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Abstract

In this investigation, aluminum alloy (AA2024) composite
reinforced with ceramic particulates, namely alumina
(Al2O3) and aluminum nitride (AlN), were designed and
fabricated through a semi-automatic stir casting route. The
ceramics are added complementary (0–4 wt% @ step of
1%), resulting in five composite specimens, namely ON04,
ON13, ON22, ON31, and ON40. The composite specimens
are then analyzed for their densities, mechanical, and tri-
bological behavior (steady-state sliding wear analysis),
adopting ASTM standards. The Taguchi design of experi-
ment technique was adopted for planning test preliminaries
and input sliding wear operating parameters (like sliding
velocity, sliding distance, normal load, composition, and
environment temperature) optimization using ANOVA.
Worn surface morphology studies were reported using a
scanning electron microscope (SEM) along with energy-
dispersive X-ray spectroscopy (EDS) to understand
prevalent wear mechanisms in real time. Additionally, a
decision-making technique such as the preference selection

index (PSI) system was used to analyze the alloy compos-
ites ranking. The theoretical densities vary 2.784–2.798
g/cc, while actual densities vary 2.539–2.546 g/cc, and
voids fraction vary within the 0.5–9.3 % range. The
hardness varies 71.6–85.4 HRB, impact strength varies
54–170 J, and tensile strength varies 190–265 MPa. The
ranking orders of the significance of input operating fac-
tors are environment temperature[normal load[ sliding
velocity[ reinforcement content[ sliding distance. It has
been found that the alloy composite sample ON22 with an
equal presence of both ceramics exhibits overall optimum
mechanical properties as well as superior steady-state
behavior, which was consistent with the results of the PSI
ranking method.

Keywords: AA2024, alumina, aluminium nitride, alloy
composites, sliding wear, Taguchi method, preference
selection index (PSI)

Introduction

In comparison with other wrought aluminum alloys,

AA2024 was found to have good machining, mechanical,

and tribological properties. Wrought aluminum alloys

reinforced with ceramic particulates have higher stiffness

and mechanical properties, making them suitable for

structural/mechanical/tribological components in automo-

biles, aerospace, machinery, marine, and other industries.1

Numerous research worldwide has been reported in this

direction. A few findings are reported here: Bai et al.2

investigated the wear performance of AA2024 –SiC(15

vol.%) - Mo powder (15 vol.%) and found it to have

superior anti-wear properties to alloys. Kumar et al.3

investigated the sliding wear and mechanical behavior of

Si3N4, AlN and ZrB2-reinforced AA2618 matrix compos-

ites under varying reinforcement (0–8 wt%) and applied

load test conditions. They found that increasing the rein-

forcement content increased mechanical properties while

decreasing the wear rate and friction coefficient. The wear

rate increased, and the friction coefficient decreased mar-

ginally with increasing load. Baradeswaran et al.4 exam-

ined the wear behavior and mechanical properties of
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AA7075/Al2O3 (2, 4, 6, and 8 wt%) / graphite (5 wt%)

hybrid composites. They found tensile strength, flexural

strength, hardness, compression strength, and coefficient of

friction increase with particulate content. Incorporation of

graphite reduced wear in the composites. Kandpal et al.5

observed an increase in hardness and a decrease in ductility

with increasing Al2O3 content in AA6061/Al2O3 composite

system. Hong et al.6 examined the clustering effect on the

mechanical properties of AA2024-SiC (3, 5, 7, or 10

vol.%) alloy composites. They observed that the strength of

composites generally increased with the increasing volume

fraction of the reinforcements. The optimum values

appeared to be 5–7 vol.%, with a cluster volume of about

15–20%. Guo-qing et al.7 investigated the aging and ther-

mal expansion behavior of the Si3N4/AA2024 composite.

They found that aging-treated composites exhibit the best

dimensional stability owing to low internal stress and

strong pining effect on dislocations from finely dispersed

precipitates and high-density tangled dislocations. Abhijit

et al.8 observed enhancement of microhardness and wear

characteristics of tungsten carbide-reinforced AA2024

alloy composites. Pournaderi et al.9 studied sliding wear

characteristics of AA6061–Al2O3 (15–40 vol.%) of size

(37–276 lm). The wear behavior of coarse alumina rein-

forced was found to be better than fine, in general. The 20

vol.% of Al2O3 with a mean size of 150 lm gives optimal

results. Akhlaghi et al.10 studied the dry and oil-impreg-

nated sliding wear behavior of AA2024-graphite (5–20%).

They found that the coefficient of friction for both dry and

oil-impregnated sliding conditions was decreased with an

increase in Gr content and exhibited superior wear prop-

erties over the base alloy. Hosseini et al.11 studied the wear

behavior of AA6061/Al2O3 (0–5 vol.%) composites. They

found 3 vol.% Al2O3 reinforcement exhibits maximum

hardness and optimum wear rate, beyond which hardness

decreases with sharp wear rate. Selvam et al.12 examined

the mechanical properties of AA6061-TiB2 ? Al2O3 (0, 5,

10, and 15 wt.%) alloy composites and reported the highest

magnitudes at 15 wt.%. Iacob et al.13 observed enhance-

ment of microhardness and wear performance in alu-

minium alloys reinforced with graphite and Al2O3

particulates. Sharma et al.14 studied the microstructural,

physical, and mechanical characteristics of AA6082–Si3N4

(0, 3, 6, 9, and 12 wt%) alloy composites. They observed

the presence of Si3N4 particulates in the microstructural

examination. The density, voids content, hardness, and

tensile strength increased with reinforcement while duc-

tility decreased. Umanath et al.15 investigated dry sliding

wear characteristics of hybrid Al alloy composite filled

with 5 and 15 wt.% of (SiC ? Al2O3) particulates. They

observed lower wear loss for a large amount of filler par-

ticles, smaller applied load, minimum rotational speed, and

higher hardness of the counter surface. Devaraju et al.16

investigated AA6061-T6 alloy composite reinforced with

graphite, SiC, and Al2O3 particulates. The hardness was

significantly enhanced as compared to the base alloy. The

presence of SiC with Gr in the alloy has shown more wear

resistance than the presence of SiC with Al2O3 particulates.

