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Magnesium composites are innovative, compact, and distinctive materials. Because of their low density, magnesium com-
posites are suitable for applications in the automobile, aviation, semiconductor, and pharmaceutical sectors. To enhance the
mechanical wear and corrosion behavior of theAZ61 Mg alloy, different weight percentages of nano-B4C reinforcements (2.5,
5, 7.5, and 10wt%) were strengthened with magnesium matrix. Fabrication of magnesium composites was achieved through
the stir casting method. The as-cast specimens were subjected to microstructural analysis, which showed that the B4C nanopar-
ticles were dispersed uniformly, well bonded to the matrix, and had a minimal level of porosity. This shows that the inclusion
of B4C nanoparticles has aninsignificanteffect on the microstructure of the as-cast material. The material’s tensile strength,
compressive strength, hardness, corrosion resistance, and wear resistance were all greatly increased by the Mg17Al12 phase’s
fracture and dispersion. Scanning electron microscopy was utilized to inspect the surfaces of AZ61/B4C nanocomposites and
witnessed the uniform dispersal of reinforcement within the matrix.The maximum value for mechanical properties was ob-
tained for AZ61/7.5wt%B4C nanocomposite and the lowest value was found to be the corrosion test. These results show that
the AZ61/7.5wt%B4C nanocomposite is a superior material for aerospace and automotive engineering components where high
compressive strength, corrosion resistance, and wear resistance are required.

Keywords: AZ61/B4C nanocomposite, mechanical properties, corrosion behavior, stir casting, tribological characteristics,
Grey Taguchi technique

1. Introduction ceramic reinforcement in the form of fibers or par-
ticles, and as a result, they are stronger at higher
temperatures and have better hardness, wear resis-
tance, and elastic modulus. Nevertheless, the use of
ceramic reinforcements in pure Mg and Mg alloys
can lead to brittle materials [5—8]. In recent years,
metallic elements with high strength and modulus,
such as titanium, nickel, and copper, have been in-
troduced to improve the mechanical properties of
pure magnesium and its alloys [9-11]. When 5.6
wt% of titanium, which is insoluble in magnesium,
was added to pure magnesium, it was reported that
there was an overall increase in ductility of 45%
and a yield strength of 60% [12]. While soluble
metallic elements such as Ni and Cu were added
to pure Mg, the strength of the material signifi-

Magnesium-related alloys appear to possess-
less density, highly specialized automatic proper-
ties, and outstanding damping behavior. Because of
these characteristics, they have significant imple-
mentation potential in aerospace and the automo-
tive industry, two fields in which material weight
reduction is critical. Magnesium and its composites
are not utilized in the field of engineering despite
their less mechanical behavior [1-4]. These char-
acteristics include strength, ductility, a low elastic
modulus, and poor stability at high temperatures.
In this respect, metal matrix composites of mag-
nesium, which are also known as Mg-MMC, have
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cantly improved, but its ductility significantly de-
creased [13]. On the other hand, it has been re-
ported that adding nanosized ceramic reinforce-
ments to magnesium and its alloys (such as Al,Os,
Zr0,, or ZnO) resulted in an increase in both the
material’s overall strength and ductility [14, 15].
Stir casting isutilized to manufacture magnesium
matrix composites [16-22]. These composites use
silicon-carbide-reinforced particles. A variety of
particles of various sizes, including micron, sub-
micron, and nanometer-sized particles were used.
In the course of the research, it was found that stir
casting and extrusion processes were the most ac-
tive ways to increase the strength of the magne-
sium composite. It was discovered that the accu-
mulation of SiC particles of varying sizes led to
a direct improvement in the dynamic recrystalliza-
tion (DRXed) nucleation ratio. Similarly, it can re-
duce the average particle size of the matrix. Com-
pared to the state in which no SiC material was
added, the tensile strength of the composites ex-
hibited a noteworthyenhancement. The mechanical
properties of aluminum alloys may be enhanced us-
ing a stir casting process to incorporate nanoscale
B4C composites [23-27]. Microstructure analysis
revealed the presence of boron carbide nanopar-
ticles that had disseminated throughout the alu-
minum alloy in the pristine condition. The mechan-
ical properties’ tensile strength and hardness were
enhanced as the amount of boron carbide nanopar-
ticles in the material increased. They found that
the wear opposition of B4C nanocomposites was
significantly greater than that of monolithic alu-
minum alloys [28-30]. The tribological character-
istic of deformed AZ61 alloy was explored, and the
wear loss of rolled specimens was found to be bet-
ter than that of extruded specimens [31]. The wear
loss of AZ61/SiC composites was investigated and
SiC-reinforced AZ61 composites were observed to
possess better wear resistance than the matrix [32].
The number of grains in a microstructure was cal-
culated, and the ASTM grain size of Mg alloys was
determined using computer vision technology. The
success rate in the comparison of the grain num-
bers was found to be approximately 94% [33]. The
tribological behavior of magnesium-strengthened
fly ash cenosphere was studied, resulting in the

