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A novel Al-7150 nanocomposite material was fabricated with various weight percentages of Hexagonal Boron
Nitride from 0.5 to 2 wt% in steps of 0.5 wt% by liquid metallurgy route via ultrasonic assisted double stir casting
method. The tribological properties were tested and carried out on pin-on-disc tribometer considering various
input parameters like weight percentage of reinforcement, applied load, sliding distance and speed to study the
tribological characterization. Taguchi technique using MiniTab 17 software was used to analyse the wear rate of
nanocomposites. Different experiments were conducted using Taguchi technique and the regression equations
were developed through Analysis of Variance (ANOVA) to investigate the influence of various test parameters
such as applied load, sliding distance, sliding speed and the material parameter such as weight percentage of
reinforcements. The applied load had the greatest influence on statistical and physical properties of nano-
composites while, the sliding speed exercised its impact on the Coefficient of Friction (COF) of nanocomposite on
dry sliding wear and also on the optimal parameters for less wear rate and low COF. The worn-out surface
morphology of test specimens was investigated through Scanning Electron Microscope (SEM), Energy-Dispersive

X-ray spectroscopy (EDX) system and correlated with the obtained results and conclusions were drawn.

1. Introduction

The majority of researchers aimed for designing lighter materials
coupled with high strength to weight ratio, resistance to corrosion for
automobile and aerospace applications. To meet this demand, re-
searchers have shifted their focus from monolithic materials to high
performance materials like Aluminum (Al) based composite materials
owing to its properties like light weight, higher stability at heavier loads,
resistance to wear, coupled with good corrosion resistance. The Al-Metal
Matrix Composites (MMCs) are produced by various techniques such as
squeeze casting, spray deposition, powder and liquid metallurgy route
specifically via stir casting method [1]. The liquid casting route is a
highly interesting technique due to its flexibility with economics in the
fabrication of AI-MMCs [2]. AI-MMCs exhibit better mechanical prop-
erties with particulate (p) reinforcements because of its high strength
and improved wear resistance than the unreinforced Al alloy [3]. From
the recent past the Nanocomposites are attracting the attention of re-
searches because they have low density, high strength and other prop-
erties such as high thermal conductivity, low Coefficient of Thermal
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Expansion (CTE) and dumping properties [4]. The production of nano-
composites is a very difficult process and faces several hurdles like
random distribution of reinforcement particles, poor wettability,
porosity, clusters and agglomerations formation during the fabrication.
An ultrasonic-assisted stir casting method may overcome the
above-mentioned difficulties and also improve the uniform distribution
of particles and wettability [5]. The double stir casting (compo casting)
technique was adopted to improve the uniform distribution of nano-
particles during the fabrication of Al-Metal Matrix Nano-Composites
(MMNCs) [6]. In a study of Al-Graphene MMNCs, the nano-grains dur-
ing the reheating process significantly enhanced the yield strength. The
graphene sheets with onion shape have decreased the agglomeration of
Silicon Carbide (SiC) nanoparticles. As a result of wrapping graphene
sheets, resulted in lessening the porosity, thereby enhancing the tensile
properties of the AI-MMNCs [7]. Shusen Wu et al., studied the micro-
structure and mechanical properties of nano-SiCp/Al MMNCs by
diluting the molten Al under Ultrasonic Vibration (UV) via squeeze
casting and noticed that the nano-SiCp are uniformly distributed in the
Al-SiCp MMNCs and the tensile strength of the MMNCs improved
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compared to Al356 alloy matrix [8]. In a study of y- Aluminum Oxide
(Al,03)/A356 MMNCs the Ultimate Tensile Strength (UTS) and elon-
gation of the MMNCs enhanced by 43.6% & 85.7% respectively and the
improvement was attributed to the homogeneous distribution of the
nanoparticles and refinement of the grains [9]. The Al-Cupper (Cu)
MMNCs with Magnesium Silicide (Mg,Si)-nanoSiCp subjected to
microstructure and mechanical properties studies. The UTS and yield
strength results indicated higher values than the other composites with
good ductility. The improvement in the properties were attributed to the
refined eutectic Mg,Si phases in Mg,Si-SiC/Al-Cu MMNCs [10]. The
Al6005-Titanium Boride (TiB;) MMNCs fabricated via Mechanical
Alloying (MA) and hot extrusion was shown good distribution of the
nano-reinforcement through optical studies and nano-indentation test
shows an increment in hardness values with TiB, reinforcement in the
Al6005 alloy [11]. Al6061-Zirconium Diboride (ZrB;) MMNCs proper-
ties like hardness, strength and elongation were significantly improved
due to the ZrB, nano-dispersoids and a quantitative calculation indi-
cated that as ZrB, content increased, Orowan strengthening contributed
to improved yield strength [12]. The P/M route developed Al-Boron
Carbide (B4C) MMNCs, showed that the hardness of the Al-B4C
MMNCs were higher than Al whereas the density and electrical con-
ductivity of Al-B4C MMNCs were lower than pure Al. This behavior has
been explained by Hall-Petch Model and Orowan strengthening [13].
Al-Titanijum Carbide (TiC) MMNCs synthesized by MA with
nano-diamonds as precursors. The differential scanning calorimetry
showed that the composite developed was stable within a wide range of
temperatures, which permit its application in casting technologies [14].
Shimaa A et al., prepared Al/Ni-SiC MMNCs with nano-Ni and SiCp as
reinforcements by P/M process and concluded that an enhancement in
the CTE with increasing Ni-SiC percentage [15]. The
Al6061-SiC-Graphite (Gr) hybrid MMNCs, the influence of nano SiC and
Gr content resulted in improved wear resistance, lower COF and supe-
rior surface smoothness compared to Al6061 alloy [16]. In a micro-
structural study of Gr-B4C hybrid reinforced ZA27 MMNCs fabricated
via Mechanical Milling (MM) and hot pressing, the optical results
revealed that MM method can be utilized for homogeneous distribution
of the nano-sized additives in the matrix alloy [17]. Al6061 alloy was
reinforced with Titanium Carbide (TiC), Al,O3 and hybrid (TiC + Al;O3)
nanoparticles, the wear tests indicated that the wear rate increased with
the load and sliding velocity. Hybrid Al6061 MMNCs had lower wear
rate and COF compared with the other MMNCs investigated [18]. Bei-
tallah Eghbali et al., fabricated the A12024-Silicon Dioxide (SiO2)-Tita-
nium Dioxide (TiO3) hybrid MMNCs, the structural and mechanical
properties were examined and indicated an increase in the hardness,
tensile and yield strength of hybrid MMNCs. The A17075-SiC MMNCs
fabricated through stir casting technique to provide significant benefits
compared to other methods in terms of enhanced mechanical charac-
teristics compared with unreinforced Al7075 [19]. In a study of P/M
synthesized Cu-B4C MMNCs on the microstructure and abrasive wear
performance, the MMNCs with 1.5wt% of B4C revealed superior
micro-hardness and wear resistance [20]. In a study of Graphene rein-
forced Cu matrix MMNCs optical studies confirmed even distribution of
the reinforcement phase in the matrix with nano-crystalline micro-
structure and strong interfacial bonding between Cu and graphene with
improved hardness and Young’s modulus. The increment in strength
was attributed to the microstructural refinement and dislocation pinning
at the strong matrix-reinforcement interface [21]. The of dry sliding
wear behavior of pure Magnesium (Mg) and Mg-MMNCs synthesized by
P/M followed by hot extrusion process showed that the Mg-MMNCs
wear level raises with higher sliding speeds and loads. Mg-MMNCs
showed lower wear rates and COF compared with other MMNCs
considered [22]. Jinling Liu et al., investigated the dry sliding wear
behavior of Mg based MMNCs using ball-on-disk wear tester. Indicated
that the COF of Mg-SiC MMNCs was much higher than pure Mg and
suggested that the dominant wear mechanism was oxidation [23]. A
model was developed to predict the wear rate by using regression model
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and Taguchi analysis for fabricated Al356-SiC MMNCs and the devel-
oped model predicted wear rate values were in close agreement with the
experimental values [24]. Researchers across the globe have discovered
that A17XXX series of Al-Zn alloys meet desired properties and ideal for
aerospace applications. The Lubricants are externally applied at contact
surfaces to reduce the wear losses and specifically in periodic applica-
tions, lubricating is very difficult. For such applications, solid lubricants
are preferred. Hexagonal Boron Nitride (hBN) is widely used as solid
lubricant. Most of the Al alloys ware very soft and offer lesser resistance
to wear. Therefore, to enhance the wear resistance the present investi-
gation is aimed at the fabrication Al7150-hBN nanocomposites with
improved hardness.

