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Abstract

The present investigation focuses on improvement in
mechanical properties of AlSi5Cu3 aluminum alloy by
in situ synthesis of TiB, reinforcement particles. Stochio-
metrically calculated amount of potassium tetrafluoro
borate and potassium hexafluoro titanate were used for the
development of 3 and 6 wt% particles of TiB, in the liquid
metal. The melt having TiB, particles was allowed to
solidify naturally in the sand mold. X-ray diffraction (XRD)
and scanning electron microscopy (SEM) revealed the
formation of hexagonal TiB, particles within the matrix.

Microstructural studies concluded the formation of micron
size TiB; particles and reduction in grain size. Ultimate
tensile strength increased from 21 to 64% and hardness
increased from 30 to 50% compared to AlSi5Cu3 alloy due
to the formation of 3% and 6% TiB, particles, respectively.

Keywords: aluminum, composite, grain, halide, in situ,
metal

Introduction

Aluminum alloys are the most commonly used materials in
automobile components like engine blocks, transmission
cases, pistons, inlet manifolds, heads, closures, wheels etc.,
on account of their high strength to weight ratio. In 2012,
European cars had around 350 pounds of Al castings and
this is expected to increase by 100% in the year 2025.'

AlSi5Cu3 is the most commonly used in automobile
components and other general purpose engineering appli-
cations like crankcase, gearbox, tool handles, etc. due to
good mechanical properties, machinability and corrosion
resistance.” Sokolowski et al.” investigated the effect of the
single stage and the two-stage solution treatment (< 12 h)
on mechanical properties of AlSiSCu3 alloy. They
observed that tensile strength increases from 190 to
215 MPa and hardness increases from 85 to 87 Hyv after the
single stage and the two-step solution treatments, respec-
tively. Mahmudi et al.* investigated the effect of Zr addi-
tion on wear behavior and tensile properties of AlSi5Cu3
alloy. They observed that with 0.15 wt% Zr addition,
tensile strength and hardness are increased by 2% and 7%,
respectively, compared to AlSi5Cu3 alloy. Poria et al. °
investigated the effect of micron size TiB, particles addi-
tion in AlSi5SCu3 alloy and they observed that as
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reinforcement percentage increases, friction and wear rate
decreases. Poria et al.® studied the effect of TiB, and nano-
graphene particles addition on wear and friction behavior
of AISi5Cu3 alloy, concluding that the combined effect of
TiB, and nano-graphene increases hardness to 82 Hv
compared to 63 Hv of AlSi5SCu3 alloy. They also observed
that wear resistance improves as reinforcement percentage
increases. Pazhouhanfar et al.” developed Al/TiB, com-
posites by adding various wt% of TiB, particles in the
aluminum alloy AIMg1SiCu. They have introduced K, TiF¢
flux in the melt to increase the wettability of the TiB,
particles and also varied various process parameters like
particle preheating temperature, stirring speed and stirring
duration to achieve the homogeneous distribution of par-
ticles in the melt. Results show that tensile strength of
developed composites increases with increment in the
percentage of TiB, particles.

In the previous works to improve mechanical and tribo-
logical properties of AlSi5Cu3 alloy, researchers have used
either secondary heat treatment processes or externally
addition of elements/compounds (ex situ composites). In
the ex situ method, major concerns are agglomeration of
particles, homogeneous distribution of particles, thermal
instability of particles and weak interface between particles
and matrix due to poor wettability.® Researchers have
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explored various mixing processes to overcome these
problems, but consistency in the quality of composite
slurries is difficult to achieve.”™'*

