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Abstract Metal matrix composites are becoming more 
common in industrial applications due to their superior tri-
bological and mechanical properties. In this work, titanium 
diboride  (TiB2) particles with different weight percentages 
(1, 3 and 5%) were added to Al6061 using a stir-casting 
process. The hardness, tensile strength, and wear of Al6061-
TiB2 composites were investigated. Each experiment was 
repeated three times to ensure repeatability, and an average 
was taken. In addition, an optical microscope and a scanning 
electron microscope were used to characterize the Al6061-
TiB2 composites. The SEM examination shows that the 
 TiB2 particles are distributed evenly throughout the Al6061 
matrix. The results show that the hardness, strength, and 
wear resistance of Al6061-TiB2 composites increase as the 
weight percentage of  TiB2 is increased. The most interesting 
thing to come out of the data is that adding a small amount 
of  TiB2 particles increases the hardness of the composites 
much more than previous research has shown.

Keywords AMCs · Al6061 · Stir-casting process · TiB2 · 
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1 Introduction

Studies of materials show the importance that when the 
chemical and physical properties of the components are 
incompatible, a new substance is created that is different 

from the actual components [1]. Reinforcement is added 
to an alloy or metal matrix in the form of fibers, particles, 
whiskers or metal sheets to create metal matrix composite 
(MMC) materials [2, 3]. The MMCs are one of the most 
significant classes of materials for thermal, structural, 
transportation, wear, and electrical applications [4, 5]. 
The goal of creating metal matrix composite materials is 
to combine the advantages of both metals and reinforce-
ments [6]. Due to the addition of micro-sized reinforcing 
particles in the matrix, MMCs hold the greatest promise 
for enhancing mechanical parameters like yield strength, 
ultimate tensile strength, Young’s modulus, and hardness 
[7, 8]. Comparing MMC to monolithic commercial alloys 
reveals that it is more robust in terms of weight and cost 
per unit of strength [9, 10]. Tensile strength and hardness 
are critical in engineering applications such as transpor-
tation and construction, and Al6061-alloy is commonly 
used in aluminium matrix composite (AMC) [11]. Dif-
ferent ceramic particulates like aluminium nitride (AlN), 
alumina  (Al2O3), magnesium oxide (MgO), boron nitride 
(BN), silicon carbide (SiC), silicon nitride  (Si3N4), tita-
nium nitride (TiN), titanium diboride  (TiB2), and graphite 
(Gr) are the primary particulate-reinforced materials [12, 
13]. Although the ceramic particles improve the ultimate 
and yield strength of the parent alloy, they have a detri-
mental effect on its ductility [14].  TiB2 has several desir-
able mechanical properties, also excellent corrosion and 
wear resistance [15–17]. Suresh et al. [18] examined the 
mechanical characteristics and wear process of Al6061 
reinforced with (0, 2, 4, 6, 8 and 10%)  TiB2. The mechani-
cal and tribological parameters of the samples, such as 
tensile strength, hardness, and resistance to wear, were 
improved by the addition of  TiB2. Significantly less wear 
is achieved with a composite containing 10%  TiB2. Addi-
tionally, the size of the debris has a significant impact 
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in determining the alloy and composite wear characteris-
tics [18]. Gupta et al. [19] discussed the effect of adding 
 TiB2 on the mechanical and tribological characteristics of 
Al 1120, which was fabricated by stir casting.  TiB2 was 
incorporated into the matrix material Al 1120 at weight 
percentages of 2%, 4%, 6%, and 8%. When compared to 
aluminium alloy 1120 (the matrix material), the Al 1120 
alloy reinforced with 8%  TiB2 has better tensile strength 
owing to the reinforcement’s high percentage in the matrix 
material, which is 222.94 MPa. Increasing the  TiB2 con-
tent results in significant growth, but the rate of elongation 
decreases. Results indicate that the  TiB2 reinforcement 
quantity in the metal matrix Al 1120 increases the com-
posite material’s hardness. The impact test results indi-
cate that as the percentage of  TiB2 reinforcement rises, 
the energy absorption capacity of the matrix increases, and 
about the result of the wear test, 200 m of sliding distance 
and with Al alloy reinforced with 8%  TiB2 weight loss is 
higher than based metal matrix but wear rate decreases 
compared to based alloy [19]. Suresh and Moorthi [20] 
fabricated the Al6061-TiB2 composites using a stir casting 
method, which is a liquid-state technique of mixing with a 
mechanical stirrer. A scanning electron microscope (SEM) 
was used to explore the microstructure of the compos-
ites. They studied the hardness, tensile strength, and wear 
resistance. They found that the addition of  TiB2 to alu-
minium composites increases their wear resistance and the 
alloy matrix’s hardness increases significantly. It is clear 
that increasing the amount of  TiB2 in the aluminium will 
enhance its strength [20]. Aluminium matrix composites 
may be fabricated using a variety of techniques, stir cast-
ing is the most widely used and commercially successful 
liquid-state processing method [21]. Since it is cost-effec-
tive and applicable to mass production, controlling com-
posite structures is easier, as they are almost net-shaped.