2. Experimental procedure
2.1. Materials

Al-7150 alloy was procured from Venuka Engineering Pvt Ltd.,
Hyderabad, India. The chemical composition of AA7150 is given in
Table 1. The hBN nano-powder was obtained from Sisco Research lab-
oratories Pvt Ltd., India. The average particle size of hBN was 70 nm.
The coarser grain size Mg and solid degasser tablet Hexachloroethane
(CoClg) are from Taranath Scientific & Chemical Company, Hanam-
konda, India. Mg is used to improving wettability of nano particulates
during the fabrication. Table 2 shows the properties of matrix and
reinforcement materials.

2.2. Fabrication process

The Ultrasonic assisted stir casting is the most promising technique
in liquid metallurgy for the production of MMNCs economically [25]. To
improve the effectiveness of stir casting, two-step stirring was consid-
ered known as Rheocasting or Double Stir Casting Technique was adopted
in the current studies for the fabrication. This process involves a total
20 min of stirring action in two steps. Each step has been carried-out for
about 10 min, between the steps; the melt was allowed to cool down to
semisolid state and then re-melted to perform the next step of stirring
process to produce uniform distribution nano-particulates in the matrix.
The Mg particles were added to the molten metal during stirring to
improve the bonding between nanoparticles and matrix. Al7150 is
melted to 750 °C and 500 °C pre-heated hBN nano-reinforcement par-
ticles were added into the vortex of the molten Al7150 after effective
degassing with a solid degassing CoClg tablet. After that ultrasonication
process was done for about 10 min to obtain uniform distribution of
particles in the molten matrix. The molten composite then poured into
pre-heated mould box and allowed to solidify. The solidified cylindrical
composites were removed from the mould and the specimens were
machined as per ASTM standards for various testing. The Vicker’s
micro-hardness tester model: ECONOMET VH 1MD, was used to find the
hardness of matrix and A17150-hBN MMNCs at a load of 200 g with 15s
dwell time. The metallographic tests were conducted on the test samples
with the help of SEM model: Vega 3 LMU model, Tescon make and
respective elemental and chemical analysis was done with EDX model:
Oxford Instruments, U.K.

