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1. Introduction

One of the most abundant metallic element in nature, after O2 and Si, 
is aluminum, which makes up 8.13% of the Earth’s crust. Aluminum is 
a white-silvery and soft metal that is a chemical element with an atomic 
number of 13. Also, under normal conditions, it is insoluble in water [1]. 
This metal is found in combination with other elements such as phos-
phate [2], sulfate [3], silicate [4], and hydroxide [5], and there is no pure 
state of this metal due to its high reactivity with other chemical elements. 
Al can also be found in clays, soils, minerals and rocks, and even in food 
and water. The outstanding features of this metal are its malleability and 
ductility. The Greek word alum that means astringent in medicine, is the 
root of the name aluminum [6]. During the reaction of Al with O2, water, 
and other oxidants, an Al2O3 film is formed on its surface which prevents 
corrosion of the metal [7]. Al2O3 is insoluble in water while easily solu-
ble in strong alkalis and mineral acids, unlike aluminum sulfate, nitrate, 
and chloride that are dissolved in water [8, 9].

Due to the good wear resistance, high specific strength-to-weight ra-
tio, superior damping capacity, and excellent dimensional stability of Al-
based metal matrix composites (MMCs) that are reinforced with ceramic 
particles, it has been noticed by researchers [10-12]. The incorporation 
of externally synthesized reinforcements, like TiC, Al2O3, and SiC, to the 
matrix alloys, is commonly applied for preparing Al-based composites 
(ex-situ composites) [13-16]. In this method, without proper modifica-

tion of the ceramic particle, the addition of reinforcements could cause 
poor adhesion at the interface, thermodynamic instability, and segrega-
tion of the reinforcements [17, 18]. The superior bonding in the interface 
of matrix and reinforcement, uniform distribution of smaller particles, 
process economy, and thermodynamical stability of the reinforcing par-
ticles are the advantages of the in-situ synthesized MMCs because the 
reinforcement formation takes place within the matrix [4, 19, 20]. For 
the fabrication of the Al-based MMCs, many in-situ formed ceramic par-
ticulates including TiC, TiB2, and Al2O3 can be used [21-23]. 

 Due to the outstanding wear resistance, high hardness (3400 HV), 
high elastic modulus (534 GPa), and high melting point (3225 °C) of 
TiB2, it is an advanced strengthening phase for Al matrix [24]. More-
over, TiB2 does not show any reaction with Al to form detrimental prod-
ucts at the interface of the matrix and reinforcement and this is a special 
reason for their application [18, 25]. The mechanical erosion resistance, 
oxidation stability, and excellent heat conductivity are the properties of 
TiB2 as a hard ceramic. TiB2 reacts with sulfuric acid, nitric acid, and 
alkalis, however, it is not oxidized in the air above 1100 °C and also in 
hydrofluoric and hydrochloric acids [26-29].

To prepare in-situ composites of Al/TiB2 with enhanced dispersion of 
the reinforcing agent, a new method of mechanical stirring at the inter-
face of Al and the salts was developed by Chen et al. [30]. They reported 
that the improvement in the distribution of TiB2 particles in the alumi-
num matrix was due to the interface mechanical stirring. The speed of 
180 rpm stirring was applied for both first 15 min and last 15min of the 
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In this study, TiB2 reinforced Al-matrix composite was fabricated by in situ stir casting route, and the effect of 
processing parameters was investigated. X-ray diffraction (XRD) and field emission scanning electron microscopy 
(FE-SEM) equipped with energy-dispersive X-ray spectroscopy (EDX) were used to study the composition and 
microstructure of the samples. Finally, to investigate the tribological and electrochemical behavior of the samples, 
wear tests (pin-on-disk) and potentiodynamic polarization tests (PDP) were used, respectively. Results showed 
that by increasing stirring time, both tribological and mechanical behavior of the samples improved. Also, it was 
found that by increasing the stirring speed of the melt to 180 rpm, the mechanical and tribological behavior of the 
samples improved, and by further increasing the stirring speed to 300 rpm, they were decreased. Consequently, 
samples containing lower than 7 wt. % TiB2 showed better metallurgical properties, due to lack of agglomeration.
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60 min for the synthesis process.
Pazhouhanfar et al. [31] synthesized the composite of Al-TiB2 with 

3, 6, and 9 wt. % of  TiB2 reinforcement by the method of stir casting. 
They analyzed the mechanical and microstructure properties of the com-
posites. They reported that using the optimized process parameters leads 
to a uniform distribution without agglomeration for reinforcements in 
the aluminum matrix. Furthermore, preheating of TiB2 powders and the 
addition of K2TiF6 results in a strong bonding.