Dharmalingam et al.17 investigated the sliding wear char-

acteristics of Al-Si-10Mg alloy reinforced with 2 and 4

wt% MoS2, 5 wt% Al2O3 particulates. They observed a

minimum wear rate for an applied normal load of 30 N,

sliding speed of 4 m/s, and at 4 wt%. MoS2. Kok18

observed significant improvement in the abrasive wear

characteristics of AA2024-30 wt.% Al2O3 alloy compos-

ites. Ozdemir et al.19 investigated the mechanical proper-

ties of AA2017-SiC (5 vol.%)-Al2O3 (15 vol.%) alloy

composites. They observed higher UTS for 15 vol.% fine

SiC than other compositions.

In this investigation, aluminum alloy (AA2024) composites

reinforced with a complementary combination of ceramic

particulates, namely alumina (Al2O3) and aluminum-ni-

tride (AlN) with graphite as additives, were fabricated

through a semi-automatic stir casting route. This research

study aims to improve the overall mechanical properties of

the alloy so that its structural and tribological functionality

can be enhanced. Furthermore, the Taguchi design of

experiment technique was used to optimize parameter

values using ANOVA, and a decision-making tool called

the preference selection index (PSI) method was used to

rank alloy composites.

Experimental Details and Methodology

Materials and Fabrication Procedure

Aluminum alloy AA2024 (supplied by Vijay Prakash

Aero-marine Metals Pvt. Ltd., New Delhi, India) having

copper (4.3–4.5%), manganese (0.5–0.6%), magnesium

(1.3–1.5%), and zinc, nickel, chromium, lead, bismuth

(\0.5%) has been used as base alloy metal matrix20 as

confirmed by Batra Metallurgical & Spectro Station, New

Delhi, is shown in Table 1. The master batch consisting of

a constant fraction of alloy matrix and graphite additive as

a solid lubricant (2 wt.%, supplied by Central Drug House

Private Limited, New Delhi; particle size of 99 lm) was

Table 1. The Compositional Analysis of AA2024 Alloy20

Element: Al Cr Cu Fe Mg Mn Si Ti Zn Pb

Content (wt%): Bal 0.02 4.11 0.21 1.48 0.55 0.33 0.02 0.13 0.01
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reinforced with a complementary combination (0-4 wt.%

@ step of 1%) of alumina (locally supplied by ASES

Chemical Works, Jodhpur, particle size of 30–80 lm; 99%

purity) and aluminum nitride particulates (as supplied by

Triveni Chemicals, Gujarat; particle size of 30-80 lm; 99%

purity); thereby, five compositions were developed, namely

ON04, ON13, ON22, ON31, ON40 (where the first letter

signifies alumina while second letter for aluminum nitride,

first digit proportion of alumina similarly second digit for

aluminum nitride). The properties of materials are shown in

Table 2. A semi-automatic stir-casting (Figure 1a) tech-

nique was used to fabricate the designed formulation. The

cleaned small cut pieces of alloy matrix were melted in

electrical resistance furnaces at *720�C using a graphite

crucible. After that, magnesium powder of * 2 wt% was

added to enhance the wettability of pre-heated (at *700�C
for 3 hrs) (Figure 1b) reinforcements with alloy matrix. To

improve the uniform distribution of the reinforcing phase

in the alloy matrix, an automatic stirrer (made of steel) of

speed = 450 rpm; time = 10 min. was used. The mixture

was held at the same temperature for * 5–10 min. to

maintain consistent melt viscosity and ensure complete

phase change. After this, the mixture was stirred for a while

to mix any segregation and easily poured into a permanent

cast-iron mold (size 150 mm 9 140 mm 9 10 mm); after

that, the molten mixture was allowed to solidify in the open

air at room temperature. After this, specimen samples were

prepared for various characterizations following prevalent

standards using an in-house abrasive cutting machine and

polished using 1000 mesh emery paper simultaneously

(Figure 1c).

Density and Mechanical Characterization

The theoretical density (qct) of the investigated alloy

composites was calculated using Eqn. 1, as proposed by

Aggarwal and Broutman:23

1

wAl2024

qAl2024
þ wAl2O3

qAl2O3
þ wAlN

qAlN
þ wGr

qGr

Eqn: 1

Table 2. Materials Properties Under Investigation21,22

Properties
Materials

Melting point
(�C)

Density (g/
cc)

Tensile strength
(MPa)

Flexural strength
(MPa)

Young’s modulus
(GPa)

Thermal conductivity
(W/mK)

AA2024 500 2.78 185 237 70-80 193

Graphite 3600 2.28 115 50 4.8 24

Aluminum
Nitride

2200 3.26 197-270 320 330 285

Aluminum
Oxide

2702 3.82 260-300 310-379 393 35

Figure 1. (a) Semi-automatic Stir casting, (b) Pre-heating furnace, (c) Sample preparation.

International Journal of Metalcasting/Volume 18, Issue 1, 2024 669



where w and q represent the weight fraction and density,

respectively. The specimens’ actual densities (qce) were

obtained experimentally by a simple water immersion

technique following the Archimedes principle (ASTM

D792). The presence of voids (Vc) in the composite

samples was determined using the following Eqn. 2:24

Vc ¼ qct � qce

qct

Eqn: 2

The tensile strength (specimen dimension of 140 mm 9 12

mm 9 10 mm; the crosshead speed of 2 mm/min.; span

length of 65 mm as per ASTM D 3039-7625 as well as

flexural strength (specimen dimension of 127 mm 9 12.5

mm 9 4 mm; the crosshead speed of 2 mm/min.; span

length of 70 mm as per ASTM D 2344-8425 were evaluated

using UTM of Instron company.

