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Abstract

Titanium carbide has developed into an exceptional reinforcement contender in Aluminium
Matrix Composites (AMCs) because of its greater characteristics such as elevated hardness,
elevated elastic modulus, low heat conductivity, and constancy at moderately elevated
temperatures. Furthermore, it is consequently selected as the reinforcing segment in AMCs
because of its good thermodynamic and wettability stability inside the aluminium melt
pool. In this work, titanium carbide powder was mixed to distinguish AlSi10Mg strengthen-
ing by the additive manufacturing (AM) process in the category of powder bed identified
as Powder Bed Fusion (PBF). The objective of the study was to have homogeneously mixed
powders for processing on the reinforcement of AlSi10Mg with TiC. Different characterisa-
tion procedures were carried out, such as scanning electron microscope energy dispersive
X-ray spectroscopy (SEM-EDS), pycnometry, and thermogravimetric analysis (TGA). The
advancement of powder density from 2.65 to 2.72 g/cm3 and surface area from 0.02 to
0.14 m2/g was accomplished. The modelling findings concurred that the addition of Ti and
C increases the density of the alloy, with Ti contributing more to AlSi than C. It was deduced
that with Ti and C added to the system, the bulk modulus increases, with Al6Si8TiC having
the largest value of 80.34 GPa.

Keywords: titanium carbide; AlSi10Mg; first principle; metal matrix composite;
additive manufacturing

1. Introduction
Metal powder-based additive manufacturing (AM) developments are being progres-

sively applied in a variety of productions due to their benefits such as the complexity
of the geometry and flexibility of the product, as well as the time effectiveness of these
processes, compared to traditional manufacturing processes [1,2]. Currently, the production
of operational products with complex geometries, alloy compositions that are diverse, as
well as microstructures that are closely regulated, are the reasons these powder-based metal
AM procedures have resulted in component manufacturing and not just prototyping [3].
Powder bed fusion (PBF) is one of the AM powder bed classification methods, which is
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a layer-by-layer deposition process whereby a thin layer of powder is distributed onto
the build plate and the heat from a laser source is applied to melt and fuse the powder
into a three-dimensional component [4]. Currently, there is an increasing interest in the
advancement of novel innovative materials with desirable characteristics, specifically the
use of composite materials, such as Silicon Carbide (SiC) and Titanium Carbide (TiC), to
achieve alloys with outstanding characteristics [5–7].

The AlSi10Mg alloy is generally recognised for its resistance to corrosion, conductivity
of high heat, good weldability, ability to be casted, and low weight ratio [8]. The application
of the AlSi10Mg alloy comprises, but is not limited to, heat exchangers that are subjected
to extreme temperatures and conditions that are corrosive [9–11]. With a reputation in
the automobile, aerospace, and railway industries, AlSi10Mg is used as a substitute for
monolithic counterparts [9]. The SLM-produced AlSi10Mg components have a nearly net
shape of almost 100 percent density and a hardness of 128 Hv [12]. The problem begins
when thermal treatment is performed with the objective of reducing residual stresses
within the component. The structure is disturbed specifically to relieve stress by the
movement of silicon from grain boundaries, where it is near-eutectic and agglomerates
within the aluminium matrix, causing the structure to soften and lose its nearly ideal
mechanical characteristics [9,13]. The existing thermal treatment methods such as stress
relief are conventional methods [14]. Thermal treatment techniques suitable for additively
manufactured AlSi10Mg have not yet been developed; therefore, a route for applying TiC
to strengthen AlSi10Mg is being attempted.

TiC has shown great potential in the hardening and reinforcement of several materials,
including titanium, aluminium, and various alloys [15,16]. High-tech disciplines in the
aerospace industry, extending from chemical and mechanical engineering to mechanical
microelectronics, have been extensively applying TiC in key areas of their disciplines. The
extreme melting point, extreme electric conductivity, high wear resistance, high thermal
and chemical stability, and elevated hardness are the superior characteristics of titanium
carbide [5].