The clusters of particles in the cast of MMCs are formed due to the 
combination of reinforcement settling effect and the particle rejection by 
the matrix dendrites while growing into the remaining melt during the 
solidification process [32]. In this work, the vortex casting method was 
applied for in-situ preparation of Al/TiB2 composites which is an attrac-
tive method because of flexibility in using raw materials and the condi-
tion of processing. Also it has economic benefits of large-scale manufac-
turing. The amount of reinforcing particles, sample cooling rate, stirring 
start time, and stirring time are the process parameters. 

2. Materials and methods

Aluminum matrix composite reinforced with TiB2 particles has been 
produced through exothermic reactions, using Halide salts of KBF4 – 
K2TiF6 within molten aluminum. This composite is produced through 
the following reactions.

3K2TiF6 + 13Al → 3KAlF4 + K3AlF6 + 3TiAl3		    (1) 
2KBF4 + 3Al → 2KAlF4 + AlB2				      (2)                     
TiAl3 + AlB2 → TiB2 + 4Al				      (3)                      

The aluminum used here was %99.8 pure aluminum. %99 pure KBF4 
and K2TiF6 have been used as well. Fig. 1 displays the schematic rep-
resentation of the equipment used for composite production. For any 
experiment, 1.5kg of aluminum has been melted and maintained in a 
graphite-clay crucible under a temperature of 850 ℃. The powders used 
in this study have been dried up for two hours under a temperature of 
200 ℃. The powders have been mixed afterward with a Ti/B stoichio-
metric ratio of 1.2 and have been added to the molten mixture. After 
the powders have been fully solved in the molten mixture, a pre-heated 
four-bladed stirrer has been used to fully mix the molten material and 
composite-maker powders and stirred the mixture under different con-
ditions. To prevent the entry of impure elements including Fe inside the 
molten mixture, the stirrer blades have been coated with nickel.

Different stirring velocities of the molten mixture were 0, 60, 180, 
and 300 rpm for 5, 15, 30, and 60 minutes respectively. To study the 

impacts of the time starting from the rest time until the start of stirring on 
mechanical and tribological properties of the samples, 0, 15, 30 and 45 
minutes have passed after adding the reinforcing particles to the molten 
mixture and stirring operation has been conducted then. It’s noteworthy 
that the molten mixture’s temperature has been conserved throughout 
these time durations to prevent the solidification of the mixture. To study 
the impact of reinforcing particle’s amount on the properties of compos-
ites being produced, samples with different percentages of reinforcing 
particles (0, 1, 4, 7, and 9 wt. %) have been produced. The first series of 
samples being investigated were samples with different percentages of 
reinforcing materials which have been investigated after identifying the 
best reinforcing percentage of other remaining samples. Table 1 displays 
the characteristics of samples under investigation. 

To study the phases involved in composites being produced, X-Ray 
Diffraction (XRD) procedure has been used. The device used here was 
Empyrean with Cu- Kα and its radiation operated at 40 Kv and 40 mA. 
To study the microstructures, the samples have been sanded with 200-
2000 sand and they have been polished then using felt and alumina pow-
der (in micrometer scale) for 10 minutes. Finally, the FESEM device, 
Quanta 200 model has been used for imaging purposes.

Study the mechanical behavior of the samples, hardness and tensile 
assays have been used. Hardness testing has been undertaken using the 
Brinel device, made in Koopa. The study samples selected for hardness 

Fig. 1. The schematic representation of 
the installed equipment.

Table 1.
The properties of samples produced under different conditions

Time to Mix 
(min)

Time 
(min)

RPMTiB2 wt. %.Sample

---Al PureS1

0151801S2

0151804S3

0151807S4

0151809S5

01507S6

015607S7

0153007S8

051807S9

0301807S10

0601807S11

15151807S12

30151807S13

45151807S14
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testing have been all prepared based on the ASTM E8M-04 standard. 
Finally, to study the tensile behavior of the samples, Universal tensile 
testing device, the TB model has been used. The tensile strength of the 
samples has been tested under a velocity of 0.05 mm/s.

