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A Ti-Fe-Si-Cr-Nb alloy was fabricated using laser metal deposition (LMD)
technique. The laser power and scanning speed were varied during fabrication
to optimize the processing parameters. The thermal behavior during LMD
processing was modeled and simulated by means of COMSOL Multiphysics
6.0 software. The samples produced were characterized using an optical
microscope, X-ray diffractometer, and scanning electron microscope coupled
with energy dispersive spectroscopy. The microhardness and wear behavior of
the alloy were tested using a diamond indenter and ball-on-disk wear ma-
chine. The results obtained showed that the alloys exhibited similar dendritic
microstructure for all processing parameters. The formation of cracks and
pores were evident mainly in samples that were produced at high scanning
speed and low laser power. A decrease in microhardness was noticed when the
laser power was increased, while an increase in scanning speed yielded
samples with high microhardness values. The alloy showed good tribological
behavior, but no clear relationship between the wear resistance of the alloy
and the variation of the laser processing parameters could be established.

INTRODUCTION

The excellent properties that are exhibited by
titanium (Ti) and its alloys make them applicable
for a variety of applications in the aerospace
industry. This is due to their high specific
strength-to-weight ratio, good corrosion resistance,
high thermal stability, and oxidation resistance.1–4

However, these alloys are characterized by low
hardness and poor tribological properties which
limit their adoption in demanding structural appli-
cations.5,6 For this reason, researchers have incor-
porated various alloying elements into the Ti matrix
to improve the alloys’ properties. These alloying
elements either stabilize the formation of a single
solid-solution structure or induce precipitation of a

secondary phase. Alloying elements such as alu-
minum (Al), vanadium (V), iron (Fe), manganese
(Mn), molybdenum (Mo), niobium (Nb), and chro-
mium (Cr) have been reported to act as stabilizers
for both the b- and a-phases in Ti alloys. When these
alloying elements are added to the Ti matrix, they
either act as substitutional or interstitial solutes in
the crystal lattice. Their presence in the matrix
induces distortion of the crystal lattice, leading to a
reduction in the movement of dislocations which
brings about an improvement in the mechanical
properties of the alloys.7–12

The incorporation of Nb in the Ti matrix was
reported to stabilize the formation of the b-phase
(bcc) with high strength but low ductility.13 On the
other hand, the addition of Fe, tin (Sn), and Nb in
the Ti matrix yielded positive synergetic effects on
the microstructure and mechanical properties of the
alloys, and the alloys obtained exhibited a single b-
phase structure with superior mechanical strength(Received May 29, 2023; accepted February 2, 2024;
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and ductility. The alloying elements were kept low
enough not to trigger precipitation of intermetallic
phases.14 Wang and Dong,15 successfully fabricated
a Ti-Fe-Zr alloy which had a fine dendritic
microstructure with average microhardness values
of about 1000 HV for a zirconium (Zr) content of
about 7.1 at.%, exhibiting b-phases for all the
samples containing Zr.

Some alloying elements, such as silicon (Si),
carbon (C), and nitrogen (N), do not form solid-
solution structures when they are added to the Ti
matrix due to the large differences in their atomic
radii, which reduces their ability to form solid
solutions and favors the formation of intermetallics.
These intermetallic phases, such as titanium sili-
cide (Ti5Si3), possess high hardness and good wear
properties.16–19 The incorporation of Si in a Ti-Al
alloy refined the microstructure and increased the
microhardness. Alloys with a high Al:Si ratio have a
high proportion of dispersive phases while the
microhardness values could reach up to 900 HV
for the alloys compared to 600 HV of the pure Ti-Al
alloy. The increase in the microhardness of the
alloys was attributed to the presence of the Ti5Si3
intermetallic compound.20

Another way to manipulate the properties of Ti
alloys is by using fabrication techniques that favor
the restriction of grain growth during processing.
Among the different methods used to produce Ti
alloys, laser additive manufacturing (LAM) pro-
duces small-grained microstructures that are char-
acterized by improved mechanical properties.
Several AM routes, such as selective laser melting,
electron beam melting, and laser metal deposition
(LMD) have been successfully adopted to fabricate
different metals and alloys like steels, Ni-based
superalloys, titanium alloys, metal matrix compos-
ites, and bimetallic materials.21–30 However, LMD
has the advantage of reduced material waste and
other post-processing which makes it amenable to
produce 3D parts and to repair worn components,
hence, there is high interest in the adoption of this
technique. The LMD process is associated with high
solidification rates which result in the formation of
fine microstructural grains. However, they also
generate residual stresses and microstructural
anomalies. Therefore, producing materials with
defect-free microstructures and good mechanical
properties requires the identification of optimized
processing parameters for this type of AM route to
be adopted.

