.1 Hardness tester

A device used to measure the hardness of the
fabricated Al/Al;0;z composite materials. The
hardness tester will help evaluate the mechanical
properties of the composite, which is crucial for
experiencing its potential applications.

3.2 Test specimens

Samples of the fabricated Al/Al;03 composite
materials prepared for various tests, such as
hardness, tensile strength, and microstructural
analysis. These specimens will be used to
evaluate the properties of the composite and
validate the effectiveness of the GRA technique.

3.3 Microscope

An optical or electron microscope used to
examine the microstructure of the fabricated Al/
Al;03 composite materials. The microscope will
help analyze the distribution of Al,03 particles,
porosity, and other microstructural features that
affect the properties of the composite.
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3.4 Calibration standards

Reference materials or standards used to
calibrate the hardness tester, microscope, and
other equipment used in the fabrication and
testing of the Al/ Al,03; composite materials.
Calibration standards ensure the accuracy and
reliability of the test results, which is crucial for
validating the GRA technique.

3.5 Scanning electron microscope (SEM)

A high-resolution imaging tool used to examine the
microstructure and morphology of the fabricated
Al/ Al;03 composite materials. The SEM will help
analyze the distribution of Al,0O3 particles, porosity,
and other microstructural features that affect the
properties of the composite.

3.6 Sample preparation equipment

Machines and tools used to prepare the Al/ Al;O3
composite samples for SEM analysis, such as
cutting, polishing, and coating. Proper sample
preparation is crucial for obtaining high-quality
SEM images and accurate microstructural analysis.

3.7 Detector

A device used in conjunction with the SEM to
detect and analyze the signals generated by the
interaction between the electron beam and the
sample. The detector will help gather information
on the composition, crystal structure, and other
properties of the Al/ Al,O3; composite materials.

3.8 Safety equipment

Protective gear and devices used to ensure the
safety of personnel involved in the fabrication of
Al/ Al,O3 composite materials using the GRA
technique. This includes gloves, goggles, face
masks, and other personal protective equipment
(PPE) to prevent injury from chemicals, particles,
and equipment.

3.9 Power supply

A device that provides the necessary electrical
power to operate uni-axial hot compression
mold, the equipment used in the PM process to
fabricate the FGCM by using the established GRA
technique. A stable and reliable power supply is
crucial for maintaining consistent processing
conditions and ensuring the quality of the
fabricated composite materials.
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4, RESULTS AND DISCUSSIONS
4.1 Microstructure and hardness

Observations from Fig. 5 (a), (b) and (c) and Fig. 6
reveal that the joined material exhibits a layered
microstructure, characterized by an Al matrix
phase and uniformly distributed Al,O3 phases.
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Fig. 5. (a), (b) Optical images of the Al/Al203 FGM
microstructure, (c¢) FESEM image of Al/Al.03 FGM-
depicting microstructural analysis.

| 90% Al - 10% AlI203 layer l

I 80% Al - 20% Al203

100% Al only layer

| 90% Al - 10% AI203 layer

Fig. 6. FESEM image of Al/ Al203 FG sample showing
layers with different compositions.

Figure 7 illustrates the hardness variation across
different layers of the FGM sample, revealing a
significant increase in hardness due to the
presence of Al;O3 particulate reinforcement. The
hardness rises from 352 HV in the 100%
Aluminum layer to 74.8 HV in the 50% Al and 50%
Al,03 layer. The micro-hardness of the FGM
sample increases steadily from 35.2 HV to 74.8 HV
across the layers, with a notable 33% rise in the
second layer containing 10% Al;0s. This trend
indicates strong interfacial bonding between the
Aluminum matrix and Alumina particles. As shown
in Figure 6, the hardness of the FGM sample varies
significantly across the layers, with a substantial
increase attributed to the addition of Al,O3
particulate reinforcement. The hardness increases
by 33% in the second layer and continues to rise
steadily, indicating enhanced interfacial bonding.

80

| ™ sintered at 450 degrees
" M sintered at 400 degrees

Micro Hardness (HV)

Layers

Fig. 7. Micro hardness values of the FGM sample at
individual layers.

