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The need for development of high temperature wear resistant composite materials with
superior mechanical properties and tribological properties is increasing significantly. The
high temperature wear properties of aluminium boron carbide composites was evaluated
in this investigation. The effect of load, sliding velocity, temperature and reinforcement
percentage on wear rate was determined by the pin heating method using pin heating
arrangement. The size and structure of base alloy particles change considerably with an
increase of boron carbide particles. The wettability and interface bonding between the
matrix and reinforcement enhanced by the addition of potassium flurotitanate. ANOVA
technique was used to study the effect of input parameters on wear rate. The investi-
gation reveals that the load had higher significance than sliding velocity, temperature
and weight fraction. The pin surface was studied with a high-resolution scanning elec-
tron microscope. Regression analysis revealed an extensive association between control
parameters and response. The developed composites can be used in the production of
automobile parts requiring high wear, frictional and thermal resistance.
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1. Introduction

Metal matrix composites are widely preferred due to yield strength and wear re-
sistance for high temperature applications [1]. The technology and cost of metal
matrix composites depend on manufacturing methods [2]. The mechanical, met-
allurgical and tribological properties of hybrid metal matrix composites (HMMC)
were superior than the aluminium cast metal [3, 4]. Aluminium matrix compos-
ites possess excellent toughness of a matrix and the strength of reinforcements [5].
Al-B4C composites were used in the production of neutron absorber and armour
plates, which offer good strength and wear resistance [6]. It is also used in the man-
ufacture of brake drum and rotors. These composites have good fatigue strength
and wear resistance in addition to possessing strength, ductility, toughness, thermal
and chemical stability and retain mechanical properties at high temperatures [7].
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Boron carbide is a prospective reinforcement compared to silicon carbide and
aluminium oxide because of its low density, high hardness and thermal stability [8].
Boron carbide has high capability of absorbing neutron and used for manufacturing
neutron shielding parts [9].

The combined methodology involving compo casting and squeeze casting yield
a better casting with less porosity [10]. Lashgari et al. [11] investigated the impact
of strontium in aluminium boron carbide stir cast composites. They proved that
adding strontium to aluminium boron carbide composites increased wear resistance.
The addition of boron carbide to Aluminium alloy matrix yield improved mechanical
properties and boron carbide particles were uniformly distributed in the aluminium
matrix. Kalaiselvan et al. [12] investigated the influence of boron carbide particles
(20 µm) with different compositions (2%, 4%, 6% and 8%) in A359 alloy matrix. The
experimental results revealed that the A359/B4C/8p composites possessed higher
hardness and tensile strength.

Inhomogeneous distribution of particle and porosity are the major difficulties in
producing Al/B4C composites. The main cause of inhomogeneous distribution is
due to low wettability of the boron carbide particles with the aluminium matrix.
These problems reduced by controlling process parameters and proper design of the
stirrer [13]. Potassium flurotitanate (K2TiF6) can be added as a flux to promote
wettability. It forms a reaction layer of titanium carbide and titanium diboride at
the interface [14]. Boron carbide particles were heat treated or coated to improve
wettability.

The tribological behaviour of the material depends on the morphological content
of the composites and operating conditions like load, speed, temperature, environ-
ment and counter body material [15]. The wear resistance at high temperature is
affected by the yield strength and toughness of material [16].

The methods available for high-temperature pin on disk tests are chamber hea-
ting and pin heating method. Pin heating method is preferred because high tem-
peratures are reached within a short period. The effect of load, sliding speed and
temperature on the wear of stainless steel was studied earlier. The frictional coef-
ficient and surface finish increase with temperature. The wear fragments produced
during the wear act as hard material which gradually transforms the two body
abrasive mechanism into three body abrasive mechanism. This phenomenon leads
to more material loss at elevated temperatures [17]. Radhika et al. [18] studied the
effect of load, sliding speed and sliding distance of Al-Al2O3/9p–Gr/3p composites
was investigated earlier and concluded that sliding distance significant effect when
compared to other parameters. The bulk temperature of the pin is greater than the
disc and the wear rate of the stationary pin on the steel disc. Selvakumar et al. [19]
conducted wear studies on 6Al-4V–B4C composites and concluded that the wear
resistance increased with a rise in the nano-boron carbide particulate content. The
predominant wear mechanisms in the tribological behaviour are abrasion, oxidation
and delamination.

