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Abstract

In the present work, Al–TiB2 composites were casted using
in situ and ex situ method of fabrication. The effect of
processing temperature on the formation of titanium
diboride particles was studied, and comparative evaluation
of in situ and ex situ method was carried out. Character-
ization of composites was carried out to study the effect of
various process parameters on the mechanical properties.
The microstructure of in situ composites shows a homo-
geneous distribution of titanium diboride particles without
agglomeration as compared to ex situ composites. SEM
micrographs of in situ composites show distinct and reac-
tion-free boundaries between reinforcement and matrix

material as compared to the ex situ composites. In addi-
tion, average UTS of in situ AlSi5Cu3/3%TiB2 composite
and ex situ AlSi5Cu3/3%TiB2 composite increased by
80.13% and 39.72% as compared to pure AlSi5Cu3,
respectively. The average hardness of in situ AlSi5Cu3/
3%TiB2 composite and ex situ AlSi5Cu3/3%TiB2 composite
casted in metal mold increased by 45% and 31.66%,
respectively, as compared to pure AlSi5Cu3.
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Introduction

Aluminum alloys are widely used in many engineering

applications in the fields of automobiles where high

mechanical properties such as hardness and tensile strength

are required,5 while low ductility and poor tribological

characteristics are limiting factors for wide range of

applications. Aluminum matrix composites (AMCs) are

established as a high-performance material due to its low

density, good corrosion resistance, high damping capacity

high electrical, thermal conductivities, and high mechani-

cal properties.10,25 Thus, AMCs are gaining a lot of

attention in the field of automobiles, aerospace, electronics,

etc. The selection of matrix material and reinforcement

phases along with processing techniques is crucial for

developing AMCs. Researchers have developed AMCs by

incorporating various reinforcements like SiC, Al2O3, B4C,

TiC, AlN, ZrB2, TiB2.
1,4,26,30–32,49

Various reinforcements like TiB2, TiC, Mg2Si, Al2O3,

AlN, and ZrB2 have been synthesized using the in situ

method.12,31,32,48 Most of the studies on AMCs involve the

use of SiC and Al2O3 as reinforcement, but the major

drawback of these is the formation of intermetallics,

deteriorating the mechanical properties and chemistry of

composites. The literature shows that to overcome these

issues, thermodynamically stable reinforcement like TiB2

is more effective. Researchers have reported that TiB2-

reinforced composites have good mechanical properties

compared to other reinforcements like TiC, Al2O3, B4C,

and SiC.7,15,21,31,32,45 TiB2 has been used as the rein-

forcement material in AMCs due to its excellent properties

like low density, higher Young’s modulus, high wear

resistance, and high hardness.46 Moreover, TiB2 is more

coherent with the aluminum matrix and has good wetta-

bility. Thus, TiB2 is one of the strong contenders for the

development of AMCs.

The processing technique will significantly affect the

properties of the final product. Appropriate processing

technique needs to be selected based on the choice ofReceived: 10 June 2020 / Accepted: 15 October 2020 / Published

online: 15 November 2020
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matrix material and reinforcements. Presently, AMCs are

fabricated using various established and patented meth-

ods.39–42 Kennedy and Wyatt17 stated that the mechanical

behavior of AMCs is greatly influenced by the processing

method. Development in the field of processing techniques

is ongoing to further enrich the properties and quality of

AMCs. Ex situ and in situ methods of fabricating com-

posites are the two broadly used approaches for developing

composites.

