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In this article, a boron carbide particle (B4C) reinforced AA2014 surface composite was first fabricated by friction-stir process-
ing (FSP) to investigate the impact of the volume percentage of B4C, tool rotational speed and table speed on the tensile strength
(TS) and wear rate (WR). The AA2014 composite is one of the important candidates for making defense and aerospace compo-
nents due to its high strength and minimum weight. Taguchi orthogonal array was employed to design and predict the maximum
tensile strength and minimum wear rate. The volume percentage of B4C is the most momentous parameter for both the tensile
strength and wear rate. The optimum parameter settings for attaining the maximum tensile strength of 605 MPa and a minimum
wear rate of 1.2 mm3/Nm are a B4C volume of 15 %, tool rotational speed of 900 min–1 and table speed of 60 mm/min. The opti-
mum process-parameter settings were used to make a specimen for validating the estimated results. The microstructure and
chemical composition of the surface composite of the optimum specimen were illustrated using scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS), respectively. The surface profile and microscopic view of the worn-out
surface composite were also examined using SEM images.
Keywords: boran carbide, microstructure, tensile strength, wear characteristics

V tem ~lanku avtorji opisujejo najprej izdelavo kompozitne povr{ine Al zlitine AA2014 oja~ane z bor-karbidnimi delci (B4C) s
pomo~jo procesa tornega gnetenja (angl.: FSP; friction-stir process) in nato raziskavo vpliva volumskega dele`a dodanih B4C
delcev, hitrosti vrtenja in potovanja orodja na natezno trdnost (TS) in hitrost obrabe (WR) izdelane kompozitne povr{ine.
Aluminijeva zlitina AA2014 je ena od najpomembnej{ih kandidatk za uporabo pri izdelavi komponent voja{ke in letalske
industrije zaradi visoke trdnosti na enoto specifi~ne gostote zlitine (MP/(kg·m3)). Avtorji so uporabili Taguchijevo ortogonalno
matrico za dizajn in napoved maksimalne TS in minimalne WR. Ugotovili so, da je najbolj pomemben parameter volumski
dele` B4C, ki vpliva tako na TS, kot tudi WR. Ugotovili so tudi, da so bili izbrani parametri procesa optimalni pri 15 %
volumskem dele`u B4C, hitrosti vrtenja orodja 900 min–1 in njegovi hitrosti pomika oz. pomika mize 60 mm/min. Pri tem je bila
dose`ena natezna trdnost 605 MPa z najmanj{o hitrostjo obrabe 1,2 mm3/(N·m). Za ovrednotenje eksperimentalnih rezultatov so
bili izdelani ustrezni preizku{anci in izbrane ustrezne nastavitve izbranih procesnih parametrov. Mikrostrukture in kemijske
sestave povr{in izdelanih kompozitov so v ~lanku predstavljene s posnetki izdelanimi na vrsti~nem elektronskem mikroskopu
(SEM) in z energijsko disperzijsko spektroskopijo rentgenskih `arkov (EDXS). Prav tako so profile povr{in in makroskopske
poglede obrabljenih povr{in kompozitov analizirali in predstavili s pomo~jo SEM posnetkov.
Klju~ne besede: bor-karbid, mikrostruktura, natezna trdnost, obraba

1 INTRODUCTION

Friction-stir processing (FSP) is an eco-friendly sur-
face-modification technique for making surface compos-
ites with a frictional and thermo-mechanical process to
improve the grain size, surface texture, microhardness
and tensile strength. In a previous research, a hard tool
was rotated over soft-material surfaces with micro- or
nanoparticles to obtain a surface composite.1 This re-
search on various FSP aluminium alloys and their sur-
face composites was performed with FSP to improve
their mechanical properties.

