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Chapter

Tribology of Ti-6Al-4V Alloy
Manufactured by Additive
Manufacturing

Auezhan Amanov

Abstract

In this study, the influence of ultrasonic nanocrystal surface modification
(UNSM), which was applied as a post-additive manufacturing (AM), in terms of
surface, tensile and tribological properties of Ti-6Al-4V alloy by selective laser
melting (SLM) was investigated. Ti-6Al-4V alloy was subjected to UNSM at room
and high temperatures (RT and HT). It was found that the UNSM enhanced the
strength and reduced the roughness of the as-SLM sample, where both increased
with increasing UNSM temperature. The UNSM bore influence on tribological
properties, where the friction coefficient of the as-SLM sample reduced by about
25.8% and 305% and the wear resistance enhanced by about 41% and 246% at RT
and HT, respectively. These are essentially attributed to the enhanced strength,
smoothed surface and expelled pores from the surface. Based on SEM images, the
damage caused by abrasive wear was the most observed in the wear track of the
as-SLM sample than was caused by the highest wear rate. The UNSM temperature-
dependent wear mechanisms were comprehensively investigated and elaborated
based on the obtained experimental data and observed microstructural images.
Indeed, a further investigation is required to improve the characteristics of as-SLM
Ti-6Al-4V alloy to the wrought level due to the replacement possibility.

Keywords: roughness, strength, tribology, additive manufacturing, ultrasonic
nanocrystal surface modification

1. Introduction

Ti-6Al1-4V alloy is a metallic material that attracts much attention from many
researchers due to its biocompatibility, good corrosion resistance and high specific
strength. Due to these excellent properties, various components are made of
Ti-6Al-4V alloy for biomedical and aerospace applications such as medical implants,
aerospace crafts, gas turbines etc. [1, 2]. Recently, the advancement of additive
manufacturing (AM) has been revelation for manufacturing customized parts with
complex geometry in small volume, which is suitable for biomedical and aerospace
industries. Selective laser melting (SLM) is one of AM that capable of processing
a wide range of metals, alloys and metal matrix composites [3]. Therefore, this
method is commonly used for fabrication of Ti-6Al-4V alloy components of those
industries.

Attempts for improving their properties have been a critical subject for research-
ers for overall properties of SLM fabricated Ti-6Al-4V alloy parts [4]. It has been
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reported that SLM fabricated components of nickel-based superalloys and titanium-
based alloys are known to have several issues, such as cracking due to thermal stress
by rapid heating and quenching [5, 6], poor surface finish and voids inside the mate-
rial [6, 7], tensile residual stress, which causes deformation, cracks, and worsening
of fatigue strength [4, 8], and columnar grain structures, which cause anisotropy

in mechanical properties [9, 10]. To cope with these issues, various post-processing
techniques have been applied such as surface milling for removing rough surface
layers and possible cracks [8, 11], heat treatment for increasing toughness by phase
transformation [12-15], laser polishing for decreasing surface roughness [16, 17],
etc. Laser polishing reduced the roughness of laser AM TC4 and TC11 by about

75% and at the same time enhanced the surface micro-hardness of TC4 and TC11

by about 32% and 42%, respectively [18]. The other post-processing method that
usually performed is hot isostatic pressing (HIP), which is capable of reducing the
porosity and tensile residual stress of SLM fabricated Ti-6A1-4V alloy [19]. Post-heat
treatments and HIP can solve some of those issues of SLM fabricated Ti-6Al-4V
alloy, but the strength is significantly reduced. While laser polishing can increase the
micro-hardness, but cannot solve the porosity-related issues and improve ductility.

For solving the aforementioned issues of metal AM, the application of surface
treatment or modification technologies has been proposed, e.g., shot peening
(SP), laser shock peening (LSP), and ultrasonic nanocrystal surface modification
(UNSM). The application of SP showed a remarkable improvement in fatigue
behavior of AlSi10Mg alloys fabricated by AM in the high cycle fatigue region
[20]. A previous study reported that LSP can induce a deep level of compressive
residual stress, which significantly improves the fatigue life of 316 L stainless
steel fabricated by AM [21]. It was also reported that LSP provided more fatigue
life improvement than SP, which is largely attributed to the depth of compressive
residual stress.