2.3. Wear test
The counter disc of EN 31 hardened steel with a 62 HRC used for the

current study in POD. The nanocomposite test samples were prepared as
per ASTM G-99 standards with a dimensions of diameter 8 mm and

Table 1
The chemical composition of Al7150 alloy in weight percentage.

Element Zn Cu Mg Fe Zr Si Mn Al

AA7150 6.37 2.25 2.56 0.12 0.11 0.08 0.009 Balance
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Table 2
Material properties of Al7150 alloy and hBN.

Materials ~ Modulus of Elastic ~ Density (g§/  Hardness Tensile Strength
(GPa) cc) (HV) (MPa)

Al7150 70 2.83 41 140

hBN 675 2.21 194 620

30mm in length specimens. All the samples were polished using
different grades to maintain flatness for the wear test so as to establish
proper contact with the counter disc. The pin and disc surface roughness
of 0.1 pm Ra were maintained and at the end of each test, the disc sur-
face was cleaned by acetone. The experimental set-up is as shown in
Fig. 1.

The wear test experiment is designed to elevate two or more factors,
which are able to affect the output parameters such as wear rate and COF
for the particular product. The complete results of the test combination
are observed and analyzed to find the particular level of factors affecting
wear parameters. Taguchi’s method is the most prominent optimization
tool for solving typical design problems. In comparison with the full
factorial design problems, Taguchi’s technique will reduce the number
of experiments that are required to model the responses, further, it will
optimize the parameters which are affecting the wear of the materials.

2.4. Plan of experiments

The wear tests were planned for A17150-hBN MMNCs samples were
subjected to dry sliding tests for 4 factors such as Sliding Distance (SD) in
meters, Sliding Speed (SV) in m/sec, Applied Load in Newtons (N) and
Percentage of Weight (wt%) of reinforcement for 5 levels as shown in
Table 3.

The experiments were planned according to L25 orthogonal array
standard as shown in Table 4 and were assigned sliding distance (SD),
sliding speed (SV), applied load (L) and percentage weight (%wt) of
reinforcement of nanoparticles at various values. The current investi-
gation is based on the output parameters such as Wear Rate (WR), COF,
temperature to study “smaller is the best” responses.

3. Results and discussion
3.1. Elemental analysis

The fabricated Al7150-hBN MMNCs with 0.5-2wt% in steps of
0.5wt% by liquid metallurgy route via ultrasonic assisted double stir
casting method were subjected to the metallographic studies via SEM
and EDX analysis. The obtained SEM images along with the with EDX
elemental analysis are mentioned and discussed in this section.

From the metallographic studies, it is observed that the hBN nano-
particles in the A17150 alloy and dispersed evenly in the throughout the
Al7150-hBN MMNCs. The Al alloy is highly influenced by 1 wt% Mg in
the liquid metal for excellent bonding as well as homogeneous
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distribution of the nanoparticle throughout the composite in the casting
process along with the ultrasonication. But the formation of small ag-
glomerations and clusters are noticed with increase in wt% of re-
inforcements [26,27]. Further, it can be observed that there are a lot of
agglomerations and clusters at 2 wt% of hBN in MMNCs (see Fig. 2).

3.2. Hardness of Al7150-hBN MMNCs

The Vicker’s micro-hardness tester model: ECONOMET VH 1MD,
was used to find the hardness of matrix and Al7150-hBN MMNCs at a
load of 200 g with 15s dwell time. The resistance to indentation tests
were conducted in accordance with the ASTM E92 standards at room
temperature. The Al7150 alloy and Al7150-hBN MMNCs hardness test
results were presented and discussed in this section, each value of the
hardness is an average of 5 measurements and the average hardness
values of samples are represented through a bar chat as shown in Fig. 3.

From the figure it is evident that as the hBN content increases in the
matrix alloy, there is a significant increase in the hardness of the
MMNCs. The MMNCs containing 1.5 wt% hBN reinforcement material
has highest micro-hardness in the current study. The amount of increase
in hardness was 15% with the increase in the wt.% of hBN particulates
from O to 1.5wt% and at 2%hBN, the hardness decreases due to the
formation of clusters during the mixing [28]. The increase in
micro-hardness of A17150-hBN MMNCs is mainly attributed to the fact
that there is effective decrease in the grain size, good bonding between
the matrix and reinforcement materials, due to this effective load
transfer between Al7150 onto the hBN nano-particulates there is an
increase in the hardness [29].

The hardness of nanocomposite increases with increase of hBN
nanoparticles due to hard phase ceramic particles hBN and uniform
distribution hBN nanoparticles which reduces the distance of interpar-
ticle with increasing of nanoparticle wt.% in the alloy matrix results in
increase of resistance to indentation [30]. For the afforded hBN wt.% the
nanoparticles are near to each other in the matrix and hence, ceramic
nanoparticles will protest penetration of the indentation in the alloy
matrix. The main strengthening mechanisms were estimated by
Hall-Petch strengthening, Orowan strengthening, CTE mismatch and
elastic modulus mismatch between the reinforcements and metal ma-
trix. There was also some evidence showing some of the singular and
agglomerated nanoparticles in the matrix of the nanocomposites [31].