conclusion that increasing reinforcement improved
wear resistance [34]. The wear properties of SiC-
strengthened magnesium composites were exam-
ined, and it was observed that inclusion of SiC re-
inforcement leads to better wear opposition [35].
The mechanical and wear characteristics of nano-
fly ash particle reinforced Mg matrix composites
produced via stir casting process were examined,
and it was found that the addition of nano-fly ash
particle enhances the mechanical and wear proper-
ties significantly [36]. The mechanical behavior of
ceric ammonium nitrate reinforced magnesium was
tested and an increase in ceric ammonium nitrate
was found to improve mechanical behavior [37].

Numerous publications reveal that composites
based on magnesium with reinforcements, such as
silicon carbide and aluminum oxide, can improve
the mechanical properties of the material. And also
help in investigating the influence these particles
have. However, few examples of Mg-based MMCs
with nano-B4C mechanical, tribological, and cor-
rosion properties can be found in the scientific lit-
erature.

This comprehensive literature review has fo-
cused on the area of nano-B4C -reinforced AZ61
Mg composites produced via the stir casting pro-
cess. On the basis of the literature review, an ef-
fort has been made to produce Mg AZ61/B4C
nanocomposites using the stir casting process in or-
der to study the surface morphology and mechan-
ical, tribological, and corrosion behavior. The in-
fluence of nano-B4C (different weight percentages
2.5 wt%, 5 wt%, 7.5 wt%, and 10 wt%) reinforced
with AZ61 Mg properties were studied and the re-
sults are provided in this report.

2. Visual examination

In the detailed literature study on magnesium
matrix composites, numerous research gaps were
identified in the areas of the manufacturing of mag-
nesium matrix composites via the stir casting pro-
cess, their characterization, their physical proper-
ties, and in their mechanical, tribological, and cor-
rosion behavior, all of which are enumerated be-
low. Numerous investigations have been carried out
on the synthesis of magnesium matrix composites
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via the stir casting process, but very little work was
done by using AZ61 Mg alloy as a matrix material
and nano-B4C as the reinforcement. Very few re-
searchers have studied the tribology and corrosion
behavior of the magnesium matrix composites.

3. Materials and experimental

methods

Mg-Zn master alloys were utilized to create
magnesium alloy AZ61 in a high-frequency induc-
tion furnace with a protective atmosphere contain-
ing 5% SF6.This preparation was made under pro-
tective gas conditions. In the first stage of the melt-
ing process, pure Mg was loaded into a graphite-
ceramic crucible. This allowed the Mg to melt.
Subsequently, AZ61 magnesium alloys were added
to the molten magnesium and mixed until they
were completely dissolved in the molten magne-
sium (which had been heated to 800°C). The ma-
trix alloys and their elemental compositions are
6.73wt% of Al, 1.0wt% of Zn, 0.03wt% of Si,
0.003wt% of Cu, 0.0035 wt% of Fe, 0.0007wt%
of Ni, with the remaining weight percent consist-
ing of Mg. Using the stir casting method, pure
B4C nanoparticles with an average size of 90nm
were introduced into the molten alloy to prepare
the composite for the ex-situ process. As a rein-
forcing element, B4C nanoparticles were preheated
by being held at a temperature of 400°C for two
hours. An induction furnace was used for the stir-
casting process, and a steel impeller was used to
add different amounts of preheated B4C nanopar-
ticles (2.5wt%, Swt%, 7.5wt%, and10wt%) to the
molten state of the AZ61. The temperature of the
molten AZ61 was 780°C.

The stir casting procedure was performed at a
stirring speed of 620rpm for a period of 15min. Be-
fore adding B4C nanoparticles to the molten alloy
at 780°C using the vortex method, they were pre-
heated at 400°C for 120min. The pouring tempera-
ture was kept under control with the help of an ac-
curate K-type thermocouple in each trial. Finally,
the molten composites were poured at 750°C into a
cast iron mold that was preheated to a temperature
of 100°C.

Figure 1 shows the manufactured composites.
To expose the microstructures, each of the cast
samples was subjected to a process that involved
polishing and etching with an acetic picric solution
(10 ml H,0O+10ml ethanol+10ml acetic acid+4.2g
picric acid). The polishing was done using disc
polishing machine to obtain a mirrorlike surface.
Then, it was etched using acid. After the etch-
ing process, elemental and micro structural anal-
yses were performed using energy dispersive spec-
troscopy (EDAX-AMETEK-TSL model) and scan-
ning electron microscope (ZEISS model).

