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Abstract: In the present study, a dry sliding wear test has been conducted to analyse the wear rate
of Ti-6Al-4V alloy specimens which were fabricated using selective laser melting and conventional
methods. Microstructure, micro- and nanohardness, and wear behaviour of selective laser melting
specimens were investigated and compared with commercially available conventionally fabricated
Ti-6Al-4V specimens. The mechanism correlating microstructure and wear behaviour of conventional
and selective laser melting based Ti-6Al-4V specimens have been explained. The microhardness
of the selective laser melting specimen was improved by around 22.4% over the specimen from
the conventional method. The selective laser melting specimen showed broadened peaks and an
increase in intensity height greater than that of the conventional specimen due to the presence of
the martensite phase. The selective laser melting specimen possessed 41.4% higher nanohardness
than that of the conventional specimen. The selective laser melting specimen had a 62.1% lower
wear rate when compared to that of the conventional specimen. The selective laser melting specimen
exhibited 62.7% less coefficient of friction than that of the conventional specimen at a 50 N load with
1.2 m/s sliding velocities. The finer needle-like microstructures of the specimen produced using
the selective laser melting process had higher wear resistance, as it had higher hardness than the
conventional specimen.

Keywords: selective laser melting; Ti-6Al-4V; nanoindentation; wear; roughness

1. Introduction

Ti-6Al-4V alloy has drawn the attention of many researchers due to its high specific
strength, corrosion resistance, good biocompatibility, etc., and has application in aerospace,
automobile, and biomedical industries [1]. Niu et al. [2] performed sliding wear tests in
different environments such as dry and water. It was found that the Ti-6Al-4V alloy surface
was affected due to abrasion and adhesion wear. Dong [3] studied the wear behaviour of
Ti-6Al-4V alloy and found that it has low abrasive wear resistance due to its high-plasticity
property. Attempts to improve the microstructure, mechanical, and tribological properties
of a material are the primary aim of researchers to enhance the service life of the component.
Microstructural modification is one way to enhance the property of Ti-6Al-4V alloys, which
can be achieved using different fabrication methods.

Recently, components have been fabricated based on the additive manufacturing (AM)
method which has the capability to produce the small-size complex geometry needed
by different industries. Selective laser melting (SLM) is one of the effective additive
manufacturing methods used to melt the loose powder layer to create solid layer material.
It eliminates the wastage of material and saves energy compared to other manufacturing
processes [4]. SLM techniques were commonly used to print the Ti-6Al-4V-alloy-based
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component for the above-mentioned industries. Bartolomeu et al. [5] fabricated Ti-6Al-4V
alloy by using the laser powder bed fusion method and carried out the ball-on-disc wear
test. The microhardness of laser powder bed fusion based specimen and the conventionally
processed sample were measured as 390 HV and 340 HV, respectively. It was stated that
the wear rate of the laser powder bed fusion based specimen had a lower value than
that of the conventionally processed sample, which confirmed that the test specimen
followed Archard’s law. In addition, some contradicting results were also observed in the
open literature. Zhen Xu et al. [6] experimentally found that Inconel-718 exhibited higher
creep strength when it was fabricated through the forging process (63.9 h) than that of
the selective laser melting process (24.4 h) due to the presence of continuous δ-phases at
the grain boundary region and high residual stress accommodated in the SLM Inconel
718 specimen. In addition, Nadin Al-Haj Husain [7] fabricated the polymers by additive
manufacturing as well as conventional methods and studied the microhardness. Based on
the experimentation, it was found that the additive-manufactured polymers possess lower
microhardness than that of the conventional specimen. Based on the above analysis, it is
revealed that SLM products do not always exhibit superior properties to the conventional
manufacturing process. Moreover, Palanisamy et al. [8] stated a contradicting result that
the wear rate of laser powder bed fusion based specimens is not dependent on their
hardness. This reveals that the wear properties of Ti-6Al-4V alloys have been extensively
studied, and different conclusions have been drawn. Moreover, the wear behaviour of SLM-
based Ti-6Al-4V specimens has not been studied extensively. Hence, in the present study,
microstructure, micro- and nanohardness, and wear behaviour of SLM-based Ti-6Al-4V
specimens have been investigated and compared to commercially available conventionally
fabricated (CACF) Ti-6Al-4V specimens. The mechanism correlating microstructure and
wear behaviour of CACF and SLM-based Ti-6Al-4V specimens are explained.