The hardness of an AA1050 surface composite was
significantly improved by reinforcing it with micro-sized
mixed Al2O3 and SiC particles. It was observed that the
hardness was improved by three times when compared to
the base alloy.2,3 Similarly, the hardness of an AA2024
surface composite was significantly enhanced by infil-
trating Al2O3 nanoparticles, using the moderate speed of
a threaded cylindrical tool.4 The wear rate and hardness
of an AA5052-SiC surface composite were substantially
improved by using 5-μm metal particles and the moder-
ate speed of a square tool. The thermal conductivity of
AA5052 alloys was improved by reinforcing them with
micro-sized graphene particles with the moderate speed
of a taper-shaped tool during FSP.5 The hardness of an
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AA5083 alloy was significantly enhanced by adding SiC
and ZrO2 powders to it using the friction-stir process.6,7

The hardness and wear resistance of an AA6061 alloy
surface was also increased by reinforcing it with a mix-
ture of SiC and Al2O3 particles and the moderate speed
of a threaded taper cylindrical tool.8 After imposing the
size of 60 μm of TiB2 and 10 μm of SIC particles on an
AA6063 alloy with FSP, using threaded cylindrical tools,
the surface hardness was enhanced by 2.15 times.9,10 The
wear resistance of an AA7075 surface composite was
improved by adding TiN and SiC particles with sizes of
45–60 nm at the high speed of a triangular-shaped tool in
the groove slotted during FSP.11,12 The hardness of car-
bon-nanotube (CNT) particles imposed on an AA7075
surface composite using the high speed of a cylindrical
tool is more than two times higher than that of the base
alloy.13 The wear resistance of an AA6360 surface com-
posite infiltrated by TiC and B4C particles was improved
by more than 1.5 times when using a threaded cylindrical
tool in the groove slots.14 An AA6082 surface composite
was fabricated using a multi-pass threaded cylindrical
tool during FSP to examine its microhardness and wear
resistance. It was revealed that the wear rate was reduced
by two times and the hardness was improved by 2.4
times when compared to the base alloy surface.15 Thus,
the square-shaped and threaded tools were widely ap-
plied to improve the grain refinement and microhardness
of aluminium alloy surface composites. The triangular
and square-shaped tools were also applied to increase the
tensile strength and ductility of aluminium surface com-
posites.16,17

An AA1050 hybrid composite was formed with FSP
using Fe2O3 and aluminium-nanoparticle reinforcement
to improve the hardness and tensile strength to the maxi-
mum level.18 Similarly, the tensile strength and wear re-
sistance of an AA5083 alloy were improved with a rein-
forcement with a mixture of Al2O3 (80 nm) and TiO2

(15 nm) nanoparticles using the FSP method.19 An
AA5083 hybrid surface composite with SiC and Al2O3

micro-sized powders was fabricated with FSP to enhance
the wear resistance and hardness.20 The hardness and ten-
sile strength were improved by adding carbon-nanotube
(CNT) particles onto an AA5083 alloy using FSP.21 An
AA6061 surface composite was fabricated with FSP us-
ing the reinforcement of fine ceramic particles on the
surface. The microhardness, wear-resistance and coeffi-
cient of friction of the surface were greatly enhanced by
FSP.22 An AA7075 alloy was reinforced with palm ker-
nel shell ash particles via FSP to examine various me-
chanical properties. The tensile strength and wear resis-
tance were increased by adding ash particles.23 Very
recently, the tensile strength and microhardness of an
AA2024 alloy surface were improved using 1000 min–1

speed of the cylindrical tool during FSP.24 Effects of the
boron-carbide quantity, feed rate and tool speed on the
tensile stress and wear resistance of an AA6061-B4C sur-
face composite were investigated with the Taguchi tech-

nique. It was revealed that the mechanical properties of
the aluminium surface composite were significantly im-
proved by adding B4C.25

Thus, it was observed from the above literature that
the mechanical properties of various aluminium surface
composites were significantly improved with the rein-
forcement of various micro- and nano-sized metal parti-
cles using friction-stir processing. However, the
AA2014-B4C surface composite was never fabricated
with FSP to investigate the influences of the process pa-
rameters on the tensile strength and wear rate. In this re-
search, B4C particles reinforced AA2014 alloy surfaces
using friction-stir processing to examine the modifica-
tions of the tensile strength and wear resistance, using
the Taguchi design of experimentation. The optimum
FSP parameter setting was predicted to maximize the
tensile strength and minimize the wear rate using the
Taguchi technique.