3.3. Wear behavior

The wear experiments were conducted under dry-sliding condition as
per ASTM G-99 standards at room temperature and the results are
tabulated as shown in Table 5.

The influence of various factors has been considered such as load,
sliding speed, sliding distance and wt.% of reinforcement particles, ef-
fect on COF, wear rate and temperature rise were evaluated using Signal
to Noise (S/N) ratio [32]. The response analysis was carried-out for
better understanding. Analysis of Variance (ANOVA) is used to develop
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Fig. 1. Pin on dis experimental setup for a wear test.
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Fig. 2. SEM images (a) Al7150 alloy (b) Al7150-1.5wt% hBN and EDS spectrum of (c) Al7150 alloy (d) Al7150-1.5 wt% hBN.

Table 3 Table 4
Parameters are used in the experimentation. Taguchi method orthogonal array for L25.
Level Wt % Distance (m) Speed (m/s) Load (N) S.No. Wt% Sliding Distance (m) Sliding Velocity (m/s) Load (N)
1 0 500 0.5 10 1 0 500 0.5 10
2 0.5 1000 1.0 20 2 0 1000 1 20
3 1.0 1500 1.5 30 3 0 1500 1.5 30
4 1.5 2000 2.0 40 4 0 2000 2 40
5 2.0 2500 2.5 50 5 0 2500 2.5 50
6 0.5 500 1 30
7 0.5 1000 1.5 40
the model and analyze the parameters and their interactions. The order 8 0.5 1500 2 50
of influence and the effect of parameters are studied on wear behavior 9 05 2000 25 10
. .. s . . 10 0.5 2500 0.5 20
using Minitab-17 software which is used in DOE applications. 1 1 500 15 50
The strongest influence of controlled parameters is identified by the 12 1 1000 2 10
maximum (max) and minimum (min) values difference of S/N ratio. The 13 1 1500 2.5 20
highest difference between the S/N ratio gives more influence of the 14 1 2000 0.5 30
control parameter. From these influencing parameters and output re- 12 1‘5 iggo ; gg
sponses, such as wear rate, COF and temperature at the contact surfaces, 17 15 1000 25 30
better and smaller S/N ratio can be selected from the analysis. There- 18 1.5 1500 0.5 40
fore, the influencing parameters thus choosen are expected to improve 19 1.5 2000 1 50
material performance. Tables 6-8 show that the applied load is the most 20 L5 2500 L5 10
significant parameter among all other factors such as sliding distance, Z; i fggo 52 gg
sliding speed and the weight percentage of reinforcements in case of 23 9 1500 1 10
wear rate as well as sliding speed for the COF and rise in the temperature 24 2 2000 1.5 20
of two mating parts. The graphical method suggests analyzing S/N ratio 25 2 2500 2 30
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Fig. 3. Hardness values graphs for monolithic and MMNCs.

using a conceptual approach in Taguchi technique. The graphical rep-
resentation of influencing parameters against the wear rate, COF and
temperature rise at the contact of the surface is shown in Figs. 4-9.

The experiment was performed as per L25 Orthogonal array (Table 5
represented with the experimental details) and the results are tabulated
in terms of WR, COF and Temperature rise (T) along with the S/N ratio
values as shown in Table 5. The statistical values of parameters which
exercise an impact on WR, COF and temperature rise are presented in
main effects plots as shown in Figs. 4, 6 and 8 respectively.

From Fig. 4, it is clear that each parameter is different from others in
influencing wear rate. For example, the lowest wear rate is seen when
the wt.% of reinforcement is highest, i.e, the fifth level (2.0% hBN); at
the same time, the same trend is followed in the sliding distance at
fourth level (2000 m), whereas the same was realized when the sliding
speed and load are the lowest, that is at the first level of graphical
representation (0.5 m/s and 10 N).

According to Figs. 4, 6 and 8, an increase in wt.% of reinforcement
particles results in hardness and strength of the MMNCs being high [33,

Table 5
Wear test results as per L25 orthogonal array.
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34], there is decreases in the wear rate, decrease in COF and rise in
temperature due to the formation of solid lubrication layers from weak
Van-der-Waal forces intern layers of hBN. These layers prevent higher
wear rate and decrease COF on the pin surface [35]. This layer also acts
as an insulating film to stop the heat transformation from the contact
surface to pin material [36], while increasing the wt.% of reinforcement
particles, the thickness of the solid lubricant layer also increases [37],
resulting in lower wear rate, while the COF and temperature reduce
[38]. Inclusion of wt.% of reinforcement also affects other parameters
like sliding distance. As the sliding distance increases, the wear rate
decreases [39] due to the solid lubricant effect between the contact
surfaces, pin and disc materials upto certain limit. This lubricating film
acts as an insulator and does not allow any rise in temperature to soften
the pin material to undergo further wear.