4.2. Analysis of wear rate

The fabricated samples were sintered at 400°C and
4500C respectively. Dry sliding wear behavior of
the composite were studied [30]. The wear
resistance of the samples was evaluated using
Ducom’s (Model-RT-20) pin-on-disc wear tester.
The test parameters included a 30-minute
duration, 300 rpm, 0.52 m/s sliding speed, and
loads of 30, 35, and 40 N at ambient temperature.
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For the above mentioned, fabricated samples, the
rate of wear increases, while resistance to wear
decreases with an increase in load (Tables 5 & 6).

Table 5. Wear test data for sample sintered at 400 °C.

Load | COF Wear Specific Wear Wear
(N) (W Rate Rate Resistance
(mm3/m) (mm3/N-m)
30 0.077 0.1204 0.0041 8.3132
35 0.067 0.1234 0.0035 8.1053
40 0.059 0.1265 0.0032 7.9076

Table 6. Wear test data for sample sintered at 450 °C.

Load COF Wear Rate Specific Wear
N) (W (mm3/m) Wear Rate Resistance
(mm3/N-m)
30 | 0.0774 | 0.1235 0.0042 8.1054
35 | 0.0677 | 0.1295 0.0037 7.7193
40 | 0.0605 | 0.1357 0.0034 7.3684

In Fig. 8, the variation of wear rate with respect to
COF and load has been plotted. Fig. 9 and Fig. 10
depict the surface plot (wireframe) and contour
plot of wear rate with respect to COF and load for
the sample sintered at 4000C respectively.

0.126

Wear Rate(mm3/m) 0.124

0.122 £
/70075
/7 0070
i /oo

= =4 4060
Load(N) “

Fig. 8. Surface Plot of Wear Rate vs COF and Load for
the sample sintered at 400°C.

3 i

2
0.120 COF(y)

00020 {

00036

Specific Wear Rate
(mm3/N-m)}

00032

30

Load(N) 40

Fig. 9. Surface Plot (Wire-frame) of Specific Wear
Rate (mm3/m) vs CoF and Load for the sample
sintered at 400°C.
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Fig. 10. Contour Plot of Wear Rate vs COF and Load
for the sample sintered at 400°C

For the fabricated samples-the rate of wear
increases, while resistance to wear decreases
with an increase in load. Results showed that the
friction coefficient and wear rate were highly
influenced by load [31]. In Fig. 11 the variation
of wear rate with respect to COF and load has
been plotted. Fig. 12 and Fig. 13 depict the
surface plot (wireframe) and contour plot of
wear rate with respect to COF and load for the
sample sintered at 450°C respectively.

0.135

Wear Rate (mm3/m§.130

0.125
0.075

0.070

0.120 COF (1)
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35
Load (N) 40

Fig. 11. Surface Plot of Wear Rate vs COF and Load
for the sample sintered at 4500C.
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0075

Fig.12. Surface Plot (Wire-frame) of Specific Wear
Rate vs CoF and Load for the sample sintered at
4500C.
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Fig. 13. Contour Plot of Wear Rate vs CoF and Load
for the sample sintered at 450°C.

A decrease in the coefficient of friction implies the
material becomes less resistant to sliding motion
at higher loads. This could be due to factors like
increased contact area, a rise in temperature, or
changes in the lubrication regime.

Wear rate increases as higher loads generally
lead to increased wear. The material is subjected
to greater stress, which can accelerate wear
mechanisms like abrasion, adhesive wear, and
fatigue.

An increase in specific wear rate, often caused
by changes in wear mechanisms or oxide layer
formation, indicates a decrease in wear
resistance, making the material more
susceptible to wear at higher loads.

Apart from it aspects like material properties
and operating conditions such as lubrication,
surface finish, humidity, temperature, presence
of contaminants etc, can impact wear. The
results demonstrated that increased applied
load and sintering temperature result in higher
wear rates and lower wear resistance.
Supporting data, including a time vs wear plot
and friction graph, are provided (Fig. 14) for a
sample sintered at 4500C.