According to ASTM standards D695 and
D3039, compression and tensile test samples were
prepared using a wire-cutting machine. These sam-
ples were then machined to the appropriate di-
mensions for the compression test: 8mm in diam-
eter and 12mm in height. Compression and ten-
sile tests were performed at room temperature at a
constant speed of 0.lmm/min for the crosshead. A
computer-controlled UTM 50kN was used to per-
form the compression and tensile test. According
to ASTM International Standard E384, a Vickers
indenter with a test load of 0.5kg and dwell time of
30s was used with an automatic digital microhard-
ness tester to measure the hardness of the polished
as-cast materials. The examination was performed
at room temperature, and hardness measurements
were collected from five distinct locations across
each composite material. The Charpy V-notch test
was used to determine the toughness of the com-
posites in accordance with ASTM E23. Each spec-
imen had a single V-Notch that was 2mm deep and
45° in angles with a root radius of 0.lmm. The
size of the specimens was 10mm x 10mm X 55
mm. The Charpy V-notch test was performed us-
ing an impact test machine. According to ASTM
International Standard C1161, a flexural test was
conducted to measure the flexural strength of the
material. A computer-controlled UTM was used to
perform the three-point bend test, with a constant
displacement rate of 0.5mm/min.

According to ASTM International Standard
B117, Versa STAT MC (potentiostat/ galvanostat
with a versa studio electrochemistry software pack-
age, Princeton Applied Research, Princeton, New
Jersey) was used to perform an electrochemical
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analysis of the samples. At room temperature, pol-
ished magnesium composites with a surface area of
lecm? were subjected to a corrosion medium con-
sisting of a 3.5% sodium chloride solution. The dy-
namic current—potential curves were recorded by
polarizing the specimen to —0.1 V to +0.1 V on
open circuit potential (OCP) at a scan rate of 0.05
mV/s. Platinum as counter electrode and saturated
calomel as reference electrode were used.

To carry out the wear test such as wear rate and
co-efficient of friction on the produced nanocom-
posites, they were cut into the required dimensions
as per ASTM standard E99, with a 10mm x 30mm
cylindrical pin, using a wire electric discharge ma-
chine. A DUCCOM pin on a disc tribometer was
used to perform the test. The disc plate was pol-
ished with acetone to obtain a smooth finish and
remove impurities present on the disc. The wear
test was done at process parameters such as weight
percent (0, 2.5, 5,and7.5), load (4N, 8N, 12N,
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Fig. 1. Fabrication of AZ61/ B4C nanocomposites

and 16N), sliding velocity (1m/s, 2m/s, 3m/s, and
4m/s), and sliding distance (400m, 800m, 1200m,
and 1600m).

4. Results and discussion

4.1. Scanning electron microscope and
energy-dispersive X-ray spectroscopy anal-
ysis (EDS)

Scanning electron micrographs (SEM) of the
AZ61/B4C nanocomposites are in Figure 2 (a—
e). This demonstrates the fact that correct metal-
lographic testing was used to evaluate the struc-
ture of the composites. When the weight percent
of B4C was increased, the amount of intermetallic
Mg 7Al}, was slightly reduced [38, 39]. The den-
dritic features of magnesium can be seen in the ma-
trix of the AZ61/B4C nanocomposites, and these
features can be seen in the microstructures of the
composites as well. Figure 2 (b, c) illustrates in de-
tail the equal distribution of augmentations in the

Fig. 2. SEM  micrographs of  nanocompos-
ites of AZ61/B4C: (a) AZ61 alloy, (b)
AZ61/2.5wt%B4C, (c)  AZ61/5wt%B4C,

(d) AZ61/7.5wt%B4C, (¢) AZ61/10Wt%B4C



Investigation of the characteristics of AZ61 Mg with boron carbide nano particles

231

30K " (a 15K (b)
2 Y
25K o
n 0.085 0022 |
o [ B 2415 3623
A L 3.630 ZAh e C 1698 7.034
15K 0 2154 3152 | 0 2.725 3.890
Mg £d4.546 #1.434 Mg 83,671 77.417
1K= Al o585 8317 | K Al 958 8aly
SK- C Total 100 100 C Tatal 100 104
o Al 7, IH a Al
0 T T T T T T 0-f =] T T T T
o 1 2 3 4 5 6 0 1 2 3 4 5 [
Full scale counts: 26176 keV s r
Integral Counts: 243510 Interal Counte: 133600 ey
15K — Mg (C} TKA Alg (d)
. B 4,890 4.777 SK B 7.536 5620
i 3553 7.557 | | ¢ 3134 7.941
o 3.351 AnE | o 4330 9375 |
K | Mg B0.369 74641 | 3K Mg 7EEIS 71339
& [ 7.917 8.296 | c | A 6.161 5.725
B O Al Total 100 100 B '1: Al Total 100 100
o ey T T T T 0 T T T T T T
0 1 2 3 4 g 6 0 1 2 3 4 H 6
Full scale counts: 131954 keV Full scale counts: 6468 keV
Integral Counts: 139594 Integral Counis: 68646
S Mg (e}
4K B B8.883 6731
3K c 3498 7941
o 12330 19.296 |
2K iz 70.128  61.189
Kk e, Al 5161 4,843
B Al Tastal 100 104
0 | T T T T
[i] 1 2 3 4 5 ]
Full scale counts: 4758 keV