In case of sliding speed and applied load, as the load increases, it
increases the wear rate, COF and temperature [40,41]. The trend is
shown in Figs. 4, 6 and 8. When the load is low, oxides form on the
surfaces of the composites and interact with the metal contacting sur-
faces. These oxides significantly affect the tribo characteristics, resulting
in lower COF and wear rate. Further, when the applied load is increased,
the heat at contacting surface is also increased and this wear out the
oxide layers, make the layers incapable of preventing the formation of
additional layers at metallic contact surfaces, this frictional heat softens
the pin material, resulting in enhancement in the grain size. This can be
attributed to increase in contact surface area, the wear rate and further
change to delamination with further increase of load [42-45] and the
same trend can be observed in Figs. 6 and 8 which show increase in COF
and temperature rise of the material.

Table 6

Analysis of Variance for wear rate (mm?/m).
Source DF Seq SS Adj SS Adj MS F P Pr(%)
Wt.% 4 1.407 1.407 0.3518 0.43 0.784 2.205
SD (m) 4 9.828 9.828 2.4569 3.00 0.087 15.402
SV (m/s) 4 11.333 11.333 2.8332 3.45 0.064 17.761
Load (N) 4 34.677 34.677 8.6692 10.57 0.003 54.346
RE" 8 6.563 6.563 0.8203 10.285
Total 24 63.807

@ Residual Error.

S.No. Wt% SD (m) SV (m/s) Load (N) Wear rate (mm>/m)*10~> S/N ratio for wear COF S/N ratio for COF Temp (°C) S/N ratio for Temp
1 0 500 0.5 10 1.4947 -3.4911 0.48315 6.3184 36 —31.1261
2 0 1000 1 20 4.7781 —13.5851 0.4553 6.834 39 —31.8213
3 0 1500 1.5 30 3.4971 —10.8742 0.3653 8.7472 45 —33.0643
4 0 2000 2 40 5.0777 -14.1133 0.3596 8.8836 60 —35.563
5 0 2500 2.5 50 5.1837 —14.2928 0.28751 10.827 66 —36.3909
6 0.5 500 1 30 5.1416 —14.222 0.4642 6.6659 42 —32.465
7 0.5 1000 1.5 40 4.9292 —13.8555 0.3071 10.2544 48 —33.6248
8 0.5 1500 2 50 6.9617 —16.8543 0.3485 9.1559 67 —36.5215
9 0.5 2000 2.5 10 1.5221 —3.6489 0.22022 13.143 45 —33.0643
10 0.5 2500 0.5 20 1.4584 -3.2775 0.50455 5.9419 38 —31.5957
11 1 500 1.5 50 6.5007 —16.2592 0.42026 7.5297 52 —34.3201
12 1 1000 2 10 2.5631 —8.1753 0.2659 11.5056 45 —33.0643
13 1 1500 2.5 20 3.9537 —11.9401 0.23805 12.4666 53 —34.4855
14 1 2000 0.5 30 1.6489 —4.3439 0.51235 5.8087 39 —31.8213
15 1 2500 1 40 3.5603 —11.0297 0.48512 6.2829 46 —33.2552
16 1.5 500 2 20 3.6419 —11.2266 0.2748 11.2197 44 —32.8691
17 1.5 1000 2.5 30 4.6643 —13.3757 0.24025 12.3866 54 —34.6479
18 1.5 1500 0.5 40 2.9815 —9.4887 0.5235 5.6217 40 —32.0412
19 1.5 2000 1 50 4.0702 —12.1923 0.4945 6.1167 47 —33.442
20 1.5 2500 1.5 10 2.7904 —8.9133 0.33515 9.4952 44 —32.8691
21 2 500 2.5 40 5.974 —15.5253 0.25041 12.0269 54 —34.6479
22 2 1000 0.5 50 4.5285 —13.1191 0.53125 5.494 42 —32.465
23 2 1500 1 10 1.4437 —3.1895 0.4119 7.7042 42 —32.465
24 2 2000 1.5 20 2.6655 —8.5156 0.34531 9.2359 48 —33.6248
25 2 2500 2 30 2.3523 —7.4299 0.3162 10.0008 57 —35.1175
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Table 7
Analysis of Variance for the coefficient of friction.
Source DF Seq SS Adj SS Adj MS F P Pr%
Wt.% 4 0.001689 0.001689 0.000422 0.93 0.491 0.6
SD (m) 4 0.002276 0.002276 0.000569 1.26 0.362 0.89
SV (m/s) 4 0.233125 0.233125 0.058281 128.71 0.000 91.27
Load (N) 4 0.014709 0.014709 0.003677 8.12 0.006 5.76
RE 8 0.003622 0.003622 0.000453 1.418
Total 24 0.255422
accuracy of experimental results, the S/N ratios are calculated for all the
Zib}eg £ Vari for T. . parameters and the results are depicted in Figs. 5, 7 and 9. The factor
alysis of Variance for Temperature rise. level at which the COF, WR and temperature are lowest is attained at the
Source DF  SeqSS AdjSS  AdjMsS F P Pr% highest S/N ratio and this can be proved for all the parameters in Figs. 5,
Wt.% 4 36.24 36.24 9.060 0.56 0.697 217 7 and 9.
SD (m) 4 89.84 89.84 22.460 1.39 0.319  5.402 From the graphs for S/N ratio, the fifth level of wt.% of reinforce-
SV(m/s) 4 94264 94264 235660 1463  0.001  56.68 ment, the fourth level of sliding distance, the first level of both sliding
Load (N) 4 465.44 465.44  116.360  7.22 0.009  27.98 d and lied load can be considered timal points for lower
RE 8 128.88 128.88 16110 5 749 speed and applied load can be considered as optimal points for lowe
Total 24 1663.04 wear rate. Whereas COF is concerned, the optimal points for lower COF