To study the tribological behavior of the samples, a pin on disk wear 
test has been used. The device used to conduct this test was the wear 
device, the Bong Shin model. This test has been conducted under room 
temperature and humidity. The wear velocity was 0.125 m/s and he wear 
distance was 200 m. the pin used in this study was made up of hardened 
steel with a hardness ratio of 50 HRC/ finally to test for the impact of 
reinforcing particles on the electrochemical behavior of the composites 
being produced, potentiodynamic polarization (PDP) test has been con-
ducted in 3.5 wt. % NaCl solution. This test has been implemented using 
Origa Flex, made in France with a three-electrode system. The reference 
electrode used in this test was SCE. The scanning rate in this test was 
0.5 mv/s. To develop balance in the Open Circuit Potential (OCP) of the 
samples, the samples have been immersed in a test solution for one hour.

3. Result and discussion 

3.1. Characterization of composites with different TiB2 content

3.1.1. XRD Analyses

Fig. 2 displays the XRD analysis of the S4 sample. This figure con-
tains the peaks related to TiB2 as a reinforcing particle. This peak il-
lustrates that the produced composite is an in-place type of composite 
because the intended phase has been produced inside the molten ma-
terial and through the reactions between the particles being added and 

the matrix. The rest of the results illustrate that the main phases being 
produced are related to TiB2 and Al phases. Considering the aluminum 
matrix used in this study, the presence of the main Al peak is not surpris-
ing. The presence of TiB2 as the main peak suggests that the generated 
Gibbs energy involved in the formation of TiB2 is far less than the Gibbs 
energy involved in AlTi3 and AlB2 formation [25, 33]. The emergence 
of this peak confirms reactions 1-3. The present study didn’t report any 
intermediate product of TiAl3 or AlB2. Considering the Ti-B proportion, 
only 2.1 will be inferred which suggests that no significant portion of 
KBF4 or K2TiF6 will be synthesized or oxidized during the reactions.

3.1.2. Morphology

Fig. 3 displays the FESEM images produced from S2, S3, S4, and S5. 
It can be inferred from these figures that reinforcing particles are present 
within the aluminum matrix. The presence of such particles leads to sig-
nificant changes in the engineering properties of the samples. According 
to these figures, it can be concluded that in percentages higher than %7 
of TiB2 particle, agglomeration and clotting behavior occurred within 
the system. This may lead to the disappearance of sales’ engineering 
behavior because pieces’ properties are different in various parts of the 
samples and we can’t record a uniform behavior of the sample. Consid-
ering the figures, it can be inferred that the matrix’s particles became 
finer upon the presence of reinforcing particles. The further fineness of 
the matrix under the influence of reinforcing particles can be studied in 
two different parts. The first part concerns the initiation of solidification 
in which the reinforcing particles act as germinating particles and result 
in I further fineness of the system’s particles. The second part concerns 
the process of solidification itself through which the presence of rein-
forcing particles inhibits the growth of germinations being developed. 

Fig. 2. XRD test results for S4 sample

Fig. 3. FESEM images 
taken from aluminum 

matrix composites rein-
forced with different wt. 

% of TiB2

Fig. 4. The results of hardness testing for composites with different percentages 
of reinforcing particles
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To put it differently, the developed particles are surrounded by these 
particles and can’t grow any further. It’s crystal clear that the fineness 
of the matrix will contribute to improving the mechanical properties of 
study samples [34, 35].

3.1.3. Hardness

Fig. 4 displays the hardness test results. From this figure, it can be 
inferred that the presence of reinforcing particles resulted in the higher 
hardness of study samples compared with pure aluminum. This suggests 
that the presence of reinforcing particles under any conditions results in 
increased hardness of the study samples. Besides, the increased number 
of these particles resulted in increased hardness of the samples. The re-
sults of hardness tests illustrated that for values higher than 7 wt. % of 
reinforcing particles, composites’ hardness has been reduced. This may 
be related to agglomeration and clotting of the particles the hardness 
reduction and weakening of composites’ mechanical behavior upon the 
presence of reinforcing particles’ agglomeration has been proved in the 
literature as well [29-32]. The presence of reinforcing particles resulted 
in the development of a higher energy level within the system which will 
finally result in increased hardness upon locking up the misplacements 
and development of blockages against misplacements. The mechanism 
involved in hardness testing is based on the plastic deformity on the sur-
face of the study samples. The plastic deformation required the motion 
of misplacements; meanwhile, in case any factor prohibits the motion 
of misplacements, it will result in plastic deformity which will finally 
contribute to increased hardness.

