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Abstract This paper involves the study of mechanical and

tribological characteristics of as-cast aluminium A356

metal matrix composites reinforced with calcium hexa-

boride (CaB6) particulates. Two Composite specimens with

varying reinforcement weight percentages of 2.5% and 5%

were fabricated using stir casting method. Mechanical

properties (hardness and tensile strength) of as-cast and

composite specimens were studied, and its tensile fracture

surface behaviours were examined under scanning electron

microscope. In addition, wear and friction characteristics

were observed at dry sliding atmospheric condition for as-

cast and composite specimens. Wear and friction tests were

performed with three different loads (10 N, 20 N and

30 N) and two sliding velocities (1 m/s and 3 m/s) para-

metric condition. The responses of coefficient of friction

and wear rate measurements were recorded for further

analysis. Worn out surfaces of test samples were analysed

through SEM (Scanning Electron Microscope) and the

wear mechanisms were studied. From experiments it is

found that, the hardness and tensile strength had increased

for higher weight percentage added composites (5% CaB6).

The same higher weight percentage composite specimen

exhibited lower wear rate and higher coefficient of friction

than the other combinational test samples. The developed

higher weight percentage added composite sample is rec-

ommended for replacing automobile components.

Keywords A356 � CaB6 � Fracture � Tribometer �
Wear and friction

Introduction

Metal matrix composite materials consist of a metallic

matrix or an alloy reinforced with the fibre or ceramics to

produce composite materials. Metal matrix composites

exhibits greater strength, stiffness, good resistance to wear

and corrosion when compared to other alloys [1]. Due to

these properties, they are extensively utilized in advanced

application areas like automotive, manufacturing, aero-

space, chemical industries, etc. [2]. Aluminium metal

matrix has been tremendously used in different engineer-

ing, structural and functional applications due to its

mechanical and tribological properties by adding different

compositions of reinforcement [3]. A356 possess high

ductility, surface hardness, fatigue strength, corrosion

resistance compared to other metal matrices, so they are

typically suitable for the applications like water cooled

engine cylinder blocks, aircraft fittings, automotive trans-

mission cases, aircraft pump parts, etc. [4]. Stir casting,

squeeze casting and powder metallurgy techniques were

used in order to fabricate aluminium metal matrix com-

posites and from the above techniques, stir casting is more

flexible, easy and low cost. The properties of the developed

composite materials mainly depend upon the matrix

materials and its reinforcement (volume, shape and size

[5–7]). A vast number of researchers have made research in

this area by adding TiC,TiB2, Al2O3, B4C, SiC, Si3N4,

ZrO2, MgO, AlN, ZnO were used as reinforcements into

the aluminium metal matrix for improving the properties of

aluminium metal [8–16].
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Calcium hexaboride (CaB6) is a reinforcement particle

which possess high melting point (2373 K), low density

(2.45 g cm-3), higher hardness (27 GPa), low thermal

coefficient of expansion (6.5910-6 K-1), high modulus of

elasticity (379 GPa), high thermal, chemical, electrical and

mechanical stability compared to the other reinforcements

[17–23]. Owing to the above aforementioned properties,

CaB6 was chosen as reinforcements for A356.

Cui et al. [24] studied that Al-CaB6 composite offered

higher hardness when compared with pure aluminium

metal. Kumar et al. [25] concluded that the wear resistant

properties of A356 alloy can be enhanced by incorporating

Al2O3 and MoS2 particulates into the matrix. When A356

alloy composites were produced by stir cum squeeze

casting with 20 weight percentage of SiC followed by T6

heat-treatment, the produced composite sample shows

better mechanical and wear resistant properties [26]. Vinod

et al. [27] conducted a research after fabrication of A356

alloy composites through double stir casting method rein-

forced with fly ash and rice husk under various weight

compositions of 0, 5, 7.5, 10 and 12.5% and concluded that

there occurs a significant increase in mechanical properties.

From the above literature review, it was revealed that

many researchers have focussed upon assessing the

mechanical properties of aluminium metal matrix com-

posites. Few of the researchers have focussed upon the

aluminium metal matrix composites and evaluated their

tribological properties. So, this work will be focussing on

comparing the mechanical and tribological properties of

virgin A356 alloy with its composites (2.5 wt% and 5 wt%

of CaB6) under room atmospheric conditions and their

wear mechanisms were studied.

Methodology

Materials Used

In this work, matrix metal is chosen as A356 aluminium

alloy and it is purchased from the Coimbatore metal mart,

Coimbatore. The purchased alloy A356 was tested by using

spectroscopy to ensure the originality and its alloying

elements (in wt%), and it is shown in Table 1. Among

various reinforcements, chosen reinforcement is calcium

hexaboride (CaB6) because of its high melting point

(2235 �C), low weight/density (2.45 g cm-3), less CTE

(Coefficient of Thermal Expansion as 6.2 9 10-6/�C),
high hardness (27 GPa), chemically stable and at different

environmental conditions it offers better wear resistant

properties and it is shown in Fig. 1.