As seen from Fig. 6, each factor shows a different pattern from other
in influencing the COF. For example, the lowest COF is seen, when the
wt.% of reinforcement is highest (2.0% hBN). At the same time, the
sliding speed is at fifth level (2.5m/s), whereas the same is realized
when the sliding distance and load are at second level (1000 m) and at
first level (10 N), when the sliding speed increases, the temperature also
rises [46,47] due to friction at the contact surfaces of the pin and disc
material. This temperature at lower speed is able to soften the subsurface
of the composite material and any further increase in speed, leads to a
molten layer and the solid lubricant effect will also affect the pin ma-
terial, causing it to skid. With this combined effect, the COF reduces with
increase in sliding speed [48]. Fig. 8, shows the different curve patterns
with various factors. The sliding speed, sliding distance and applied load
show the same trend in the graphical representation of temperature. As
these factors increase, the temperature of the pin material at the contact
surface also increases due to frictional effect.

From Figs. 4, 6 and 8, the influencing factors are easy to identify at
optimal positions. The values obtained in terms of the level of influ-
encing factors, which induce the lowest COF, wear rate and temperature
rise in the nanocomposite material are optimum ones. To attain the

is at the fifth level of both wt.% of reinforcement and sliding speed, the
second level of sliding distance and the first level of load. From the
temperature graph, the optimal point for lower temperature rise at the
fourth level of wt.% of reinforcement particles, the first level of other
three parameters such as sliding distance, sliding speed and applied load
can be observed.

The optimal solution of an orthogonal experiment will not appear in
the design of experiment because on orthogonal array of experiments
provides the same results that of full factorial design which reduces
human efforts and valuable time during the experimentation. The
optimal parameters can be obtained from the main effective plots and
the experiments has to be separately tested for optimum response [49].

Wear resistance of A17150-hBN MMNCs increase significantly (up to
1.5wt% hBN) due to micro hardness enhancement and strengthening
mechanism. The wear loss will increase with increase in applied load
and wear resistance increases with increased wt.% of hBN, by layer
formation due to hBN solid-lubricant property.

As per dry sliding wear concern at the applications of stringers, upper
and lower wings of aircraft, floor breams, seat tracks, fuselage of an
aircraft. The wear resistance plays a crucial role in relative movement at
contact surfaces. Hence, 1.5 wt% hBN providing the max wear resistance

Main Effects Plot for Means (WEAR RATE)
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Fig. 4. Main effects plot for wear rate.
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Fig. 6. Main effects plot for COF.

and strength to weight ratio for aerospace applications [50] in such
cases 1.5 wt% hBN shows the better properties even for more applied
load due to enhanced micro hardness.

The normal probability means plots for the experiment data have
been done for the normality. The residual normal probability plots of
COF, wear rate and temperature for hBN MMNCs are shown in
Fig. 10a—c, which reveal that the falling residuals are on the straight line.
This plots clearly indicate that the values of the responses lie very close
to the normal probability line, signifying that the error is distributed
normally. The graphs are plotted between the run order and residuals to
test the independence of the experimental data for the COF, wear rate
and temperature, and it confirms that there is no predictable pattern for
all three responses. ANOVA technique is used for the significance of the
experiment. The goodness of the model fit indicates R? for the formu-
lated model for the COF, wear rate and temperature are represented by

equations (1)—(3) respectively.

Fig. 11 shows the SEM images and EDX analysis of monolithic at min
at 500 m SD, 0.5m/s SV, 10 N L and max at 2500 m SD, 2.5m/s SV, 50 N
L conditions and for nanocomposite with 1 and 2 wt% of hBN worn
surfaces. When the monolithic and nanocomposite materials come in
contact with the counter surface, abrasion take place between asperities.
The worn surface EDX profile of nanocomposite at AA7150 min and max
conditions, AA7150-1 wt% and AA7150-2 wt% of hBN are as shown in
Fig. 11 and the Aluminum predominant peaks, other chemical compo-
sitions, reinforcements with oxide (O) and iron (Fe) are observed. Fe
peaks indicate the counter surface of steel disc material. The O peaks
indicate the oxidation on worn surface due to high temperature at the
contact surface and it is confirmed that the oxide layer act as a protective
layer on the wear surface.

From the EDX profiles, the presence of O peak conforms to the
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oxidation wear [51]. In AA7150 wear, the presence of O peak is more at
min condition as compared to max condition due to its low speed, which
results in more oxidation. Fe peak is low at min condition as compared to
max condition due to its high speed and load. The oxide percentage is
less in 1 wt% hBN nanocomposite as compared to 2 wt% EDX spectrum
due to more wt.% of hBN present and Fe is slightly varied due to solid
lubricant property of hBN [52].