Therefore, the goal of this investigation is to discover 
what happens to the microstructure, mechanical, and tribo-
logical characteristics of Al6061 when various quantities 

of  TiB2 microparticles are introduced using the stir casting 
technique.

2  Materials and Procedures

2.1  Materials

In this investigation, the Al6061 alloy was chosen as the 
matrix material, with the chemical composition and physi-
cal parameters presented in Tables 1 and 2, respectively. 
As reinforcement,  TiB2 ceramic particles were employed 
as shown in Fig. 1, with particle sizes ranging from 2 to 
13 µm and physical properties presented in Table 2. Figure 2 
depicts SEM images of Al6061 and  TiB2 particles. In this 
study, magnesium was employed to improve the wettability 
of  TiB2 particles in Al6061 melt.

2.2  Casting Process

The Al6061-TiB2 composite was prepared using the stir 
casting process. The stir casting is mainly composed of an 
electric furnace with a heating capability of 1000 °C (See 
Fig. 3a), and a graphite crucible with diameter of 70 mm, a 

Table 1  Chemical composition 
of Al6061

Element Mg Si Ti Cr Mn Fe Ni Cu Zn Sn Pb Al

Weight % 1.45 0.93 0.02 0.04 0.51 0.70 0.02 0.83 0.21 0.02 0.06 95.23

Table 2  Physical properties of 
Al6061 and  TiB2 [18]

Properties Density, g/cm3 Tensile 
strength, 
MPa

Yield 
strength, 
MPa

Elastic 
modulus, 
GPa

Elongation, % Hardness, HV

Al6061 2.7 310 276 68.9 12–17 100
TiB2 4.52 338–373 345–409 3400

Fig. 1  TiB2 Particles
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height of 100 mm, and a melt capacity of 2 kg. The Al6061 
alloy rod was cut into pieces of 70 mm in length to fit the 
crucible using a saw machine. The 700 g of Al6061 alloy 
was melted using the electric furnace and its temperature 
was raised to 800 ± 50ºC. Molten mixture was maintained 
at a temperature of 800 °C for 30 min. Each of the micro-
structural, mechanical, and tribological tests resulted in a 
specific design for the composite. The  TiB2 reinforcements 
were preheated to 250 °C before being gradually added to 
the melt. To increase the wettability, 1 wt.% of magnesium 
(Mg) was added to the melt. A drill machine with a stir 
rod (See Fig. 3b) was used to stir the melt while the rein-
forcements were added to the matrix (Al6061-TiB2 slurry). 
The mixing was done in two stages. The stir rod was spe-
cially designed and fabricated for this purpose, and it was 
heated before it was put into the slurry. The stir rod was 
placed around two-thirds of the way up from the bottom of 
the molten metal. For roughly 10 min, the composite slurry 
was stirred at an average speed of 600 RPM. The mixture of 
molten metal-matrix was homogenous due to the constant 

stirring of the metal-matrix. Castings were produced using 
varying concentrations of  TiB2 (0, 1, 3, and 5 wt.%). Pre-
pared melts were instantaneously poured into preheated cast 

Fig. 2  SEM image a Base Al6061. b  TiB2 powder [1]

Fig. 3  a Electrical furnace, b Stir rod c Cast iron moulds
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iron moulds cavity (diameter 20 mm and length 110 mm) 
(See Fig. 3c) and allowed to cool by maintaining the mould 
at room temperature. These steps of making the Al6061-TiB2 
composite were done three times, each time with a different 
amount of  TiB2.