The volume fraction, size, and dispersal of the reinforcement material are not the
solitary substantial impacts of the characteristics of the composites, but the relative nature
of the matrix that directs the effectiveness of load transmission and the interface between
the reinforcement [17,18]. As a result of its best characteristics amongst other ceramic
reinforcers, TiC makes an exceptional reinforcement due to its extreme melting point of
3160 ◦C, high hardness of 40 GPa, low density of 4.9 Kg/dm3, superior modulus of elasticity
of 460 GPa, low heat conductivity coefficient of 15–20 W/m ◦C, abrasion resistance, extreme
shear modulus of 188 GPa, and greater wear resistance [16]. However, even though TiC has
been investigated by Munz et al. and Gherrab et al. as an aluminium reinforcement, the
former effort has focused on proving that, in terms of strengthening metals, nano-crystal
powder particles are actually more operative than micrometre powder particle sizes [19–21].

2. Experimental Procedure
2.1. Materials

The AlSi10Mg and TiC powders were purchased separately from TLS Technik GmbH,
Bitterfeld, Germany, and Zhuzhou Jiangwu Boda Hard-facing Material Co., Ltd., Yanling,
China, respectively. The AlSi10Mg powder had a spherical morphology and a particle size
distribution of 30–65 µm and was used as received [22]. The as-received TiC powder had
an irregular morphology and particle size distribution of 30–60 µm. The as-received TiC
powder was spheroidized using the TEKSPHERO-15 plasma system at the South African
Nuclear Energy Corporation (Necsa), Brits, South Africa.
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2.2. Powder Mixing

A Tubular dry chemical laboratory powder mixing machine that uses the concept of
shaking to mix the powder was used to mix the spheroidised TiC powder and the AlSi10Mg.
This mixing system consists of mechanical arms that move and rotate like human arms to
shake and mix the powder. The revolving container has one speed and rotates for at least
30 min for efficient powder mixing, which is said to have been optimised. The percentage
of 1–5 wt.% TiC was mixed with AlSi10Mg to acquire 100 g of powder for each batch.

2.3. Characterisation Technique

The different-sized powder samples were characterised by the Scanning Electron
Microscopy (SEM), using a JEOL JSM 6010 Plus/LA fitted with an Electron Diffraction
Spectroscopy (EDS) detector for EDX analysis at a voltage acceleration of 20 kV. X-Ray
Diffraction (XRD) was performed using the X’Pert PRO PANalytics X-Ray Diffraction
system. The density of the powder was determined using a Micromeritics AccoPys II 1360
pycnometer. Thermogravimetric Analysis (TGA) was performed by means of a Perkin
Elmer Pyris 1 TGA analyser, under the conditions of 50 to 900 ◦C/min for thermogravimet-
ric analysis in a nitrogen atmosphere with preparation of 20 mg powder samples. The BET
(Brauner, Emmett and Teller) Surface area analysis was performed using the Micromeritics
Tristar II Surface and area porosity analyser fitted with a Micromeritics FlowPrep 060
tube holder, liquid nitrogen-filled dewar elevator and with an installed computer system.
Powder moisture was removed by purging the samples with argon gas at 90◦ before the
surface area and porosity analysis.