The final column of Tables 6-8 shows the ANOVA results of wear rate
in mm?3/m, COF and temperature rise in °C for the materials considered.
Table 6, shows the applied load (54.35%) had the greatest influence on
nanocomposites while the sliding speed (17.76%) and distance
(15.40%), wt.% (2.20%) did not have same influence on nano-
composites. It can also be observed that the interactions of SD*Load
(2.44%), wt.% x Load (2.37%) are negligible because of low contribu-
tion and other interactions such as wt.% x SD, SD x SV, Wt.% x SV, SV

x Load were 0.05-0.6% between and thus the influence was not
comparable.

Table 7 shows that sliding speed (91.27%) had the greatest influence
on nanocomposites, while the applied load (5.76%), sliding distance
(0.89%) and wt.% of reinforcement (0.6%) were not as much influ-
encing factors on the COF of nanocomposites. As for interactions, all
interactions showed 0.001-0.15% contribution, therefore, the influence
of these interaction factors do not allow of comparison.

As seen in Table 8, siding speed (56.68%) had the greatest influence
on nanocomposites, while the applied load (27.98%), sliding distance
(5.402%), wt.% of reinforcement particles (2.18%) did not show
noticeable effect on the temperature increase in nanocomposites. The
interactions wt.% x Load (3.95%) and SV x Load (3.11%) had a negli-
gible influence and other combinations of interactions showed
0.02-1.7%; therefore, the influence these interactions factors are
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incomparable. ‘Smaller is the better’ for Wear rate Responses for the S/N
ratios, COF Responses for the S/N ratios and Temperature Responses for
S/N ratios are presented in the Tables 9-11.

4. Regression analysis

Minitab 17 software was used to correlate the wear factors such as
sliding distance, sliding speed, applied load and the wt.% of nano-
particles with the output responses such as WR, COF and Temperature
under dry-sliding conditions. There are many regression models avail-
able. Among them, linear regression model was employed for tribolog-
ical studies and it was found to have produced satisfactory results.
Regression equations are developed for the COF, wear rate and tem-
perature. The generated regression equations are as follows.

Wear Rate = 0.44 — 0.469 wt% — 0.000172 SD + 1.14 SV + 0.124L

R — square value = 87.15% M
COF = 0.5623 — 0.0144 wt% — 0.000002 SD — 0.1571 SV + 0.00072L
R — square value = 96.06%

(2)
Temperature = 33.35 — 0.53 wt% — 0.00052 SD + 9.68 SV — 0.353L 3)

R — square value = 95.17%

The wear rate is in mm?® /m, temperature is in °C. The R-square value
of the COF, wear rate, and temperature rise is found from the above
equations, which can be used to predict the behavior of nanocomposites.
The wear rate, COF regression coefficient and temperature rise of the
models are 0.8715, 0.9606 and 0.9517 respectively.

From the above regression equations (1)—(3), it is observed that there
is a positive load coefficient in the regression equation, which means
that as load increases, the COF and wear rate of the MMNCs also in-
creases. This attributes to the fact that, there is increase in the reinforced
particles fracture as well as penetrating ability in the steel disc with
increase in applied load. Similarly, for the sliding speed (SV), there is
positive value in the regression equation of wear rate and temperature
rise. It indicates that with a rise in temperature, wear rate of MMNCs
increases, while also increasing the sliding speed. This aspect applies to
the extension of oxidation and hairline fracture of particles but in case of
the COF, it is showing the negative in regression, which means COF
decreases with increasing of sliding speed because of solid lubricant film
forming on the contact surface. Wt.% reports negative value in the
regression equation which indicates that the wear rate, temperature rise
and COF of MMNCs decrease with increase of the wt.% of reinforcement
content [53].

5. Morphology

The wear test samples were worn surface of novel Al7150-hBN
MMNCs as shown in Fig. 12a-i. The morphological studies of wear
surface with SEM signify the occurrence of delamination and abrasive
wear mechanism in Al7150-hBN MMNCs. Fig. 12a shows the monolithic
alloy worn surface at min parameters like applied load, sliding velocity
and sliding distance as 10N, 0.5 m/s, 500 m respectively and disclose
the patches of severely damaged areas, as well as deep abrasion grooves

Table 9

Wear rate Responses for the signal to noise ratios ‘smaller is better’.
Level Wt.% SD (m) SV (m/s) Load (N)
1 —-11.271 —12.145 —6.744 —5.484
2 -10.372 —12.422 —10.844 —9.709
3 —10.350 —10.469 —11.684 —10.049
4 —11.039 —8.563 —11.560 —12.803
5 —9.556 —8.989 -11.757 —14.544
Delta 1.715 3.859 5.012 9.060
Rank 4th 3rd 2nd 1st
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Table 10

COF Responses for the Signal to Noise Ratios ‘smaller is better’.
Level Wt.% SD (m) SV (m/s) Load (N)
1 8.322 8.752 5.837 9.633
2 9.032 9.295 6.721 9.140
3 8.719 8.739 9.052 8.722
4 8.968 8.638 10.153 8.614
5 8.892 8.510 12.170 7.825
Delta 0.710 0.785 6.333 1.809
Rank 4th 3rd Ist 2nd

Table 11

Temperature Responses for Signal to Noise Ratios ‘smaller is better’.
Level Wt.% SD (m) SV (m/s) Load (N)
1 —33.59 —33.09 -31.81 —32.52
2 —33.45 -33.12 —32.69 —32.88
3 —33.39 —-33.72 —33.50 —33.42
4 -33.17 —33.50 —34.63 —33.83
5 —33.66 —33.85 —34.65 —34.63
Delta 0.49 0.76 2.84 211
Rank 4th 3rd 1st 2nd

due to low speed and the delamination [54], as well as severe wear
noticed in the monolithic alloy.