2.3  Materials Characterization

To examine the mechanical behaviour of the Al6061-TiB2 
composite, the tensile test was conducted in accordance with 
ASTM standards and using a universal testing machine. The 
tensile test is carried out on XHG-50 ring stiffness universal 
testing machine at a cross head speed of 5 mm/min and a 
strain rate of 0.00166 mm/min/s. The tensile samples were 
manufactured from the fabricated composites using a lathe 
machine, according to the ASTM E8 standard. For the ten-
sile test, the gauge’s length, diameter, and length were evalu-
ated 45 mm, 9 mm and 80 mm, respectively. Figure 4 shows 
a photograph and a schematic of the tensile sample. The 
tensile strength values presented are an average of three for 
each weight percentage of  TiB2.

2.4  Hardness Test

In this work, to measure the hardness of the Al6061-TiB2 
composites, a Brinell hardness testing machine was uti-
lized according to the ASTM E384-10 standard. Then, the 
results were converted to Vickers and compared to different 
amounts of  TiB2. The tests were conducted by applying a 
constant load of 5 kg for a specific time of 15 s. Prior to the 
hardness tests, the samples were grinded and polished to 
remove surface deposits or level uneven surfaces. For this 
purpose, a disc grinding machine was used with various 
emery papers (800, 1000, 2000, and 2500). The samples 
were then polished on a disc polishing machine to achieve a 
fine finish. The experiment was run at room temperature, and 
in order to avoid the influence of the indenter pressing on the 
hard reinforcement particles, the hardness was measured at 
an average of five different locations.

2.5  Microstructure

The homogeneous distribution of the reinforcement is the 
most important component in the production of particle rein-
forced composites. Therefore, an optical microscope and a 
scanning electron microscope (SEM) were used to exam-
ine the microstructures of Al6061-TiB2 composites. The 
microstructure samples were grinded using abrasive silicon 
carbide paper with grit sizes of 800, 1000, 2000, and 2500. 
The grinding was done in steps on each abrasive paper. The 
samples were cleaned and dried before being polished with 
velvet cloths. To reveal the grain boundaries, the samples 
were etched with Keller’s reagent (ASTM E407 standard), 
which is a solution mixture of 1% of hydrofluoric acid (HF), 
2.5% of nitric acid  (HNO3), 1.5% of hydrochloric acid (HCl), 
and 95% of distilled water for about 10 s before their micro-
structural examination [22].

2.6  Wear Test

In the present work, to examine the resistance to wear 
of the Al6061-TiB2 composites, a pin-on-disc tribometer 
was used at room temperature. Wear test specimens were 
manufactured from the fabricated composites using a 
lathe machine, according to the ASTM G99-04 standard. 

13 54

80

45

15 9

(a) All dimensions are in mm (b)

Fig. 4  A schematic and a photograph of the tensile specimen

Fig. 5  A schematic and a photograph of the wear specimen
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Figures 5, 6 present the dimensions of the wear speci-
mens and the pin on disc tribometer, respectively. The 
counterpart disc, with a 50 mm outside diameter and a 
2 mm thickness, was manufactured using duplex stainless 
steel (SAF 2205). The hardness of the disc was measured 
using the same equipment that measured the hardness of 
the Al6061-TiB2 composites. The hardness of the disc 
has been found to be 291 HV, which is higher than the 
hardness of the AMCs. The hardness values presented are 
an average of five measurements. Tables 3, 4 present the 
chemical composition and physical properties of SAF 2205 
[23]. Both the specimens and the discs were mechanically 
polished to remove scratches and machining marks, and 
they were maintained in a dry atmosphere while not in use 
to avoid surface corrosion.

Dry sliding wear experiments of the reinforced com-
posites were carried out at room temperature utilising a 
pin-on-disc machine. Before each experiment, the pin slid-
ing surfaces were polished with 1000-grit emery paper 
and then cleaned with acetone to remove any remaining 
residue. The experiments were performed by applying a 
constant normal load of 20 N, a constant sliding velocity 
of 0.240855 m/s, a constant time of 15 min, and a constant 
sliding distance. An electronic balance with an accuracy of 
0.0001 g was used to measure the weight of the pins prior 
to and after each test. Each experiment was performed 
three times to confirm that the measurement data was 
repeatable, and an average was calculated. A pin-on-disc 
machine was used for all the testing at room temperature.