For impact strength (J) measurement, the Charpy V-notch

test (ASTM D-256) was performed on the Charpy Impact

tester machine.25 The sample dimension was 55 mm 9 10

mm 9 10 mm (notch at 45�; 2.5 mm depth). Rockwell

hardness test method using B-scale on Krystal Elmec

Rockwell hardness tester, meant for aluminum alloys as per

ASTM E18,25 was adopted for hardness measurement.

Sliding Wear Tribometer and Surface
Morphology Studies

DUCOM-supplied pin-on-disk tribometer was used to

simulate sliding wear experimental test runs following

ASTM G99, using cylindrical pin-shaped specimens of

dimensions 25 mm (height) 9 10 mm (diameter). The

hardened ground steel (EN-31) disk of hardness 62 HRC

and 0.6 lRa surface roughness was used as a counter-body.

Further, precision electronic balance with an accuracy of ±

1 mg was used to ascertain material loss of pin before and

after the test runs. The tribometer uses WinDucom 2010-

V07 software on a window operating system for proper

machine control as per input parameter level, data acqui-

sition, and post-processing calculations. For the computa-

tion of specific wear rate (mm3/Nm), Eqn. 3 may be used:

Ws ¼ Dm

qtVsF

mm3

Nm

� �
Eqn: 3

where Dm refers to mass loss during a test run (g), q refers

to the density of the composite (g/mm3), t refers to test

duration (s), Vs refers to sliding velocity (m/s), and F refers

to average normal load (N).

The prevalent wear mechanisms of the alloy composites

during sliding wear may be studied with worn surface

micrographs taken with the help of a scanning electron

microscope (SEM) equipped with energy-dispersive X-ray

spectroscopy (EDS) that reveals elemental composition

and its dispersion on the worn surface; the equipment was

supplied by FEI.

Taguchi Optimization Method

Taguchi’s design of experiment methodology was adopted

to (i) simulate experimental runs, (ii) identification of input

control factors, as shown in Table 3, that control the output

response performance, i.e., specific wear rate of alloy

composites, (iii) investigate the order of input operating

factors that actively monitors response performance of the

alloy composites. L25 orthogonal array was adopted for

designing experimental trials and corresponding S/N ratio

and analysis of variance (ANOVA) was computed for

analysis as per methodology. To implement the method-

ology, MINITAB 17 software was used. For the objective

of minimum specific wear rate of alloy composites, the

smaller-the-better S/N ratio characteristic was adopted as

per Eqn. 4:26

Smaller� the� better characteristic :
S

N

¼ �10 log
1

n

X
y2 Eqn: 4

Table 3. Experiment Parameters with Different Levels

Factor Level Unit

I II III IV V

Sliding velocity 0.565 1.132 1.696 2.262 2.825 m/s

Sliding distance 678 1357 2035 2714 3392 m

Reinforcement Composition ON04 ON13 ON22 ON31 ON40 ON series (wt%)

Normal load 10 20 30 40 50 N

Environment temperature 30 35 40 45 50 �C
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where ‘n’ refers to the number of trials, and y refers to the

observed data.

Preference Selection Index Method Procedure

The procedure of the PSI algorithm comprises:27–33

Step 1: Formulation of the decision problem: It includes

input data or information to PSI like ascertaining material

alternatives, selecting factors, and its measures specific to

the application. All these enable goal identification or

finalization. The general hierarchy structure related to the

investigating problem is represented in Figure 2.

Step 2: Determining decision matrix: The multi-alternative

(say m-alternatives) and multi-criteria (say n-criteria) of the
stated problem can be expressed in terms of decision

matrix (say matrix D of m � n order):

C1 C2 � � � Cn

Dm�n ¼

A1

A2

..

.

Am

p11 p12 � � � p1n

p21 p22 � � � p2n

..

. ..
. . .

. ..
.

pm1 pm2 � � � pmn

2
66664

3
77775

whereC1;C2;:::;Cnarethen�criteriaand

A1;A2;:::;Amarethem�alternatives

The element pijis the performance value of the ith

alternative (Ai) with respect to the jthattribute (Cj) where

i =1, 2…m, and j = 1,2…n.

Step 3: Computation of Normalized matrix: The data of the
above matrix are normalized using criteria (i) if larger-the-
better was the expectancy, then the original attribute per-

formance normalized as Rij=
xij

xmax
j
; (ii) If smaller-the-better

was the expectancy, then the original attribute performance

normalized as Rij=
xmin

j

xij
, where xij is the attribute measures

(i = 1,2,3, . . . , m and j = 1,2,3, . . . , n).

The normalization process transformed the decisive data

into a range of 0 to 1. This is necessary as it transformed

different performance ratings with different data measure-

ment units into a compatible one, whereby all the criteria

are measured dimensionless. Hence, facilitate inter-at-

tribute comparisons.

Step 4: Determining preference variation value (PVj): The
computed normalized matrix Rij, further be used to find

preference variation value (PVj) for each criterion using the

sample variance concept expressed as:

PVj ¼
XN

i¼1

Rij � R�jÞ2
�

where R�j is the mean of the normalized value of criteria j,

i.e., R�j ¼ 1
n

PN
i¼1

Rij

Step 5: Determining overall preference value (wj): The

overall preference value (wj) of each criterion is computed

using the:

Wj ¼ UjPn
j¼1 Uj

where,Uj=1-RPVj, is the deviation in preference value of each

criterion. For consistency, the sum of the overall preference

value for all the criteria should be unity, i.e., R wj= 1.