2. Materials and Methods
2.1. SLM Process

Ti-6Al-4V powder with a particle size of 15 to 53 µm was purchased from Circle metal
powder company, Taiwan. SLM-based additively manufactured Ti-6Al-4V specimens were
made using an SLM machine (M280, Germany). The process parameters which are listed
in Table 1 were used to fabricate the Ti-6Al-4V specimens for obtaining nearly fully dense
products. The Ti-6Al-4V loose powder was initially levelled as a thin layer across the base
plate to form the powder bed. A fibre laser was used to melt this powder bed and scanned
line by line to form consolidated layers. After this layer was formed, new Ti-6Al-4V loose
powders were deposited on the top of the current layer and melted. This principle was
repeated to form multiple additive layers, and thereby the SLM-based Ti-6Al-4V specimens
were created. The fabrication process was performed in an argon shroud gas atmosphere.

Table 1. SLM process parameter.

Input Parameters Values

Powder particle size 15–53 micron
Layer thickness 0.03 mm
Power 275 watts
Laser beam spot size 100 µm
laser travel speed 1100 mm/s
Printing bed temperature 200 ◦C
Gases used Ar

2.2. Wear Study

Wear tests were performed on the pin-on-disc wear test machine (TR-20LE-PHM
400-CHM 500, Ducom Instruments, Karnataka, India). Both CACF and SLM specimens
were made into 30 mm × 30 mm × 6 mm sizes to perfectly fit in the specimen pin holder for
pin-on-disc wear tests. CACF and SLM specimens were used as pins, whereas hardening
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steel with dimensions of 100 mm in diameter and 10 mm thickness was used as the disc.
The wear tests were run at 50 N load and a sliding velocity of 1.2 m/s with 2800 m
sliding distance under the atmospheric air condition. Resultant graphs of the wear test
contained wear depth against sliding time and frictional force against sliding time which
were recorded automatically by the controller of the pin-on-disc tribometer. Wear rate
against a sliding time graph and the coefficient of friction (COF) against a sliding time
graph were plotted by using Equations (1) and (2), respectively.

Wear rate of CACF/SLM Pin =
wear depth of pin X cross − sectional area of pin

sliding distance of 2800 m

(
mm3

m

)
(1)

COF of CACF/SLM Pin =
Friction force

Normal load of 50 N
(2)

2.3. Characterization

All specimens were polished by SiC abrasive grinding papers up to grit 2400 to achieve
an average surface roughness (Ra) of 0.5 µm. The surface roughness of the specimens was
measured by using a white light interferometer (Rtech instruments, San Jose, CA, USA).
The presence of phases of gas-atomized Ti-6Al-4V powder, CACF, and SLM specimens
were evaluated using an X-ray diffraction (XRD) tester (D/MAX/2200/PC Ultima IV,
Regaku, Akishima, Japan). The CACF and SLM specimens were polished and etched
with a solution that contained a mixture of 5 mL nitric acid, 85 mL water, and 10 mL
hydrofluoric acid. The microstructure was analysed with Field emission scanning electron
microscopy (FESEM) (Sigma Gemini Column, Carl Zeiss, Dublin, CA, USA). Microhardness
tests were conducted on these polished samples using 402 MVD Vicker’s microhardness
(Wolpert Wilson Instruments, Campbellford, ON, USA) at 100 g load with a 30 s dwell time.
A nanoindentation test (TI980 Hysitron, Bruker Nano indenters, Santa Barbara, CA, USA)
was carried out to study the nanohardness of the CACF and SLM specimens at an applied
load of 2000 µN.

3. Results
3.1. XRD Analysis

The XRD plot of the gas-atomized powder, CACF Ti-6Al-4V specimen, and SLM
Ti-6Al-4V specimen is shown in Figure 1. The XRD graph reveals that both the powder
and the specimens possessed hexagonal close-packed (HCP) and body-centred cubic (BCC)
structures. It indicates that the SLM specimen exhibited texture in the (002) plane. The
height and broadening of peaks of CACF and SLM specimens varied in most of the peaks.
The presence of α-phase Ti in powder and specimens was visible in the HCP structure.
Asymmetric broadening of peaks was observed on both the specimens at the diffraction
angles between 38◦ and 40◦. Moreover, the SLM specimen had more broadening as well
as a larger peak height than that of the CACF specimen at the diffraction angles between
38◦, 40◦, and 71◦ due to the presence of the martensite phase [9]. The broadening width
of α-Ti phase at the 39◦ diffraction angle occurred up to 0.4◦ compared to the CACF
specimen [10]. The CACF specimen had peaks with a slight deviation from the SLM
specimen at a diffraction angle of 39◦. XRD investigations revealed that the SLM specimen
possessed a dominant α-Ti phase compared to the CACF and gas-atomized powder at 39◦.
The relative intensity was higher than that of other specimens, which confirmed strong
texture formation. Corresponding texture formed at 39◦ in the plane of (002) was the
strongest among all the phases. Moreover, the SLM specimen had grains with a high aspect
ratio as it had elongated grains with little thickness. The new peak formation and increment
in diffraction peak intensity confirmed the phase transformation of the SLM specimen.
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Figure 1. (a) XRD pattern of gas-atomized powder, CACF specimen, and SLM specimen, and
(b) magnified view of (a).