Fig. 12b shows the worn surface of the monolithic alloy at max levels
of parameters applied load, sliding velocity and sliding distance as 50 N,
2.5m/s, 2500 m while reveal many plastic deformation layers and deep
grooves due to high friction and hence high temperature, which softens
the material, resulting in heavy plastic deformation and oxide layers.
Fig. 12a and b shows the parameter effect when it is at a low level and to
when it attains max level. Low levels result in more delamination and
abrasive wear. Also at max level the material results with heavy plastic
deformation.

Fig. 12c shows the worn surface of the 1.5wt% hBN MMNCs at
various levels of parameters like 20 N, 2m/s, 500 m which in turn re-
veals the abrasive wear with delamination. Fig. 12d shows the worn
surface of 1.5wt% hBN MMNCs with a load of 50N, sliding speed of
1 m/s and sliding distance of 2000 m. There is abrasive wear with deeper
grooves due to an increase of hBN; the plastic deformation can be
restricted and acts as a protective layer, which results in min surface
damage. From Fig. 12c and d it can be observed that the increase of
parameters (i.e., load from 20 N to 50 N, sliding distance from 500 m to
2000 m) reveals the abrasive wear and delamination. There is more
delamination at the min level of parameters (i.e., 20 N, and 500 m) as
compared to the max level of parameters (i.e., 50 N, and 2000 m) and
deeper grooves than usual.

Fig. 12e shows the worn surface of 2 wt% hBN MMNCs at various
levels of parameters (i.e., 50 N, 0.5m/s, 1000 m) and it reveals wear
with more delamination. The debris and oxide layer formation can be
observed at a lower speed on the worn surface. Fig. 12f shows the worn
surface of 2 wt% hBN MMNCs at various levels of parameters (i.e., 30 N,
2m/s, 2500 m) which indicates heavy plastic deformation with layer
formation. From Fig. 12e and f more delamination and debris can be
observed at 50N, 0.5m/s, 1000m MMNCs than 50N, 0.5m/s and
1000 m MMNCs combination worn surface.

Fig. 12g-i shows the worn surface of various MMNCs of a constant
load 50 N with different parameters at 500X magnification level. These
images reveal abrasive wear, number of debris and size of debris when
increasing weight percentage of hBN. Fig. 12g shows a monolithic model
which reveals heavy plastic deformation as compared to Fig. 12h.
Fig. 12i shows high delamination area and more debris.

6. Conclusions

The following are some notable implications of the investigations
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Fig. 12. Worn surface SEM images of AA7150-hBN nanocomposites and monolithic alloy at various combinations such as (a) 0 wt%-10N-0.5 m/s-500 m, (b) 0 wt
%-50N-2.5 m/s-2500 m, (c) 1.5 wt%-20N-2m/s-500 m, (d) 1.5 wt%-50N-1 m/s-2000 m, (e) 2 wt%-50N-0.5 m/s-1000 m, (f) 2 wt%-30N-2m/s-2500 m, (g) 0 wt%-50N-
2.5m/s-2500 m, (h) 1.5 wt%-50N-1.5m/s-2000 m, (i) 2 wt%-50N-0.5m/s-1000 m.

carried out on Al7150-hBN MMNCs. A17150-hBN MMNCs containing up
to 2wt% were successfully prepared via liquid metallurgy technique.
The density and hardness values were found to increase with increased
hBN nano-reinforcement content in the Al7150 up to 1.5 wt% of hBN.
The SEM images of A17150-hBN MMNCs show uniform distribution of
nano-particulates in the matrix. The Dry-sliding wear test was conducted
to optimize the wear parameters through Taguchi method on Al7150-
hBN MMNCs and the following conclusions are drawn from the cur-
rent investigation.

> Wear rate, COF and temperature are determined by different factors
in order of wt.% of reinforcement, sliding distance, sliding speed and
applied load.

> To determine the influence of dominant parameters on hBN rein-
forced MMNCs, ANOVA test was conducted and which showed that
the wear loss significantly increases with increase of applied load.

12

Similarly, for COF, decreases while temperature increases with in-
crease in sliding speed.

> The applied load had the greatest influence on statistical and phys-
ical properties of MMNCs on dry sliding wear, among all other pa-
rameters, such as sliding speed and sliding distance, wt.%.

> The interactions between SD x Load, wt.% x Load are more influ-
ential as compared to other factors interactions on wear rate.

> The sliding speed had the greatest influence on the COF of nano-
composites, among all other parameters, such as applied load, sliding
distance and wt.% of reinforcement.

> The siding speed had the greatest influence on the temperature of the
nanocomposites, among all other parameters, such as the applied
load, sliding distance and wt.% of reinforcement particles.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

0rg/10.1016/j.compositesb.2019.107136.
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