2 EXPERIMENTAL PART

The FSP experimental set-up for fabricating an
AA2014–B4C surface composite is displayed in Fig-
ure 1. In this research, the dimensions of the AA2014 al-
loy are (0.1 × 0.05 × 0.008) m, selected on the basis of
its use in defense, aerospace and various industrial appli-
cations due to its low weight and high strength.26 The
mechanical properties and various elements of AA2014
are illustrated in Table 1. The element composition of
AA2014 was detected with ARL100 optical emission
spectrometry. The B4C powder with a mean grain size of
10 μm was selected for the surface reinforcement to in-
crease the hardness and tensile strength. The volume per-
centage of B4C was varied between (5, 10 and 15) 
/%.
A groove with a width of 0.02 m was fabricated in the
middle of the AA2014 plate. The volume of the groove
was adjusted to the depth of the slot. A 65 HRC hard-
ened H13 steel cylindrical rod with a 0.02 m shoulder di-
ameter was used as the tool for FSP. The length and pin
diameter of the tool were 0.004 m and 0.006 m, respec-
tively. FSP was carried out using a CNC friction-stir-
welding machine. The powder was heated and logged
over the aluminium surface by a rotating tool. The tool
rotating speed varied between (800, 900 and
1000) min–1. The traveling speed of the table varied be-
tween (40, 50, and 60) mm/min.

The tensile and wear tests were performed, using the
ASTM-E8 and ASTM G99-05 standards, via a wire elec-
trical discharge process without damaging the surface. A
pin-on-disc instrument was used to find the wear of the
surface composite. The experiments were conducted at a
sliding length of 1000 m, force of 30 N and rotational
speed of 1500 min–1. The wear rate was determined from
the wear loss of each specimen using Equation (1).
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Wear rate =
wear loss

density load sliding distance⋅ ⋅
(mm3/(N·m))

(1)
Table 1: Mechanical properties and chemical composition of AA2014

Parameter Value
Specific heat (J/kg °C) 880
Thermal conductivity
(W/mK) 154

palphaMelting point (°C) 638
Vickers hardness (HV) 155
Tensile strength (MPa) 470
Density (kg/m3) 2800

Chemical elements (volume
percentage)

Ti 0.02 %; Mn 0.58 %; Fe
0.223 %; Ni 0.019 %;

Mg-0.358 %, Zn-0.199 %,
Cu-4.64 %, Si-0.668 %,

Al-93.24 %

Taguchi’s L9 orthogonal array was selected for three
level/three parameter welding. It is a simple fractional

factorial design with a minimum number of experiments.
Initially, the levels of each parameter were selected
based on exploratory experiments and experts’ sugges-
tions. The values for each level of the selected process
parameters are illustrated in Table 2. Three replications
of nine experiments were performed to prepare the speci-
mens and conduct the tensile and wear tests.2 All the ex-
periments were conducted randomly to avoid experimen-
tal error. After conducting the experiments, a total of 27
observations were noted in Table 3.

The Taguchi analysis was performed to find the im-
pacts of the process parameters on the tensile strength
and wear rate. MiniTab trial version software was used to
determine the signal-to-noise ratio (S/N), percentage of
contribution of each parameter and analysis of variance
for the welding characteristics. Equations (2) and (3)
were applied to calculate the S/N to maximize the tensile
strength and minimize the wear rate. The S/N for the ten-
sile strength and wear rate is shown in Table 3.
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Here, p = 3 the number of replications, K = 9 is num-
ber experiments, WRp – the wear rate response value of
pth experiment, TSp – the tensile strength response value
of pth experiment.