The α-Ti phase peaks indicate that the texture was grown along the plane direction
of (101). A few of the β-phases were found in gas-atomized powder as well as both the
specimens. The presence of β-phase in the SLM specimen occurred due to the occurrence
of the thermal effect on the previously deposited layer while depositing the present layer
during the SLM process. The volume fraction of the β-Ti phase in the SLM specimen did
not exceed the value of 5%. It can be viewed from the XRD result of the SLM specimen
that the content of the β-Ti phase was reduced compared to the CACF specimen at 79◦ due
to the rapid cooling of the molten pool during the SLM process. In addition, the CACF
specimen had a singular shape, and the SLM specimen had a fine acicular shape. These
findings are in accordance with the reported work [11]. It revealed that the martensitic
phase was formed in the SLM Ti-6Al-4V specimen. The high cooling rate was offered by the
SLM process in the range 106 C/s [12]. No such cooling rates occurred during the CACF
specimen that resulted in different microstructure formation between these specimens.
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The SLM specimen had lattice parameters of a = 0.2925 nm and c = 0.4667 nm, which are
higher than the standard lattice value [9].

3.2. Microstructure and EDS Analysis

The microstructure of gas-atomized Ti-6Al-4V powder used in the SLM process is
shown in Figure 2a. Non-porous spherical shape particles with particle size in the range
of 40 to 50 µm were observed. These spherical shape particles were resultant from the
high-velocity gasses that struck the molten metal. The microstructure of CACF and SLM
specimens are shown in Figures 2b and 3c, respectively. Both α- and β-phases of the Ti
element are observed in Figure 2b. Equiaxed α-phase occupied most of the region of
the CACF specimen. From the microstructure of the SLM specimen, a layered structure
possessing elongated grains as well as equiaxed grains can be viewed in Figure 2c. Thermal
damage and distortion of the adjacent layer are not seen in Figure 2c, as the SLM process
allowed the material to deposit with the advantages of controlled heat input. In addi-
tion, the finer microstructure was obtained due to the rapid melting and cooling process.
Moreover, spherical shaped Ti-6Al-4V powder increased the flowability of the molten pool,
thereby giving rise to a defect-free geometrical structure and smooth final finish of the SLM
specimen [13].

The SLM specimen has Widmanstatten structures, martensitic rectangular structures,
and β-phases as Ti-6Al-4V alloy was more sensitive to thermal input that led to creating
temperature fields, resulting in the formation of complex microstructures during the SLM
process. The Widmanstatten structures are observed in Figure 2c. The figure contains
acicular α-phase lamellae with a grey contrast and a β-phase with a white contrast. Ti-6Al-
4V alloy was deposited at a molten temperature of 1668 ◦C during the SLM process. As a
result, the bottom layer experienced more heat than the beginning layer. Regions in the layer
which experienced a temperature above 980 ◦C have a fine needle-like martensitic structure,
as they transformed from β with the rapid cooling process. Regions which went below
980 ◦C have Widmanstatten structures formed from the transformed α- + β-phases [14].
Every Ti-6Al-4V layer of the SLM component continuously experienced thermal treatment
while depositing the subsequent layer. Hence, this martensitic microstructure formed in
some of the regions, within which the α-phase lamellar Widmanstatten structure developed.
The presence of different grey shades of the acicular α-phase lamellae in Figure 2c is derived
from the orientation contrast and not the material contrast. These acicular α-phase lamellae
appeared in different forms such as irregular bundles and sets of triangular structures [15].
Moreover, it contained rectangular-structured martensitic grains which have the shape of
very thin large needles. Some of the martensitic structures are visible in the form of smaller
triangular structures. Between the thin large-sized needle-like martensitic structures,
smaller-sized triangular structures were formed. The overall microstructure of the SLM
specimen was viewed as a basket-weave microstructure [16].