Processing

To prepare the aluminium metal matrix composites in a

cost-efficient manner, stir casting methodology is adopted.

The setup consists of a main furnace, a preheating furnace

and a mechanical stirrer which is coupled with the elec-

trical motor, and it is shown in Fig. 2. Three test samples

were processed by using this setup in which the first sample

was virgin one and next two samples with a reinforcement

addition by varying 2.5 and 5 wt% of CaB6 with A356

matrix. One kg of A356 alloy was taken and melted around

720 �C to remove slag, and then, the molten metal was

poured into the preheated 225 �C die and then allowing the

molten metal to undergo solidification process for a few

minutes to attain a sound casting. In continuing, the second

and third samples were prepared by adding the preheated

(300 �C) reinforcement particles (2.5 wt% CaB6 and

5 wt% CaB6) on the molten (720 �C) metal in the crucible

and simultaneously the stirrer was rotated at 500 rpm in the

molten metal for few minutes and then transferred to the

preheated die and the casted samples were obtained. The

casted samples were further machined, and it is shown in

Fig. 3.

The prepared virgin and two composite specimens were

tested under vicker’s microhardness testing machine (DHT

1000, Model Number: JMHVS-1000-XYZ) at 500 gm

loading condition and obtained average hardness value of

74, 87, 96 VHN, respectively. It was observed that evenly

distribution with higher wt% of the calcium hexaboride

particulates in the matrix shows higher hardness value than

the virgin one. Further, all the three test specimens are

taken for examining the tribological properties and

mechanical properties by using a pin-on-disc tribometer

apparatus and universal testing machine, respectively.

Tensile Test

UTM (Universal testing machine Instron, Model: TUE-

C1000) is utilized to interrogate the tensile behaviour of

Table 1 Chemical composition of A356

Condition Mg Si Fe Cu Mn Zn Ti Others Al

Standard 0.2 7 0.2 Max 0.1 Max 0.1 Max0.1 Max0.1 0.05 Max 92.05

Tested 0.2 6.6 0.2 0.1 0.1 0.1 0.1 0.1 92.4
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pure A356 alloy and its composites at room atmospheric

conditions, and it is shown in Fig. 4. Then the casted and

composite specimens were subjected to machining process

according to ASTM: E8 standard prior to take the tensile

test and it is shown in Fig. 3. To assure the reproducibility

in results, for each composition two samples were used.

Fig. 1 a A356 billets b CaB6

Powder

Fig. 2 Stir casting furnace

Fig. 3 Casted samples
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The fractured surface morphology was studied by using a

SEM.

Wear Test

After tensile test, stir casted specimens were subjected to

machining process to produce rectangular specimens of

size 12 mm width and 40 mm height as per ASTM G99-05

standards. At dry sliding conditions, tribological properties

were found by using Pin-on-disc tribometer (Ducom Tr-

20LE-M108) apparatus. The machined pin specimens were

fixed in a specimen holder and allowed to have contact

against the steel disc counter face (EN-32) with a hardness

of 73 HRC. Pin specimen and counter disc have a surface

roughness (Ra) of magnitude 0.8 lm, and 1.6 lm,

respectively.

Sliding test experiment was performed at three different

applying loads [10 N, 20 N and 30 N] with two different

sliding velocity conditions [1 m/s and 3 m/s] and for a

constant sliding distance of 1000 m. The observed test

results like wear loss/wear rate and COF (coefficient of

friction) were measured, and the worn out pin surface was

further analysed.

Results and Discussion

Tensile Test Results

Table 2 depicts the tensile test results of the stir casted

specimens tested under room temperature. Virgin A356

alloy exhibits yield strength of 63.5 MPa and ultimate

tensile strength of 137.2 MPa. Yield strength results

revealed that there occurs an increase in 17.5% and 35.6%

for the composite sample 2 and 3, respectively, when

compared with the virgin alloy. Sample 2(97.5%

A356 ? 2.5% CaB6) and sample 3(95% A356 ? 5%

CaB6) exhibit 6.7% and 16.1%, respectively, increase in

ultimate tensile strength when compared with the virgin

alloy. It is because the reinforcement content in the softer

matrix material causes the composite specimen to record

the higher value of yield and ultimate tensile strength. Then

the fractured specimens were examined under scanning

electron microscopy to study their fracture behaviour.

Figure 5a shows the SEM analysis of virgin A356 alu-

minium alloy sample. The above figure has few dimples in

various fractured regions. The above features on the sur-

face of virgin A356 aluminium alloy implies that ductile

mode of fracture has occurred.