2.4. First Principles

To enhance the stability of AlSi, the effect of Ti and C on the alloy was investigated. The
ab initio density functional theory (DFT) [23,24] formalism as implemented in Cambridge
Serial Total Energy Package (CASTEP) [25] with the projector-augmented wave (PAW) [26]
was used. For the electronic setup, the energy cutoff and k-point were set to fine. For
the functional setup, the generalised gradient approximation of Perdew and Wang (GGA-
PBE) [27] was chosen and OTFG ultrasoft (default) for the pseudopotentials. The Brillouin
zone integrations were performed for suitably large sets of k-points according to Monkhorst
and Pack [28]. The convergence criteria for structure optimisation and energy calculation
were set to fine quality with the tolerance for the stress concentration factor (SCF), energy,
maximum force and maximum displacement set to 1.0 × 10−5 eV/atom, 0.03 eV/Å, and
0.001 Å, respectively. All the calculations were performed at 0 K. The AlSi was selected
for the modelling because of the complexities of making AlSi10Mg, which was not in the
model. AlSi aids as a representative modelling system for Al-Si alloys to capture important
properties while minimising computational demands. The properties captured were the
electronic structure, bonding properties, and crystal structure.

3. Results and Discussion
3.1. Microstructural Analysis
Scanning Electron Microscope (SEM) of AlSi10Mg Mixed with TiC Powder

Previous work addressed the properties of the AlSi10Mg powder and its effect on the
mechanical characteristics after additive manufacturing [12–14]. One of the drawbacks of
additively manufactured aluminium alloys is the loss of strength after conventional thermal
treatment [13]. Figure 1a,b present the SEM microstructural images with their EDS spectra
for TiC as received and after spheroidization. Figure 2a–e present the SEM microstructural
images with their EDS spectra for TiC percentage of 1–5 wt.% mixed into AlSi10Mg powder.
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EDS analysis was performed to demonstrate the overall elemental composition of TiC in
the AlSi10Mg powder mixture.

 

Figure 1. EDS spectra of the (a) unspheroidized (red arrows: pores) and (b) spheroidized TiC powder.

In Figure 1a,b, the powder is demonstrated to have successfully spheroidized. The
spheroidization of TiC powder was carried out in order to have the TiC and AlSi10Mg
powder in the same morphology for AM characteristics. Figure 2a shows that little TiC is
detected in the EDS. In fact, an amount of 0.04% titanium is observed. This could be due to
the fact that TiC powder particles were unevenly distributed through a large amount of
AlSi10Mg powder, leading to a lower Ti content detected [29]. During point detection, TiC
is not picked up at all. This could possibly be a consequence of EDS detection limitations,
which are the result of low concentrations of elements, particularly if the element is within
a large matrix of AlSi10Mg [30,31]. Figure 2b shows that 2 wt.% TiC is detected in points 1
and 2. In point 1, it is observed that the TiC particle comprises a bumpy surface relative
to the particles where aluminium is detected. In the EDS spectra, the presence of Ti is
similarly recognised, although no carbon is distinguished. A percentage of 1.74% of Ti
is detected with 98.26% aluminium, which is the major component. Carbon appears to
have reacted with aluminium and other elements to form Al4C3, and again, carbon is too
light an element to be detected by EDS, particularly if present in small amounts in complex
compounds [31]. Contaminants of oxide particles like Al2O3 must have catalysed the
reaction of Al and C [32]. It can be said that the undetected 0.22% is for the carbon because
of the partial decomposition of TiC. Figure 2c shows 3 wt.% where lots of carbon is present
in the micrographs points, and also, the EDS spectra demonstrate the presence of both
carbon and titanium elements. A substantial amount of carbon existed in the percentage of
0.10% with 2.28% titanium. It is noticeable that an increase in TiC content is then able to be
sufficiently picked up by the EDS system. In Figure 2d, 4 wt.% TiC is detected at point 1
of the micrograph. The bumpy surface is again observed in this particle. The presence of
TiC is also evident in the EDS graph. The existence of Ti and carbon percentages in the 4%
TiC mixture is confirmed to be 2.26% and 1.39%, respectively. In Figure 2e, the presence of
5 wt.% TiC is indicated at point 1 of the SEM image. Similarly, the EDS spectra confirmed
the presence of titanium but not carbon. The percentage of Ti obtained is 1.29%, while
no carbon is detected. A large quantity of 91.30 wt.% aluminium and 7.41 wt.% silicon is
also observed. In the additive manufacturing procedures, the extremely restricted melting
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and solidification of metallic alloy powder that takes place in the additive manufacturing
procedure is known to be sensitive to defects.