Integral Counts: 54633

Fig. 3. EDS analysis of nanocomposites of AZ61/B4C: (a) AZ61 alloy, (b) AZ61/2.5wt%B4C, (c)
AZ61/5wt%B4C, (d) AZ61/7.5wt%B4C, (e) AZ61/10wt%B4C

AZ61 grain limitations and the lack of sponges pro-
duced as a result of a properly stirred casting pro-
cess. This is clear from the intensity of the respec-
tive peaks in each of the EDS analyses, as shown
in Figure 3. Owing to the isothermal heat reaction
that occurs between the matrix and reinforcements,
Figure 2 (e) depicts a cluster of reinforcements in
the AZ61 matrix of the 10 wt% B4C nanocompos-
ites. Figure 3 shows the EDS analysis results of
the AZ61/B4C nanocomposites. The results show
peaks corresponding to the presence of Mg, Al, and
other minor elements. The presence of the B peaks,
which can be seen in Figure 3 (c, d), unequivocally
demonstrates that an increased weight percentage
of nano-B4C can be found in the alloy. In Figure 3
(b, ¢, d), the weight percentage of boron B and
carbide C are clearly presented, and the presence

of both boron and carbide are proven. In addition,
boron B and carbide C peaks are clearly displayed
in Figure 3 (b, c, d).

4.2. Physical properties

As shown in Table 1, the reinforcement addi-
tionin the matrix enhanced the density of the com-
posite material. The density of the samples was de-
termined by calculating the volume of a given sam-
ple from its dimensions and then dividing this into
the mass.

Density, p=m/v (gm/cc)
The porosity of the composite is calculated us-
ing following equation
th —pex

p
1
pth x 100

Porosity =
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Table 1. The density of AZ61/B4C nanocomposites

Composites Experimental density Theoretical density Porosity
g/cem? g/cm’® %
A (AZ61-Mg alloy) 1.785 1.790 1.38
B (AZ61 with 2.5wt% B4C) 1.801 1.824 1.24
C (AZ61 with 5wt% B4C) 1.814 1.831 1.18
D (AZ61 with 7.5wt% B4C) 1.826 1.840 1.07
E (AZ61 with 10wt% B4C) 1.830 1.848 1.04
Table 2. Tensile characteristics of AZ61/B4C nanocomposites
Composites Ultimate tensile strength (MPa) Yield strength (MPa) Elongation (%)
A 158 101 104
B 166 114 8.6
C 178 126 6.8
D 194 138 5.6
E 182 129 6.0

Where pth theoretical density and pex is experi-
mental density.

Plastic deformation and grain boundary diffu-
sion are the two factors that have the most influence
on the densification of magnesium-based compos-
ites [40]. The incorporation of B4C nanoparticles
into the composites resulted in a slight improve-
ment in the performance of these two processes:
The AZ61 composites had10 wt%, and B4C had
a density of 1.830 g/cm?, which was higher than
that of the composites containing 2.5 wt%. Porosi-
ties of less than 2% throughout the magnesium
metal matrix nanocomposites are considered to be
within the acceptable range for these composites.
Because AZ61 and the reinforced particulates used
in the stir casting process have lower surface ten-
sion, trapped air bubbles can flow into the molten
mixture and escape during the process.

4.3. Mechanical properties

The values of the yield strength and tensile
strength of the AZ61/B4C nanocomposites were
derived from the stress—strain curve using the re-
sults of the tensile test (Table 2). It was found
that increasing the reinforcements in the compos-
ites led to an increase in their tensile properties up
to 7.5wt% for nano-B4C before the properties be-
gan to deteriorate. The increased ultimate tensile
and yield strengths of the composites made with the

use of B4C nanoparticles may be attributed to grain
purification that begins well under cooling from
the reinforcements. Because the reinforcements are
ductile and can therefore undergo plastic deforma-
tion, the bonding between the reinforcement parti-
cles and matrix makes it less likely for them to gen-
erate heavy stress gradients. Because of the differ-
ence in the plastic deformation characteristics be-
tween AZ61, which is ductile, and the reinforce-
ments, which are hard and brittle, the limitation of
the AZ61 matrix and the reinforcement nanoparti-
cles may serve as a location for stress deliberation
in the process of distinguishing the two.