In composite sample 2(97.5% A356 ? 2.5% CaB6)

shown in Fig. 5b, hard reinforcing ceramic particulates

were evenly dispersed and makes good bond with the soft

A356 aluminium alloy matrix. The above figure of the

composite sample contains few dimples, and CaB6 partic-

ulates were also noticed.

For the composite sample 3(95% A356 ? 5% CaB6),

few cracks and dimples were witnessed and are shown in

Fig. 5c. The reason for this feature is due to the presence of

CaB6 particulates fills the void of softer matrix which

resists the A356 alloy deformation by obstructing the dis-

locations of atoms when subjected to loading. When the

magnitude of tensile load increases, cleavage fracture for-

mation initiates through CaB6 particulates and results in the

formation of cracks. This proceeds further and results in

fracture. Also, few dimples were noticed. Thus, it is

understood that the fracture mode for the sample 3(95%

A356 ? 5% CaB6) is a combination of brittle and ductile.

However, due to lower weight of reinforcement particles

inside the softer matrix, ductile mode of fracture is

dominated.

Wear Rate

Figure 6a–c depicts the wear rate for virgin and composite

pins with respect to the various applied loads (10 N, 20 N

and 30 N) and sliding velocities (1 m/s and 3 m/s) at a

constant sliding distance of 1000 m, respectively. After

Fig. 4 UTM machine
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completion of wear test, from the results it was revealed

that that 95% A356 and 5% CaB6 stir casted pin specimen

exposed lower wear rate at all the sliding conditions when

compared with the remaining pin specimens because of

good interfacial bonding between CaB6 (ceramic) particu-

lates with the A356 matrix material. While stir casting

process, there occurs a uniform scattering of CaB6 partic-

ulates having higher hardness value attributed to bear lesser

wear rate than the remaining pin specimens. Also, it was

revealed that the wear rate is directly proportional to the

applied load for all the casted pin samples. When a lower

load of 10 N was applied on the pin, there develops a lower

magnitude of stress which yields debris in diminished

quantity. After completion of sliding test, the quantity of

debris (Inferred from wear rate) is comparatively lower

when compared with the remaining pin samples. Similarly,

when a higher load (30 N) is applied, it causes higher

amount of stress. It leads to undergo intense wear and more

damage on the pin surface. Quantitatively, stir casted A356

with 5 wt% of CaB6 composite pin sample exhibited

40.33% lower wear rate than the virgin as-cast pin A356

pin sample at 30 N load sliding velocity 3 m/s for 1000 m

sliding distance [14]. At lower load condition (10 N), wear

rate varies linearly with respect to the sliding velocity.

When a higher load of 30 N, wear rate steadily increases

from 1 to 3 m/s then almost steady state wear condition

was observed at a higher velocity of 3 m/s.

Coefficient of Friction

Figure 7a–c depicts the relationship between coefficient of

friction for the virgin and composite pins for the above said

sliding conditions. 95 wt% A356 with 5 wt% CaB6 showed

a high coefficient of friction as well as least value of wear

rate when compared with the remaining two pin specimens

at all the sliding conditions. This is due to the influence of

CaB6 hard ceramic particulates into the A356 soft matrix

which leads the composite pin to produce higher frictional

force when sliding action takes place against the counter-

face. From Fig. 7a, it was seen that at 10 N loading con-

dition, the coefficient of friction varies linearly with respect

to the sliding velocity. Similarly, at a higher load of 30 N

Table 2 Tensile results

Specimen Yield strength (MPa) Ultimate tensile strength (MPa)

Sample 1 (Virgin A356) 63.5 137.2

Sample 2 (97.5% A356 ? 2.5% CaB6) 74.6 146.5

Sample 3 (95% A356 ? 5% CaB6) 86.1 159.3

Fig. 5 SEM image analysis of fractured surface a A356 alloy, b 97.5% A356 ? 2.5% CaB6 composite and c 95% A356 ? 5% CaB6 composite
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Fig. 6 a Wear rate vs sliding velocity at a load of 10 N for a sliding

distance of 1000 m. b Wear rate vs sliding velocity at a load of 20 N

for a sliding distance of 1000 m. c Wear rate vs sliding velocity at a

load of 30 N for a sliding distance of 1000 m

Fig. 7 a Coefficient of friction vs sliding velocity at a load of 10 N

for a sliding distance of 1000 m. b Coefficient of friction vs sliding

velocity at a load of 20 N for a sliding distance of 1000 m.

c Coefficient of friction vs sliding velocity at a load of 30 N for a

sliding distance of 1000 m
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(Fig. 7c), the coefficient of friction exhibits almost a steady

state phenomenon at all the sliding conditions. Due to the

raise in load (30 N), the pin surface is severely damaged. It

leads to particulates in the pin to trap inside the counter-

face, and it causes to exhibit a high coefficient of friction

[14]. Also, it was observed that the same trend was seen for

all three test specimens. Quantitatively, stir casted A356

with 5 wt% of CaB6 composite pin sample exhibited

17.39% higher coefficient of friction than the virgin as-cast

A356 pin sample at 30 N applied loading with a sliding

velocity of 3 m/s for 1000 m sliding parametric condition.