45
40
35
30
25

20
15
10

mmm Wear (Microns) s FF(N) e Time (Seconds)

Fig. 14. Wear and friction vs. time plot for the
sintered (450°C) sample.

After conducting the wear test on the said sample
(sintered at 450°C) at 40 N load conditions, FESEM
images (Fig. 15) as well as (Fig. 16) were analysed.

The wear pattern of the sample was examined
through imaging, and the FESEM image reveals
evidence of abrasive wear, characterized by
plough marks that follow the sliding direction.

20 um* EHT =10.00 kv
WD = 6.9 mm

Signal A = InLens
Mag= 500X

Date :16 May 2019 ZEISS
Time :12:51:47

G

Signal A = InLens
Mag= 113X

100 um* EHT =15.00 kV
WD = 7.1mm

Date :16 May 2019 ZEISS
Time :12:49:15

(b)

100 ym* EHT =10.00 kV
WD = 69mm

Signal A = InLens
Mag= 250X

Date 16 May 2019 ZEISS,
Time :12:50:51

()
Fig. 15. (a), (b), (c) FESEM images of the worn-out
sample sintered at 450°C.
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100 um* EHT =10.00 kV
WD = 8.9 mm

Signal A = InLens
Mag= 250X

- P
P e o 47
Date :16 May 2019 ZEISS|
Time :12:50:58

20 pm* EHT =10.00 kV
WD = 6.9mm

Signal A = InLens
Mag= 500X

(b)
Fig. 16. (a), (b) Detailed FESEM images of worn
sample surface after wear test.

T 2 Sl
Date :16 May 2019
Time :12:51:17

4.3 Analysis of coefficient of friction

Table 7. Two-way ANOVA against COF.

Source of DF | SS MS F p-Value
Variation

Speed 3 |0.18 | 0.06 3 0.0471
Load 3 102 0.067 | 3.33 0.0345
opf;‘;:(‘)‘:‘;%‘;\) 1 o2 |02 |1 0.3263
Speed*Load 9 | 012 | 0.013 | 0.67 0.7432
Speed*PA 3 |0.01 | 0003 | 0.17 0.9183
Load*PA 3 |0.01 | 0003 | 0.17 0.9183
Error 16 | 0.32 | 0.02 - -
Total 38 | 1.04 | - - -

DF - Degree of Freedom; SS: Sum of Squares due
to the source; MS: Mean of Squares due to the
source; F value: ratio of the mean square of the
independent variable to the mean square of the
residuals; p-Value: probability of getting the
observed F value, (The p-values indicate the
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probability of observing the test results under
the null hypothesis).

Main effects -The two-way ANOVA table (Table
7) indicates that both speed and load have a
significant effect on the coefficient of friction (p
= 0.0471 and p = 0.0345, respectively). This
suggests that changes in speed and load result in
statistically significant changes in coefficient of
friction and that the percentage of alumina (PA)
does not contribute to the variation in coefficient
of friction.

Speed -The F-statistic for speed is 3.00, which
indicates that the variation in coefficient of friction
due to speed is three times larger than the
variation due to random error. The p-value of
0.0471 indicates that the probability of observing
this result by chance is less than 5%. Therefore, we
can conclude that speed has a statistically
significant effect on the coefficient of friction.

Load - The F-statistic for Load is 3.33, which
indicates that the variation in the response
variable due to Load is 3.33 times larger than the
variation due to random error. The p-value of
0.0345 indicates that the probability of observing
this result by chance is less than 5%. Therefore, we
can conclude that Load has a statistically
significant effect on the response variable.

Interaction effects - The two-way ANOVA table
also indicates that there are no significant
interactions between speed and load, speed and
PA, or load and PA. This suggests that the effects
of speed and load on the coefficient of friction do
not depend on the level of the other factor.

PA - The F-statistic for PA is 1.00, which
indicates that the variation in the coefficient of
friction due to PA is equal to the variation due to
random error. The p-value of 0.3263 indicates
that the probability of observing this result by
chance is greater than 5%. Therefore, we can
conclude that PA does not have a statistically
significant effect on the coefficient of friction.