In the ex situ method of fabricating composites, rein-

forcements are added externally in the melt. Stir casting

method is one of the widely used and popular methods for

the development of AMCs. In stir casting, the matrix

material is melted in the furnace, and reinforcements are

continuously added in the melt during stirring. Mechanical

stirring, ultrasonic stirring, or electromagnetic stirring are

carried out to distribute reinforcement in the matrix

material. Among these, mechanical stirring is widely used

due to its simplicity and cost-effectiveness. Various

researchers have evaluated the mechanical stir casting

process used for the development of AMCs. They have also

found that mechanical stirring can help in transferring

particles into the melt and maintain particles in the sus-

pension state. It was observed that quality composites can

be produced by selecting the optimal level of process

parameters like stirring speed, stirring time, size, and

position of the stirrer, and melt temperature for a specific

amount of base metal, and crucible size.14,43

In the case of ex situ composites, researchers have also

reported agglomeration of the reinforcements and rejection

of reinforcements by the matrix material. In ex situ method,

once the reinforcements are incorporated in the matrix

material, it is quite difficult to judge their dispersion and

interaction with the matrix material. Major challenges in

developing AMCs using ex situ method are homogeneous

dispersion of particles, thermal instability of particles, and

a weak interface between matrix and particles due to poor

wettability. Thus, researchers have modified the existing

methods and developed in situ method to address these

issues.11,16,34 In the case of in situ method, reinforcement

phase was synthesized inside the matrix material via direct

melt oxidation, gas/melt reaction, and melt/salts reaction.

Among others, melt/salts reaction method is one of the

widely used methods due to its cost-effectiveness and the

easy availability of the halide salts.

Researchers have explored ex situ- and in situ-based pro-

cessing techniques to get required properties in AMCs.

Most of the researchers have investigated the microstruc-

ture, mechanical properties, and tribological properties of

the composites, but comparative evaluation of the ex situ

and in situ method of developing composites is missing.

Most of the researchers stated homogeneous distribution of

the particles and improved mechanical properties, but

without comparing both the methods, it is quite difficult to

select proper processing techniques to develop quality

composites. Thus, in the present study development and

comparative evaluation of ex situ addition and in situ

synthesis of TiB2 particles on grain refinement behavior of

aluminum alloy AlSi5Cu3 was carried out. Aluminum–

silicon–copper family alloy AlSi5Cu3 is one of the widely

used materials in automobiles and other general engineer-

ing applications like gearbox, tool handles, crankcase, etc.,

due to good castability, mechanical properties, and chem-

ical reaction resistance.2 Applications of AlSi5Cu3 can be

further enhanced by making its composites. Thus, in the

present study, it is used as a matrix material.

Materials and Methods

In the present study, aluminum alloy AlSi5Cu3 is used as a

matrix material. Table 1 shows the composition of

AlSi5Cu3 derived using spectroscopic analysis.

Poria et al.29 have successfully fabricated ex situ

AlSi5Cu3/TiB2 composites. They have incorporated vari-

ous weight percentages of TiB2 particles ranging from 4 to

50 l in the liquid melt and used a stir casting method to

distribute the particles in the melt. Homogeneous distri-

bution of TiB2 particles was observed at a stirring speed of

500 rpm, stirring time of 15 min, and melt temperature of

800 �C. Based on these parameters, in the present study,

TiB2 particles were preheated at 600 �C in the specially

designed particle heater for 60 min. Preheating of the

particles was carried out to improve the wettability

between particles and matrix material. AlSi5Cu3 alloy was

melted and maintained at 800 �C temperature in the spe-

cially designed modular melting and pouring unit (refer

Figure 1). Preheated TiB2 particles having an average size

of 14 l were incorporated into molten metal to develop

AlSi5Cu3/3%TiB2 composites. Mechanical stirring has

been carried out at 500 rpm for 15 min. Continuous argon

gas supply is given on the liquid metal to reduce the

hydrogen pickup. After stirring, melt was degassed by

purging of argon gas in the liquid melt and dross was

Table 1. Composition of AlSi5Cu3 Alloy

Element Si Cu Fe Mn Ni Zn Mg Al

wt % 5.49 2.99 0.36 0.37 0.29 0.16 0.12 Balance
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removed manually before pouring it into the metal mold

having cavity size 125 9 110 9 13 mm. Figure 2 shows

metal mold and casted specimen.