Majumdar et al.21 successfully used a laser
cladding process for the fabrication of titanium
silicide dispersed in a titanium aluminide composite
on a Ti-6Al-4V alloy substrate. The microhardness
of the alloy was found to be dependent on the laser
scanning speed. Slower scan speeds were associated
with low microhardness properties, while higher
microhardness values are usually recorded for fast
deposition scan speeds. The build thickness,
microstructure, and microhardness of the

Ti45Al5Nb0.5Si composite were found to be depen-
dent on laser power, scanning speed, powder feed
rate, and Si content. The thickness of the built
samples increased with an increase in laser power
and powder feed rate, but decreased with an
increase in scanning speed. The low Si content in
the alloy resulted in a defect-free microstructure for
all laser powers. When the amount of Si was
increased, microcracks were seen in the alloys
produced at lower laser powers but they decreased
with an increase in laser power. Low scanning
speeds also yielded defect-free microstructures, and
crack propagation was noticed with an increase in
Si content and scanning speed. The hardness prop-
erties of the alloys were improved with an increase
in scanning speed. The solidification rate of alloys
during laser cladding is governed by the energy
density of the deposited alloy samples:

E ¼ P

VHD
ð1Þ

where E is the energy density, P is the laser power,
V is the scanning speed, H is the hatch spacing
between two adjacent layers, and D is the diameter
of the laser spot size.

The energy density of the deposited alloy samples
increases with a decrease in scanning speed. High
energy densities enable the high rate of melting of
powder particles in the melt pool and allow diffusion
of elements to occur.22 In the current study, a Ti
alloy (Ti-Fe-Si-Cr-Nb) was developed using LMD.
The aim of this work is to optimize the processing
parameters and to analyze the developed alloy
deposited on a Ti6Al4V substrate fabricated by the
LMD process. Laser power and scanning speeds
were optimized to produce the Ti-based alloy with a
fine-grained microstructure and high mechanical
properties. The effect of scanning speed and laser
power on the microstructural evolution, phase for-
mation, and tribological properties were investi-
gated. The computational modeling of the Ti-based
alloy’s thermal behavior during the LMD process
was simulated by means of COMSOL Multiphysics
6.0 software.

EXPERIMENTAL

Commercially pure elemental powders of Ti, Fe,
Si, Cr, and Nb with a size range of 45–90 lm were
mixed in a tubular mixer for 12 h and used as the
precursor powder to produce the Ti9Fe5Si5Cr4Nb
alloy by the LMD process. The samples were
deposited on Ti6Al4V alloy plates of 100 mm 9 100
mm 9 10 mm using a Rofin-Sinar KUKA robot
machine with 5-kW power. It uses a CO2 laser to
deposit the beam (beam diameter 1.5 mm) on the
metal substrate, and the laser processing parame-
ters are shown in Table I. Before deposition, the
Ti6Al4V plates were sandblasted and cleaned with
acetone to remove any debris on the substrates. The
LMD technique deposits the metal powders via a
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coaxial nozzle at a set speed and laser power, with
argon as the shielding gas to protect the melt pool
from contamination and oxidation. The deposition
head moves along a tool path based on a predefined
computer-aided design file. For more comprehensive
understanding of the LMD process, the reader is
referred to Refs. 13 and 23.

The microstructural and phase characteristics of
the coatings were examined using a scanning
electron microscope (SEM) equipped with energy
dispersive spectroscopy (EDS) and an x-ray diffrac-
tometer (XRD). The microhardness of the samples
was measured using a diamond indenter with a
dwell time of 10 s and a load of 500 gf. A ball-on-disk
wear tester was used to evaluate the friction and
wear behavior of the samples. A load of 150 N and a
sliding distance of 3 mm were used during the tests.
The wear scars of the samples were studied using
the SEM.