In the last three decades, researchers have come up with the
idea to overcome these problems by developing the in situ
composites,w_23 where reinforcement particles like TiB.,,
TiC and ZrB, are synthesized during the process. More-
over, TiB, has been used as the reinforcement in aluminum
matrix composites because of unique combination of
properties like low density, high Young’s modulus, high
hardness and high wear resistance (Kennedy et al.'> and
Akbari et al.'®). Samuel et al.'” investigated the influence
of Al-B and Al-Ti as the grain refiner in the presence of
strontium (Sr)-based modifier. Ultimate tensile strengths of
the alloy modified with Sr increases from 180.99 to
186.65 Mpa, after the addition of Al-B and Al-Ti-based
refiners, respectively. Yang et al.'® synthesized TiB, par-
ticles by addition of titanium and boron powders in alu-
minum. They observed the formation of reactive compound
when Ti:B ratio was 1:2 in mole percentage. Complete
formation of TiB, was observed without any reaction
compound when Ti:B ratio was 1:4, leading to improve-
ment in mechanical properties. Emamy et al.'” synthesized
TiB, particles in Al matrix using Al-4B and Al-8Ti master
alloy. Problem associated with the master alloy method is
the formation of TiAl; which is not stable as TiB,, leading
to unfavorable reactions.”” The formation of TiAl; can be
eliminated via salt route method. Han et al.*' fabricated Al/
TiB, composite by the salt reaction method and observed
that the distribution of TiB, particles was homogeneous
and reported that in situ fabricated TiB, particles can stay
in suspended form for the longer time, minimizing the
settlement of TiB, particles in crucible due to the gravity
effect. Liu et al.*> developed Al-4.5Cu/TiB, composites
via addition of halide salts. Ultrasound-assisted re-melting
and diluting approach was used to further enhance the
mechanical properties. Due to the presence of TiB, parti-
cles and the effect of high-intensity ultrasonic treatment,
large sized dendrites (325.4 pum) were transformed to small
spherical (37 pm) shapes. After ultrasonic treatment, ulti-
mate tensile strength (UTS) and yield strength of Al-
4.5Cu/5 wt% TiB, were increased by 39.9% and 39.7%
compared to pure Al-4.5Cu, respectively. Changizi et al.*
synthesized TiB, by in situ reactions between H;BO;, TiO,
and NazAlFs. They observed that TiB, particles were
spherical in shape having the average diameter of
1 micron.

AlSi5Cu3 alloy is one of the most commonly used metal in
the automobile industries on account of good mechanical
properties and favorable casting characteristics. Research-
ers have explored external addition of elements/compounds
and secondary heat treatment processes in AlSiSCu3 alloy
to enhance mechanical properties. These approaches have
inherent limitations. In the present paper, research work on
AlSi5Cu3 alloy is further extended to enhance the
mechanical properties by in situ synthesis of TiB, particles
using the salt route method. Among all methods explored
by researchers, the salt route method offers better control
over formation of unwanted TiAl; and other intermetallic
phases. Similar effort has not been reported in the literature
for AISi5Cu3 alloy.

Materials and Methods
Materials

In this study, the matrix material used was aluminum alloy
AlSi5Cu3. Table 1 shows the chemical composition
derived using spectroscopic analysis. Two types of halide
salts K,TiFs and KBF, were used for the synthesis of TiB,
particles.

Methodology

Aluminum alloy AlSi5Cu3 was melted at 800 °C in the
specially designed modular set up as shown in Figure 1.
Modular system comprises three units: (1) melting unit for
melting of metal, (2) pouring unit with the provision to
place mold and the direct pouring of metal into mold cavity
via bottom pouring arrangement, and (3) stirring unit for
the alloying of metals and the development of metal matrix
composites. Resistance furnace having cylindrical muffle is
designed and developed for melting and superheating of
metal up to 1200 °C. Specially designed graphite crucible
with stopper rod type of arrangement is used for the bottom
pouring of metal. Figure 2 shows crucible with stirrer and
stopper rod arrangement. Electrical actuator is attached at
stopper rod to control the flow rate of metal. Stoichio-
metrically calculated amounts of K,TiFs and KBF, were
preheated at 300 °C in resistance heater for 40 min, and
then these halide salts were added into molten metal at
800 °C. 150 (300) gm of K,TiFg and 189 (378) gm of
KBF, were added in the liquid metal to form 3 (6) wt% of
TiB,. Melt temperature was measured and controlled using
flexible K-type thermocouple which was placed inside the

Table 1. Composition of AlISi5Cu3 Alloy

Element Si Cu Fe Mn Ni Zn Mg Al
wit% 5.21 2.97 0.39 0.39 0.30 0.17 0.14 Balance
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Figure 2. Crucible with stirrer shaft and stopper rod arrangement.

stopper rod. Manual stirring has been carried out for (@)
60 min with zirconia-coated SS rod at 10-min interval

(3 min stir then 10 min rest, and repeat) to facilitate
occurrence of exothermic reactions. Several reactions take

place between the halide salts and aluminum in the fol-
lowing manner.”*

3K, TiF¢ + 13A1 — 3TiAl; + 3KAIF4 4 K3AlF,

Eqgn. 1
2KBF, + 3Al — AIB, + 2KAIF, Eqn. 2
AlB; + 3TiAl; — TiB, + 4Al Eqn. 3

Subsequently, melt was degassed using hexa-chloro-ethane
tablet and after removal of dross pouring has been carried ~ Figure 3. (a) Sand mold, (b) casted specimen.
out in the sand mold (Figure 3a) having cavity size
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Figure 4. Flowchart of the in situ process.

125 x 110 x 13 mm (casted specimen shown in
Figure 3b). A flowchart of the process followed is shown
in Figure 4. Castings with 3% and 6% weight fractions of
TiB, particles were developed.