EDS analysis was performed on the grey region α-phase lamellae and white region
β-phase. The resultant graph of both the specimens is shown in Figure 3. Corresponding
quantitative values are listed in Table 2. The result reveals that the α-phase region (grey
region) of the CACF specimen (Figure 3c) has a Ti element at an atomic wt.% of 81.98.
The presence of the Al element is around 10.21% atomic wt., which is slightly higher than
the standard value, whereas the V elements are concentrated around 4.32% atomic wt.
Moreover, around 2.46 and 1.03% Fe and C were present in the grey region, respectively.
The β-grains were visible at the edges of the bundles of acicular α-phase lamellae bound-
aries [17]. The EDS result of the β-grain of the CACF specimen is shown in Figure 3d,
which confirms the presence of Ti, Al, and V elements with atomic wt.% 82.61, 10.20, and
5.60, respectively. It shows that the V concentration value is higher than that in the grey
region. Fe and C elements were present with the atomic wt.% of 1.03 and 0.56, respectively.
Similarly, the atomic wt.% of Ti, Al, V, F, and C in the grey region (Figure 3e) of the SLM
specimen were 86.82, 6.95, 3.67, 1.92, and 0.64, respectively, whereas the white region
(Figure 3f) of the SLM specimen had 82.19, 7.25, 6.49, 2.21, and 1.86, respectively. It shows
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that the intensity of V is higher at the β-phase region, whereas the Al concentration is
higher at the α-phase region.
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Figure 3. Micrograph of EDS analysis: (a) CACF specimen, (b) SLM specimen, (c) grey region of
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region of SLM specimen.
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Table 2. EDS analysis results of CACF and SLM specimens.

EDS Analysis Results (In Atomic wt.%) Ti Al V Fe C

Grey region of CACF specimen [Figure 3c] 81.98 10.21 4.32 2.46 1.03
White region of CACF specimen [Figure 3d] 82.61 10.20 5.60 1.03 0.56

Grey region of SLM specimen [Figure 3e] 86.82 6.95 3.67 1.92 0.64
White region of SLM specimen [Figure 3f] 82.19 7.25 6.49 2.21 1.86

The distribution of Ti, Al, V, and Fe elements in the CACF Ti-6Al-4V specimen and
SLM Ti-6Al-4V specimen was examined using EDS mapping techniques. The resultant
elemental mapping images are shown in Figure 4. The images confirm that Ti, Al, and V
elements are present in both the specimens and distributed throughout the region. Mapping
of elements was recorded at the same area, and it was found that the distribution of Ti
elements was majorly segregated as a red colour (Figure 4a) in some regions of the CACF
Ti-6Al-4V specimen, whereas uniformly distributed as a red colour (Figure 4b) throughout
of the region of the SLM specimen. Similarly, other major elements such as Al and V
followed the same trend as the Ti element. It reveals that the elemental distribution was
better in the SLM specimen than the CACF specimen. Moreover, metallurgical bonding
between the elements was better in the SLM specimen compared with the CACF specimen.
Along with these major elements, some minor elements such as Fe, C, and O are observed
in Figure 4 for both the specimens. Hence, the intensity of Ti, Al, and V elements was
higher in the SLM specimen than the CACF specimen. The Fe element is very prone to
segregation in the liquid phase and is deposited at the grain boundaries during the casting
decrease in the formation of β-phases which may be the reason for the higher content of
Fe in CACF and SLM specimens. Ling Ding et al. [18] experimentally found that the Fe
elements segregated in the Ti-6Al-4V alloys at a rate six times greater compared to the
nominal composition. Agnieszka Szkliniarz [19] found that the stabilization of phases,
solubility, and interstitial-based solid solutions in the titanium alloy was the important
reason for the variation of carbon in the Ti alloy specimen.

3.3. Microindentation and Nanoindentation

Microhardness was measured in the CACF specimen as well as the SLM specimen,
and the indentation impression mark of the microhardness tested surfaces are shown in
Figure 5a,b. Microhardness values for the CACF specimen as well as the SLM specimen
are shown in Figure 5c. The average microhardness of the CACF specimen and the SLM
specimen are 380.7HV0.1 and 466.2HV0.1, respectively. It shows that the SLM specimen
withstood the applied loads compared with the CACF specimen. The SLM specimen
did not shear off (Figure 5b) during the microhardness test, whereas the CACF specimen
sheared at both sides (Figure 5a). The difference in the microhardness of the SLM compo-
nent with the CACF specimen suggested an influence from the manufacturing methods.
The microhardness of SLM is higher than that of the values reported for both the wrought
alloy (372 HV) and electron beam melting methods (EBM) (410 HV) [20]. The SLM build
specimen possessed relatively consistent standard deviations of microhardness while the
conventional specimen had larger deviation. Moreover, the microhardness values of the
CACF specimen were highly fluctuated, whereas the variation of microhardness of the
SLM specimen was lower, which is observed in Figure 5c. The size of the impression
indentation area was greater in the CACF specimen (Figure 5a), whereas the impression
indentation area in the SLM specimen (Figure 5b) was smaller. It shows that the hardness
of the material was inversely proportional to the size of the grains. The sheared region was
observed around the indentation impression region in the CACF specimen, and cracks were
also propagated from the indentation edge to the surface region, whereas SLM specimens
overcome these drawbacks at the same applied load and dwell time due to the formation
of fine microstructures.
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Figure 5. (a,b) Microhardness indentation marks on CACF and SLM specimens, respectively. (c) Mi-
crohardness graph of CACF and SLM specimens. (d) Nanohardness profiles with their corresponding
indent marks for CACF and SLM specimens.