 

Figure 2. SEM microstructure and EDS of 1–5 wt.% TiC mixed in AlSi10Mg, (a) 1 wt.%, (b) 2 wt. %,
(c) 3 wt.%, (d) 4 wt.% and (e) 5 wt.%.

3.2. Thermogravimetric Analysis (TGA) of the Mixed AlSi10Mg with TiC Powders

According to Mfusi et al., AlSi10Mg powders gain weight until before the melting
point of 596 ◦C. However, due to the ability of aluminium to form an oxide protective
layer, the powder continues to gain weight and withstand temperatures of up to 800 ◦C.
Figure 3 shows the AlSi10Mg powders mixed with 1–5 wt.% TiC powders.
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Figure 3. Thermogravimetric analysis results of the mixed TiC and AlSi10Mg powders.

After the addition of 1 wt.% TiC powders into the AlSi10Mg, it was observed that the
powder does not decompose at the melting point of aluminium of 596 ◦C [9]. TiC acts as a
nucleation agent; a significantly small amount can impact TGA of AlSi10Mg due to its high
thermodynamic stability and barrier properties [33]. It continued to increase in weight and
tolerate higher temperatures, though it was stopped at 900 ◦C. At 2 wt.% TiC, the graph
shows steepness followed by the 5 wt.% TiC graphs, while the rest are simply gradually
going up. It was expected for the 5 wt.% TiC graph to go higher than the rest, followed by
the 4 wt.% TiC. This is because a higher content of TiC can result in higher oxidation [34].
Furthermore, an increase in TiC can cause more complex reaction kinetics with multiple
reactions occurring simultaneously, resulting in a noise signal, as observed in the 3 wt.%
TiC graph [35]. The reaction with oxygen leads to the formation of the protective oxide
layer, which may slow down further reactions, thus causing noisy data [36]. However, it
is common knowledge that aluminium also reacts with oxygen to form aluminium oxide,
leading to a mass increase. Magnesium can also do react, forming magnesium oxide,
contributing to the protective oxide layer, which is observed in the 2 wt.% TiC sample.
This signifies enhanced corrosion resistance and thermal stability characteristics, which are
relevant for AlSi10 PBF processing [37,38].

3.3. Pycnometer Density Measurements of AlSi10Mg/TiC Powder

Figure 4 represents the powder density of AlSi10Mg powders mixed with TiC from
1 to 5 wt.%. This was completed for the observation of the TiC powder effect on the
AlSi10Mg density in terms of additive manufacturing process characteristics. The density
of commercial AlSi10Mg is 2.65 g/cm3 [9,39]. These as-received AlSi10Mg powder densities
correspond to the densities in the literature of relative materials [1,12,16].
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Figure 4. Density results of pure AlSi10Mg and TiC mixed in AlSi10Mg powder.

Figure 4 shows a reasonable distribution of TiC powder to AlSi10Mg powder, as
direct proportionality is observed with the percentage increase in TiC powder. It is visibly
demonstrated that pure TiC has more density than pure AlSi10Mg. This was a result of
titanium (Ti) and carbon (C) atoms’ strong covalent bond, as well as the fact that titanium
has a bigger atomic mass than aluminium, which was 47.87 g/mol and 26.98 g/mol,
respectively [40]. TiC also had an FCC crystal structure, which is denser than that of
AlSi10Mg in terms of atomic arrangement [41]. The percentage increase observed is 0.38%
(1 wt.% TiC), 0.87% (2 wt.% TiC), 1.21% (3 wt.% TiC), 1.87% (4 wt.% TiC), and 2.60%
(5 wt.% TiC) relative to the density of AlSi10Mg. This increase in powder density may
result in increased density of the resultant component, which will efficiently influence the
mechanical characteristics such as hardness and strength [42,43]. This was the expected
objective required in anticipation of solving the eutectic silicon network agglomeration
problem during thermal treatment, which leads to the hardness and strength of the material
being compromised [13]. An increase in powder density is also known for constant layer
deposition during the PBF process as a result of enhanced powder flowability, as well as
reduced porosity [44,45].