3.1.4. Tensile

Fig. 5 displays the variations of tensile behavior of the composite 
samples with different percentages of reinforcing particles. It can be in-
ferred that the presence of reinforcing particles up to 7% wt. of TiB2 re-
sulted in increased strength of the study samples and upon increasing the 
amount of reinforcing particles to %9 wt. resulted in decreased strength 
of the amole. The main reason behind the weakness of the sample’s me-
chanical properties for higher percentages of reinforcing particles can be 

traced back to the agglomeration of reinforcing particles, which has been 
approved in FESEM images for %9 wt. of reinforcing particles. It can be 
inferred from Fig. 5 that the use of reinforcing particles resulted in the 
deceased elongation of the composites being produced. It’s clear that the 
presence of reinforcing particles resulted in misplacements being locked 
up and therefore their motion potential will be reduced and this was 
the main reason for higher strength, misplacement lock up and finally 
decreased composite formation.

Finally, to study the mechanical behavior of the composites being 
produced (such as hardness and strength) which vary according to the 
presence of reinforcing particles can be discussed in two main parts [21]. 
First, based on the (continuous) transfer of matrix load to particles which 
has been developed through the favorable linking between the soft ma-
trix and TiB2 particles as strong and non-deficient particles. Whenever 
tension is incurred on a composite, it will be transferred to reinforcing 
particles from the matrix. As a result of such transfer of force, the soft 
and formable matrix will tolerate fewer loads and the reinforced parti-
cles will bear a significant portion of the force which will finally lead to 
improved behavior of the composite behavior. Another related factor is 
the reinforcing impact of TiB2 particles on the surrender strength of the 
aluminum matrix. The impact of reinforcing particles on the composite 
strength (i.e. σys) can be analyzed based on the following equation [11, 
21].

σyc = σys [Vp (1+S/2) + (1-Vp)]				     (4)

Where σyc is the matrix’s strength, Vp is the volumetric fraction of the 
reinforcing particles, and S is the superficial proportion of reinforcing 
particles which will be considered as equal to 1 for similar particles. The 
micromechanics involved in the increased strength of the composites 
may be originated from the following.

Any variation in the size of matrix particles (further fineness of the 
matrix) which based on Hall-Petch equation, the boundary of the in-
creased particle will result in the development of obstructions against 
the motion of misplacements and will finally lock up the misplacements 
and decrease their motion which is itself the main origin for increased 
hardness and strength. The second point concerning the boundaries is 
the resource for misplacement generation. In other words, the boundary 
itself results in the development of misplacements and increased mis-
placement density which will lead to misplacement jungle, and locking 
up the misplacements will result in increased strength as well 

(ΔσHall-Petch).
Orowan mechanism. based on the Orowan mechanism, the use of 

reinforcing particles will itself contribute to misplacement lock up and 
obstructs their motion. The pinning of the misplacements through using 
reinforcing particles will result in increased strength of the composites 
ΔσOrowan [33, 34].

The difference in heat expansion coefficient between reinforcing 
particles and the matrix leads to irregularities in the crystal and will 

Fig. 5. The results of tensile strength tests for composites including different 
percentages of reinforcing particles

Fig. 6. Wear rate for composites containing different percentages of reinforcing 
particles

Fig. 7. Polarization diagram related to PDP test
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generate misplacements. The increased density of misplacements will 
lead to the formation of different misplacements locks which will finally 
contribute to decreased formability and strength of the samples (ΔσCTE).