Extraction of TiB, Particles

In order to identify the size and presence of TiB,, extrac-
tion of particles was carried out. Small segment
(20 mm x 20 mm x 10 mm) was cut from the fabricated
AlSi5Cu3/TiB, composites. After cleaning with sand
paper, segment was added into beaker containing 20 wt%
sodium hydroxide solution (in water) for dissolving alu-
minum matrix. After complete dissolution, suspension was
packed in centrifuge tube and centrifuged in microproces-
sor-controlled centrifuge (REMI R-24) at 6500 rpm for
15 min. After centrifugation, TiB, particles were collected
from the bottom of the tube and washed with deionized

water. Finally, TiB, particles were dried in the oven at
80 °C for 60 min.

Results and Discussion
Characterization of Composites

X-ray diffraction (XRD) analysis was carried out using D2
PHASER (BRUKER) on polished specimens. Figure 5
shows the XRD result of the fabricated composites, con-
firming the formation of TiB, particles in AlSi5Cu3 matrix.
K,TiF¢ and KBF, react with liquid aluminum and form
TiAl; and AlB,, respectively. Subsequently, reaction hap-
pens between the atoms of B and Ti on the TiAl; surface,
forming TiB, particles. TiAl; compounds were completely
diluted due to fragmentation and natural cracking behavior
and only TiB, particles remain present on completion of
reaction.”’ Researchers showed that TiB, is thermody-
namically stable and the presence of reactive compound
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Figure 5. XRD pattern of AISi5Cu3/TiB, composite.
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Figure 6. XRD pattern of extracted TiB, particles.

like TiAl; reduces the mechanical properties of composites
due to its lower stability compared to TiB,.?>**® Davidson
et al.”’ and Natarajan et al.”® also reported that thermo-
dynamically stable reinforcements restrict the growth of
reactive compound like TiAl; at the interface between
matrix and particle. Figure 6 shows the XRD spectra of
extracted TiB, particles that confirm the formation of TiB,
without any other reactive compound. During the addition
of salts to liquid metal, an exothermic reaction occurs
which increased the temperature of the metal from 800 to
910-930 °C. At this temperature, boron atoms encounter
the loss, impacting the formation of AlB, particles. Thus,
for the completion of reactions and to avoid the presence of
unreacted TiAl; particles, 20% more KBF, by molar mass
was added.
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Figure 7. Optical micrographs (a) pure AlSi5Cu3, (b) AlSi5Cu3/3%TiB,, and (c) AISi5Cu3/6%TiB.

Optical Microscopy

Figure 7 shows the optical micrographs of pure AlSi5Cu3
and their composites with TiB, captured at 100X magni-
fication using Carl Zeiss (Axio Vert. AIMAT) inverted
metallurgical microscope. Metallographic samples were
prepared according to ASTM E3. The microstructures of
in situ composite reveal the homogeneous distribution of
TiB, particles in matrix material. TiB, particles act as
nucleating sites and refine the grain structure of AlSi5Cu3
due to heterogeneous nucleation, leading to the reduction
in average grain size.

Figure 8 shows the reports of grain size analysis performed
using BIOVIS Material plus software. Grain size number
(G) for pure AlSi5Cu3 is 9 and for AlSi5Cu3/TiB, com-
posite is 9.5, indicating that the number of grains/unit area
is increased from 256 to 362.04 grains/in” in the developed
composite compared to pure AlSi5Cu3 according to ASTM
E 112 standard. The average size of TiB, particles in
composite is 42 microns. The micrographs as shown in
Figure 7b and c reveals that the dendrite region of matrix
material is concentrated with TiB, particles and particles
are at grain boundaries. During solidification, development
of oo Al phase is hindered by the presence of TiB, particles
and as the percentage of TiB, increases, number of
nucleation sites increases, offering the resistance to the
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grain growth and resulting in grain refinement.” The
higher freezing range (100 °C) of AlSi5Cu3 alloy facili-
tates aluminum grains to solidify over TiB,, and low-
density difference (2 g/cm®) between TiB, and aluminum
allows the reinforcement particles to stay in suspended
form for longer time, leading to the homogeneous distri-
bution of particles.?!