3.4. X-Ray Diffraction (XRD) of AlSi10Mg/TiC Powder

AlSi10Mg is a widely used aerospace-grade material, with stringent industry standards
such as ASTM B209 [46]. XRD characterisation was carried out to identify phases and the
presence of TiC in each percentage mixture from 1 to 5 wt.%, exposing any changes in the
crystal structure, lattice parameters, or crystal orientation as a result of powder mixing.

Figure 5 demonstrates that the powders have the same intensities, which means they
possess the same crystal structure with high intensity at 40 to 45 degrees. The peaks of 40◦,
45◦, 65◦, and 78◦ had been identified to be aluminium in their FCC atomic arrangement
and are comparable to the (111), (200), (220), and (311) planes, respectively [16,47,48]. The
FCC atomic arrangement is significant for AM processing for the same reason mentioned
in 4.3.3, which is improved thermal characteristics [49]. It is significant for reducing hot
tearing during AM processing, optimised corrosion resistance, as well as enhancing the
microstructure [50]. The FCC atomic arrangement of AlSi10Mg/TiC also achieves the
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objective of an outstanding strength-to-weight ratio, ductility, and fatigue resistance. This
is because it enables the effective use of space and high atomic packing density, which leads
to solid interatomic bonds and high strength [49,51].

Figure 5. XRD results of AlSi10Mg/TiC mixed powders and AR-AlSi10Mg with (a) full spectra and
(b) reduced spectra to demonstrate peak shifts with the change in TiC composition.

3.5. BET Surface Area Analysis of AlSi10Mg/TiC Powder

The Brauner, Emmett, and Teller (BET) analysis was performed on the samples in
order to determine the effect of TiC on the specific (a) surface area and (b) porosity volume
of the AlSi10Mg powder. This is for the purpose of revealing the size and distribution of
pores affecting the flow of powder, relative density, and the impact they will have on the
AM processing method.

In Figure 6a, the surface area of the powder demonstrated an increase from 0.05 m2/g
at 1 wt.% AlSi10Mg/TiC to 0.16 m2/g at 3 wt.% AlSi10Mg/TiC, and a decrease to 0.1 m2/g
for 4 and 5 wt.% AlSi10Mg/TiC. These powders are within the range because the AM
process acceptable surface area is 0.1–5 m2/g according to ASTM B925-17 for aluminium-
based alloy powders for AM processing [52]. According to the literature, the commercial
AlSi10Mg powder is within 0.15–0.3 m2/g [53]. These surface areas are often associated
with good flowability and can lead to good packing density for the final component [54,55].
Figure 5b demonstrated a significantly low pore volume of 0.00005 to 0.00008 m3/g, where
3 wt.% AlSi10Mg/TiC appears to have the highest pore volume. This is due to the higher
surface area observed in the 3 wt.% AlSi10Mg/TiC sample. Uniform powder density
and low pore volume ensure consistent melting behaviour, which results in enhanced
component characteristics and reduced process variability [56]. The drawback with such
low pore volume is the sensitive powder handling during AM processing, which may lead
to powder degradation and agglomeration [53]. The acceptable pore volume for critical
structural components in aerospace applications is 0.5% and 2% for aesthetic aerospace
components [57].
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Figure 6. BET (a) surface area and (b) pore volume for AlSi10Mg/TiC mixed powders.