Nanoindentation was performed on both the CACF and SLM specimens, and corre-
sponding indentation impression images on the tested specimens are shown in Figure 5d.
The SLM-based deposited Ti-6Al-4V had a nanohardness of 4.47 GPa, whereas the CACF
specimen had a nanohardness of 3.16 GPa. Figure 5d shows that the indentation size is
smaller in the SLM specimen than the CACF specimen. According to the Hall–Petch theory,
the hardness of the material is inversely proportional to the grain size of the material.
The increase in nanohardness of the SLM specimen was because of the reduction in grain
size with the columnar grain width of 1 to 3 µm [21]. The microstructure of SLM specimen
has a fine needle-like structure, whereas the CACF specimen has a coarser equiaxed grain
structure. These higher nanohardness values for the SLM Ti-6Al-4V specimen are attributed
to the presence of α-phase martensite structures that were caused by the rapid cooling rates
of the SLM process. The reduction in grain size considerably decreased the nanoindentation
depth and significantly increased the hardness of the SLM specimen.

Two main factors control the hardness of Ti-6Al-4V material: the grain size and
presence of martensite, out of which the latter predominantly influences the hardness. SLM
specimens possess higher martensite phases than the CACF specimen due to the rapid
heating and cooling process. Kumar, et al. [22] identified that the SLM Ti-6Al-4V material
possesses a higher martensite structure rapid heating and cooling process. Lu, et al. [23]
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found that the SLM-printed specimen exhibited higher hardness than that of the heat-
treated specimen due to the presence of a large amount of martensite phased in the printed
specimen. Based on the literature studies, it can be concluded that the SLM specimen
exhibited higher hardness even with the presence of columnar structures due to martensite
phases. The measured data show that no significant variance occurred on the whole height
of the SLM specimen. However, a slight scattering of the SLM microhardness curve was
observed due to the presence of different orientations of acicular α-phase lamellae in the
microstructure. Microhardness of the SLM specimen was higher than that of the CACF
specimen due to the presence of a large amount of α-phase. The variation shows that the
SLM specimen has needle-like uniform microstructures throughout the layer while the
CACF specimen has non-uniform coarse grain distribution of the microstructures, which
agrees with Figure 2b,c. The proportion of the presence of α-phase influenced the hardness
of the material. The higher aspect ratio of α-laths led to an improvement in the hardness of
the SLM sample. Phases and crystal structures have a close relationship with one another
such as α-phase with hexagonal structures and β-phase with body-centred cubic structures.
The deformation of the β-phase was greater than that of the α-phase under compressive
stress during indentation, as the β-phase is softer than the α-phase. Specifically, the strain
was concentrated more in the β-phase which was located adjacent to the α-phase. In the
α-martensitic phase of as-built SLM components with a larger aspect ratio of length to
width, the dislocations were easier to block at the boundary of α-phase resulting in higher
hardness than the CACF specimen. The needle width of α-phase martensitic structures of
as-built SLM specimens was much smaller than that of the equiaxed α-lath in the CACF
specimen. The propagation of dislocation was lower in the smaller grains than in the larger
grains due to higher strains associated with the smaller grains that led to improving the
strength of the SLM specimen [24].

3.4. Wear Rate and Friction Coefficient

The wear rate of the CACF and SLM Ti-6Al-4V specimens are shown in Figure 6a.
Microstructural differences led to variation in the hardness of these specimens, where the
highest microhardness 466.2 HV0.1 and nanohardness 4.47 GPa were observed in the SLM
specimen compared to the CACF specimens. Based on the hardness plot, the CACF speci-
men exhibited a higher wear rate of 2.355 × 10−3 mm3·N−1·m−1 at 50 N load with 1.2 m/s
sliding velocities. The SLM specimen had a lower wear rate of 0.892 × 10−3 mm3·N−1·m−1

compared to the CACF specimens. The finer needle-like microstructures of the specimen
produced by the SLM process had higher wear resistance as it had higher hardness than
the CACF specimen [25].