Step 6: Determination of preference selection index ( Ii):
The preference selection index (Ii) for each alternative is

computed using the following:

Ii ¼
Xn
j¼1

ðRij �WjÞ

Step 7: The computed values of the preference selection

index (Ii), is used further for ranking of alternatives in

descending order i.e., highest-to-lowest.

Results and Discussions

Density and Mechanical Performance

The evaluated mechanical strength, experimental density,

theoretical density, and voids fraction of the alloy com-

posites are listed in Table 4 and plotted in Figures 3, 4.

Density and Voids Content

The ambient, experimental densities of the investigated

alloy composites remain within 2.539-2.546 g/cc; while

Figure 2. The hierarchy chart of the decision-making
problem.
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theoretical densities remain within 2.784-2.798 g/cc and

voids fraction within the 0.5-9.3% range (Table 4; Fig-

ure 3). The theoretical densities show an increasing trend

and seem to dominate the experimental densities across the

formulation. This is obvious due to the ideal state

assumption within the material, i.e., there is a perfect state

having no imperfections. Any deviation from this perfect

state like improper wettability, mixing, or adhesion may

cause a decrement in the magnitude of density (i.e.,

experimental densities) and leads to the formation of

voids.25 The actual densities seem to follow the order:

ON22 [ ON13 [ ON31 [ ON40 [ ON04, while voids

fraction follows the order: ON40[ON04[ON31[ON13

[ ON22. Thus, it may be inferred that the synergistic

presence of both ceramics in equal proportion leads to

better interfacial adhesion between matrix reinforcement

relative to other alloy composites.

Consequently, experimental density approaches theoretical

density, leading to the least voids content. The alloy

composites ON13/ON31 show the next order according to

the presence of proportionate ceramic viz. (alumina *3.82

g/cc; AlN * 3.26 g/cc). The higher voids content leads to

poor quality products as physical, tribological, and

machining properties are badly affected.25 Similar obser-

vations are reported by Kumar et al.1.

Mechanical Strength Properties

The rockwell hardness (HRB) measurement was carried

out for the alloy composite samples. The hardness mag-

nitude of the alloy composites improves across the for-

mulation, owing to the mutual effect of ceramic

reinforcement in the base alloy matrix, also due to the

incremental presence of alumina harder phase in a com-

plementary combination of aluminum nitride phase. The

addition of ceramic particulates was reported to have finer

grain size and uniform dispersion in the base alloy matrix,

enhancing the interfacial adhesion between ingredients and

making the matrix stiffer against any deformation.34 This

promotes the load-bearing resistance of the material. In

alloy composites, the reinforcement is supposed to bear the

entire deforming load, transferred by the base alloy matrix,

thereby preventing pre-mature fracturing of material from

the surface. Similar results are discussed by Kok.18

The impact strength characteristic of the alloy composite

follows the order: ON22 (170 J)[ON13 (80 J)[ON31

(66 J)[ON04 (54 J)[ON40 (48 J), as depicted in Fig-

ure 4, Table 4. The presence of lowest voids (in the case of

ON22) leads to superior interfacial adhesion among rein-

forcement-matrix systems, together with the generation of

finer grain, may lead to strengthening the toughness

mechanism that ultimately improves the impact load-

bearing capacity of the alloy composites as advocated by

Hall-Petch equation,35 Bhaskar et al.21 and Kumar et al.24.

The same is less pronounced in the case of ON13/ON31

and least with ON04/ON40.

The tensile strength follows the order: ON22 (265 MPa)[
ON13 (245 MPa)[ON31 (213 MPa)[ON04 (206 MPa)

[ON40 (190 MPa), as depicted in Figure 4, Table 4. The

mutual equal presence of ceramic particulates in the alloy

matrix leads to minimal voids fraction, strengthening

interfacial interactions among ingredients and making

efficient load transfer from the matrix to the particulate

phase during tensile tests. For other compositions, the

characteristics follow the void content. Voids act as a site

for stress concentrator-raisers that hinder load transfer

mechanisms, lowering the strength under tensile tests.25

The flexural strength follows the order: ON22 (364 MPa)[
ON31 (297 MPa)[ON13 (272.9 MPa)[ON40 (267.99

MPa) [ ON04 (258.48 MPa) as depicted in Figure 4,

Table 4. The characteristics of lower voids fraction of

Table 4. Density and Mechanical Properties

Characteristics: Composites ON04 ON13 ON22 ON31 ON40

Experimental density (g/cc) 2.546 2.605 2.776 2.562 2.539

Standard deviation (density) 0.014 0.084 0.072 0.208 0.151

Theoretical density (g/cc) 2.784 2.788 2.791 2.794 2.798

Voids content (%) 8.5 6.6 0.5 8.3 9.3

Ultimate tensile strength (MPa) 206 245 265 213 190

Standard deviation (tensile strength) 4.355 4.603 3.092 1.572 3.109

Flexural strength (MPa) 258.48 272.91 364.03 296.98 267.99

Standard deviation (flexural strength) 3.790 3.606 3.403 4.388 2.101

Hardness (HRB) 71.6 72.6 78.2 79.0 85.4

Standard deviation (hardness) 1.486 1.184 1.023 0.980 1.500

Impact strength (J) 54 80 170 66 48

Standard deviation (impact strength) 4.359 3.606 3.606 3.000 3.953
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ON22 alloy composites makes stiffer matrix-reinforcement

interfacial adhesion that enhances lateral strength against

any cracking mechanisms and makes an efficient load

transfer mechanism. The presence of equal ceramic rein-

forcement phases might show synergistic roles that give a

better matrix-reinforcement interface. In contrast, in other

cases, voids result in stress concentration, builders, and

raisers that lead to the specimen’s premature failure when

subjected to flexural loads.36,37

Figure 3. Density and voids content properties.