The relationship between the AZ61/B4C
nanocomposites and their hardness levels is
illustrated in Figure 4. It is evident from the
information presented above that the weight per-
centage of reinforcement nanoparticles is directly
correlated with the hardness of the material. When
a soft and ductile matrix is combined with hard
reinforcements, it leads to arise in the solidity
of the base matrix. An appropriate stir casting
process results in an even distribution of rein-
forcements, which contributes to the high solidity
of composites containing 7.5 wt% B4C. When
B4C nanoparticles comprise more than 7.5 wt%
of the matrix, the hardness of the composites is
reduced because the particles group together. The
porosity range in all AZ61/B4C nanocomposites
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Fig. 4. AZ61/B4C nanocomposites and the hardness of
their relationship

was extremely low, and the effect was stable with
regard to the composites’ hardness. As a result
of the increase in the percentage of reinforce-
ment to above 7.5wt%, agglomeration occurred,
which results in the reduction of hardness for
AZ61/10wt.%B4C nanocomposites (Figure 2e).

In addition, the results obtained for the com-
pressive and tensile strengths of the AZ61/B4C
composites were the same as those obtained for
the hardness difference for the different weight
percentages of B4C nanoparticles. The Orowan
mechanism is one of the most effective ways to
strengthen B4C composites with a magnesium ma-
trix.

Figure 5 shows the range of the compres-
sive strength values and the stress-strain curve
of AZ61/B4C nanocomposites. The compressive
strength increased up to 7.5 wt% with the nano-
B4C reinforcements until it reached 350MPa, after
which it began to decrease. The load-bearing ca-
pacity of the AZ61/B4C nanocomposites improved
and the compressive strength increased because of
their resistance to crack propagation. When the
nanocomposites contain 10wt% B4C, the cluster
formation of the reinforcement particles results in
nanocomposites with lower compressive strength,
as shown in the SEM pictures in Figure 2e. Accord-
ing to the Hall-Petch equation [24], an increase in
UCS is proportional to the inverse proportion of
grain size to strength.

Compressive strength (MPa)

A B c D E
Composites

A)

400

350 +
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5% B4C
7.5%BAC

——10% B4C

T T T T . T
0 10 20 30 40 50 60 70 80
Strain (%)

B)

Fig. 5. (a) AZ61/B4C nanocomposites and the com-
pressive strength of their relationship (b) stress-
strain curve of AZ61/B4C nanocomposites

Figure 6 displays the findings of the tests con-
ducted to determine the strike strength of the
AZ61/B4C nanocomposites. On the basis of these
findings, the impact strength of the AZ61/B4C
nanocomposites was 18.5J,22.1J,26.9J, and 25.8
J when there was 2.5 wt%, 5 wt%, 7.5 wt%, and
10 wt% of B4C nanoparticles in the matrix, respec-
tively. The presence of nano-B4C reinforcements,
which is a material that is equally as ductile as
AZ61 but more difficult, is credited with improv-
ing the impact strength of the material. Because
B4C nanoparticles already have some ductility built
into them, the AZ61 matrix composite has inherent
toughness. The impact strength of the nanocom-
posites containing 10 wt% B4C decreased, which
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Fig. 6. AZ61/B4C nanocomposites and the impact
strength of their relationship

Flexural strength (MPa)
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Fig. 7. AZ61/ B4C nanocomposites and the flexural
strength of their relationship

is not surprising given that nano-B4C is naturally
a soft and fairly brittle material. It fractured in a
ductile-brittle mode, which is attributable to the
presence of nano-B4C components.

Figure 7 depicts the flexural strength values
that were determined to have been achieved by the
AZ61/B4C nanocomposites. This clearly shows the
gradual increase of reinforcement nanoparticles,
which then began to decrease at 10% B4C weight.
The enhanced flexural strength was attributed to the
AZ61’s finer nanoparticles in the reinforcement.
After the AZ61 material hardened, the precipita-
tion of Mg2Si intermetallic particles could be regu-

lated. The heterogeneous circulation of AZ61 with
B4C nanoparticles, poor ductility, and the forma-
tion of microcracks all contributed to a decrease in
the flexural strength of the composites.

4.4. Corrosion properties

The corrosion test was used to investigate the
deterioration process that occurs in the component
while it is submerged in the solution. If corrosion
current density (I.,,-) decreases, the rate of corro-
sion will decrease, but the material will be more re-
sistant to corrosion. The incorporation of nanopar-
ticles into the composite led to an increase in the
resistance of the material to corrosion. The value
of 1., continued to decrease until it reached 7.5
wt% of the nanocomposites, after which it began
to rise. This reflects the high bonding of reinforce-
ment in the magnesium and the effect of nano-B4C
addition; the best nanocomposites have a low Icorr
value, and the best composites have 7.5 wt% of that
reinforcement. Compared to sample D, the Icorr
value produced by sample E is lower, indicating
that an increased amount of reinforcement leads to
a decreased level of bonding with the magnesium
matrix.