3  Results and Discussion

3.1  Microstructure Analysis

The optical photomicrographs of the manufactured AMCs 
are shown in Fig. 7. The microstructure results show that 
the reinforcement  TiB2 particles are distributed equally in 
the matrix at all weight percentages. This is due to different 
factors such as the wettability agent (Mg), the efficient stir-
ring action and the application of optimal process param-
eters, which cause the particles to neither float nor settle 
in the mixture. The homogenous distribution of particles is 
required to enhance the mechanical properties of the AMCs.

Figure 8 shows the results of SEM photomicrographs of 
the cast Al6061-TiB2 composites with different weight per-
centages of the  TiB2 particles. The SEM images reveal that 
the  TiB2 particles are homogeneously dispersed throughout 
the matrix alloy. Furthermore, the images do not show any 
typical defects of casting, like porosity, cracks, or shrinkage.

3.2  Tensile Strength Results

The experimental results of the tensile tests are shown in 
Fig. 9. Each result is an average of three readings. The 
results show an increase in the ultimate tensile strength 
of the composites from 126.26 MPa to 290 MPa. As can 
be observed, the cast Al6061 has a lower strength and a 
larger elongation than Al6061-TiB2 composites, and the 
Al6061-5%  TiB2 composite has the highest ultimate ten-
sile strength. As a result of its homogeneous dispersion 
and strong bonding properties. The true stress versus true 
stain curve is presented in Fig. 10. As shown in Fig. 10, 
the strain hardening exponents and strength coefficient 
are most affected by the weight percentage of  TiB2. 
Increasing the weight percentages of the  TiB2 particles is 
accompanied by an increase in the strain hardening expo-
nent n in the relationship ( Truestress = K × Truestrain

n ), 
where K is the strength coefficient. In general, a greater 
 TiB2 weight percentage results in a faster strain hardening 
exponent (n). It indicates that composites have a notice-
able deformation characteristic, which may be seen by 

Fig. 6  Pin on disc device

Table 3  Chemical composition 
of SAF2205 (duplex stainless 
steel)

Elements C Si Mn P S Cr Ni Mo N Fe

Weight % 0.03 1 2 0.03 0.015 22 5 3.2 0.18 Bal

Table 4  Mechanical properties 
of SAF2205 (duplex stainless 
steel) [23]

Properties Yield strength (MPa) Ultimate 
strength (MPa)

Hardness 
(HB)

Modulus 
of elastic-
ity (GPa)

Melting 
Range (◦C)

SAF2205 450 655 293 200 1410–1450
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gross deformation. These results match those observed 
in earlier studies [24]. Figure 11 shows the ultimate ten-
sile strength at various amounts of  TiB2 particles, and 
the error bars represent the standard deviation. In sum-
mary, according to these findings, when the reinforcing 
amount is increased, tensile strength rises while ductility 
decreases. These results corroborate the ideas of [18, 20, 
25] who suggested that the tensile strength of fabricated 
composites was raised by adding more  TiB2 reinforcing 
particles.

Fig. 7  Microstructure of the cast Al6061-TiB2 composites

Fig. 8  SEM photomicrographs of the cast Al6061–TiB2 composites
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3.3  Hardness Results

Figure 12 shows the variation of hardness in Vickers with 
the weight percentage of  TiB2. The error bars on the experi-
mental lines show how much the data deviated from the 
average. The results show that the hardness increases with 
increasing the weight percentages of the  TiB2 particles. A 
comparison of the findings with those of other studies con-
firms that by increasing the reinforcements, the hardness 
of the composite also increases. These results reflect those 
of [20] who also indicates that the hardness of Al alloy is 
enhanced by the addition of  TiB2 to the alloy.