COMSOL Multiphysics 6.0 software was utilized
to simulate the thermal behavior of the Ti-Fe-Si-Cr-
Nb alloy during the LMD process. The software was
used to create a model using the heat transfer in
solids module incorporating temperature distribu-
tion during the layer build-up of 3 layers. Table II
presents the model parameters used to model the
thermal behavior during the LMD process. The rule
of mixture was used to obtain the thermal proper-
ties of the alloy.23 In the application of the rule, the
Eq. 2 was applied:

Malloy ¼ xe1Me1 þ xe2Me2 þ xe3Me3 þ xe4Me4 þ _s

ð2Þ

where Me is the material properties of each element
incorporated in the alloy, xe is weight fractions of
the elements, and Malloy is the corresponding mate-
rial property of alloy Ti9Fe5Si5Cr4Nb.

Governing Equations

The computational model reflects on heat transfer
equations in the solid state for a 3-layered single
track that simulates the LMD process in transient
conditions. The model only considers temperature
fields throughout the LAM of the Ti-based alloy by
solving their governing equations under defined
boundary conditions. Based on the heat transfer
principle, the heat source of the LMD process
presented is expressed by the Fourier heat differ-
ential by:

qCp
dT

dt
þ qCpu:rT þr:q ¼ Q ð3Þ

q ¼ �krT ð4Þ

where q is the density of the alloy in kg/m3, Cp is the
specific heat capacity at constant pressure in J/
(kg K), T is the temperature (K), Q is the heat
source intensity (J/mm2), t is the time (s), u is the
velocity field defined by the translational motion (m/
s), q is the heat flux vector (W/m), and k is the
coefficient of thermal conductivity (W/(m K)); Cp

and k change with temperature.
Gaussian distribution was used to present the

heat source in the computational model.24 To sim-
plify the model and to closely represent the LMD
manufacturing conditions, the following assump-
tions were made: (1) fluid flow dynamics are
neglected, (2) no heat loss by conduction, (3) no
material vaporization, and (4) the material is
isotropic. A physics-controlled moving mesh with
hyper-elastic smoothing was used. The mesh was a
free tetrahedron mesh-type adopted for the laser
scanning regions to achieve accurate results, while,
in other regions, normal mesh size was used for
proximity results.

Table I. Laser processing parameters and samples
codes

Sample name Power (W) Scanning speed (m/min)

A 750 0.4
B 0.8
C 1.2
D 950 0.4
E 0.8
F 1.2
G 1150 0.4
H 0.8
I 1.2

Table II. Laser experimental properties and thermal properties of the Ti-based Alloy input in the model

Sample
name

Power
(W)

Scanning speed
(m/min)

Laser spot
size (mm)

Thermal
conductivity (W/m)

Density
(kg/m2)

Specific heat
capacity J/(kg K)

C 750 1.2 3.0 21.6 4670 508.91
F 950
I 1150
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RESULTS AND DISCUSSION

Phase Formation and Microstructural
Evolution

Figure 1 presents the XRD patterns of the phases
formed in the alloy, while Fig. 2 shows the optical
microscope micrographs of the Ti-Si-Fe-Nb-Cr alloy
fabricated at different laser processing parameters.
The alloy exhibited a- and b-phases along with
Ti5Si3 intermetallic phases formed during manufac-
turing via the reaction between the Ti and Si
elements. The a-phase has the highest volume
fraction of the phases present with a body-centered
cubic (bcc) structure including the b-phase, while
the Ti5Si3 as a hexagonal structure. These phases
are known to promote potential high-temperature
applications. The peak diffractions mostly follow the
same pattern, with slight variations in intensities,
which shows that the texture of the processed
samples differs owing to the processing parameters
used. Based on the work of Raji et al.,18 it can be
deduced from the XRD results that the twinning
occurs at 2h between 45� and 70� due to the
variation in energy densities. This was observed as
the laser processing parameters changed, leading to
broadening of the XRD peaks and reduction of the
peaks’ intensities, which is more visible especially in
samples f and g. Thus, it was noted that the Ti-Fe-
Si-Cr-Nb alloy displayed twinning effects, confirm-
ing that laser processing parameters affect planar
faults. This is in conformity with other related
literature.