The COF graph as the function of sliding time for CACF and SLM Ti-6Al-4V specimens
is shown in Figure 6b. The SLM specimen exhibited a lower COF of 0.16, whereas CACF
specimens had a higher COF of 0.43 at 50 N load with 1.2 m/s slidings. A higher COF
value shows a poor wear behaviour of the material property. In the present study, the
CACF specimens exhibited higher COF and poorer wear behaviour than the SLM specimen.
The COF was dependent on the variation in the microstructure formation, hardness, and
strength of the material [26]. The overall trend of wear rate and COF with respect to sliding
time was non-linear in nature. The major identification of the present work is that the two
different manufacturing processes of Ti-6Al-4V alloy have different results with varying
wear resistance under an externally applied load of 50 N.

3.5. Wear Track Examination

The worn out surfaces of CACF and SLM Ti-6Al-4V specimens were studied with the
use of FESEM images (Figure 7). Figure 7 confirms that the wear tracks appear on both
CACF and SLM Ti-6Al-4V specimens. It is observed that the largest width of the wear track
is on the CACF specimens (Figure 7a). However, the wear track width was significantly
smaller on the Ti-6Al-4V specimen produced by the SLM process (Figure 7b). The wear
track of the CACF Ti-6Al-4V specimen appeared as a rough surface compared with the SLM
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Ti-6Al-4V specimen. Moreover, the worn out SLM specimen surface morphology was rela-
tively smooth and aligned in the direction of the sliding movement. This outcome indicated
that the CACF Ti-6Al-4V specimen had higher surface degradation which coincided with its
hardness result (Figure 5) and the corresponding wear rate (Figure 6a). Relatively extended
grooves appeared on the wear tracks of the CACF Ti-6Al-4V specimen which depended on
the hardness of the hardened steel disc. Wear track widths varying from 10 µm to 50 µm
and 10 µm to 20 µm were observed in the CACF and SLM specimens, respectively.
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worn out surface of: (c,d) CACF and SLM specimens at 50N load with 1.2m/s sliding speed.

The worn out surface of the SLM specimen (Figure 7b) appears as a smoother surface
with less wear debris smeared on the wear track compared to the worn out surface of the
CACF specimen in Figure 7a. The edges of the wear track of the CACF specimen were
observed to be decorated irregularly with blown out pieces. However, these pieces were
absent in the SLM specimen. In some other locations of the worn out surface of the CACF
specimen, an uneven shape of the wear track was observed in which the width of the wear
track varied in the length direction [27]. Figure 7a displays more irregular shapes of wear
tracks. A similar type of irregular track shape had been stated by Niu et al. [28]. It revealed
that the wear tracks of the CACF specimen were formed in a bumpy shape along the length
of the wear track.

3.6. Wear Mechanism

A mixed mode of wear was observed in the case of the CACF specimen. Initially,
the material was transferred from the Ti-6Al-4V specimen to the counter body due to its
adhesive interaction. Deformation of the transfer layer due to a high degree of friction along
with the high temperature gradient led to an increase in the frictional contact between the
mating parts. As a result, the transferred material became more brittle and chipped off in
the form of brittle wear debris, which can be observed as debris in Figure 7c. Deformation
of the CACF Ti-6Al-4V surface increased with the increase in sliding contact time [29].
Consequently, the cohesive strength of the CACF Ti-6Al-4V surface gradually decreased. It
resulted in the separation of large Ti-6Al-4V material fragments from the contact test surface.
The brittle wear debris induced abrasive wear on the CACF specimen [30]. Irregular contact
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of the debris between the mating parts led to an increase in the hardness of the debris.
Moreover, the wear debris was uneven in size and shape with a discontinuous form. This
debris was pressed into the worn out surface during the dry sliding test, which may cause
indent in the worn out surface. As a result, some of the pits were filled by the debris as
can be seen in Figure 7c. Different sizes of wear debris were observed in the wear track
of the CACF specimen. Moreover, this debris led to the production of ploughing grooves
on CACF specimens. The temperature of the contact surface increased due to high strain
during the wear test.

An FESEM image of the SLM specimen revealed that the metallic debris and oxide
particles were formed under continuous sliding [31]. As a result, debris was accommodated
on the worn out surface and produced the tribo-layers as viewed in Figure 7d. The result
revealed that the debris originated from both the CACF and SLM specimens, out of which
SLM had smaller-sized debris compared to the CACF specimen, as it possessed equiaxed
grains. In addition to that, grooves, delamination particles, and pits on the worn out sur-
faces of the CACF and SLM specimens were observed in the FESEM images. A tribo-layer
was formed due to oxidation and plastic deformation on the CACF and SLM specimens.
SLM specimens showed a lesser delamination tendency of the subsequent surface of the
SLM specimen during the pin-on-disc wear test. This result is correlated to its higher
hardness (Figure 5) and higher wear resistance than the CACF specimens. According to
Archard’s equation, the wear rate decreased as the hardness of the SLM specimen increased.
More hardness was offered by the α-phase HCP structure in the SLM specimen which re-
sulted in the reduction in the wear rate of the Ti-6Al-4V alloy. The SLM specimen possessed
higher hardness due to the formation of α-phase fine microstructures (Figure 2c).