3.1.5. Wear

Fig. 6 displays the tribological behavior of the composites being 
produced using different percentages of reinforcing particles. It can be 
inferred from this figure that composites containing different percentag-
es of reinforcing particles displays different tribological behavior. The 
figure suggests that the presence of reinforcing particles resulted in a 
decreased wear rate of the composites. Besides, increasing the amount 
of reinforcing particles up to 7 wt. %. resulted in decreased wear rate and 
improved tribological behavior of the composite. Decreased rate of wear 
and improved tribological behavior of aluminum matrix composites has 
been proved in other studied available in the literature. A review of the 
related literature suggests that TiB2-reinforced composites displayed fa-
vorable wear properties compared with composites reinforced with SiC 
[36-39]. Considering the study conducted by Prasada Rao et al.[40], It 
has been proved that the presence of TiB2 particles resulted in decreased 
wear rate of aluminum matrix composites. According to Prasada Rao et 
al., the wear rate of the Al-7Si / TiB2 composite depends upon the size 
of particles, the distance between dendrites, and the size of Si particles. 
In other words, in case any factors result in further fineness of system’s 
particles during solidification process and finally, particles in lower di-
mensions will be developed, the wear properties will be improved and 
wear rate will be decreased. In this study, the use of reinforcing parti-
cles resulted in a decreased wear rate which will consequently lead to a 
reduction of grains’ size. In other words, the presence of TiB2 particles 

modifies the particles’ morphology and makes them smaller. Finally, the 
produced composite displays improved wear properties. Meanwhile, in-
creasing the number of particles to higher than 7-9 wt. % results in high-
er wear rate and diminished sample’s tribological behavior. The reason 
behind the increased wear rate in higher percentages of TiB2 particles 
can be traced back to the agglomeration of the particles.

Considering the results obtained from mechanical and tribological 
tests, it has been suggested that the best parentage to produce aluminum 
matrix composite reinforced with TiB2 particles, is 7 wt. % of TiB2.

3.1.6. Corrosion

The potentiodynamic polarization (PDP) electrochemical test was 
used to study the effect of TiO2 particles on the electrochemical proper-
ties of the produced composite, which the results are presented in Fig. 
7. As shown, the presence of reinforcing particles results in changing 
the electrochemical behavior of particles. Also, their existence and an 
increase in their amount in composites lead to the formation of Tafel 
branches with low flows. In other words, their presence results in de-
creasing corrosion flow density (Table 2). Based on Fig. 7 and Table 
2, adding the reinforcing particles fails to change the slope of Tafel 
branches and they are produced in lower flow density in parallel, which 
indicates no change in corrosion mechanism in the existence of the re-
inforcing particles. Their presence leads to no change in the mechanism 
of cathodic (e.g., hydrogen reduction) and anodic reactions (e.g., alu-
minum dissolution) although it only results in decreasing their rate and 
kinetics [41]. As represented in Table 7, the change in the amount of the 
reinforcing particles, and their presence or absence fail to vary the cor-
rosion potential of the samples significantly, which represents no change 

Fig. 8. Variations in samples’ hardness under different conditions for the produc-
tion of Al – 7% wt. TiB2 composite; a) different stirring velocities; b) different 

stirring durations; c) different resting times and reactions between molten 
mixtures and aluminum

Fig. 9. The tensile behavior of the sample under different conditions for the 
production of Al – 7% wt. TiB2 composite; a) different stirring velocities; b) dif-
ferent stirring durations; c) different resting times and reactions between molten 

mixtures and aluminum
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in the thermodynamic of electrochemical reactions in the presence of the 
particles [42-44]. Finally, their existence only alters the kinetics of elec-
trochemical reactions. The blockage of the cavities and micro-cracks 
existing in the structure of aluminum-based by TiO2 is considered as 
a reason for reducing the rate of electrochemical reactions (decreasing 
corrosion flow density) in the existence of the particles. The dangerous 
ions such as Cl- can easily pass through each micro-crack due to their 
small radius (angstrom), which leads to corrosion in the system. The 
reinforcing particles reduce the diffusion rate of aggressive ions such 
as Cl- because of blocking the micro-cracks, leading to a decrease in 
corrosion rate.

3.2. Characterization of composites with the different condition of 
fabrication

3.2.1. Mechanical Properties	

Figs. 8-9 display the tensile and hardness behavior of the samples 
produced with different stirring velocity (a), stirring duration (b), and the 
resting time until the beginning of stirring (c). According to this figure, 
one can declare that making changes in any of the above parameters re-
sulted in different tensile and hardness behavior of the samples. In other 
words, making changes in composite production conditions resulted in 
different mechanical properties of the composites.