Low laser scanning speeds produce alloys with
high thickness and minimal surface defects. Cracks

are observed on samples fabricated at 750 W
(Fig. 2a), but, as the laser power is increased to
950 W (Fig. 2d) and 1150 W (Fig. 2g), minimal
defects were observed in the microstructure
obtained. These samples show fewer pores com-
pared to those that have been clad at scanning
speeds of 0.8 m/min and 1.2 m/min for all powers.
At low laser scanning speeds, heat input is
increased and results in a simultaneous increase
in energy densities. High energy densities create a
large melt pool that allows more powder particles to
be melted, resulting in alloy builds with increased
thickness. Also, high temperatures are generated
due to these conditions, thus reducing the cooling
rate of the alloy during solidification. In these
conditions, gases are allowed enough time to diffuse
and to exit the alloy, leaving micropores on the
surface. The high solidification rates associated
with high scanning speeds are responsible for the
formation of cracks, since the generation of residual
stresses cannot be avoided with such conditions.
Samples b, c, e, f, and h show the presence of some
cavities. Due to rapid cooling at these scanning
speeds, gases do not have enough time to escape and
are trapped between the growing dendrites, leaving
cavities in the microstructure. The cavities are
predominantly near the heat-affected zone (HAZ)
showing that the diffusion of gases is controlled by
the direction of heat flow. The substrate acts as a
heat sink during cladding, and the temperature
drop occurs from the surface of the alloy towards the
HAZ. Therefore, the trapping of gases will also be
formed along this direction.

Fig. 1. XRD test result of coatings clad with different laser powers and scan speeds.
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The SEM images in Fig. 3 reveal the surface
morphology of the alloys. All the samples exhibit
microstructures with two distinct contrast regions
(dendritic and interdendritic). It is evident that the
laser processing parameters influence the refine-
ment of the microstructures. Increasing the scan
speed from 0.4–0.8 m/min to 1.2 m/min showed that
grain refinement occurred at all laser powers.
However, the increment of laser power from 750
W to 1150 W resulted in microstructures with
coarser grains at all laser scan speeds. The coars-
ening and refinement of grains due to variations in
laser power and scan speed occur as a result of the
changing energy density. Nucleations of new atomic
grains are lower when the energy density is high,
creating a conducive environment for the growth of
crystals, leading to the evolution of coarse
microstructures. The strengthening mechanisms of
the fabricated alloys is mainly dispersion strength-
ening caused by the b and Ti5Si3 reinforcements and
solid-solution strengthening in the a-Ti matrix. This
dispersion strengthening provided the most signif-
icant strengthening influence in this alloy. How-
ever, lower energy densities induce a high

solidification rate that results in rapid nucleation
and the formation of microstructures with refined
grains. Samples fabricated at higher laser scanning
speeds and power reveal the presence of unmelted
Nb particles. Nb is characterized by a high melting
point of about 2400 �C and will require a very high
energy density to be melted. The presence of cavities
and pores is also observed and confirms the optical
microscopy results. These defects are found to be
dependent on the laser processing parameters.
Samples produced at higher scanning speeds
showed more pores and cavities than those fabri-
cated at lower scanning speeds.

Thermal Behavior of Ti-Fe-Si-Cr-Nb Alloy
During Laser Metal Deposition

Figure 4 present the laser thermal distribution of
the Ti-Fe-Si-Cr-Nb alloy at 1.2 m/min and different
laser powers (750 W, 950 W, and 1150 W, respec-
tively). The heat build-up is as a result of the
continual energy input which plays an important
role in melt pool dimensions, cooling rate, and
microstructural evolution. Consequently, it has a
decisive influence on the mechanical performance of