3.6. Modelling of Structural Mechanical Properties of the AlSi10Mg/TiC Powder
3.6.1. Lattice Structure of AlSi10Mg Mixed with TiC Powder

In Figure 7, the binary AlSi structure with the space group of Pm-3 m is shown. The
supercell of a 2 × 2 × 2 AlSi structure with 16 atoms was generated, wherein Ti and C were
substituted, i.e., Al8−xSi8Mx (M: Ti, C). Modelling was conducted in order to understand
the thermodynamic stability and interfacial characteristics, and to estimate the mechanical
properties of AlSi10Mg reinforced with TiC from atomic-scale behaviour of the materials.

 

(a) (b) 

Figure 7. The structures of beta (a) binary AlSi and (b) ternary AlSiTiC, where purple, orange, light
grey, and dark grey represent Al, Si, Ti, and C, respectively.

In Figure 7b, the structure of the Al6Si8TiC ternary alloy is shown. The determined
structures were optimised, and their equilibrium lattice parameters, density, and enthalpy
of formation are shown in Table 1. It can be noted that the addition of both Ti and C reduces
the lattice parameter of the AlSi structure, as depicted by the decreasing lattice parameters.
The decrease is attributed to the difference in the atomic radius (Al (1.43), Ti (1.47), and
C (0.914)) of atoms. This indicates that the combination of Ti and C alters the atomic
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arrangement, signifying that TiC is not an isolated phase but well incorporated at the atomic
level into the matrix, possibly resulting in novel or improved material characteristics [48].

Table 1. The lattice parameters a, density ρ, and enthalpy H for the Al8−xSi8Mx (M: Ti, C) structures.

Structure a (Å) ρ (g/cm3) H (eV)

AlSi 3.213 2.75574 −281
Al7Si8Ti 3.149 3.06563 −3730
Al7 Si8C 3.134 2.86889 −2290
Al6Si8TiC 3.103 3.10624 −3770

The reduction in the lattice parameter from 3.213 to 3.103 Å indicates a lattice contrac-
tion with the incorporation of TiC, which signifies an effective atomic-scale integration of
Ti and C. Electron calculations and CASTEP simulations yielded identical predictions for
the ground-state stable crystal structure of TiC embedded in AlSi matrix, collaborating the
experimental results obtained from metallurgical investigations. According to Pankhurst
et al., at ground-state, stable and metastable structures have a small energy gap. As the
temperature increases above 0 Kelvin, entropy gains control and causes the metastable
structure to appear in metallurgical experiments relative to the stable, expected one [58].

3.6.2. Enthalpy of Formation and Bulk Modulus of AlSi10Mg Mixed with TiC Powder

Figure 8 demonstrates the enthalpy of formation and bulk modulus of AlSi10Mg
and TiC. The bulk modulus was measured by the application of hydrostatic pressure
(P) to the material model. These are significant for determining the thermodynamical
stability, flowability, and packing of the powder, as well as stress and cracking during
AM processing.

 
(a) (b) 

Figure 8. The graphs of (a) enthalpy and (b) bulk modulus for the Al8−xSi8Mx (M: Ti, C) structures.

In Figure 8a, an enthalpy graph against the structure is shown. Both Al7Si8Ti and
Al6Si8TiC peaks are more negative than those of both AlSi and Al7Si8C, suggesting the
stability of the structures. In Table 2, it can be clearly observed that Al6Si8TiC is the most
stable structure with the lowest enthalpy of formation, which concurs with what is observed
in the TGA results, Figure 3. More negative enthalpy indicates that the TiC-reinforced
structure is much more stable thermodynamically. This signifies that TiC reinforcement
of AlSi10Mg not only intensifies the strength of the matrix but also stabilises it, decreasing
the risk of phase segregation throughout AM processing [59]. To further understand the
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ductility of the structures, the bulk modulus was calculated and plotted in Figure 8b.
Ductility refers to the measure of a metal’s ability to withstand tensile stress. The addition
of Ti and C enhances the ductility of the AlSi alloy as denoted in the graph of Figure 8b. As
Ti and C are added to the system, the bulk modulus increases, with Al6Si8TiC having the
largest value of 80.34 GPa. This corresponds with what was observed on the non-atomic
level above—that any slight addition of TiC in the AlSi10Mg powder improves the density
of the alloy. The stable integration of TiC into the atomic structure and the lattice contraction
indicate that it is improbable for the composite to undergo phase segregation during AM
processing. It also indicates that the matrix is able to endure the rapid solidification and
cooling AM cycles, with the reduction in cracking and distortion of components [60].