To study the impact of stirring speed on the properties of the com-
posites being produced, a reinforced version of the composite containing 
7 wt. % of TiB2 has been produced under different stirring velocities. 
According to Figs. 8-a,b, stirring contributes to higher hardness and 

mechanical strength of the composites which suggests that stirring and 
complete mixture of the molten material and reinforcing particles re-
sults in optimized mechanical properties of the samples. It’s also clear 
that upon increasing stirring velocity up to 180 rpm, samples’ hardness 
and strength have been increased. On the other hand, increased stir-
ring velocity didn’t affect hardness and samples’ strength significant-
ly. Improved hardness and strength of the study samples as a result of 
increased stirring velocity up to 180 rpm can be analyzed through two 
different points; first, under higher stirring velocities, more uniform 
scattering of the reinforcing particles will be developed in the matrix 
which will finally contribute to improved mechanical properties of the 
samples. Second, higher stirring velocities lead to the formation of fin-
er-grained structures within the matrix. This fine-grained structure re-
sults in improved mechanical properties of the composite (Hall-Petch). 
It has been turned out that increased stirring velocity up to 180 rpm 
results in decreased mechanical properties of the samples which may 
be due to excessive turbulence and absorption of developed oxides on 
the surface of molten material and their entrance into that, such that un-
der higher stirring velocities, the developed oxides on the surface of the 
molten material will be absorbed and imprisoned which finally results 
in the production of a deficient piece, with its mechanical properties be-
ing weakened. Accordingly, it has been made clear that the best stirring 
speed for the production aluminum matrix composite reinforced with 
7% wt of TiB2 is 180 rpm.

To study the impact of stirring duration, the sample was reinforced 
with 7 wt. % of reinforcing particles has been stirred for different time 
durations. Figs. 8-a, b display the samples’ varied hardness and strength 
upon changing stirring time required for molten material. According 
to this figure, increased stirring duration resulted in higher hardness 
and strength of the composites. Improved strength and hardness of the 
composites upon increased time duration for stirring can be discussed 
in two levels. First, increasing stirring duration will contribute to bet-
ter scatteredness of the particles within the system which will finally 
lead to better mechanical properties of the composite being produced. 
Second, fine-grained particles affect the system to a great extent. It has 
been found that upon increasing stirring duration, the microstructure, as 
well as the matrix’s morphology, became finer and therefore the density 
of particles located on the boundaries will be higher. It’s clear that a 
higher density of the boundary particles results in decreased motion of 
misplacements and therefore sample’s strength will be increased as well. 
Accordingly, it’s expected that samples’ deformity and length increase 
will decrease during the tensile tests. The results of tensile tests all con-
firm this phenomenon.

To study the rest duration and the reactions that occurred between 
the added particles and molten material, different time durations have 
been established and samples have been produced under different resting 
times. In other words, the samples have been located inside the kiln un-
der different time intervals of 0, 15, 30, and 45 minutes of stirring after 
the addition of reinforcing particles to the molten mixture. After these 
times, the mixture has been stirred once again and the molten mixture 
including the reinforcing particles has been loaded. Figs. 8-c and 9-c 

Table 2.
Results obtained from PDP test through tafel method

βc (mV.decade-1)βa (mV.decade-1)ECorr (mV)iCorr (A.cm-2)Sample

-9078-7012.7 × 10-4S1

-8975-7007.9 × 10-5S2

-9174-7031.36 × 10-5S3

-8875-6959.32 × 10-6S4

-9275-6991.02 × 10-6S5

Fig. 10. Wear rate of the study sample under different conditions of Al – 7% wt. 
TiB2 composite production; 1) different stirring velocities; b) different stirring 
durations; c) different resting times and implementation of reactions between 

molten mixture and aluminum
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display the hardness and strength variations of the composites produced 
under different resting times for the molten mixture and addition of re-
inforcing particles. It has been found that during the primary minutes, 
the molten mixture undertook required reactions and after some time has 
been passed, i.e. from 0-15 minutes, no significant changes have been 
made in samples’ mechanical properties. Increased reaction duration be-
tween reinforcing particles and the matrix resulted in decreased mechan-
ical properties of the samples. It suggests that increased duration of the 
reaction between reinforcing materials and the molten mixture results in 
unwanted reactions inside the molten mixture which will consequently 
lead to the production of an unfavorable phase. Finally, the presence 
of such unfavorable phases results in the devastation of the mechanical 
properties of the samples being produced.