Kumar et al. [20] investigated the influence of temperature and load on the wear
behaviour aluminium alloy-titanium diboride composites and concluded that the
wear rate decreases with a rise in temperature and content of titanium boride par-
ticles. Panwar et al. [21] studied the wear behaviour of aluminium zircon composites
with varying particle size by stirring casting method. They concluded that volume
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loss of the composites increased with load and temperature. The wear rate of fine
particle composites was higher than the course grain size reinforced composites.
The wear parameters load and temperature played a significant role on wear rate
than sliding velocity in the investigation of tribological behaviour on aluminium
silicon carbide composites [22]. The wear rate decreases with a rise in the rein-
forcement content in the tribological study of Al6063/TiB2 composites [23]. The
wear behavior is affected mostly by the temperature applied. The wear resistance
decreased when the temperature is increased. High metal flow was observed at
high temperature [24]. Kumar et al. [25] studied the influence of reinforcements of
zircon sand and silicon particles in aluminium LM13 alloy and found the wear rate
increases with an increase in temperature. The increase in wear rate is due to the
removal of oxide layer during sliding action between pin and steel disc.

The current investigation was focussed on the evaluation of high temperature
wear behaviour of Al-B4C composites with different weight fractions of boron car-
bide.

2. Material and methods

2.1. Materials

Aluminum A356 possess good castability, corrosion resistance, machinability and
weldability. Aluminium alloy A356 is a silicon-magnesium alloy with 0.2% iron
and 0.1% zinc. Aluminium alloy has a greater elongation, higher strength. The
important applications It has good thermal stability, corrosion resistance, ductility,
strength and elongation. Aluminium A356 alloy is mixed with boron carbide powder
(4%) by the stir casting method. Boron carbide powder (63 microns) used as the
primary reinforcement material. Magnesium powder was added to increase strength
and reduce casting fluidity and surface tension in aluminum.

2.2. Stir Casting

Boron carbide powder is heated to 750◦C for three hours and added in the melt. The
calculated amount of aluminium cast metal was charged into the stir-casting fur-
nace and the temperature was increased to 850◦C. The temperature was decreased
progressively reaches to semisolid state.

Hexachloroethane tablets were added to melt to remove the entrapped air and
porosity. The preheated boron carbide particles were added in the liquid melt.
Potassium flurotitatnate powder, aluminium-strontium master alloy and magnesium
were added in required proportions. The slurry is heated to full liquid state and
temperature upheld at 750◦C. The melt was agitated continuously for 15 minutes.
The pouring temperature was maintained at 720◦C.

2.3. Microstructural characterization

The material characterization was carried out by using microstructure and SEM
analysis. The composite specimens for material characterization made with dimen-
sions of 13 mm diameter and 25 mm length. The sample preparation consisted
of polishing with emery paper from 600 to 1200 grit size, Al2O3 suspension and
diamond paste. The polished sample was etched with keller reagent and exam-
ined through the optical microscope (NIKON Epiphot 200) with magnifications like
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Figure 1 Schematic diagram of stir casting setup

100X, 200X and 500X. SEM micrographs were taken by the scanning electron mi-
croscope (Model: SIGMA Carl Zeiss Microscopy Ltd, UK) at various magnifications
with energy dispersive (EDX) detector.

2.4. Mechanical tests

The tensile strength was determined using the universal material tester. The dimen-
sions of the tensile test specimen according to ASTM E8 standards. The specimen
has a diameter of 10 mm diameter with a length of 75 mm.The specimen tested at
a crosshead speed of 1 mm/min. The hardness test was carried out with a micro-
hardness tester (Model: Mitutoyo MVKH1) having features like automatic load
control and an accuracy of ±1%). The experiment carried out under load of 50g
with a dwell time of 20 seconds.