Reaction between halide salts and aluminum will form

TiB2 particles according to the following manner9:

3K2TiF6 + 13Al ! 3TiAl3 + 3KAlF4 + K3AlF6

Eqn: 1

2KBF4 + 3Al ! AlB2 + 2KAlF4 Eqn: 2

AlB2 + 3TiAl3 ! TiB2 + 4Al Eqn: 3

The development of only TiB2 particles is very difficult

without knowing the temperature-dependent interaction of

halide salts and aluminum. In order to study the interaction

of K2TiF6 and KBF4 with AlSi5Cu3, it is very important to

observe the association and dissociation behavior of halide

salts and aluminum at various temperatures. Researchers

have found that holding time and processing temperature

significantly affect particle percentage and morphology,

governing the grain size and TiAl3 formation, ultimately

governing the mechanical properties of Al/TiB2

composites.7,31,32 Previous researchers have observed the

formation of intermetallic particles at various processing

temperatures.23,44,49 In the present work, to study the

reaction behavior of halide salts and aluminum with respect

to temperature, differential scanning calorimetry (DSC)

analysis was carried out on Mettler Toledo make setup

(refer Figure 3).

In order to perform DSC analysis, powder of AlSi5Cu3,

K2TiF6, and KBF4 was prepared in the ball mill (refer

Figure 4). AlSi5Cu3 ingot was manually cut with the

hacksaw and then collected in the ball mill jar made up of

high chrome high carbon material. Milling was performed

for 600 min at 80 rpm using stainless steel balls. Lower

speed and higher milling time are selected in order to

minimize the heat generation during the milling process.

DSC analysis was carried out by adding 3 mg K2TiF6, and

4 mg KBF4, which is required to get 3% particles in 9 mg

AlSi5Cu3 powder.

DSC analysis was carried out under the argon gas atmo-

sphere at a heating rate of 10 �C/min. The DSC curves of

AlSi5Cu3, AlSi5Cu3 ? KBF4, and AlSi5Cu3 ? K2TiF6
are shown in Figure 5. DSC curve of AlSi5Cu3 shows two

endothermic peaks at 562 �C and 620 �C referring to the

melting of aluminum as a freezing range of AlSi5Cu3 alloy

is 525–625 �C.

DSC curve of AlSi5Cu3 ? KBF4 shows four endothermic

peaks and two exothermic peaks (refer Figure 5). The

endothermic peak at 290 �C corresponds to the change in

the structure of KBF4 from orthorhombic to cubic.33 The

endothermic peak near 530 �C indicates the melting of

KBF4. Two endothermic peaks near 575 �C and 625 �C
refer to the melting of aluminum alloy. Exothermic peaks

near 475 �C and 545 �C indicate the formation of AlB2.
33

Figure 1. Modular melting and pouring unit.

Figure 2. (a) Metal mold, (b) casted specimen.

Figure 3. Differential scanning calorimetry (DSC) setup.
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In the case of AlSi5Cu3 ? K2TiF6, two exothermic and

three endothermic peaks were observed. Endotherm peaks

near 562 �C and 620 �C refer to the melting of aluminum

alloy. The exothermic peak at 690 �C indicates the for-

mation of TiAl3. After the melting of aluminum alloy,

K2TiF6 releases titanium in the melt and as per the Al–Ti

phase diagram, once the solubility of titanium in the melt

exceeds the limit, the formation of TiAl3 takes place above

680 �C temperature.28 Thus, from this analysis, it is con-

cluded that a minimum reaction temperature of 680 �C is

necessary to form TiAl3. The formation of TiAl3 is very

important to get TiB2 particles as per reactions between

salts and aluminum (refer Eqns. 1–3). Thus, the processing

temperature should be greater than 680 �C.