Figure 4. Mechanical strength properties.
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Parametric Optimization

Taguchi’s experimental design (see section ‘‘Taguchi

optimization method’’), having an L25 orthogonal array,

was used for sliding wear performance test runs. Table 5

lists the scheme of the design along with experimentally

evaluated SWR (using Equation 4) and S/N ratio (using

Equation 5). The plot of the main factors for the S/N ratio

is depicted in Figure 5. Table 6 lists the order of signifi-

cance of input operating factors and ANOVA results in

Table 7, followed by the confirmation test results in

Table 8. MINITAB 17 analytical tools were used for cal-

culations to implement the methodology.

The analysis reveals an average S/N ratio for SWR to be

76.47 dB. The orders of significance (Table 6) of input

operating factors are Environment temperature [ normal

load[Sliding velocity[Reinforcement content[Sliding

distance. The factor combination setting A3B2C5D5E3

(Figure 5), i.e., sliding velocity = 1.696 m/s, reinforcement

content of ON13, sliding distance = 3392 m, normal load =

50 N, and environment temperature = 40�C, found to give

optimal SWR of the specimens.

Further, the analysis of variance (ANOVA) tool is used to

ascertain the extent of the contribution of operating factors

and their significance order on the SWR of alloy com-

posites under investigation quantitatively. Here, the sig-

nificance level (denoted by ‘p’) of 5% (i.e., the level of

confidence of 95%) is taken. The lower magnitude of ‘p’

signifies a higher contribution of that factor in the output

response. In this sense order of influence of input control

factors is environment temperature (P = 29.76%)[normal

load (P=28.54%) [ sliding velocity (26.23%) [ rein-

forcement content (8.03%) [ sliding distance (P=1.55).
Thus, the ranking order listed in Table 6 and ANOVA

Table 7 are in agreement.

The last step of Taguchi methodology was to perform

confirmation tests to validate the conclusion made in the

above analysis phase. For this, an arbitrary factor combi-

nation says A4 B2 C5 D4 E1 would be taken to predict the

SWR. The predictive Equation 5 may be used to estimate

the S/N ratio for the SWR

Table 5. Taguchi Experimental Design Using L25 Orthogonal Array

Sr.
No.

Sliding velocity
(m/s)

Reinforcement
content (%)

Sliding
distance (m)

Normal
load (N)

Environment
temperature (�C)

Sp. Wear rate
(mm3/Nm)

SNR
(dB)

1. 0.565 ON04 678 10 30 0.000637 64

2. 0.565 ON13 1357 20 35 0.0001981 74

3. 0.565 ON22 2035 30 40 0.0002656 72

4. 0.565 ON31 2714 40 45 0.0003455 69

5. 0.565 ON40 3392 50 50 0.0001879 75

6. 1.132 ON04 1357 30 45 0.0002507 72

7. 1.132 ON13 2035 40 50 0.000106 79

8. 1.132 ON22 2714 50 30 0.0000902 81

9. 1.132 ON31 3392 10 35 0.0002014 74

10. 1.132 ON40 678 20 40 0.0001613 76

11. 1.696 ON04 2035 50 35 0.000054 85

12. 1.696 ON13 2714 10 40 0.0000943 81

13. 1.696 ON22 3392 20 45 0.0002389 72

14. 1.696 ON31 678 30 50 0.0001151 79

15. 1.696 ON40 1357 40 30 0.0000929 81

16. 2.262 ON04 2714 20 50 0.0001157 79

17. 2.262 ON13 3392 30 30 0.000066 84

18. 2.262 ON22 678 40 35 0.000063 84

19. 2.262 ON31 1357 50 40 0.0000633 84

20. 2.262 ON40 2035 10 45 0.0007186 63

21. 2.825 ON04 3392 40 40 0.0000666 84

22. 2.825 ON13 678 50 45 0.0002104 74

23. 2.825 ON22 1357 10 50 0.0002442 72

24. 2.825 ON31 2035 20 30 0.0000691 83

25. 2.825 ON40 2714 30 35 0.0002269 73
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Figure 5. Effect of input operating factors on SWR.

Table 6. Order of Significance of Input Control Factors

Level Sliding velocity (m/s) Reinforcement content (%) Sliding distance (m) Normal load (N) Environment temperature(�C)

1. 70.65 76.71 75.22 70.69 78.45

2. 76.43 78.24 76.59 76.86 78.05

3. 79.54 76.22 76.49 75.76 79.07

4. 78.64 77.82 76.45 79.38 70.02

5. 77.08 73.35 77.60 79.66 76.75

Delta 8.89 4.89 2.38 8.96 9.06

Rank 3 4 5 2 1

Table 7. ANOVA Results for Specific Wear Rate

Source DF Seq SS Adj SS Adj MS F P P(%)

Sliding velocity (m/s) 4 242.02 242.02 60.506 4.46 0.088 26.23

Reinforcement content 4 74.05 74.05 18.513 1.36 0.386 8.03

Sliding distance (m) 4 14.32 14.32 3.579 0.26 0.888 1.55

Normal load (N) 4 263.33 263.33 65.832 4.85 0.078 28.54

Environment temperature (�C) 4 274.55 274.55 68.637 5.05 0.073 29.76

Error 4 54.32 54.32 13.581

Total 24 922.59

S (3.685); R-sq (94.11%); R-sq(adj) (64.67%); R-sq(pred)(0.00%)
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g1 ¼ T þ A4 � T
� �

þ B2 � T
� �

þ C5 � T
� �

þ D4 � T
� �

þ E1 � T
� �

Eqn: 5

where g1 is the predicted average; T is the overall

experimental average; A4;B2;C5;D4 and E1 are the

average response for the factors at respective levels. The

S/N was found to be g1 = 86.29 dB using Equation 5. After

that, conformational test trials were performed for the

factor combinations (A4 B2 C5 D4 E1) settings. The

obtained results of 83.47 dB were then compared with the

predictive result (g1) (Table 8), and an error of 3.38% was

found. More experimental trials may further reduce the

computed error. Thus, the model suitably predicts the SWR

of the alloy composites with reasonable accuracy.