Table 2. The elastic constants of the Al8−xSi8Mx (M: Ti, C) structures.

Structure a = b = c c11 c44 c12 C’ A
(Å) (GPa) (GPa) (GPa) (GPa) (GPa)

AlSi 3.2134 −164 32 142 −153 −4.7813
Al7Si8Ti 6.2072 33.107 55.493 101.34 −34.118 −0.6148
Al6Si8TiC 6.2112 149.26 −195.51 57.875 45.695 −0.2337

3.6.3. The Density of State (DoS) of AlSi10Mg Mixed with TiC Powder

Figure 9 shows the Density of State (DoS) graphs for AlSiTi, AlSiC, and AlSiTiC as a
function of energy E-Ef, which is the Fermi energy. These graphs were generated in order
to compare the electronic structures of the materials when elements of TiC were added to
AlSi. This impacts optical absorption, thermal conductivity, and melting behaviour of the
powder during AM processing.

 

Figure 9. The Density of State (DoS) Fermi-level (a) full electronic spectrum and (b) metallicity
spectrum for AlSiTi, AlSiC, and AlSiTiC.

The constituents observed in Figure 9 demonstrated metallic characteristics for all the
compounds. The AlSiC has lower DoS at the Fermi level relative to AlSiTi and AlSiTiC,
which signifies potentially low electric conductivity. Rapid heating and cooling factors,
which govern the AM process, can sometimes result in non-equilibrium microstructures [61].
These electronic structural facts contribute to the understanding of the interaction of
elements at an atomic level, the probability of establishing required and unwanted phases,
as well as the stability of the processed structure throughout solidification, thus informing
the processing parameters [62]. AlSiTiC proved to have the highest DoS at the Fermi level
and at the peak above Ef. This demonstrated the powder’s upgraded thermal stability,
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mechanical characteristics, porosity reduction and density increase, which are suitable for
AM processing [63]. Interestingly, the addition of Ti and C increases the density of the
alloy, with Ti contributing more to AlSi than C. The denser TiC intensifies the density of the
composite completely, which is advantageous for hardness and wear resistance [64].

3.6.4. Density Function Theory (DFT): The Mechanical Characteristics of AlSi10Mg Mixed
with TiC Powder

Figure 10 is the DFT simulation of Young’s modulus, shear modulus and Poisson’s
ratio of AlSi and Al6Si8TiC as per the CASTEP modelling results. Determining this assists
in relating the mechanical and elastic characteristics of the materials in simulation and
experiment. Deformation resistance under shear stress is measured by shear modulus,
signifying that the higher the shear modulus, the higher the deformation resistance [65].
Poisson’s ratio defines the nature of bonding forces between atoms.

 

Figure 10. Mechanical characteristics. (a) Young’s modulus, (b) shear modulus, and (c) Poisson’s
ratio of AlSi and Al6Si8TiC.