The values for the tensile strength and wear rate ob-
tained with Taguchi’s analysis are shown in Table 4. The
percentage of contribution of each parameter was calcu-
lated with the ratio of the sequential sum of squares and
the total sequential sum of squares for each response us-
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Figure 1: Friction-stir processing of AA2014 using B4C

Table 2: Volume percentage of B4C, tool speed and table speed for the FSP experimentation

Level Notation Low Medium High
Volume percentage of B4C (
/%) P 5 10 15
Tool rotating speed (min–1) N 800 900 1000
Table speed (mm/min) T 50 60 70

Table 3: FSP experimental observations and S/N values

Exp.
No. P N T

Tensile strength Wear rate
Trail 1 Trail 2 Trail 3 Mean S/N Trail 1 Trail 2 Trail 3 Mean S/N

1. 5 800 50 496.99 496.15 497.02 496.72 53.92 1.99 1.89 1.97 1.95 –5.80
2. 5 900 60 545.67 544.66 545.58 545.30 54.73 1.55 1.54 1.51 1.53 –3.71
3. 5 1000 70 529.33 528.44 529.74 529.17 54.47 1.71 1.68 1.72 1.70 –4.63
4. 10 800 60 556.75 555.53 556.89 556.39 54.91 1.74 1.77 1.78 1.76 –4.93
5. 10 900 70 572.95 572.06 572.69 572.57 55.16 1.49 1.45 1.50 1.48 –3.41
6. 10 1000 50 538.28 537.21 538.32 537.94 54.61 1.68 1.66 1.70 1.68 –4.51
7. 15 800 70 577.17 576.53 577.67 577.12 55.23 1.55 1.53 1.52 1.53 –3.71
8. 15 900 50 575.33 574.19 575.37 574.96 55.19 1.31 1.32 1.31 1.31 –2.37
9. 15 1000 60 595.14 594.01 595.09 594.75 55.49 1.34 1.36 1.34 1.35 –2.59



ing experimental data. The effects of the signal-to-noise
ratio, mean and standard deviation values of the process
parameters on maximizing the tensile strength are illus-
trated in Figure 2. Similarly, the effects of the sig-
nal-to-noise ratio, mean and standard deviation values of
the process parameters on minimizing the wear rate are
illustrated in Figure 3. The signal-to-noise ratio was
used to convert different ranges of responses to normal-
ized values for easy calculation. The standard deviation
was used to examine the variations in the response values
due to the noises during the experimentations.

3 RESULTS AND DISCUSSIONS

As per the Taguchi Analysis, the percentage of the
B4C contribution to the tensile strength was 71.44 % and
for the wear rate, it was 52.72 % due to a proper rein-
forcement of B4C particles of the AA2014 surfaces.
When increasing the volume percentage of B4C, the ten-
sile strength was enhanced due to the reinforcement and
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Figure 2: Effects of signal-to-noise ratio, mean and standard deviation of process parameters on the tensile strength

Table 4: Tensile strength and wear rate analysis using experimental
data

Source Degree of
freedom

Sequential
sum of
squares

Variance
Percentage
of contribu-

tion (%)
Tensile strength

Volume per-
centage of

B4C
2 5155.37 2577.68 71.44

Table speed 2 653.15 326.57 9.05
Tool speed 2 1404.55 702.27 19.46

Error 2 2.87 1.43 0.04
Total 8 7215.93 – 100

Wear rate
Volume per-
centage of

B4C
2 0.1766 0.0883 52.72

Table speed 2 0.1418 0.0709 42.34
Tool speed 2 0.0163 0.0082 4.87

Error 2 0.0002 0.0001 0.07
Total 8 0.3348 – 100



infiltration of B4C particles onto the base metal surfaces.
Moderate tool rotational speed (Level 2) and table travel-
ing speed (Level 2) are selected as the optimum setting
for the highest tensile strength.

The percentage of the contribution of the tool rota-
tional speed to the tensile strength and wear rate was
9.05 % and 42.34 %, respectively. When increasing the
tool speed above Level 2, the tensile strength and wear
rate were minimized by improper distributions of the
B4C particles on the hot surfaces. Improper distribution
occurred due to the peak temperature reaching the ulti-
mate level in the friction-stir-zone.