The significant findings are: (i) with an increase in S/N

ratio up to 1.696 m/s and after that, it falls; hence the SWR

shows declining rates up to 1.696 m/s, and after that, it

increases (ii) as the S/N ratio increases with sliding dis-

tance, so the SWR decreases continuously with minimum

magnitude at 3392 m (iii) as the S/N ratio increases with

normal load and attained maximum magnitude at 50 N, so

the SWR decreases with load with minimum magnitude at

50 N (iv) as the S/N ratio shows minimum magnitude at 45

�C, so the SWR shows the maximum value at 45 �C. Thus,
the results of the Taguchi design-of-experiment are in-tune

with that of steady-state experimental results (see

Figures 6, 7, Section ‘‘Effect Of Environment Temperature

On Swr/Cof’’)

Steady State-Specific Wear Rate and Coefficient
of Friction Analysis

Effect of Environment Temperature on SWR/
COF

The specific wear rate and coefficient of friction of the

investigated alloy composites under steady-state conditions

of environment temperature (i.e., temperature = 30, 35, 40,

45, 50 �C; sliding velocity = 1.132 m/s; normal load = 20

N; sliding distance = 1357 m) are shown in Figures 6, 7. It

is observed that (i) the specific wear rate of the alloy

composites increases as the operating temperature increa-

ses up to 45�C with an interfacial flash temperature

between pin-disk interfaces; thereafter, it suddenly drops

irrespective of reinforcement across the formulations. This

may be due to the relative softening of interfacial binding

between matrix reinforcement at higher temperatures that

might accelerate the particulate detachment in the form of

wear debris. These hard debris particulates promote a

three-body abrasive wear mechanism across the pin-disk

interface and further accelerate the wear rates.38 (ii) At any

specific operating temperature, the order of wear perfor-

mance seen across the entire range is ON40 [ ON04 [

Table 8. Results of the Confirmation Experiment for SWR

Optimal control parameter

Prediction Experimental Error

Level A4 B2 C5 D4 E1 A4 B2 C5 D4 E1

S/N ratio for SWR (dB) 86.29 83.47 3.38 %
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Figure 6. Effect of environmental temperature on the
specific wear rate.
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Figure 7. Effect of environmental temperature on the
coefficient of friction.
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ON31[ON13[ON22. This is possibly due to the voids

fraction affecting interfacial adhesion and mechanical

properties (see section ‘‘Density and Mechanical Perfor-

mance’’). The alloy composites with either ceramic par-

ticulate or unequal complementary presence have higher

voids fraction and lower mechanical properties than alloy

composites of equal ceramic presence in a base alloy

matrix. Thus, later formulation enables an intact hold of

ingredients even at higher temperatures, hence improving

specific wear rate.

From Figure 7, (i) the coefficient of friction was observed

to have an increasing trend with the operating environment

temperature range regardless of reinforcement proportions

in the alloy composites. This may be possibly due to the

fact that environment temperature, together with an instant

flash temperature between pin-disk interfaces, promotes the

mechanism of formation – distortion – decimation - reor-

ganization of tribo-layer containing ceramic particulates

that further accelerates the frictional forces at contact

asperities that seems to improve the magnitude of the

coefficient of friction. (ii) At any specific operating tem-

perature, the order of coefficient of friction seen across the

entire range is ON40[ON04[ON31[ON13[ON22.

This is the mutual contribution of the physical and

mechanical performance of the alloy composite. The alloy

composite having the equal presence of ceramic particu-

lates has enhanced mechanical properties; hence its ten-

dency to liberate wear debris particulates is relatively lesser

than other alloy composites having either or unequal

ceramic reinforcements; hence it has a relatively thinner

tribo-layer that generates relatively lesser wear debris

hence shows a lesser tendency to have a higher magnitude

of the coefficient. Similar results are reported in the

literature.39

Wear Surface Morphology Analysis

Figure 8 shows the worn surface morphology studies using

scanning electron microscopy so as to understand the wear

mechanisms responsible for surface damage of the inves-

tigated alloy composites under the steady-state condition of

environment temperature (as discussed in section ‘‘Para-

metric optimization’’), as its contribution is significant

(Table 6). The mechanical and physical characteristics (see

Figures 3, 4) of ON22 alloy composites show relatively

better performance than others; hence there is an indication

of a better synergistic combination between ceramic rein-

forcements and alloy matrix, i.e., superior interfacial

adhesion or bonding between constituents. Consequently,

the mechanism of external load transfer to reinforcement

via matrix is more efficient. This phenomenon decreases

the tendency of reinforcement detachment, debris forma-

tion, and, indirectly, the rate of sliding wear. Figure 8a

shows sliding wear surface damage of alloy composite at

30 �C. A thin tribo-layer due to solid self-lubricant graphite

over the damaged surface, combined with the presence of

shallow pits, grooves, and delaminated surfaces with

(a) ON22 at 30°C

Delamination wear

Shallow pits

Shallow grooves

Ploughing

(b) ON22 at 35 °C

(c) ON22 at 40 °C

Burned patches

Surface delamination

Surface 
Fatigue

Wear debris

Secondary layer

Ploughing and delamination

Surface destruction

Shallow 
Ploughing

Deep grooves

(d) ON22 at 45 °C

(e) ON22 at 50°C

Shallow grooves

Abrasion wears along 
sliding direction

Pits and 
crack 
formation

Sub-surface 
fatigue 
destruction

Wear debris Grooves formation

Worn particles Delamination

Shallow grooves
Mild 
Ploughing

Wear debris

Surface 
destruction

Cracks 
generation

Figure 8. Surface micrographs of ON22 alloy
composites.
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lighter plowing action, suffice a lower wear rate of the

alloy composites. The adhesive mechanism might domi-

nate as the surface is free from debris that promotes

abrasive action via a three-body wear mechanism.40

The micrographs in Figure 8b, c, d, e describe the wear

surface damage of the alloy composite at higher operating

temperatures. It could be observed that surface damage

signs enhanced with operating temperature rise, e.g., Fig-

ure 8b shows severe surface damage via secondary patch

formations, relatively deeper plowing action, and grooving.