Table 3. Corrosion properties of the AZ61/B4C

nanocomposites
Composites Teorr Ecorr Corrosion
(mA/cm?®)  (mV) rate
(mils/yr)
A 0.0039751 —753.15  355.37
B 0.0032398 —856.25  338.70
C 0.0030175 —869.60  320.96
D 0.0021956 —916.36  220.47
E 0.0024096 —909.77  240.36

The formula was used to determine the corro-
sion rate:

0.13 X I.ppr X Ew
P

Corrosion rate(mpy) =

Where 1., is the corrosion current den-
sity (uA/cm?); Ew is the equivalent weight of
AZ61/B4C nanocomposite material; and p is den-
sity (g/cm?) of the AZ61/B4C nanocomposite ma-
terial.
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Table 4. Experimental results

Exp.No. Wt% B4C L(N) SV(m/s) SD(m) WR (mm’/m) COF
1 0 4 1 400 0.0084 0.482
2 0 8 2 800 0.0076 0.526
3 0 12 3 1200 0.0087 0.489
4 0 16 4 1600 0.0097 0.561
5 2.5 4 2 1200 0.0049 0.597
6 2.5 8 1 1600 0.0075 0.606
7 2.5 12 4 400 0.00672 0.685
8 2.5 16 3 800 0.00789 0.587
9 5 4 3 1600 0.0031 0.774
10 5 8 4 1200 0.0045 0.695
11 5 12 1 800 0.0051 0.763
12 5 16 2 400 0.0068 0.79
13 7.5 4 4 800 0.0031 0.585
14 7.5 8 3 400 0.0039 0.493
15 7.5 12 2 1600 0.0048 0.521
16 7.5 16 1 1200 0.00501 0.566

Abbreviations: L, load; SV, sliding velocity; SD, sliding distance,

WR, wear rate, COF, coefficient
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Fig. 8. AZ61/B4C nanocomposites and the corrosion
behavior of their relationship

4.5. Tribological behavior

The tribological behavior study was performed
according to the L16 orthogonal array to fore-
cast the optimum process parameters by Grey re-
lational analysis (GRA). The wear test was done
with the process parameters B4C wt% (0, 2.5, 5,
and 7.5), load (4, 8, 12, and 16 N), sliding velocity
(1, 2, 3, and 4 m/s), and sliding distance (400, 800,
1200,and1600m) to find the optimum parameters to
attain the least wear rate and coefficient of friction.
The results are shown in Table 4.

4.5.1.
WR

The result of various task parameters on

Figures (9-11) show the contour plot for WR.
Figure 9 shows the nano-B4C weight percentage
vs. load. It was obviously revealed that the wear
rate progressively increases with an increase in
load at any sliding velocity (SV) and distance. It
was demonstrated that the least wear rate (WR) was
attained at the lowest level of load (L). Figure 10
shows the nano-B4C weight percentage versus slid-
ing velocity. It was found that a higher value of slid-
ing distance (SD) produces more wear rate in spite
of more contact between the sample and counter
disc. The highest wear rate was attained with a
higher value for sliding distance. Figure 11 shows
the nano-B4C weight percentage versus sliding dis-
tance. Sliding velocity was a minor variable, which
means the response of wear rate doesn’t depend on
that parameter. Though the upper value of sliding
distance increases the wear rate at any sliding ve-
locity continued constant. It was clearly perceived
that low wear rate was attained at the mid-level of
sliding and sliding distance. From the contour plot
in Figures (9-11), it can be seen that an elevation
in L, SV, and SD enhances the WR, and a reduction
was observed when increasing the weight percent
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of nano-B4C reinforcement. Figures (9—11) clearly
show the effects of the nano-B4C weight percent
has better wear resistance than that of other param-
eters. 7.5 wt% nano-B4C. This could be because
the nano-B4C particles act as a barrier to protect
against surface defoliation, resulting in improved
WR. The WR decreases as the weight percent of
nano-B4C decreases (7.5 >5 >2.5 >0 wt%). When
nano-B4C weight percent decreases, the formation
of frictional heat minimizes the hardness of com-
posites, which ultimately results in a decline in the
WR.
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Fig. 9. Contour plot: wt% B4C vs. load

Contour Plot of Wear Rate ws W %, Sliding Distance [m)

Fig. 10. Contour plot: wt% B4C vs. sliding distance

4.5.2. Effects of various task parameters on co-
efficient

The contour plots for the coefficient (COF) in
Figure 12 represent weight percent versus load. It is

Contour Plot of Wear Rate vs Wt %, Sliding Velocity (m/s)