From DSC analysis, it is observed that processing tem-

perature would play a very crucial role in the formation of

TiB2 particles. Therefore, it is necessary to study the effect

of processing temperature on the formation of TiB2

particles. From the stoichiometric reaction, it is evident that

the first aluminum will react with KBF4 and K2TiF6 to

form AlB2 and TiAl3, respectively. Subsequently, the

reaction between TiAl3 and AlB2 takes place to form TiB2.

It is also evident from the literature that at higher tem-

peratures, TiAl3 is not stable and boron is forming BF3
gas.35,46,47 Thus, it is really important to select the proper

processing temperature at which the complete reaction will

be taken place to form only TiB2. Thus, to evaluate the

effect of processing temperature on the formation of TiB2

synthesis of composites was carried out at 750 �C, 800 �C,
and 850 �C.

Aluminum alloy AlSi5Cu3 was melted in the resistance

melting furnace. Stoichiometrically calculated amounts of

KBF4 and K2TiF6 were preheated at 300 �C in the muffle

furnace for 40 min, and then, these salts were incorporated

into the molten metal. Halide salts react with the liquid

aluminum at particular processing temperature for certain

duration of time, and this reaction time is referred here as

processing time. Processing time plays an important role in

the formation of TiB2 particles without any intermetallic. If

processing time is lesser than the time required for com-

pleting the reaction, then there are higher chances of get-

ting intermetallic in the composites due to incomplete

reaction between salts and aluminum, which will affect the

final quality of the casting. From the literature, it is evident

that the processing time of 60 min is enough for reactions

to complete, and thus, processing time of 60 min is

selected in the present study.18,20,24 Manual stirring has

been performed with a zirconia-coated SS rod at 10 min

interval (5 min stir, then 10 min rest, and repeat) to facil-

itate the occurrence of reactions.3

Figure 4. Ball mill.

Figure 5. DSC curve of AlSi5Cu3, AlSi5Cu3 1 KBF4, and AlSi5Cu3 1 K2TiF6.
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Results and Discussion

Effect of Processing Temperature on In Situ
Formed TiB2 Particles

The microstructure of the composites processed at 750 �C
and 850 �C (refer Figure 6) shows the presence of irregular

needle-type intermetallic TiAl3 particles, which is also

reported by Tee et al.44 and Lu et al.23 EDAX analysis of

irregular needle-type structure shows the presence of Al,

Si, Cu, Fe, and Ti which confirms the presence of TiAl3 as

boron is missing (refer Figure 7). TiAl3 particles are not

stable and brittle in nature leading to reduction in

mechanical properties.38,46

Lu et al.22 and Kumar et al.18,20 have observed that

mechanical properties of the composites reduce due to the

presence of instable intermetallic compound like TiAl3.

They have also observed that TiB2 particles are stable in

nature. Researchers have also noted that the presence of

TiB2 particles helps to restrict the growth of the inter-

metallic at the interface.8,27

Optical micrographs of AlSi5Cu3/TiB2 composites pro-

cessed at 800 �C show complete formation of only TiB2

particles without any intermetallic (refer Figure 8). Thus,

comparative evaluation of in situ AlSi5Cu3/3%TiB2 com-

posites processed at 800 �C with ex situ AlSi5Cu3/3%TiB2

composites was carried out.

X-Ray Diffraction Analysis of AlSi5Cu3/TiB2

Composites

XRD analysis of in situ AlSi5Cu3/TiB2 composites pro-

cessed at 800 �C is shown in Figure 9, confirming the

formation of TiB2 particles in the AlSi5Cu3 matrix. XRD

analysis of ex situ AlSi5Cu3/TiB2 composites processed at

800 �C is shown in Figure 10. XRD plot confirms the

presence of aluminum and TiB2 peaks. Diffraction peaks

are collected over the 2h range of 20�–80�.

Microstructural Analysis of AlSi5Cu3/TiB2

Composites

Figure 11 shows micrographs of AlSi5Cu3 and its com-

posites captured at magnification of 100 9. The micro-

graphs of in situ composites reveal more homogeneously

distributed TiB2 particles in matrix material as compared to

ex situ composites.