Error - The error term in the ANOVA table
represents the variation in the response
variable that cannot be explained by the
factors. The mean square error (MSE) is 0.02,
which indicates that the average variation in
the coefficient of friction due to random error
is 0.02.
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4.4 Tribological analysis (input parameters
and performance characteristics)

In this tribological analysis, rate of wear, specific
wear rate, relative resistance to wear and the
frictional coefficient values with different
parameter settings have been listed in Table-5 and
Table-6. The GRA method was successfully used to
optimize the wear characteristics of the Al/Al>O3
functionally graded composite material, and
subsequent ANOVA analysis revealed the most
critical parameters influencing wear behaviour
and confirmed the accuracy of the model [32-33].

4.5 Grey relational analysis

The values for wear rate, specific wear rate,
relative wear resistance, and coefficient of
friction values have been recorded for further
evaluation in tables 5 and 6, respectively. GRA,
as described in section 2.3, was carried out using
the above data. The process output
characteristics were normalized (Ref. Table 9)
with the smaller the better approach using Eq.-2.

Further using Eq.-5, the grey relational coefficient
was calculated and the corresponding GRG and
rank values were listed in Table-11. GRG for

Experiment-1 was calculated to be 0.811, which
showed optimal parameter setting to obtain the
optimum result among all the experiments
conducted.

With the aid of Minitab software, a response
table from the GRG data and input process
parameters was generated. The "higher-the-
better" methodology was subsequently applied
to identify the optimal values for each input
parameter. A rank of the settings was calculated
based on the value of A (A was the difference
between maximum and minimum input values).
Thus, in the tribological analysis of the new
FGCM developed using Aluminium and Alumina,
speed was the most influential factor (as
indicated in the ranking), followed by load.
Based on the process output with reference to
corresponding parametric conditions obtained
from the experiment (Table 8), the optimal
process parameters should be 300 m/s speed
with 30 N loads, respectively.

According to the response plots (Figs. 8-13),
reducing speed and load leads to improved grey
relational grades. Although all inputs yield
grades above 0.8, speed is identified as the most
critical parameter in minimizing wear rate.

Table 8. Process output with reference to the corresponding parametric conditions.

Expt. No. Speed Load Time Dia WR SWR RWR CoF
1 300 30 30 5 0.1203 0.004 8.313 0.071
2 300 35 30 5 0.1234 0.0035 8.105 0.067
3 300 40 30 5 0.1265 0.0032 7.908 0.060
4 300 45 30 5 0.1293 0.0028 7.740 0.051
5 350 30 30 5 0.1232 0.0038 8.323 0.065
6 350 35 30 5 0.1254 0.0033 8.131 0.062
7 350 40 30 5 0,1272 0.0032 7.943 0.055
8 350 45 30 5 0.1304 0.0028 7.755 0.048
9 400 30 30 5 0.1273 0.0038 8.331 0.062
10 400 35 30 5 0.1288 0.0035 8.139 0.056
11 400 40 30 5 0.1293 0.0033 7.956 0.053
12 400 45 30 5 0.1328 0.0029 7.773 0.050
13 450 30 30 5 0.1308 0.0039 8.342 0.057
14 450 35 30 5 0.1306 0.0035 8.151 0.054
15 450 40 30 5 0.1318 0.0033 7.974 0.051
16 450 45 30 5 0.1361 0.0029 7.797 0.048

Max 0 0.1361 0.004 8.342 0.071
Min 0 0.1203 0.0028 7.740 0.048

The results of 16 experiments investigating the
effects of speed, load, and time on wear rate,

specific wear rate, relative wear resistance, and
CoF have been demonstrated in Table 8.
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The experiments were carried out at distinct
speeds (300, 350, 400, and 450 RPM), loads (30,
35,40, and 45 Newton), and times (30 minutes).