Similarly, Figure 8c shows deep pits with burned surfaces

that deteriorate the binding forces between ingredients,

causing higher wear debris formation that further promotes

the abrasive wear mechanism. This also brings surface

fatigue and more surface damage. Further, Figure 8d shows

(a1): SEM area form where mapping data 

has been collected

(a2): EDAX mapping of the elements present in 

ON04 alloy composite

(a3): EDAX spectra showing elements present in ON04 alloy composite

(a) ON04alloy composite
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Figure 9. EDAX plot of hybrid alloy composites.
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massive surface damage, followed by Figure 8e. Compre-

hensively, it is seen that as the operating temperature

during sliding wear experimentation enhanced, the wear

mechanism like surface fatigue, delamination, plowing,

grooving, pits, cracking, etc. accelerates and overall brings

heavy mass loss from the surfaces. The relative softening

of the surface due to temperature improves the

concentration of ceramic particulates in the wear debris as

well as in the tribo-layer, which upon destruction, accel-

erates three-body abrasion and hence further promotes

wear rates. At 50 �C, the gain in the thickness of the tribo-

layer is expected, which may be due to enhancement in the

concentration of detached graphite particulates that prob-

ably reduces the rubbing contact area/time of pin-disk

(b1): SEM area form where mapping data 

has been collected

(b2): EDAX mapping of the elements present in 

ON13 alloy composite

(b3): EDAX spectra showing elements present in ON13 alloy composite

(b) ON13 alloy composite
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Figure 9. continued
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while sliding, consequently resulting in the lower specific

wear rate of the alloy composites40–47.

Figure 9 shows the EDAX characteristics of AA2024-

Al2O3/AlN alloy composites. It indicates different ele-

ments present in the materials used for alloy design. The

spectra curve indicates the proportion of each element, and

mapping plots indicate their distribution over the surface.

The presences of elements like ’Al, C, O, Cu, Mg, Si, Mn,

Fe, Zn, N, Ti and Cr’ along with reinforcing phases are

visible. As the ‘Al’ element is present in a major amount in

alloy and alumina hence showing the largest peak, while

the ‘C’ element presence may be due to graphite content.

Similarly, the ‘Fe’ (iron) element may be due to the

(c1): SEM area form where mapping 

data has been collected

(c2): EDAX mapping of the elements present in 

ON22 alloy composite

(c3): EDAX spectra showing elements present in ON22 alloy composite

(c) ON22 alloy composite
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Figure 9. continued
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counter-surface, which is made of steel; the ‘Mg’ element

presence may be due to alloy together with external addi-

tion while fabrication; the ‘O’ element presence may result

due to oxide layer formation during sliding wear experi-

ment was performed in the ambient environment; ‘N’

element may be due to the presence of AlN particles; rest

traces elements like Cr, Cu, Mn, Ti, Zn, and Pb may be due

to the alloy composition. The content of Al increases

gradually with ‘O’ while that of ‘N’ decreases across the

formulation may be due to the complementary presence of

ceramic reinforcement in the base alloy matrix.

(d1): SEM area form where mapping 

data has been collected

(d2): EDAX mapping of the elements present in 

ON31 alloy composite

(d3): EDAX spectra showing elements present in ON31 alloy composite

(d) ON31 alloy composite
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Ranking Analysis Via Preference Selection
Index Method

The decision-making tool, namely preference selection

index (PSI) method, as discussed in section ‘‘Preference

Selection Index Method Procedure’’, is applied here on the

decisive matrix (D), having performance criteria listed in

Table 9.

The step-wise implementation of the algorithm is as

follows:

(e1): SEM area form where mapping data has 

been collected

(e2): EDAX mapping of the elements present 

in ON40 alloy composite

(e3): EDAX spectra showing elements present in ON40 alloy composite

(e) ON40 alloy composite
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Step 1: Formulation of the decision problem: The decision
goal, performance criteria, and alternatives/formulations of

the research work are represented in Figure 10.

Step 2: Determining decision matrix: All the five alterna-

tives (i.e., composite samples) and identified performance

criteria are precisely tabulated in the decision matrix form

(say matrix D of 5 � 7 order). Formulated decision matrix

is shown in Table 10.

Step 3-5:In the next steps, computation of normalized

matrix, preference variation value (PVj), and overall pref-

erence value (wj) need to perform. The calculations are

shown in Table 11.

The R wj comes out to be equal to 1. The summation of the

overall preference value for all criteria must be unity, i.e.,

R wj= 1, for consistency.

Step 6-7: In the last steps, preference selection index (Ii)
need to be computed, and based upon the score, materials

alternatives are ranked in descending order. The ranking

order is shown in Table 12.

The consistent PSI ranking analysis of performance data

was in line with our subjective analysis, i.e., ON22[ON13

[ON31[ON04[ON40. It inferred that (i) the formu-

lations having an equal proportion of Al2O3 and AlN

ceramic reinforcement presence in AA2024 alloy com-

posites shows the highest ranking, hence subsequently

prescribed for tribological applications, (ii) formulations

having an unequal amount of either Al2O3 and AlN cera-

mic reinforcement show next level ranking order, where

alumina presence proves more promising than AlN rein-

forcement in the alloy composites; (iii) formulations hav-

ing either presence of Al2O3 or AlN ceramic reinforcement

shows lowest ranking order, hence proves least effective.