The micrographs shown in Figure 11b, c reveal that most

of the TiB2 particles are at grain boundaries. Rajan et al.36

have studied that TiB2 particles hindered the development

of an aluminum phase during solidification. They have also

observed that higher amount of TiB2 particles leads to a

greater number of nucleating sites, resulting in the gain

refinement of the material. Low density difference (1.8 g/

cm3) between aluminum and TiB2 particles and higher

freezing range of AlSi5Cu3 alloy allows the reinforcement

to stay in the suspension form for a relatively long duration

of time, and this helps to distribute the particles homoge-

neously in the material.13 The average size of TiB2 in the

in situ composite is 42 l. The microstructure of ex situ

composites shows distributed TiB2 particles, but agglom-

erations of the particles are also there, which can reduce the

mechanical properties of the composites as crack propa-

gation is initiated from the agglomerations due to which

failure of the material will be taken place.

BIOVIS Material plus software is used for the grain size

analysis according to the ASTM standard E 112 (refer

Figure 12). Grain size number (G) for pure AlSi5Cu3 and

AlSi5Cu3/TiB2 composite is 9 and 9.5, respectively. This

indicates that in the case of composites, the number of

grains/unit areas is increased from 256 to 362.04 grains/in2

as compared to the pure AlSi5Cu3. In the case of in situ

composites, the number of grain counts has been increased

by 4.73%, as compared to ex situ composite. This indicates

in the case of ex situ composites, grain refinement is not as

effective as in situ composites due to the agglomeration of

the TiB2 particles.

Figure 6. Optical micrographs (a) AlSi5Cu3/TiB2 composites processed at 750 �C,
(b) AlSi5Cu3/TiB2 composites processed at 850 �C.
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SEM micrograph of in situ composites (refer Figure 13b)

reveals the development of polygonal-shaped TiB2 parti-

cles, and most of the TiB2 particles are hexagonal.

Researchers have also reported spherical-, cubical-, and

hexagonal-shaped TiB2 particles.19,36,37 SEM micrograph

of in situ composites (refer Figure 13b) also shows distinct

and reaction-free boundaries between reinforcement and

matrix material, while in the ex situ composites (refer

Figure 13a), the boundaries between reinforcement and

matrix material are not distinct and reaction free.

Mechanical Properties of AlSi5Cu3/TiB2

Composites

Tensile testing and hardness analysis of pure AlSi5Cu3 and

its composites were carried out to study the effect of TiB2

particles on the mechanical properties. ASTM E8 standard

Figure 7. EDAX analysis.

Figure 8. Optical micrograph of AlSi5Cu3/TiB2 compos-
ites processed at 800 �C.

Figure 9. XRD pattern of in situ AlSi5Cu3/3%TiB2 com-
posites processed at 800 �C.

Figure 10. XRD pattern of ex situ AlSi5Cu3/3%TiB2

composites processed at 800 �C.
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Figure 11. Optical micrographs (a) pure AlSi5Cu3, (b) in situ AlSi5Cu3/3%TiB2, (c) ex
situ AlSi5Cu3/3%TiB2.

Figure 12. Grain size analysis (a) pure AlSi5Cu3, (b) in situ AlSi5Cu3/3%TiB2, (c) ex
situ AlSi5Cu3/3%TiB2.

Figure 13. SEM micrographs (a) ex situ AlSi5Cu3/TiB2 composite, (b) in situ
AlSi5Cu3/TiB2 composite.

International Journal of Metalcasting/Volume 15, Issue 3, 2021 1053



was used for the preparation of the tensile specimens.

Three samples have been prepared for each composition to

get an average value.