Fig. 2. Optical microscope micrographs obtained at the scanning speed of 0.4–1.2 m/min and laser power of: (a–c) 750 W; (d–f) 950 W; and (g–
i) 1150 W.
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the synthesized alloys. It is clear that at 750-W laser
power, the alloy’s overall surface temperature after
18 s was 1230 K, while at a high laser power, it
reaches a maximum temperature of 1760 K. Accord-
ing to the literature, a combination of high laser
scan speed and laser power leads to refined
microstructures that are known for high microhard-
ness properties owing to their high energy densities
and fast cooling, thereby producing fine-grained
microstructures.25 The dynamics of the thermal
process that occurs due to the effects of laser power
on the Ti-Fe-Si-Cr-Nb alloy reveals that, during the
LMD process, the morphological evolution of the
alloys is dependent on the thermal history of the
alloy samples. From the morphological evolution
results compared to the computational thermal
simulation results, it was noted that fine dendritic
grains were achieved at 950 W (1.2 m/min), 1150 W
(1.2 m/min), and 750 W (1.2 m/min). The initiation
of stress and crack propagation can be observed in
the 950-W (1.2 m/min) alloy (Fig. 2f). The high
melting point associated with Nb and Cr is

responsible for decreasing the thermal gradients
during fabrication, which resulted in minimal
cracks in the Ti-based alloy.

Hardness Results

Figure 5 displays the microhardness of the Ti-Fe-
Si-Nb-Cr alloy produced at different laser process-
ing parameters. Figure 5a–c and d shows the profile
and average microhardness of the alloys with
varying alloy depth, respectively. According to
Fig. 5a–c, the microhardness of the alloys decreases
along the distance of measurements towards the
substrates for all processing parameters. As dis-
cussed under Section ‘‘Phase Formation and
Microstructural Evolution’’, the decrease in the
cooling rate from the top to the bottom of the alloy
induces grain growth in the same direction. The
laser power of 750 W yielded an alloy with the
highest microhardness compared to those obtained
at 950 W and 1150 W. The increase in laser scan-
ning speed from 0.4 m/min to 1.2 m/min also

Fig. 3. Scanning electron microscope images of the Ti-Si-Fe-Nb-Cr alloy obtained at the scanning speed of 0.4–1.2 m/min and laser power of:
(a–c) 750 W: (d–f) 950 W; and (g–i) 1150 W.
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showed a significant positive shift in hardness. The
highest microhardness value of 634 HV was
obtained at a laser power of 750 W and scanning
speed of 1.2 m/min. Changing the scanning speed
from 0.4 m/min to 1.2 m/min increases the micro-
hardness from 587 HV to 634 HV and 547 HV to 607
HV for alloys produced at 750 W and 1150 W laser
powers, respectively. However, this behavior was
not observed for samples fabricated at 950-W laser
power. These results are supported by the optical
microscropy micrographs shown in Fig. 2, where
refinement of grains occurred as a result of a
reduction in energy density. According to the
Hall–Petch equation, the strength of a material is
indirectly proportional to the size of the grains.
Lower energy densities may also increase the
amount of unmelted particles. The presence of these
particles in the melt pool may promote nucleation of
new grains and lead to the formation of microstruc-
tures with refined grains. On the other hand, the
deviation in behavior for samples fabricated at a

laser power of 950 W may be due to the negligible
difference in energy density.

Tribological Behavior

Figure 6 shows the friction coefficient of Ti-Si-Fe-
Cr-Nb alloys obtained at different laser processing
parameters. From the figure, it can be seen that the
friction coefficients of the samples fabricated at all
processing parameters are lower than 0.35. It can
also be seen that alloys fabricated at low scanning
speeds are characterized by low friction coefficients
for all laser powers. The alloy produced at 750 W
and 0.4 m/min maintained a friction coefficient of
less than 0.18 for the total duration of the test. The
results obtained can be ascribed to the high energy
density associated with these conditions, which
promote the formation of a ductile Ti5Si3 precipitate
which may provide a lubricating effect during wear.
This tends to reduce friction between the stainless
steel ball of the tribometer and the material being
subjected to wear testing, resulting in wear loss

Fig. 4. Thermal behavior of the Ti-Fe-Si-Cr-Nb alloy at 1.2 the m/min for different laser powers of: (a) 750 W, (b) 950 W, and (c) 1150 W.
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reduction. High fluctuation in the coefficient of
friction was also observed over time. The samples
fabricated at 950 W and 1150 W with the same

scanning speed maintained lower values for the
period of time less than 200 s and, beyond this, an
increase in the coefficient of friction was noticed.