The most surprising aspect of the hardness data is the 
comparison of the findings with those of other studies. 
Suresh et al. [20] succeeded in increasing the hardness of 
Al6061 by 10.57% when a 12% weight percentage of  TiB2 
was added. While Suresh et al. [18] added 10% of  TiB2 to 
the matrix Al6061, they increased the hardness by only 16%. 
While in the current study, by adding only 5% of  TiB2 par-
ticles, the hardness is increased by 40.2% compared to base 
alloys. These results are likely to be related to the uniform 
distribution and uniform stirring action.

3.4  Wear Results

In order to investigate the wear of the fabricated AMCs, 
dry sliding wear tests on the composite specimens were 
conducted using a pin-on-disc tribometer tester. The results 
of the wear experiments are presented in Fig. 13 and the 
error bars show the standard deviation. The figure illus-
trates how the quantity of  TiB2 in the composites affects the 
wear rate for a constant load and sliding speed. The lower 
wear rate and thus the improvement in wear resistance of 
Al6061-TiB2 composites can be clarified as follows: The dis-
location and  TiB2 particle interactions during sliding wear 
prevent crack propagation. Strain fields are formed around 
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the reinforcement particles during solidification as a result 
of the temperature mismatch between the  TiB2 particle and 
Al6061. Such strain fields impede the crack’s propagation 
and subsequent material removal. The defect-free  TiB2 par-
ticles formed in situ maintain their integrity during sliding. 
 TiB2 particles are distributed homogeneously, providing 
Orowan strengthening [26]. The detachment of the  TiB2 
particles from the aluminium matrix (Al6061) is delayed by 
good bonding and a clear interface. As a result,  TiB2 parti-
cles improve the AMCs’ wear resistance. Another factor that 
may contribute to a decreased wear rate is the  TiB2 particles’ 
ability to refine the grain.

The lower wear rates in composites containing 3%  TiB2 
particles are due to the strong interfacial bonding in such 
in situ composites. This finding is consistent with that of 
Mandal et al. [27], who reported that the decrease in wear 
rate with increasing  TiB2 quantity is not linear, which might 
be attributable to the complex processes that occur during 
composite wear. Another possible explanation for these 
results is due to the strain hardening, where the wear rate is 
affected by the strain hardening exponents of surface mate-
rial during abrasion [28], which causes the surface hardness 
to become greater than that of the bulk. Figure 14 shows the 
wear resistance of the Al6061-TiB2 composites and the error 
bars denote the standard deviation from three tests. The wear 
resistance of the Al6061-3%  TiB2 composite is found to be 
49.7% higher than the unreinforced Al6061 owing to their 
high hardness, while the wear resistance of the Al6061-5% 
 TiB2 composite is 39% higher than the unreinforced Al6061. 
These results reflect those of Tee et al. [29], who also found 
that increasing the volume percent of the  TiB2 reinforcement 
did not result in a significant enhancement in the wear resist-
ance of the composite.

3.5  Worn Surface Analysis

An optical microscope was used to analyze the worn surface. 
The impact of  TiB2 content on the morphology of the worn 
surface of the Al6061-TiB2 AMC is shown in Fig. 15. Paral-
lel grooves are seen on the worn surfaces. It seems like the 
wear mode is abrasive. When the  TiB2 particle concentration 
is increased, the plastic deformation and the groove depth at 
the borders of the grooves decrease. Several cutting marks 
and delamination can be seen on the worn surfaces of the 
Al6061-0%  TiB2. The inclusion of  TiB2 particles provides 
resistance to the cutting action of counterface asperities and 
decreases the rate of wear.

4  Conclusion

The main goal of the current study was to determine the 
effect of adding  TiB2 to the Al6061 matrix. Different weight 
percentages of  TiB2 particles were added to the Al6061 alloy 
including 0, 1, 3, and 5 wt.%. The following conclusions can 
be drawn from the present study:

1. The presence of  TiB2 particles in Al6061 increases its 
hardness and tensile strength.

2. The tensile strength is increased by about 79.54% at 5% 
as compared to the base alloy.

3. The addition of  TiB2 particles in Al6061 increases the 
wear resistance of the material by about 50%. In addi-
tion, the wear results reveal also that the relationship 
between the wear rate and the quantity of  TiB2 is not 
linear, due to the bonding between the particles and cast-
ing defects.
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Fig. 15  Microstructure of worn surface of Al6061 and its composites
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