Based on the XRD analysis, the presence of the texture in the CACF specimen being
significantly weakened was confirmed, as the intensity was 2.83 times less than that of the
SLM specimen. Severe delamination occurred in the CACF specimen due to the generation
of the primary crack during the wear test process that led to significant removal of material
from the worn out surface (Figure 7c). Shear deformation was seen on the worn out
surface of the CACF specimen. A negligible amount of delamination occurred in the SLM
sample due to a lower amount of shear. The wear that occurred on the oxide layer led
to a reduction in the wear rate of the SLM specimen. Moreover, it was ascribed to the
development of a large number of horizontal and vertical cracks in the CACF specimen,
resulting in severe delamination of the sub-region compared to the SLM specimen. Unlike
the CACF specimen, the SLM specimen avoided the growth of primary cracks by exhibiting
a uniform distribution of cracks which resulted in the formation of a few horizontal cracks.
Even as the tribo-layers delaminated during the sliding test, new tribo-layers were grown at
the nascent surface of the SLM specimen due to continuous loading that led to a reduction
in the mass loss of the SLM specimen compared to the CACF specimen. Wear pit sizes of
80 to 100 µm and 5 to 10 µm were observed in the CACF and SLM specimens, respectively.

This wear mechanism is schematically represented in Figure 8a,b. During the pin-
on-disc wear test, the material was deformed under continuous movement against the
hard counter body. During the subsequent process, the fracture occurred by removal of
the particles in the form of debris. Deformation and fracture were caused during the wear
test. The tribo-layer, horizontal, and vertical cracks are highlighted in this figure, which
are considered the most important factors affecting wear resistance of the CACF and SLM
specimens. It is represented as the wear cracks and ploughing grooves on the sliding
direction of the worn out surfaces of CACF and SLM specimens. A larger number of cracks
was seen in the CACF specimen in the horizontal direction, which led to delamination
during the continuous loading process. A limited number of cracks formed in the horizontal
direction in the SLM specimen (Figure 8b), resulting in better resistance than the CACF
specimen. Resistance to deformation without fracture is referred to as the hardness of the
material. Formation of α-phase microstructures was the main reason for the reduction in
the crack propagation behaviour of the SLM specimen.
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Figure 8. Schematic representation of wear mechanism: (a,b) CACF and SLM specimens, respectively.

3.7. EDS Analysis of Worn out Surface

EDS analysis was performed on the worn out surfaces of both CACF and SLM speci-
mens, and results are shown in Figure 9. The EDS analysis region is shown in the FESEM
images (Figure 9a,b) of the CACF and SLM specimens. During the wear test, thermal
oxidation has occurred on both the SLM and CACF specimens. EDS analysis (Figure 9c) on
the worn out surface of the CACF specimen revealed that the tribo-layer possessed oxygen
content. The presence of Fe content was much less in the tribo-layer, which confirmed that
no Fe element had been released from the counter body steel disc to the CACF Ti-6Al-4V
surface during the tribo-test. EDS analysis (Figure 9d) on the worn out surface of the SLM
specimen revealed that the tribo-layer possessed higher oxygen content than the CACF
specimen, which suggests that more oxidation wear happened on the SLM specimen than
the CACF specimen during the dry sliding wear test. Moreover, the presence of Fe content
was high in the tribo-layer, which might have been released from the counter body steel
disc during the tribo-test. In addition to that, the EDS result for the tribo-layer confirmed
the presence of carbon content as observed in Table 3. It shows that the carbon content is
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present in the tribo-layer. The carbon content that had formed in the tribo-layer may have
come from the specimen surface which was exposed to a laboratory environment. EDS
analysis indicated that titanium oxides were formed in the dry sliding wear condition [32].
Oxidation occurred normally in Ti-6Al-4V alloys that could lower the COF value of the
SLM specimen by acting as a barrier between the Ti-6Al-4V specimen and the hardened
steel [33]. The presence of the Fe element was higher than that of its initial value.
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Figure 9. EDS analysis on worn out surface: (a,b) micrograph of CACF and SLM specimens and their
corresponding overall area scanning elemental graphs (c,d), respectively. (e,f) Wear debris elemental
analysis of CACF and SLM specimens, respectively.
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Table 3. EDS analysis results of worn out surface of CACF and SLM specimens.