Upon the comparison made between the hardness test results in Figs. 
8b-c, it’s clear that higher durations of stirring didn’t result in a signif-
icant change in mechanical properties. Meanwhile, over time in static 
mode, the composite’s hardness is decreased. It suggests that higher stir-
ring durations prohibit the formation of unfavorable phases as well as 
the development of unwanted reactions and will finally contribute to the 
formation of a structure with unfavorable phases.

3.2.2. Wear

Fig. 10 displays the variations in wear rate for the samples being 
produced under different loading conditions. According to Fig. 10-a, it 
can be inferred that increased velocity for stirring the molten mixture 
resulted in lower wear resistance. Besides, increased stirring velocity 
of the molten mixture up to 180 rpm resulted in an increased wear rate. 
Weakened mechanical properties of the samples under increased stirring 
velocities have been confirmed in hardness and tensile tests. The reason 
behind the weakened wear behavior of the composites being produced 
under higher stirring velocities can be related to the ceramic and fragile 
phases which have entered inside the molten mixture from the slag due 
to turbulence. Molten mixture’s turbulence will be increased under high-
er stirring velocities and the paths for oxygen penetration inside the mol-
ten mixture will be increased. Therefore, unfavorable oxidized phased 
will be formed inside the molten mixture which will finally contribute to 
lowered wear quality of the composite.

It’s clear from Fig. 10-b that increased stirring duration resulted in 
a lower wear rate of the composite. The results of mechanical tests il-
lustrated that increased mixing time for molten mixture and reinforc-
ing particles will contribute to the development of a more uniformly 
scattered matrix of the reinforcing materials. This will also lead to a 
decreased risk of formation of reinforcing clots within the matrix and 
will lower down agglomeration risk as well.

Finally, Fig. 10-c displays that increased resting time results in weak-
ened wear properties of the sample and increases the wear rate. This 
can be due to the formation of unfavorable phases under higher resting 
times, such that increased resting time and incomplete mixing of the 
molten mixture through this low time duration results in the formation of 
unfavorable phases which will consequently lead to weakened engineer-
ing properties of the samples including their wear properties.

4. Conclusions

1.	 Production of aluminum matrix composite reinforced with 
TiB2 particles through the in-place method is possible through 
using KBF4 – K2TiF6 Halide salts.

2.	 The presence of reinforcing particles within aluminum matrix 
composite resulted in heightened engineering properties (in-
cluding hardness, wear, tensile, and corrosion) of the sample 

composites being produced.
3.	 The best combination protocol for the production of aluminum 

matrix composite reinforced with TiB2 particles is Al / 7% wt. 
TiB2.

4.	 It has been found out that increasing the percentage of TiB2 

particles up to 7 wt. % resulted in the agglomeration of the 
particles within the composite and weakened its engineering 
properties.

5.	 The reinforcing particles obstruct the entrance of dangerous 
ions such a Cl- upon the obstruction of micro-cracks and pores 
existing on the surface of the composites and improved sam-
ples’ electrochemical properties.

6.	 TiB2 particles resulted in improved engineering properties of 
the samples by blocking the misplacements and blocking the 
particles’ growth during solidification.

7.	 The mechanisms governing the improved strength and hard-
ness of the composites reinforced with TiB2 particles include 
Orowan and Hall-Petch.

8.	 Upon increasing stirring velocity, samples’ engineering prop-
erties have been weakened as a result of the formation of oxi-
dized phases and turbulence and solution of oxygen within the 
molten phase.

9.	 Increased stirring duration improved composites’ engineering 
properties due to uniform scattering of the reinforcing particles 
inside the composite matrix.

10.	 Upon increasing the time interval between the moment of add-
ing reinforcing particles to the loading moment (up to 15 min-
utes), samples’ engineering properties will be weakened due 
to the occurrence of unwanted reactions and the formation of 
unfavorable phases.
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