Crucial outcomes

e Wear rate and specific wear rate increase
with increasing load and speed.

e Relative wear resistance decreases with
increasing factors i.e., load and speed.

o CoF decreases with increasing value of factor
load and speed.

e The highest wear rate (0.13605 m*®/m) and
lowest coefficient of friction (0.0483) were
observed at the highest speed (450) and load
(45).

e The lowest wear rate (0.1203m3®/m) and
highest coefficient of friction (0.0707) were
observed at the lowest speed (300) and load
(30). The results suggest that increasing
speed and load lead to increased wear and
decreased wear resistance, while also
affecting the coefficient of friction. These
findings can help in the design and
optimization of the tribological systems.

The data in Table 9 has been normalized to a scale
of 0 to 1, representing the minimum and maximum
values, respectively, for wear rate, specific wear
rate, relative wear resistance, and COF.

Note: CoF: Coefficient of Friction; WR: Wear Rate
(m3/m); SWR: Specific Wear Rate (mm?®/N-m);
RWR: Relative Wear Resistance (per kg or per m?)

Crucial outcomes

e Wear rate and specific wear rate exhibit
similar distribution patterns, with values
spanning from O to 1.

e In contrast, relative wear resistance shows
greater variability, ranging from 0.11 to 1,
while COF displays less variability, with
values between 0.01 and 0.96.

e The normalized results allowed for a
comparison of the different parameters on
the same scale. The wear rate and specific
wear rate showed similar distributions, while
the relative wear resistance and COF showed
distributions that were more distinct.

e This could help identify patterns and
correlations between the parameters.

Table 10 here presented the deviation sequence
of wear rate, specific wear rate, relative wear
resistance, and coefficient of friction (COF). The
values represented the difference between each
data point and the minimum value.

Table 10. Deviation sequence of performance
characteristic values.

WR SWR RWR COF
Table. 9. Normalized performance characteristic values. 0 1 0.048 0
0.197 0.6 0.393 0.16
WR SWR RWR COF
1 0 0952 1 0.394 0.36 0.722 0.486
0.803 0.4 0.607 0.84 0.571 0.04 1 0.895
0.606 0.64 0.278 0.51 0.181 0.8 0.032 0.267
0.429 0.96 0 0.11 0.324 0.48 0.351 0.412
0.819 0.2 0.968 0.73 0.435 0.32 0.664 0.706
0.676 0.52 0.649 0.59 0641 0 0976 1
0.565 0.68 0.336 0.29 0.444 0.84 0.018 0392
0.359 1 0.024 0 : - : :
0.556 0.16 0.982 0.61 0.54 0.56 0.337 0.675
0.46 0.44 0.663 0.33 0.571 0.4 0.641 0.808
0.429 0.6 0.359 0.19 0.794 0.08 0.945 0.942
0.206 0.92 0.055 0.06 0.667 0.88 0 0.626
0.333 0.12 1 0.37 0.651 0.6 0.318 0.748
0.349 0.4 0.682 0.25
0.73 0.44 0.612 0.871
0.27 0.56 0.388 0.13
0 0.88 0.094 0.01 1 0.12 0.906 0.993
Max 1 1 1 1 Max 1 1 1 1
Min 0 0 0 0 Min 0 0 0 0

578




Aravind Tripathy et al, Tribology in Industry Vol. 47, No. 3 (2025) 567-582

Crucial outcomes

o Wear rate and specific wear rate seem to have
similar deviation sequences, with a maximum
and minimum deviation of 1 and 0 respectively.

e Relative wear resistance had a more varied
deviation sequence, with a maximum deviation
of 1 and a minimum deviation of 0.018.

e COF had a relatively consistent deviation
sequence, with a maximum deviation of 0.993
and a minimum deviation of 0.04.

e The deviation sequence analysis highlights
the spread of each parameter from its
minimum value.

o The wear rate and specific wear rate have
similar spreads, while the relative wear
resistance and COF had more distinct spreads.

This can help identify patterns and correlations
between the parameters.