Ultimate tensile strength (UTS) of pure AlSi5Cu3 and its

composites are shown in Table 2. Average UTS of in situ

AlSi5Cu3/3%TiB2 composite and ex situ AlSi5Cu3/

3%TiB2 composite increased by 80.13% and 39.72% as

compared to pure AlSi5Cu3, respectively, due to the grain

refinement of the composites in the presence of TiB2 par-

ticles. TiB2 particles provide higher surface area to con-

front the load by refining the grain structure of composites,

resulting in improvement in the strength of the material. In

addition, TiB2 present at grain boundaries will reduce the

mobility of dislocations, restricting the crack propagation

and enhancing the load-bearing capacity of composite.18,20

Due to the agglomeration of the TiB2 particles, UTS of ex

situ composites is not increased considerably as compared

to in situ composites.

In order to measure hardness, 100 kgf load was applied for

10 s using 1/16� tungsten carbide ball according to ASTM

E18 standard. Three tests have been performed to get an

average value. Average rockwell hardness of composites

developed is presented in Table 2. The average hardness of

in situ AlSi5Cu3/3%TiB2 composite and ex situ AlSi5Cu3/

3%TiB2 composite casted in metal mold increased by 45%

and 31.66%, respectively, as compared to pure AlSi5Cu3.

The overall hardness of composite increased due to the

presence of hard ceramic particles, which will reduce the

depth and diameter of indentation.18,20 Distinct and reac-

tion-free interface between matrix and reinforcement

resists the detachment of TiB2 particles, resulting in the

improvement in the hardness.50 It is clear from SEM

analysis (refer Figure 12b) that the interface between

reinforcement and matrix is clear and reaction free for

in situ AlSi5Cu3/TiB2 composite, while the same is not

reaction free in ex situ AlSi5Cu3/TiB2 composites.

Homogeneously dispersed in situ TiB2 particles lead to the

Orowan strengthening of the grains. This is the reason for

the lower hardness of ex situ composites as compared to

in situ composites.

Conclusions

In the present work, Al–TiB2 composites were casted using

in situ and ex situ method of fabrication and comparative

evaluation of in situ and ex situ method was carried out.

The key conclusions derived from the present work are

presented below:

• The effect of variation in processing temperature

on the formation of TiB2 particles has been

studied. Results show that composites processed

at 750 �C and 850 �C have shown the presence of

irregular needle-type unstable TiAl3 particles.

Composites processed at 800 �C have shown the

presence of only TiB2 particles without any

intermetallic.

• XRD analysis has clearly revealed the presence of

TiB2 particles in the composites developed using

in situ method.

• SEM micrographs of in situ composites have

shown distinct and reaction-free interface between

matrix and reinforcement leads to the improve-

ment in mechanical properties, while interfaces in

the ex situ composites have not been distinct and

reaction free.

• Microstructures of in situ composite have revealed

a more homogeneous distribution of TiB2 particles

in the matrix material as compared to ex situ

composites.

• In the case of in situ composite, the number of

grain counts has been increased by 4.73%, as

compared to ex situ composite. This indicates in

the case of ex situ composites, grain refinement is

not as effective as in situ composites due to the

agglomeration of the TiB2 particles.

• Average UTS of in situ AlSi5Cu3/3%TiB2 com-

posite and ex situ AlSi5Cu3/3%TiB2 composite

increased by 80.13% and 39.72% as compared to

pure AlSi5Cu3, respectively, due to the grain

refinement of the composites in the presence of

TiB2 particles.

• The average hardness of in situ AlSi5Cu3/3%TiB2

composite and ex situ AlSi5Cu3/3%TiB2 com-

posite casted in metal mold increased by 45% and

31.66%, respectively, as compared to pure

AlSi5Cu3.
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Table 2. Tensile Strength and Hardness

No. Material Average
UTS (MPa)

Average
hardness (HRB)

1 Pure AlSi5Cu3 146 45.00

2 In situ AlSi5Cu3/3%
TiB2 composites

263 65.25

4 Ex situ AlSi5Cu3/3%
TiB2 composites

204 59.25
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