From Fig. 7a, b, it was seen that compared to higher load

of 30 N coefficient of friction was more linear in nature for

a lower load of 10 N.

SEM Image Analysis

Figures 8 and 9 show the scanning electron microscopic

images of the worn out pin surfaces of the A356–CaB6

composite under constant sliding distance of 1000 m with

two different sliding loads of 10 N and 30 N and at two

various sliding velocities of 1 m/s and 3 m/s, respectively.

The worn out pin surfaces of the A356–CaB6 composites

shown in the SEM image were investigated to assess the

effect of the various wear parameters under room temper-

ature conditions.

Figure 8a shows the worn out pin image of virgin A356

alloy pin with a sliding velocity of 1 m/s at 10 N. At this

sliding condition, few cracks were observed on the pin. In

addition to the cracks, large amount of material loss was

noticed and deeper grooves were also seen along the

direction of sliding.

At the same sliding conditions, 97.5% A356 ? 2.5%

CaB6 pin sample was examined under SEM and is indi-

cated in Fig. 8b. It was seen that comparatively less mass

loss was seen on the pin surface. Also, thin grooves were

also seen on the pin surface along the sliding direction.

Figure 8c refers the 95% A356 ? 5% CaB6 composite

pin under the same sliding conditions, and it was examined

under SEM. It was seen very less mass loss was occurred

on the pin at this sliding condition. Along the sliding

direction, very thin grooves were also observed. And also

few debris were stick upon the pin surface. It was seen that

for all three pin specimens, abrasion wear mechanism was

observed as the dominant wear mechanism at the sliding

condition of 1 ms-1 with 10 N for a distance of 1000 m.

Figure 9a projects the worn out pin image of virgin

A356 alloy pin with a sliding velocity of 3 m/s at 30 N for

a sliding distance of 1000 m. At this sliding condition,

intense wear was occurred on the pin surface and immense

mass loss was discerned. When the pin surface was

Fig. 8 SEM images of the pin samples at a sliding velocity of 1 m/s with 10 N sliding load for a 100% A356, b 97.5% A356 ? 2.5% CaB6

composites and c 95% A356 ? 5% CaB6 composites
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examined, it was seen deeper and wider grooves were

observed on the pin surface.

For the same sliding condition, 97.5% A356 ? 2.5%

CaB6 composite pin was studied and it is shown in Fig. 9b.

On this condition, comparatively less mass loss was seen

and thin grooves were seen. Also, few debris particles were

also seen on the pin surface. So, for the above two sliding

conditions, abrasion was observed as the dominant wear

mechanism.

Figure 9c shows the worn out pin image of 95%

A356 ? 5% CaB6 alloy pin with a sliding velocity of 3 m/s

at 30 N. At this sliding condition, minimal mass loss was

seen on the pin when compared with the other two pins.

SEM Micrographs were also revealed on the pin surface

the same that thin grooves were noticed. In addition to this,

few oxide layers were seen on the pin surface. These oxide

layers restrict the wear loss occurring on the pin which was

reported by few other researchers [28–30].

Thus, we can able to conclude that Oxidation and

Abrasion wear mechanisms were dominated on the pin

surface under the sliding conditions of 3 m/s with a load of

30 N for the sliding distance of 1000 m.

Conclusion

In the present study, virgin A356 and two composite

specimens (97.5% A356 and 2.5% CaB6, 95%A356 and

5% CaB6) were fabricated through stir casting

methodology.

• The stir casted specimens were subjected to tensile and

tribological experiments.

• From the tensile test it was noticed that, the specimen

of 95% A356 and 5% CaB6 composite specimen

exhibits an increase in 35.6% and 16.1% of yield

strength and ultimate tensile strength, respectively,

when compared with the virgin alloyA356 under room

atmospheric conditions.

• After completing tensile test, the fractured specimens

were studied under SEM and the characteristics were

recorded.

• From the fractography analysis, it was found that

ductile mode was dominant for all the three specimens.

• Under wear test, both the coefficient of friction and

wear rate of the specimens vary with the applied normal

loads (10 N, 20 N and 30 N) and the sliding velocities

(1 m/s and 3 m/s).

• Specimen 3 of 95% A356 and 5% CaB6 composite pin

at all the sliding conditions, shows 40.33% lower wear

rate and 17.39% higher friction coefficient than the

virgin pin specimen. This is because of the influence of

the uniform distribution of reinforcement particulates

inside the softer A356 alloy.

• Various wear mechanisms occurred at the different

sliding conditions on the pin samples were examined

under SEM.
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