UNSM is one of the mechanical surface modifications that utilizes an ultrasonic
vibration energy to improve mechanical properties, tribological behavior, corro-
sion resistance and fatigue strength of various materials including AM fabricated
materials. It was found earlier reported that the fatigue strength of SUS 304 shaft
was improved by approximately 80% and the surface hardness is enhanced by
both the grain refinement and the martensitic transformation after treatment
by UNSM [22]. Furthermore, UNSM induced enhancement of surface hardness,
compressive residual stress and grain refinement that resulted in improvement
of fretting wear and frictional properties of commercially pure Ti and Ti-6Al-4V
alloy [23]. The application of UNSM to AM fabricated materials has also been
investigated. For example, Zhang et al. reported that electrically-assisted UNSM
reduced the porosity and surface roughness, and enhanced the surface hardness
of 3D printed Ti-6Al-4V alloy [24]. In our previous study on SLM fabricated 316 L
stainless steel, it was reported that UNSM improved the mechanical properties,
tribological behavior and corrosion resistance [25]. In general, UNSM reduces the
surface roughness, increases the surface hardness, refines grain size and induces
high compressive residual stress with the depth of hardened layer in the range of
~0.1to ~0.3 mm [23, 25]. UNSM temperature-dependent surface hardness and
phase transformation of wrought Ti-6Al-4V alloy were reported earlier [26],
but the influence of UNSM temperature-dependent mechanical and tribological
properties of AM fabricated Ti-6Al-4V alloy was not investigated yet. Therefore,
in this study, the synergy effect of UNSM and local heat treatment (LHT) on the
improvement of tensile and tribological properties of SLM fabricated Ti-6Al-4V
alloy is investigated. The improvement in tensile and tribological properties after
UNSM at different temperatures was compared with the results of the as-printed
Ti-6Al-4V alloy.
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2. Experimental procedure
2.1 Sample preparation

In this study, the sample made of Ti-6Al-4V alloy were fabricated by SLM (EOS
M290, Germany) under the parameters listed in Table 1. Figure 1 shows that the
powder was spherical with a diameter of about 30-40 um. Detailed information
of SLM can be found in our previous study [25]. The hardness and yield strength
of the as-printed samples were about 380 HV and 820 MPa, respectively. As for
chemical composition, the content of Al and V was about 5.8 and 4.2 in wt.%, while
the rest was Ti, respectively. The sample fabricated by SLM was used in as-printed
state, which is hereinafter referred to as as-SLM, while the UNSM-treated samples
at 25°C and 800°C are hereinafter referred to as UNSM-25 Degree-C and UNSM-
800 Degree-C, respectively.

2.2 Application of UNSM technology

A UNSM is a cold-forging process that uses a tungsten carbide (WC) tip with a
diameter of 2.38 mm to strike the sample surface at 20 kHz, which results in elasto-
plastic and surface severe plastic deformation (S*PD), and heating, whereas forming
ananostructured layer at RT and HT. Due to a small radius of the tip, the contact
area with a sample is relatively small causing high contact pressure up to 30 GPa.
Advantages of UNSM over other surface peening technologies for particular AM
materials are that it smooths out the surface, which is usually rough after AM and
also increases the strength simultaneously. Moreover, it somehow shrinkages pores
due to the compressive strike. The samples were treated by UNSM using the follow-
ing variables listed in Table 2 at 25 and 800°C. The combination of UNSM and LHT
was described in our previous study [27]. The main variables are important, while
force being the most important because it’s magnitude determines the intensity of
strain hardening. The force is directly proportional to the surface hardness, the grain
size, strain-hardened layer and the compressive residual stress. The roughness is
inversely proportional to the force, while it is directly proportional to the feed-rate.

Laser power, W Scan speed, mm/s Hatching spacing, mm Nominal layer thickness, um
300 900 0.12 50

Table 1.

SLM parameters.