The graphs relate Young’s modulus, shear modulus, and Poisson’s ratio to important
mechanical characteristics. It was observed that Young’s modulus and shear modulus
significantly increased with the addition of TiC into AlSi. This dramatic increase signifies
that AlSi10Mg reinforcement with TiC substantially increases the stiffness and resistance
to elastic deformation under tensile and compressive forces, and, when subjected to shear
stress, signifies a significantly high resistance to change in shape [66,67]. Poisson’s ratio
was reduced with the addition of TiC. It is normal for most metals to show a positive
Poisson’s ratio. This is because of their metallic bonding characteristics and crystal lat-
tice atomic structure [61,68]. This signifies that the material becomes stiffer, which is an
indication of a more deformation-resistant material under stress [49,69]. Therefore, the
variations in lattice parameters and elastic characteristics after the addition of TiC in AlSi
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have been precisely predicted by CASTEP’s quantum modelling. This is in agreement
with the improved extreme temperature oxidation resistance detected in the experimental
investigations, Figure 3. Higher stability and density already point to mechanical improve-
ments, like good wear resistance, increased strength and hardness and potentially refined
microstructure, which are vital for AM component functionality [70,71]. These enhanced
mechanical characteristics and stability indicate the suitability of TiC-reinforced AlSi10Mg
for demanding rail, aerospace, and automotive industry AM applications.

Table 2 illustrates the elastic constants computed to investigate the mechanical stability
of the structures. To determine the mechanical stability and elastic characteristics, the
accuracy of calculating the elasticity is of vital importance in any system. The Born–Huang
cubic crystal mechanical stability criteria equations are given [72].

C11 + 2C12 > 0, C11 − C12 > 0and C44 > 0 (1)

c′ =
(c11 − c12)

2
(2)

wherein:
A =

2C44

C11 − C12
(3)

The stability criterion for the elastic constant must be fulfilled for the structure to be
measured as stable. The C’ must be positive to indicate mechanical stability, according
to the principle, as illustrated by Equations (1)–(3). As observed in Table 2, Al6Si8TiC
is a positive 45.695 GPa, indicating that the addition of TiC to AlSi10Mg will harness a
mechanically stable structure of the final component. The value of the total isotropy of
a compound is 1 [73]. Values below and above 1 indicate that the compound exhibits
anisotropic characteristics. In this case, Al6Si8TiC has an anisotropy value of −0.233, which
indicates its degree of elastic anisotropy when built in certain directions [65].

4. Conclusions
# The density increases significantly with the increasing TiC wt.% added to AlSi10Mg

powder. An FCC aluminium phase was revealed, which is good for the strength-to-
weight ratio of the final component.

# An increased surface area is observed, especially in the powder with 3 wt.% TiC. It is
concluded that the TiC mixture into the AlSi10Mg was well-distributed, as confirmed
by the consistent increase in the density of the powder with the increase in the
percentage mixture of TiC. The EDS analysis significantly demonstrated the presence
of TiC in the different mixtures of 1–5 wt.%, even though the percentages of TiC present
did not show an increasing trend similar to the density. This may be a consequence of
the different characteristics exhibited by the different analyses.

# The pore volume is significantly low, which is good for the final component pack-
aging density, with a drawback for powder handling, which may result in powder
degradation. However, the formation of the TiC metal–matrix composite has been
determined to be a success due to the fact that the powder met the specifications for
AM processing and aerospace applications.

# CASTEP simulations demonstrated that TiC reinforcement of AlSi10Mg enhances
the density of the alloy powder by contracting the lattice structure. This indicates
enhanced powder flowability and final component density after AM processing.

# Improved mechanical and thermal characteristics, which signify great thermodynamic
stability, were demonstrated by the simulation. This indicates that the powder is
oxidation-resistant at higher temperatures and has improved absorption and powder
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consistency for AM processing. These results concur with the results demonstrated
by the experimental investigation.

# AlSiTiC demonstrated higher DoS for conduction, indicating improved electronic
characteristics for applications requiring extreme conductivity. The effect of different
atomic elements on the electronic structure of the materials was mirrored in the
variation in the DoS profiles.

# The increase in Young’s and shear moduli indicated that adding TiC into AlSi alloys
develops the hardness, stiffness, tensile strength, toughness, wear resistance, and grain
refinement of the composite, rendering it extra fitting for severe applications. CASTEP
has proven that improved mechanical characteristics with enhanced multiphase
microstructures can be attained with the addition of TiC to Al-Si alloys.
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