The presence of AlN reinforcement proves more effective

than Al2O3 reinforcement; and (iv) the study proves that

MCDM methods (like PSI) could aid engineers and sci-

entists in material selection and ranking whenever the

performance criteria are finite and of conflicting nature.

Conclusions

In this research work, AA2024-Al2O3/AlN alloy compos-

ites were designed, fabricated, and analyzed for their

density, mechanical, and tribological behavior (steady-state

sliding wear analysis), adopting ASTM standards. The

significant findings are:

1. The densities of the investigated alloy composites

remain within 2.539-2.546 g/cc and follow the

order ON22[ON13[ON31[ON40[ON04.

2. The voids fraction remains within the 0.5-9.3 %

range and follows the order ON40 [ ON04 [
ON31[ON13[ON22.

3. The Rockwell hardness (HRB) magnitude of the

alloy composites increases gradually across the

formulation, owing to the mutual effect of

ceramic reinforcement in the base alloy matrix.

Table 9. Illustrations of Performance Criteria 22

Sr. no. Performance criteria Preference

PC-1 (TS) Tensile strength (MPa) Maximum

PC-2 (FS) Flexural strength (MPa) Maximum

PC-3 (IS) Impact strength (MPa) Maximum

PC-4 (SWR) Specific wear rate (mm3/Nm) Minimum

PC-5 (D) Density (g/cc) Minimum

PC-6 (VC) Void content (%) Minimum

PC-7 (H) Hardness (HRB) Maximum

Figure 10. The hierarchy structure of the present investigated.
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4. The impact strength characteristic of the alloy

composite follows the order: ON22 (170 J) [
ON13 (80 J) [ ON31 (66 J) [ON04 (54 J) [
ON40 (48 J).

5. The tensile strength follows the order: ON22 (265

MPa) [ ON13 (245 MPa) [ ON31 (213

MPa)[ON04 (206 MPa)[ON40 (190 MPa).

6. The flexural strength follows the order: ON22

(364 MPa)[ ON31 (297 MPa)[ ON13 (272.9

MPa) [ON40 (267.99 MPa) [ ON04 (258.48

MPa).

7. The mean S/N ratio for SWR was found to be

76.47 dB. The ranking orders of the significance

of input operating factors are Environment tem-

perature [ normal load [ Sliding velocity [
Reinforcement content [ Sliding distance. The

results of the Taguchi design-of-experiment are

in-tune with that of steady-state experimental

results.

8. The surface morphology studies reveal the wear

mechanisms responsible for surface damage of

the investigated alloy composites, and EDAX

characteristics indicate different elements present

in the materials used for alloy design.

9. The consistent PSI ranking analysis of perfor-

mance data was in line with our subjective

analysis, i.e., ON22 [ ON13 [ ON31 [ ON04

[ ON40. Hence, MCDM methods (like PSI)

could aid the engineer’s scientist in material

selection and ranking whenever the performance

criteria are finite and conflicting.

Acknowledgements

The authors express their sincere gratitude to the
Department of Mechanical Engineering of Malaviya
National Institute of Technology, Jaipur-302017, Ra-
jasthan, INDIA, for their all kinds of financial as well as
other miscellaneous infrastructural support. The
authors also acknowledge the aid and facilities provided
by the Advanced Research Lab for Tribology and
Material Research Centre of the Institute for experi-
mentation and characterization work.

Conflict of interest The author(s) declared no potential conflicts of

interest concerning this article’s research, authorship, and publication.

Table 10. Formulate Decision Matrix (D)

Alternatives (Ai)\ performance criteria
(PCj)

PC-1
(TS)

PC-2
(FS)

PC-3
(IS)

PC-4 (SWR) ( 9 10-
4)

PC-5
(D)

PC-6
(VC)

PC-7
(H)

ON04 206.00 258.48 54.00 1.994 2.55 8.50 71.60

ON13 245.00 272.91 80.00 1.529 2.61 6.60 72.60

ON22 265.00 364.03 170.00 1.384 2.78 0.50 78.20

ON31 213.00 296.98 66.00 1.726 2.56 8.30 79.00

ON40 190.00 267.99 48.00 2.347 2.54 9.30 85.40

Max(Xj)/Min(Xj) 265.00 364.03 170.00 1.38 2.54 0.50 85.40

Table 11. Normalized Decision Matrix, Preference Variation Value (PVj), and Overall Preference Value (wj)

Alternatives (Ai)\ Performance Criteria (PCj) PC-1 (TS) PC-2 (FS) PC-3 (IS) PC-4 (SWR) PC-5 (D) PC-6 (VC) PC-7 (H)

ON04 0.005 0.009 0.030 0.011 0.000 0.036 0.005

ON13 0.006 0.003 0.000 0.011 0.000 0.030 0.003

ON22 0.024 0.039 0.258 0.041 0.004 0.563 0.000

ON31 0.002 0.000 0.011 0.000 0.000 0.036 0.000

ON40 0.016 0.004 0.044 0.043 0.001 0.038 0.009

SUM(PVj) 0.053 0.055 0.344 0.106 0.005 0.704 0.017

Uj 0.947 0.945 0.656 0.894 0.995 0.296 0.983

Wj 0.166 0.165 0.115 0.156 0.174 0.052 0.172

Table 12. Ranking Order of Materials

Ranking Materials alternatives
(Ai)

Preference selection index
(Ii)

1 ON22 0.971

2 ON13 0.792

3 ON31 0.773

4 ON04 0.714

5 ON40 0.712
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