Figure 1.
SEM image of a single powder showing its shape and diameter.
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Frequency,kHz Amplitude,um Speed, Force,N Feed-rate, Ball Ball Temperature,
mm/min um diameter, material °C
mm
20 30 2000 40 10 2.38 WC 25,800
Table 2.

UNSM treatment parameters.

Roughness data were obtained measured by non-contact laser scanning micro-
scope (LSM: VK-X100 Series, Keyence, Japan). Hardness data were collected by
hardness tester (MVK-E3, Mitutoyo, Japan) at a load of 300 gf. X-ray diffraction
(XRD) was performed with a Cu Ko radiation (k = 1.54056 A), atube current of
40 mA and a voltage of 30 kV over the range of 30-90 with a scanning rate of
100/min by Bruker D8 Advance X-ray diffractometer. Compressive residual stress
induced after UNSM was measured by portable device (pu-360 s, Pulstec, Japan),
which is a nondestructive method. Tensile-induced fracture and wear mechanisms
were investigated by SEM (JEOL, JSM-6010LA, Japan) and chemistry reacted at the
contact interface was characterized by energy-dispersive X-ray spectroscopy (EDX:
JEOL, JED2300, Japan).

3. Results and discussion
3.1 Surface topography

Figure 2 shows the top surface LSM images of the samples. In general, SLM
fabricated samples demonstrated very rough surface due to the partially
unmelted powders and also the presence of gas-induced pores on surface as shown
in Figure 2(a). The size of unmelted powders was found to be in the range of
30-40 pm, while the size of gas-induced pores was approximately 12 um. The
surface of the UNSM-25C sample is shown in Figure 2(b). Obviously, the UNSM
was able to impinge against those unmelted powders and to expel the pores from the
surface, which was flattened at the end with no unmelted powders, pores and even
cracks. In order to investigate the amalgamation of UNSM with thermal energy,
the sample was treated by UNSM at 800°C. Figure 2(c) shows the surface of the
UNSM-800C sample. The UNSM leaves the trace in the roughness of the surface
that distorts by elasto-plastic deformation and S’PD resulting in refining grains and
creating cracks along the pathway of the WC tip. Doubtless, the unmelted powders
and pores were not observed following the UNSM at 800°C, which led to the forma-
tion of some UNSM-induced isolated cracks noticed in Figure 2(c). The initiated
cracks are the indication of over-peening leading to an excessive strain hardening,
where the amalgamated impact of UNSM and thermal energy resulted in surface
degradation, and consequently imposing practical limitation in terms of surface
quality rather than strength. An appearance of UNSM-induced isolated cracks can
be explained in three stages: (1) the stage of strain hardening that consists of an
intensive increase in surface roughness; (2) the stage of saturation, where a plastic
shearing takes place leading to a reduction in dislocation density and cracks initi-
ated; (3) the stage of surface damage, the integrity of surface is destroyed leading to
an appearance of cracks, where the surface roughness increases. Actually, over-
peening of surface peening technologies may deteriorate the surface integrity lead-
ing to a decrease in fatigue cycles or strength [28]. Over-peeing may cause inversion
of stress that can reduce the compressive residual stress induced by UNSM. In this
regard, it is always required to optimize the impact of surface peening technologies
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Figure 2.
Top surface LSM images of the as-SLM (a), UNSM-25C (b) and UNSM-800C (c) samples.

in order to avoid such crack initiation with the intention of preventing catastrophic
failures of structures. There is still much improvements and optimizations in terms
of microstructure- and ductility-based issued of AM materials to be done to be fully
replaced with wrought alloys, but a progress in materials science and AM leading

to overcome the faced challenge a couple of decades ago. Importantly, there is a

way to get rid of from AM-based defects such as pore, unmelted and incompletely
melted powders by HIP, which is highly-priced and time consuming that receiving a
cautious welcome from various industries.