Figure 2 POD wear and friction apparatus
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Figure 3 Schematic diagram

Wear tests of Al-B4C composites were performed by POD machine (DUCOM).
Schematic diagram and photograph of POD Wear and Friction apparatus are shown
in Fig. 2 and Fig. 3 respectively. Fig. 4 illustrates the pin heating arrangement.
The dimensions of the steel disc material measured Φ165 x 8 mm thick. The surface
roughness of the steel disc is 0.5 µm. The specimens were tested in non-abrasive
and dry sliding conditions. The specimen was lapped by 1200 grit paper. Initial
and final weight was noted by a digital electronic balance (Model: SHIMADZU
AUY 220) with an accuracy of 0.1 mg. The pin is inserted in the collet which is
surrounded by heater coil. The pin is held pressed against EN 32 steel disc. The
wear tests were conducted at load of 10, 20 and 30 N, sliding velocity of 1, 2 and
3m/s and varied weight fraction of the reinforcement. Track diameter of disc of
110mm was used for the entire test.

Figure 4 Pin heating arrangement

3. Plan of experiments

The experimental plan was designed considering taguchi principles and DOE. The
parameters considered were load, sliding velocity, temperature and reinforcement
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content for this work. The experimental conditions levels and parameters are shown
in Table 1.

Table 1 Experimental conditions

Level A Load B sliding C Temperature D Weight
[N] velocity [m/s] [◦C] fraction [%]

1 10 1 60 4
2 20 2 120 8
3 30 3 180 12

Table 2 Experimental values

Trial Load Sliding Temperature Weight Wear S/N
No. A velocity B C fraction D rate WR ratio
1 10 1 60 4 0.001651 55.6451
2 10 2 120 8 0.001852 54.6472
3 10 3 180 12 0.001573 56.0654
4 20 1 120 12 0.002272 52.8718
5 20 2 180 4 0.002621 51.6307
6 20 3 60 8 0.001623 55.7936
7 30 1 180 8 0.005530 45.1455
8 30 2 60 12 0.003587 48.9054
9 30 3 120 4 0.003102 50.1672

The orthogonal array used for the study is L9. The choice of an array was based
on the condition that the degrees of freedom should greater than or equal to the sum
of the variables [26]. The experimental values were analyzed by ANOVA method.
Wear rate was examined as the response variable. The data analysis was carried
through MINTAB 16 software. The experimental data were converted to signal to
noise ratio.

The details of the results of the various mechanical, metallurgical and tribologi-
cal tests are presented in this section.

4. Results and discussion

4.1. Microstructure analysis

The microstructure of aluminium cast alloy and Al/B4C composites with different
proportions of boron carbide are shown in the Figs. 5 to 8. The boron carbide and
zirconium oxide particles distributed evenly in the aluminium matrix.

The microstructure shows the fine equiaxed structure of α-aluminum dendrites
and reinforcement particles are bonded to the matrix alloy. The small α-aluminum
grains are evenly distributed between grain boundaries. The phases like Mg2Si and
CuAl2 dispersed in the matrix contribute to alloy strengthening.



X. Canute and M.C. Majumder 1037

Figure 5 Microstructure of Al A356(100X)

Figure 6 Microstructure of Al/4B4C composite (100X)

Figure 7 Microstructure of Al/8B4C/3Gr composite (100X)

4.2. SEM investigation

The SEM images shown in Figs. 9 to 11. The SEM images show the uniform
distribution of reinforcement particles in the matrix and formation of the reaction
layer (TiB2 and TiC) on boron carbide particle surface [14]. The homogenous
reinforcement particle distribution improve the mechanical properties like hardness,
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Figure 8 Microstructure of Al/12B4C (100X)

tensile and impact strength. With the addition of potassium flurotitanate (K2TiF6),
bonding of reinforcement particles with aluminium matrix is effective. The silicon
particles modified from acicular to fine fibrous structure by the addition of strontium
were the subject of earier analyses. The transient layer is formed between the
reinforcement particles and matrix due to the modification of matrix alloy.