SEM and EDAX Analysis

SEM micrographs (Figure 9) show the minimal agglom-
eration of particles and distinct bonding between TiB,
particles and aluminum alloy AISi5Cu3. SEM micrographs
reveal the formation of polygonal-shaped TiB, particles
(having three to six sides) and most of the particles are
hexagonal in shape. Researches have reported that the
in situ formed TiB, particles have various shapes such as
spherical, cubical, and hexagonal.**~' SEM micrographs
shown in Figure 9b and d also reveals clear and reaction-
free interface between the matrix and particles, indicating
improvement in the mechanical properties of composites.
Philips make (SEM, EDAX XL-30) scanning electron
microscope equipped with ultra-thin window was used to
carry out EDAX spectra analysis and to confirm the pres-
ence of light element like boron. Figure 10 shows the
EDAX spectra of pure AlSi5SCu3 and composites, con-
firming the presence of titanium and boron in the
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GrainSize analysis :Results Summary

Fields measured 1

Analysed Area 12334{sqmm)
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GrainSize analysis :Results Summary

Fields measured 1

Analysed Area 1.2534({sqg mm)

Standard used ASTME 112
[ ASTM Grain size2 05

Grains counted 3387

Av.GrainArea(sq microns) | 177.7526

Std dev. 444 757

93% CI 11.662

%RA 6.361

min Grainsizez 143

max Grainsizes 4.

GrainSize analysis :Results Summary

Fields measured 1

Analysed Area 12334(sqmm)
Standard used ASTME 112
ASTM Grain size® 25

Grains counted 3813
Av.GrainArea(sq microns) | 168.9333
Std dewv. 383406
93% CI 2.836
%RA 3.834

min Grainsize? 145

max Grainsizes 4.

Figure 8. Grain size analysis (a) pure AISi5Cu3, (b) AISi5Cu3/3%TiB, and

(c) AISi5Cu3/6%TiB..

developed composites. In AlSi5Cu3/3%TiB, (Figure 10b),
wt% of Ti and B are 1.41 and 2.81, respectively, and in
AlSi5Cu3/6%TiB, (Figure 10c), wt% of Ti and B are 2.31
and 4.64, respectively. Small amount of oxygen is also
observed in the developed composites due to reaction of
aluminum with environmental oxygen.
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Tensile Behavior of AlSi5Cu3/TiB, Composites

The tensile specimens were prepared according to ASTM
E8 standard having 25 mm gauge length, 6 mm thickness
and 6 mm gauge width as shown in Figure 11a. Three
samples have been prepared for each composition to get an
average value and tests have been carried out on the uni-
versal testing machine (TINIUS OLSEN/L-series HSOKL)
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Figure 9. Photograph of SEM micrographs (a, b) AISi5Cu3/3%TiB,, (c, d) AISi5Cu3/6%TiB,

as shown in Figure 11b. Significant improvement in the
ultimate tensile strength (UTS) of in situ composites as
compared to pure AlSi5Cu3 is observed as shown in Fig-
ure 12. The UTS of in situ composites increased by 21%
and 64% due to the formation of 3% and 6% TiB, particles,
respectively. The most of TiB, particles are present at grain
boundaries (refer Figure 7b and c), leading to reduction in
the mobility of dislocation and ultimately restrict the crack
propagation. In addition, the grain refinement due to TiB,
particles provides more grain boundary area resisting the
dislocation, resulting in the improvement in strength.*

Hardness Analysis of AISi5Cu3/TiB,
Composites

Hardness analysis has been carried out on the samples
according to ASTM EI18. Hardness was measured on
Rockwell hardness tester at 100 kgf load, applied for 10 s
using 1/16" (1.588 mm) tungsten carbide ball. The hard-
ness of in situ composites increased considerably due to the
formation of TiB, particles. Homogeneously distributed
TiB, particles lead to the Orowan strengthening of grains,
leading to increase in the load-bearing capacity of com-
posite.®> Clear and reaction-free interface resists the
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detachment of TiB, particles from matrix material, result-
ing in increased hardness (Rajan et al.?®). The average
Rockwell hardness (HRB) of in situ composites increased
by 30% and 50% due to the formation of 3% and 6% TiB,
particles, respectively, as shown in Figure 13.

Conclusions

In present investigation, specially designed modular setup
consisting of melting unit, pouring unit and stirring unit is
developed and in situ AlSi5Cu3/TiB, composites were
prepared by the exothermic reactions of melt with salts.
Major conclusions derived from the work are:

e EDAX analysis confirms the presence of titanium
and boron phase in the material and XRD analysis
confirms the formation of TiB, particles in liquid
melt.

e  Microstructures of in situ composite reveal the
homogeneous distribution of TiB, particles in
matrix material. Polygonal-shaped TiB, particles
were observed, having the sides from three to six.
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e Number of grains/unit area is increased from
256 grains/in” to 362.04 grains/in” in developed
composites.

e SEM micrographs show clear and reaction-free
interface between the matrix and particles, leading
to the improvement in mechanical properties.

e Ultimate tensile strength (UTS) of in situ com-
posites having 3% and 6 % TiB, particles has
been increased by 21% and 64% compared to pure
AlSi5Cu3.

International Journal of Metalcasting/V olume 14, Issue 1, 2020

e Hardness of in situ composites increased by 30%
and 50% due to the formation of 3% and 6% TiB,
particles, respectively.
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