3.2 Surface integrity

Surface roughness measurement direction (MD) and UNSM treatment direction
(TD) for each samples are shown in Figure 2. The surface roughness was measured
in perpendicular direction to the UNSM TD. As mentioned in the previous sub-
section, a rough surface of AM fabricated samples is still considered as one of the
main issues. One can be seen that the actual surface contained irregularities in the
form of peaks and valleys. Figure 3(a) shows the comparison in surface roughness
(R,) profiles of the samples. The as-SLM sample had a roughness of about 9.541 um,
while it was drastically reduced up to 0.892 pm after UNSM at 25°C as shown in
Figure 3(a). The roughness of the UNSM-800C sample was 1.237 um, which is
about 7-8 times smoother than that of the as-SLM sample, but it is still rougher
than UNSM-25C sample. A bit rougher surface of the UNSM-800C sample than
that of the UNSM-25C sample is associated with plastic deformation during the
heating that distorted the geometrically pattern resulting in increased the height
of irregularities. In general, during the UNSM, a plastic deformation of the top and
subsurface layers took place. Expelled pores and disposed peaks and valleys led to
the reduction in surface roughness [25]. As those peaks and valleys between irregu-
larities are notches that weaken the surface cause stress concentrations. Feed-rate
pathways induced by UNSM and the presence of peaks and valleys are responsible
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Figure 3.

Surface roughness (a) and havdness (b) of the as-SLM, UNSM-25C and UNSM-800C samples.

for the relatively rough surface of the UNSM-800C sample compared to that of the
UNSM-25C sample. The level of plastic deformation increased and lessened flow
eliminating with increasing temperature. Smoothed surface by UNSM at 25°C is
beneficial to improving main structural properties such as tribology, corrosion and
fatigue. Commonly, a surface quality of AM fabricated materials is very rough upon
completion of AM [29]. This means that surface is required to be machined or fin-
ished. In this study, it is worth mentioning that the surface with no any additional
machining or milling was treated by UNSM.

3.3 Surface hardening

Figure 3(b) shows the surface hardness measurement results of the samples.
The average surface hardness of the as-SLM sample was approximately 396.4 HV,
which increased up to 455.7 and 877.6 HV for the UNSM-25C and UNSM-800C
samples, corresponding to a 13.1% and 221.3%, respectively. It is well documented
in the literature that the increase in hardness is due to the combination of grain
refinement by Hall-Petch expression and increased dislocation density, which
are the results of elasto-plastic deformation and S°PD took place in the top and
subsurface layers [30]. The deformation usually refined the grains, which hinder
further deformation and gradually diminishes with the depth of the surface layer.
Moreover, Zhang et al. reported that the UNSM-induced work-hardening by plastic
strain may also play a major role in increasing the hardness [31]. Moreover, in
particular for AM materials, the expelled pores after peening technologies may be
contributed to the increase in hardness [32].

3.4 Phase transformation

Figure 4 shows XRD patterns of the as-SLM, UNSM-25C and UNSM-800C
samples. The change in diffraction peaks and phase transformation were confirmed
by the relative intensity and the formation of a new peak after UNSM at 800°C. It
was found that the intensity of all alpha phase peaks reduced except for (002) phase
after UNSM at both 25 and 800°C. The intensity of alpha (101) phase increased for
UNSM-800C sample and reduced for UNSM-25C sample. For as-SLM and UNSM-
25C samples, the microstructure exhibited a full a/a’-phase, where o phase resulted
from decomposition of a* during the SLM. For UNSM-800C sample, a precipitation
of beta (110) phase was detected leading to a microstructure consisting of o and
B phases as the temperature was higher than that of Ms. (575°C) [33]. Further, a
broadening in full width at half maximum (FWHM) of the o peaks took place after
UNSM, which led to the increase in dislocation density [27]. It is also obvious that
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Figure 4.
XRD patterns of the as-SLM, UNSM-25C and UNSM-800C samples.

the UNSM increased the relative intensity of o (101) phase of the UNSM-800C
sample as shown in Figure 4. Hence, it can be concluded that the UNSM resulted

in grain size refinement. As a result, the FWHM values of the o (100) peak for the
samples were listed in Table 3. It can be seen that FWHM of the as-SLM sample

was broadened after UNSM at 25 °C. Furthermore, the FWHM of the UNSM-800C
sample was found to be wider than that of the UNSM-25C sample, which signified
that the refined grain after UNSM at 25°C was further refined after UNSM at 800°C.
In general, it is well documented that the reduction in relative intensity of the peaks
is responsible for the grain size refinement, which means that the UNSM refined the
coarse grains into nano-grains, and also strain induced lattice distortion [34].