Table 11. Grey relational coefficient with

corresponding rank.
WR SWR | RWR | COF | GRG | Rank

1 0.333 | 0.912 1 0.81 1

0.718 0.455 0.56 | 0.76 | 0.62 3
0.56 0.581 | 0.409 | 0.51 | 0.51 9
0.467 0.926 | 0.333 | 0.36 | 0.52 8
0.734 0.385 | 0.941 | 0.65 | 0.68 2
0.607 0.51 0.587 | 0.55 | 0.56 5

0.535 0.61 0.43 042 | 0.5 10

0.438 1 0.339 | 0.33 | 0.53

~N

0.529 0.373 | 0965 | 0.56 | 0.61 4

0.481 0.472 | 0.597 | 0.43 | 0.49 11
0.467 0.556 | 0.438 | 0.38 | 0.46 14
0.387 0.862 | 0.346 | 0.35 | 0.49 12

0.429 0.362 1 0.44 | 0.56 6

0.434 0.455 | 0.611 0.4 | 048 13

0.406 0.532 0.45 0.37 | 0.44 16

0.333 0.806 | 0.356 | 0.34 | 0.46 15

Wear rate and specific wear rate

e The wear rate (m3/m) and specific wear rate
(mm3/N-m) values vary across the samples,
indicating differences in wear resistance.

e Samples 1, 10, and 12 exhibit relatively low
wear rates and high specific wear rates,
suggesting better wear resistance.

Relative wear resistance

e The relative wear resistance values (/kg or
/m3) show a range of performance, with
Samples 1, 10, and 12 ranking high.

e This suggests that these samples have
improved wear resistance compared to others.

e COF (Coefficient of Friction):

e (COF wvalues range from 0.33 to 0.81,
indicating varying frictional properties.

o Lower COF values typically indicate reduced
friction and wear.

GRG (Grey relational grade)

e GRG values range from 0.455 to 1, indicating
differences in surface gloss and smoothness.

e Higher GRG values typically indicate better
surface finish.

Rank

e The rank column suggests an overall
performance ranking, with Sample 1 ranking
highest.

e This ranking considers a combination of
wear rate, specific wear rate, relative wear
resistance, COF, and GRG.

Trends and observations

e Samples with lower wear rates and higher
specific wear rates tend to have better relative
wear resistance and lower COF values.

e Improved surface finish (higher GRG) may
contribute to better wear resistance and
reduced friction.

5. CONCLUSIONS

Al/Al;03 FGCM samples with a density ranging
more than 90% were fabricated using uniaxial
hot press at varied sintering temperatures
with desired layers and compositions. It was
observed that the layers in the sintered sample
were well stacked and discrete, confirming
uniform gradation. Hardness was measured at
each individual layer of each sample, and it
showed different values, and it showed a
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gradual increase corresponding to the increase
in Al;03 reinforcement. For a 40N applied load,
the FGCM samples (sintered at 4009C and
4500C respectively) exhibited wear rates of
0.1265 & 0.1357 mm3/m respectively, which
implied wear rate increased with the rise in
sintering temperatures. The effects of load,
sliding speed, and alumina weight percentage
on the dry sliding wear of aluminum-based
FGCMs were investigated using the Taguchi
method.

Key findings of the been
summarized underneath:

study have

a. The wear rate was primarily influenced by
load and sliding speed, with increasing
load leading to a substantial rise in wear
rate, while higher sliding speeds resulted
in a moderate decrease. The results
showed that load had a significant impact
on wear rate, with increased load leading
to increased wear. In contrast, sliding
speed had a moderate effect: with higher
speeds, the wear rate reduced.

b. The study found that the coefficient of
friction was strongly affected by load,
sliding speed, and alumina content.
Specifically, increased load led to a
significant rise in friction coefficient, while
higher sliding speeds resulted in a
moderate decrease.

c. The findings indicated that wear rate and
friction coefficient were influenced by load
and sliding speed. Increased load led to
higher wear rates and friction coefficients,
whereas higher sliding speeds had the
opposite effect. Thus, it may be concluded
that load and sliding speed were critical
factors influencing wear rate and friction
coefficient. Increased load resulted in
increased wear and friction, while higher
sliding speeds led to decreased wear and
friction.
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