Figure 9 SEM image of Al/4B4C composite(200X)

4.3. Wear test results

The readings of the wear test were recorded and results of wear analysis calculation
are tabulated (Tab. 2). The upshot of the load, speed and temperature on the wear
rate was analysed by MINITAB 16 software.

4.4. Effect of process parameters on response

The parameter with the highest S/N ratio gives minimum wear rate. The optimum
wear rate is observed at load 10N with sliding velocity 3m/s, temperature 60◦C and
weight fraction 12%. Response values for S/N ratio are shown in Tab. 3 and means
in Tab. 4. The main effects plot for S/N ratio is shown in Fig. 12.
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Figure 10 SEM image of Al/8B4C composite(200X)

Figure 11 SEM image of Al/12B4C composite(200X)

Table 3 Response table for signal to noise ratio
Level Load Sliding velocity Temperature Weight fraction

1 55.45 51.22 53.45 52.48
2 53.43 51.73 52.56 51.86
3 48.07 54.01 50.95 52.61

Delta 7.38 2.79 2.50 0.75
Rank 1 2 3 4

Table 4 Response table for means
Level Load Sliding velocity Temperature Weight fraction

1 0.001692 0.003151 0.002287 0.002458
2 0.002172 0.002687 0.002409 0.003002
3 0.004073 0.002099 0.003241 0.002477

Delta 0.002381 0.001052 0.000954 0.0005444
Rank 1 2 3 4

The main effect of plots for means is shown in Fig. 13. Load has significant
impact on wear compared to sliding velocity, temperature and weight fraction. From
the main effects plot for means, wear rate increases with load. When sliding velocity
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is increased the contact time between the disc and the pin decreases. Hence the
wear rate is decreased. From the response table for S/N ratios it is inferred that the
load has the significant effect on wear rate, followed by sliding speed, temperature
and weight fraction.

Figure 12 Main effects plot for signal to noise ratio

Figure 13 Main effects plot for means

Wear rate advances with applied load. Wear rate increase with the rise in
temperature due to softening of the material. Wear rate decreases when the sliding
velocity is increased from 2 to 3m/s. Abrasive wear increases with an increase in
temperature. Hardness, flow stress and yield strength decrease when temperature
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Table 5 ANOVA for wear rate
Source DF SS Adj .MS F P [%]
Load,A 2 0.0000085 0.00000425 121.9512 63.57659484

Sliding Velocity,B 2 0.0000018 0.0000009 25.82496 13.46327891
Temperature,C 2 0.000002 0.000001 28.6944 14.95919879

Weight fraction,D 2 0.000001 0.0000005 14.3472 7.479599393
Pooled Error 2 6.97E-08 3.485E-08 0.521328078

Total 8 1.34E-05 1.67121E-06 100

increases [27]. ANOVA analysis was performed with a 95% confidence level and 5%
significance level (Tab. 5). The applied load has the greater statistical influence
63.58% and followed by temperature 14.96%, sliding velocity 13.46% and weight
fraction 7.48. The values of regression coefficient R2 for wear rate is 87.93%.

4.5. Multiple regression analysis

A regression equation was generated by the correlation of process parameters like
load, sliding velocity and temperature Regression equation establishes the equa-
tion between the parameters like load, sliding velocity and temperature and weight
fraction.

WR = 0.00034 + 0.00119 ×A− 0.000526 ×B + 0.000477 × C + 0.000010 ×D

The regression equation predicts the wear rate for aluminium boron carbide
composites. From the above relation, it was observed that the coefficient associated
with load, temperature and weight fraction was positive. This clearly reveals that
as load, temperature and weight fraction increases, the wear rate of the hybrid
composite also increases. The negative coefficient of sliding velocity reveals that an
increase in sliding velocity decreases the wear rate. The friction coefficient decreases
with the increase in the content of the boon carbide particles. The boron carbide
particles form a protective layer between the surface of pin and counterface material
[28]. The wear rate is higher for unreinforced alloy for levels of temperature. The
wear rate increases with increase in the temperature for particular weight of boron
carbide particles. The contact area between pin and steel increases with the increase
in temperature [29].