3.5 Tribology

Figure 5 shows the friction coefficient as a function of sliding cycles of the
samples. It can be seen that all the samples came into contact with bearing steel (SAE
52100) underwent a running-in and steady-state frictional behavior. As shown in
Figure 5, the friction coefficient of the as-SLM sample was found to be approxi-
mately 0.36 at the beginning of the friction test and increased continuously up to
0.52 for about 2000 cycles, which is considered as a running-in period. Then the
friction coefficient continued being stable with a friction coefficient of 0.58 till the
end of the test. Figure 5 also shows the friction coefficient of the UNSM-25C sample.
It was found that the friction coefficient demonstrated a similar friction behavior to
the as-SLM sample, but the UNSM was able to reduce the friction coefficient in both
the running-in and steady-state periods, where the friction coefficient was approxi-
mately 0.38 and 0.43, respectively. Overall, the friction behavior of the as-SLM
sample was very highly fluctuated, which is associated with the initial rough surface.
The frictional behavior of the UNSM-25C sample was relatively lower fluctuated,
where the reduced surface roughness after UNSM is responsible for it. In addition,

Samples FWHM SD

As-SLM 0.46347 0.00738

UNSM-25C 0.59442 0.00628

UNSM-800C 0.77026 0.01093
Table 3.

Calculated FWHM results based on XRD pattern.



Tribology in Materials and Manufacturing - Weay, Friction and Lubrication

L T T
—As-SLM
—— UNSM-25C
—— UNSM-800C

Friction coefficient

Sliding cycles

Figure 5.
Friction coefficient of the as-SLM, UNSM-25C and UNSM-800C samples.

as shown in Figure 5, the friction coefficient of the UNSM-800C sample was found
to be approximately 0.19 at the beginning of the friction test and then continued to
be stable for about 3600 cycles, which is considered as a running-in period. Then
the friction coefficient gradually increased up to 0.51 and subsequently approached
a stable friction coefficient till the end of the test. From the tribological tests, it was
obvious that the as-SLM and UNSM-25C samples demonstrated a similar friction
behavior, but the UNSM-800C sample extended the running-in period. Essentially,
a lower friction coefficient was dominated by initial roughness of the samples, while
an increase in hardness of the UNSM-800C sample, which came into first contact
with the surface of counterface ball, had harder asperities that could increase the
level of plastic deformation. A similar friction behavior was confirmed in the previ-
ous study on stainless steel 316 L that the friction coefficient was lower at the begin-
ning of the test due to the initial surface roughness, where the asperities came into
contact first and it deformed plastically with continuing reciprocating sliding [25].
Obtained friction coefficient results under dry conditions are in good consistency
with the ultra-fined Ti-6Al-4V alloy fabricated by SLM [35].

The wear track dimensions of the samples were measured by 3D LSM as shown
in Figure 6, which allowed to calculate the wear resistance based on the wear
track width and depth dimensions. It can be seen that a significant difference was
observed, where the wear track dimensions of the UNSM-800C sample was found
to be the shallowest wear track compared to those of the as-SLM and UNSM-25C
samples. The maximum peak-to-valley roughness height (R.,.,) of the wear track
was about 226.3, 131.6 and 87.8 um for the as-SLM, UNSM-25C and UNSM-800C
samples, while no remarkable distinct in wear track width was observed due to
the same contact pressure, respectively. As shown in the inset of Figure 6, the
wear rate of the as-SLM sample was reduced from 3.57 x 10~ to 1.48 x 10~* and
8.70 x 10~ mm*/N x m, corresponding to a ~ 41% and ~ 246% enhancement in
wear resistance compared to those of the UNSM-25C and UNSM-800C samples,
respectively. UNSM eliminated the effect of stress concentration in the inside
of wear track, where it’s depth did not exceed the thickness of strain-hardened
layer containing refined nano-grains and compressive residual stress. Hence, the
application of UNSM to the as-SLM sample at 25°C enhanced the wear resistance
substantially due to the increase in hardness. Furthermore, a temperature increase
of UNSM supplementary enhanced wear resistance. The reduction in surface
roughness after UNSM led to the lower friction coefficient, while the increase in
surface hardness was responsible for the higher wear resistance compared to that of
the as-SLM sample. In addition, an induced compressive residual stress by UNSM
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Figure 6.
3D LSM images of the as-SLM (a), UNSM-25C (b) and UNSM-800C (c) samples.