EDS Analysis Results (In Atomic wt.%) Ti Al V Fe C O

Overall area of CACF specimen [Figure 9c] 78.45 6.91 9.32 0.63 2.54 2.15
Overall area of SLM specimen [Figure 9d] 75.01 5.32 4.17 5.92 1.24 8.34
Wear debris of CACF specimen [Figure 9e] 78.37 8.46 4.43 0.35 6.37 2.02
Wear debris of SLM specimen [Figure 9f] 70.61 6.02 3.68 7.23 1.97 10.49

EDS analysis on the wear debris (Figure 9e) of the CACF specimen concluded that
the particles possessed a higher percentage of Ti elements and a lower percentage of Fe
elements. It revealed that the wear that occurred on the CACF specimens were delamination
and abrasive modes of wear mechanisms. EDS analysis on the wear debris (Figure 9f) of the
SLM specimen had shown that the Fe and oxygen elements present were higher than that
of the CACF specimen. It shows that the wear that occurred on the SLM specimens was
dominated by abrasive and oxidative modes of wear mechanisms. During the wear test, the
Fe elements reacted with the oxygen elements which were present in the atmosphere and
formed Fe2O3 layers. The Fe2O3 oxides were worn out during the abrasive action between
the pin and the disc surface. In addition, the amount of material that was removed from the
CACF surface during the wear test is greater than that of the SLM specimen. As a result,
the old layers were removed, and the new layer of material appeared with the formation of
more grooves on the worn out surface. The EDS results were carried out on the worn out
surface where the new composition of the material appeared. Hence, the Fe content was
significantly less in Table 3 compared to Table 2.

3.8. Roughness Measurement

The mechanism involved during the tribological test was dependent on the mechanical
properties, shape, and size of the asperities. In the present work, the roughness value
(Sa) was measured to analyse the surface roughness of the worn out surface. Higher Sa
value was directly proportional to the slenderness of the asperities [34]. Three-dimensional
topography and corresponding two-dimensional diagrams of the worn out surface of CACF
specimens and SLM specimens are shown in Figure 10. Grooves and pits were observed
in the 3D topography of both the specimens. However, a greater number of grooves were
observed in the CACF specimen (Figure 10a) than the SLM specimen (Figure 10c). Similarly,
a large number of peaks and valleys were seen in the 2D graph of the CACF specimen
(Figure 10b). In addition, the Sa values of SLM and CACF specimens were measured as
8.94 µm and 10.58 µm, respectively. The result revealed that the SLM specimen had less
roughness (Figure 10d) compared with the CACF specimen due to a lower wear rate [35].
Adhesive and abrasive wear occurred dominantly in the CACF specimen, whereas abrasive
wear occurred dominantly in the SLM specimen. Moreover, SLM processing parameters
influenced the reduction in the asperities on the SLM specimen.
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4. Conclusions

The Ti-6Al-4V specimens were successfully manufactured using SLM techniques.
Microstructure, micro- and nanohardness, and wear behaviour of SLM-based Ti-6Al-4V
specimens have been investigated and compared with the CACF Ti-6Al-4V specimen.
The mechanism correlating microstructure and wear behaviour of CACF and SLM-based
Ti-6Al-4V specimens have been explained. Based on the above investigation, the following
conclusions are derived:

• The SLM process had been used to facilitate the growth of a fully columnar structure.
The application of SLM enhanced the microstructural homogeneity and considerably
diminished the growth of β-grain size. It led to a reduction in the solidification texture
of β-grain. The SLM Ti-6Al-4V specimen had Widmanstatten structures, martensitic
rectangular structures, and β-phases. The overall microstructure of the SLM specimen
was viewed as a basket-weave microstructure.

• Equiaxed α-phase was formed in most of the regions of the CACF specimen. The distri-
bution of Ti elements was majorly segregated in some regions of the CACF Ti-6Al-4V
specimen, whereas uniformly distributed throughout the region of the SLM specimen.
The SLM specimen showed more broadened peaks than that of the CACF specimen
due to the presence of the martensite phase.

• The average microhardness of the CACF specimen and the SLM specimen was
380.7HV0.1 and 466.2HV0.1, respectively. The SLM-based deposited Ti-6Al-4V had
a nanohardness of 4.47 GPa, whereas the CACF specimen had a nanohardness of
3.16 GPa.

• The SLM specimen had a lower wear rate of 0.892 × 10−3 mm3·N−1·m−1 compared
to the CACF specimens. The SLM specimen exhibited a lower COF of 0.16, whereas
CACF specimens had a higher COF of 0.43 at 50 N load with 1.2 m/s sliding.
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• Finer needle-like microstructures of the specimen produced using the SLM process had
higher wear resistance as they had higher hardness than the CACF specimen. Deep
horizontal cracks were observed in the CACF specimen, resulting in delamination
wear owing to the higher wear initiated by the sub-surface cracks. On the other hand,
the SLM specimen exhibited a few horizontal cracks.
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