Fig. 11. Contour plot: wt% B4C vs. sliding velocity

Caontour Plat of COF vs Load (M), WE. %

ad [N}

L,

Fig. 12. Contour plot: wt% B4C vs. load

clear that the COF progressively increases with in-
crease in load at any sliding velocity and distance.
The lowest COF was obtained at the lowest level of
load. Figure 13 shows weight percent versus sliding
distance. It was revealed that a greater value of slid-
ing distance produces the maximum COF because
there is more contact between the specimen and the
counter disc. The maximum COF was attained with
greatest value for sliding distance. Figure 14 shows
weight percent versus SD. This result shows that
the sliding velocity was an insignificant variable,
that is, the response of COF doesn’t depend on this
parameter. The finding that higher values of sliding
distance increase the wear rate at any sliding veloc-
ity remained constant. It was clear that a low COF
was attained at the mid-level of sliding velocity and
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Fig. 14. Contour plot wt% B4C vs. sliding velocity

sliding distance. As can be seen in Figures (12—14),
the COF value decreases as the weight percent of
B4C nanoparticles, L, SV, and SD increase. It is
possible that the primary reason for the decrease
in COF is that, as the load continues to increase,
the temperature of the worn surface continues to
rise, which causes the alloys to become more pli-
able. The COF decreased as the weight percentage
of B4C nanoparticles reached its maximum, which
occurred at 7.5 wt%. The scattering of particles is
consistent, which results in a lower value compared
to the various composites.

4.5.3. Grey relational examination

The Taguchi process, which is connected to
Grey, is a useful method. It is possible to achieve
desirable process parameters by converting multi-
response inspection into a tool-based, one-response
optimization using Grey. The steps involved in
GRA are outlined below. The initial step is to stan-
dardize the control values that have been collected.
The Taguchi method can be used to improve per-
formance characteristics. Table 5 presents the cal-
culated S/N ratio and the normalized S/N ratio val-
ues for the smallest possible increase in WR and
COF. The GRC, GRG, and ranks for all the 16 tri-
als are presented in Table 6. The GRG developed
is shown in the first rank of Table 6, which indi-
cates that it has improved capabilities for multiple
executions. According to Table 6, the parameters
found in the twelfth experiment are the most op-
timal for a wide variety of performance character-
istics, including the WR and COF. The response
table for GRG is displayed in Table 7. It can be de-
duced from Table 7 that the maximum value for the
maximum to minimum esteem range was 4.262. As
a result, it is common knowledge that the weight
percentage of nano-B4C is the most important fac-
tor in determining WR and CO flag, followed by L,
SV, and SD. The series of stimulating influences is
in the following order: B4C (4.262), L (1.925), SV
(01.062), and SD (0.46). The GRG is illustrated in
Figure 8. The plots of the main effects for GRG are
shown in Figures 15 and 17. The following steps
are used to find optimal results.

GRG

0.90

0.60
0.50

SRG

0.30

0.20

1 2 3 4 5 & 7 8 5 1011 12 13 14 15 16

Experiment Number

Fig. 15. Grey relational grade
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Table 5. Calculated S/N ratio as well as the normalized S/N ratio

S/N ratio for wear S/N ratio for COF Normalization for wear

Normalization for COF

41.5144 6.3391 0.874 0.000
42.3837 5.5803 0.786 0.177
41.2096 6.2138 0.905 0.029
40.2646 5.0207 1.000 0.307
46.1961 4.4805 0.401 0.433
42.4988 4.3505 0.775 0.463
43.4526 3.2862 0.678 0.711
42.0585 4.6272 0.819 0.399
50.1728 2.2252 0.000 0.959
46.9357 3.1603 0.327 0.741
45.8486 2.3495 0.436 0.930
43.3498 2.0475 0.689 1.000
50.1728 4.6569 0.000 0.392
48.1787 6.1431 0.201 0.046
46.3752 5.6632 0.383 0.157
46.0032 4.9437 0.421 0.325
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Fig. 16. Main effect plot for wear rate
Step 1. Calculate the value of the signal-to-noise ra- tio(S/N) for wear and COF:
yi(x)®

S/Nratio = —logy (

i=1

n

)




Investigation of the characteristics of AZ61 Mg with boron carbide nano particles 239

Interaction Plot for COF

4 B 12 16 1 2 3 4 400 B0 1200 1600
* PO PO 4 e - . * | o we %
" g —4— 00
/,l\ A Loes | W 20
) | —e - 50
Wit. % S;}\/l ey 4 AL\/] —h— 75
I 0.55
- N‘ s
&
| Load (M)
\ W ,Q\ 0.75 a
(s 2
Load (M) - 16
A—a | g
u "_F__
* | Sliding
\ A\ j, 075 Velocity
[ry/z)
- 0.65 .
T - 17 1
Sliding Velocity (m/s) o e m 2
m | |- 2
~J S

Sliding Distance {m)