4.6. Analysis of worn pin surface

Detailed scanning electron microscope analysis of the worn pin surfaces is shown by
Figs. 14–16. Fine and shallow grooves formed at low applied load and speed due to
abrasive wear. The particles of the steel disc penetrate into the pin and hence wear
on the pin is accelerated. Hard boron carbide particles remove more material from
the worn surface at higher load. The phenomenon is due to delamination. Due
to softening of the material, extra material is removed from pin at high tempera-
ture [30]. Delamination wear is more at higher temperature. The phenomenon of
adhesive wear is predominant at maximum load 30 N. Wear tracks vanish at this
juncture. Boron carbide particles tend to gather at the boundaries of α-aluminium
dendrites [31].



1042 Effect of High Temperature on Wear Behavior of Stir Cast . . .

Figure 14 SEM image (L=10N,S=2,m/s,T=120oC ,W=8%)

Figure 15 SEM image (L=20N.S=2m/s,T=180oC, W=4%)

Figure 16 SEM image (L=30N, S=2m/s, T=60◦C, W=12%)

SEM image of the worn out pin surface at L=30N, S=3 m/s, T=120◦C,W=4%)
is shown in Fig. 17. The grooves widen with increased load. EDS image (Fig. 18)
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reveals carbon, iron, silicon, boron, silicon, magnesium and aluminium. Mixed
mechanical layer exhibits extreme hardness. The amount of wear debris formed is
higher at increased load. Also the width of the grooves is also larger [32]. The
mechanism of wear rate is greatly affected by the two sliding surface interaction.

Figure 17 SEM image (L=30N S=3 m/s T=120◦ C,W=4%)

The heat due to friction between the surface of the pin and disc is increased
by the load and duration of the test [33]. Wear rate of the composites augmented
linearly with increasing the temperature at high load. This effect is due to the
formation of the oxide film and glazing layer on sliding components. These layers
prevent the direct metal-to-metal contact of sliding surfaces during sliding. Deeper
ploughing marks were observed at higher temperature and craters were formed.
This phenomenon significantly increases the wear rate. The addition of strontium
based master alloy converts large α aluminium grains to fine equiaxed grains and
eutectic silicon plates into fine particles. This phenomenon increases the mechanical
properties and wear resistance.

Figure 18 EDS image spectra of (L=20N S=3 m/s T=60◦C)
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4.7. Confirmation test

The confirmation tests were conducted with optimum parameters arrived by MSEX-
CEL solver (Tab. 6). The error found to be less than 5%. The error between
predicted and test value is 2.433%.

Table 6 Results of confirmation experiments

Parameter Optimal conditions Predicted Experimental
Parameter Excel Solver value value
Wear Rate A1, B3, C1,D3 0.0004411 0.0004521

(30 N, 1 m/s, 60◦ C, 12 %)

5. Conclusion

Aluminium boron carbide composites were manufactured by the melt stirring tech-
nique. The wear rate of the A356/B4C composites increased with the addition of
B4C particles in A356 alloy matrix. Also the wear rate of the hybrid composite
increases with the load and temperature. Increase in sliding velocity decreases the
wear rate. The addition of strontium increases the tribolohgical behaviour of the
composites.

The wear rate increases with an increase in applied load and temperature and
decreases with the increase in sliding velocity. S/N ratio analysis indicates the
optimum wear rate is observed at 10N load with sliding velocity 3m/s temperature
60◦ C and weight fraction, 12%. From the ANOVA analysis, it was found that
applied load has the highest significance on wear rate followed by temperature and
sliding velocity. The wear rate decreases with an increase in the reinforcement
content.

Regression analysis revealed a close relationship between input parameters and
response. The confirmation experiment revealed that the error between the ex-
perimental values and optimal predicted values were less than 5 % and hence the
experimental results are validated.

Aluminium boron carbide MMC’s have encouraging applications in the manu-
facture of high temperature resistant parts. The tribological behaviour of Al-B4C
composites at higher temperature can be enhanced by choosing reduced particle
size, and intermetallic material and titanium based master alloys.
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