When enhancing the table traveling speed up to Level
2, the tensile strength was increased and the wear rate
was decreased due to the uniform reinforcement of B4C
particles on the alloy surfaces. After further increasing
the table traveling speed, both responses deviated from
their optimum values due to a discrete reinforcement of
B4C particles on the aluminium alloy surfaces caused by
the high table speed affecting the rotating tool.

Thus, the third level of B4C (15 %), the second level
of the tool rotational speed (900 min–1) and the second
level of the table speed (60 mm/min) were predicted as
the optimum process parameters for maximizing the ten-
sile strength (604.276 MPa) and minimizing the wear
rate (1.21 mm3/(N·m)) of the AA2014-B4C surface com-
posite. These settings were validated with confirmation
experiments. An FSP specimen was prepared using the

S. BOOPATHI et al.: INFLUENCES OF BORON CARBIDE PARTICLES ON THE WEAR RATE AND TENSILE STRENGTH ...

Materiali in tehnologije / Materials and technology 56 (2022) 3, 263–270 267

Figure 3: Effects of signal-to-noise ratio, mean and standard deviation of process parameters on the wear rate

Table 5: Estimated optimum values and confirmation-test results

Characteris-
tics

Predicted
value

Experi-
mental
value

Parameters

B4C
(
/%)

Table
speed

(mm/min)

Tool ro-
tational
speed

(min–1)
Tensile
strength
(MPa)

604.276 605
15 60 900

Wear rate
(mm3/(N·m)) 1.21 1.2



optimum settings, and tensile and wear tests were carried
out using the same procedure. The results predicted with
the Taguchi method and confirmation-test results were
compared as shown in Table 5. The optimum settings for
the specimen were used to examine the microstructure
and perform an EDS analysis.

A SEM image of the AA2014-B4C surface is shown
in Figure 4a. A uniform distribution of B4C particles
was observed on the composite surfaces. It was also vali-
dated with a transmission electron microscope (TEM)
image shown in Figure 4b. The various elements of the
AA2014-B4C composite surface are illustrated in the
0.2 keV scale of the EDS plot, as shown in Figure 4c.
The major metallic elements, (Al 90.31; Cu 4.76; B 1.82;
C 0.84; Fe 0.23; Mn 0.51; Zn 0.43; Si 0.78;

Mg 0.32) w/% on the surface composite, are examined
with an EDS analysis. A microstructural view of the
worn-out surface of the optimum specimen and its sur-
face profile after the wear test are illustrated in Fig-
ures 5a and 5b, respectively. It is observed from the pro-
file plot that the grayscale distribution is between gray
values of 120 and 171 with respect to the pixel levels.
Grayscale is used to indicate the depth of the worn-out
surface.

4 CONCLUSIONS

In this research, an AA2014-B4C surface composite
was prepared using FSP to improve the tensile strength
and minimize the wear rate. It was revealed from the
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Figure 5: Optimum specimen worn-out surface: a) SEM image of surface, b) profile during the wear test

Figure 4: a) SEM image of AA2014-B4C surface composite, b) TEM image of AA2014-B4C surface composite at the selected spot, c) EDS im-
age of the surface composite at the selected spot



Taguchi analysis that the volume percentage of B4C sig-
nificantly affected both the tensile strength and wear rate
of the surface composite. It was observed that a uniform
distribution of the reinforcing B4C particles on the base
AA2014 alloy was obtained through FSP. The maximum
tensile strength (605 MPa) and minimum wear rate
(1.2 mm3/(N·m)) of the surface composite were obtained
with a combination of the optimum process parameters:
a B4C of 15 
/%, tool rotational speed of 900 min–1 and
table speed of 60 mm/min. The microstructure, distribu-
tion of various metallic elements, and B4C particle distri-
bution in the AA2014 surface composite were deter-
mined with SEM, EDS and TEM analyses, respectively.
The microstructure and surface profile of a worn-out sur-
face composite were also illustrated.
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