Fig. 17. Main effect plot for coefficient

Table 6. Calculated deviation sequences for GRC and GRG

Deviation sequence  Deviation sequence for COF GRC for wear GRC for COF GRG Rank

for wear
0.126 1.000 0.799 0.333 0.566 9
0.214 0.823 0.700 0.378 0.539 11
0.095 0.971 0.840 0.340 0.590 7
0.000 0.693 1.000 0.419 0.710 2
0.599 0.567 0.455 0.469 0.462 12
0.225 0.537 0.689 0.482 0.586 8
0.322 0.289 0.608 0.634 0.621 5
0.181 0.601 0.734 0.454 0.594 6
1.000 0.041 0.333 0.924 0.628 4
0.673 0.259 0.426 0.658 0.542 10
0.564 0.070 0.470 0.877 0.673 3
0.311 0.000 0.616 1.000 0.808 1
1.000 0.608 0.333 0.451 0.392 15
0.799 0.954 0.385 0.344 0.364 16
0.617 0.843 0.448 0.372 0.410 14
0.579 0.675 0.463 0.426 0.444 13
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Table 7. Grey relational grade response table

Level Wt% L (N) SV (@m/s) SD (m)

1 4469 5954  5.017 4.925

2 5.003 6.024  5.417 5.363

3 3.659 4974 5478 5913

4 7.921 4.099 5.139 4.851

Delta 4.262 1.925 0.46 1.062

Rank 1 2 4 3

Table 8. ANOVA for Grey relational grade

Source DF AdjSS AdjMS F Value P Value Contribution %
Wt% 3 0.148176 0.049392  16.67 0.022 67.19
L (N) 3 0.045723 0.015241 5.14 0.106 20.73
SV (m/s) 3 0.001433 0.000478  0.16 0.916 0.65
SD(@m) 3 0.016302 0.005434 1.83 0.315 7.39
Error 3 0.008889 0.002963
Total 15 0.220523

Calculate the value of the normalization for
wear and COF:

Step 2.

_maxg(y) —z(y)
max z;(y) —minz;(y)

yi* (%)

Step 3. Determine the deviation sequence for wear

and COF:

Amin+pAmax
Gi(k) = —
Ax;(k) + pAmax

Step 4. Determine the Grey relational coefficient

(GRC) values for wear and COF:

n

Yore = Y + Z (Vi_ ym)
k=1

Step 5. Calculate the average of the GRC values for
wear and COF. These values are Grey rela-
tional grade (GRG) values. The greater the
GRG value, the better the possibility of find-
ing the best alternative.

Step 6. Use GRG values to rank the alternative pa-

rameter.

4.5.4. Variance analysis
Analysis of variance (ANOVA) was used to in-
vestigate the outcome of the process parameters

that caused abundant dominance features. The re-
sults of the ANOVA for GRG can be found in Ta-
ble 8, which helps identify the factors that have
the greatest impact. Table 8 shows that the weight
percentage of nano-B4C is the most important fac-
tor (contributing 67.19%), and it does have the
greatest influence on the multi-enactment proper-
ties of AZ61/B4C nanocomposites, followed by L
(20.73%), SD (7.39%), and SV (0.65%).

Probability Plot of GRG
Normal - 95% ClI

Percent
g

Mean 05582
StDev  0.1212

Fig. 18. Normal probability plot

5. Conclusions

 Different nano-B4C reinforcement weight
percentages (2.5, 5, 7.5, and 10wt%)
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were successfully used in the production
of AZ61/B4C nanocomposites. Composites
were manufactured using stir casting and af-
ter they were made, the influence of B4C
nanoparticles on the mechanical, corrosion,
and tribological properties of the composites
was studied.

* Scanning electron micrographs displayed
that the reinforcements were evenly dis-
persed throughout the AZ61 matrix. This
is because of the robust interfacial connec-
tions.

¢ As more nano-B4C reinforcement was
added to the matrix, the density of the com-
posites improved.

* Up to 7.5 weight percent of B4C nanoparti-
cles, corrosion and the mechanical param-
eters of the composites, such as hardness,
impact, tensile, compressive, and flexural
strength, increased. However, after that, they
deteriorated.

* A pin-on-disc tribometer was used to inves-
tigate the influence of nano-B4C reinforce-
ment on the tribological behavior of AZ61
composites under different tribological pa-
rameters.

* AZ61/B4C nanocomposites are suitable for
defining the finest task parameters to ac-
complish the less WR and COF values.
GRA was utilized to inspect the tribological
properties of the AZ61/B4C nanocompos-
ites. The best parameters for obtaining the
nominal WR and COF were 7.5wt% B4C, L
=20N, SV =3 m/s, and SD =400 m.

* ANOVA was performed to find the parame-
ters that had an effect on the WR and COF
responses. The percentage of the GRG cal-
culated value was determined to be 83.3%.
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