Fig. 5. Hardness values for alloys fabricated at scanning speeds of 0.4, 0.8, and 1.2 m/min and laser powers of: (a) 750 W; (b) 950 W; and (c)
1150 W; (d) average microhardness.

Fig. 6. Variation in friction coefficients of Ti-Si-Fe-Cr-Nb alloy due to time for samples fabricated at (a) 750 W, (b) 950 W, (c) 1150 W, and (d) all
laser powers with a scanning speed of 0.4 m/min.
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The wear loss of the laser deposited samples is
presented in Fig. 7, and is the amount of the
material removed by the steel ball test piece from
the surface of the samples. The results obtained are
in agreement with the friction behavior exhibited by
the samples as shown in Fig. 6. Samples fabricated
at low laser scanning speeds showed minimal wear
loss of a maximum of 0.1 mg, except for those
produced at a laser power of 950 W. All the samples
which showed high wear resistance had the least
microhardness properties. This is in conflict with
the results that have been obtained by many
authors where high hardness corresponded to
improved wear resistance. High microhardness
was reported to improve resistance to plastic defor-
mation and lead to low material loss. However, the
deviation of the results obtained in this work might
be due to the high brittleness possessed by the
samples produced at high scanning speeds. As can
be seen in Fig. 2, the samples were characterized by
several defects, such as cracks and pores. The
combined effect of brittleness and the presence of
cracks initiates fragmentation when subjected to
high loads and causes severe wear damage.6

The SEM images in Fig. 8 show the worn mor-
phology surfaces of the samples fabricated at all
laser processing parameters. It is evident from the
images that the wear damage on the surface of the
alloy samples was caused by abrasive and adhesive
wear, showing that the Ti-Fe-Si-Cr-Nb alloy exhib-
ited high wear resistance due to the large amount of
a-phase present. Thus, enhanced wear resistance
was achieved for the alloys due to good toughness.
However, microploughing and grooving are evident
in samples that possessed higher hardness values
owing to the b- and Ti5Si3-phases present. The

furrows and groves are deeper and wider compared
to those with lower hardness.

CONCLUSION

A Ti-Fe-Si-Cr-Nb alloy was successfully fabri-
cated by means of LMD technique on Ti6Al4V
substrates. The effect of laser processing parame-
ters on the microstructural evolution, phase forma-
tion, microhardness, and wear behavior was
investigated and the following conclusions were
drawn:

� The fabricated samples showed good metallurgi-
cal bonding with the substrates, but cracks or
crack initiation was visible in optical micro-
graphs and SEM images of the microstructure on
the surface of samples produced at laser power of
750 W. However, with low scanning speeds and
high laser powers of 950 W and 1150 W, the
samples build-up (or thickness) were higher,
with negligible surface cracks observed. Thus, at
low laser scanning speeds, heat input is in-
creased resulting in a simultaneous increase in
energy densities.

� The fabricated alloy exhibited a-Ti as a major
phase and the b-phase, along with Ti5Si3 inter-
metallic phases formed with the a-phase having
the highest volume fraction with a bcc. The b-
and Ti5Si3-phases contribute immensely to
strengthening mechanisms of the alloy through
dispersion strengthening caused by reinforce-
ments, solid-solution strengthening, and elastic
mismatching of the reinforcing phases and the a-
Ti matrix. However, the dispersion strengthen-
ing provided the most significant strengthening
effect.

� The computation model results demonstrated

Fig. 7. Wear loss for samples fabricated at all laser processing parameters.
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that a high laser power significantly influences
the reduction of cracks and refining the grains of
the microstructure owing to the increased sur-
face temperature.

� The average microhardness of Ti-Fe-Si-Cr-Nb
alloys produced by 750-W laser power were
higher when compared to the average micro-
hardness values obtained for samples fabricated
at 950 W and 1150 W with scan speed of 1.2 m/
min.

� The SEM images of the worn morphology
showed that the Ti-Fe-Si-Cr-Nb alloy exhibited
high wear resistance. The wear mechanism of
the alloy is a mixture of abrasive and adhesive
wear with samples having high hardness owing
to the b- and Ti5Si3-phases present. However,
improvement in wear resistance occurs due to
the large quantity of a-phase present.
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