hindered the wear process [36]. As tribology considered as a system of two interact-
ing surfaces, a wear scar of the counterface ball that came into contact with the
as-SLM, UNSM-25C and UNSM-800C samples is shown in Figure 7. No significant
difference in wear scar was observed, but the wear scar of the counterface ball that
came into contact with the UNSM-800C sample was relatively smaller than those
of the as-SLM and UNSM-25C samples. Beyond the wear scar of the counterface
ball that came into contact with the as-SLM and UNSM-25C samples, accumulated
debris were attached, while no any debris was found for the UNSM-800C sample.
Finally, UNSM ensures improved surface integrity parameters and endurance of
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Figure 7.
3D LSM images of the counterface ball that came into contact with the as-SLM (a), UNSM-25C (b) and

UNSM-800C (c) samples.
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Ti-6Al-4V alloy fabricated by SLM with no subsequent process. Furthermore, it is
of interest to note up that the fatigue strength of the UNSM-800C sample may be

detrimental due to the presence of cracks on surface (see Figure 2(c)) induced by
UNSM at HT of 800°C because of the presence of continuous stress leading to a

crack propagation [37, 38].

Figure 8 shows the SEM images along with EDX results and oxidation distribu-
tion of the samples. It can be realized from SEM image in Figure 8(a) that the
adhesive wear mechanism was found to be a dominant for the as-SLM sample as
it is softer than that of the counterface ball, while a combination of abrasive and
adhesive wear mechanisms was dominant for the UNSM-25C sample as shown
in Figure 8(b). An increase in temperature of UNSM resulted in changing wear
mode as shown in Figure 8(c), where the abrasive wear mechanisms took place for
the UNSM-800C sample. Apart from those wear mechanisms, an oxidative wear
mechanism came up in all the samples with different oxidation levels as shown in
Figure 8. For instance, an oxide content over the wear track of the as-SLM sample
was about 9.68%, while it was about 9.89% and 11.62% for the UNSM-25C and

NAG:

MAG:

Figure 8.
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UNSM-800C samples, respectively. It is clear from oxide distribution mapping
(see Figure 8) that the level of oxidation of the as-SLM and UNSM-25C samples
was nearly consistent, but a relatively high level of oxidation occurred for the
UNSM-800C sample. Zhang et al. reported that at a high temperature, a hardness
of oxide layer become remarkably higher due to the presence of much oxide [39].
Hence, it is reasonable to hypothesize that it may significantly increase the wear
resistance by obtaining low friction coefficient [40]. Typically, there is an advan-
tage to forming an oxide layer between two mating surface as it prevents direct
metal-to-metal contact resulting in lower friction coefficient and higher wear
resistance. Furthermore, a nearly same amount of Fe, which was transferred from
the counterface ball can be seen from the chemical composition table as shown

in the inset of Figure 8. The presence of Fe along with occurred oxide may react
together and form a ferrosoferric (Fe304) layer, which provides an advantageous
environment for achieving a better tribological behavior and performance [27].
Furthermore, as the surface roughness of the samples deteriorated during the

dry tribological tests as shown in Figure 8, where the post-test surface roughness
of the UNSM-25C and UNSM800C samples was lower than that of the as-SLM
sample. Hence, it can be considered that the surface roughness after dry tribologi-
cal tests is much important than post-surface treatment because the surface during
the dry tribological tests comprises a number of grooves of different depth and
sharpness — causing local stress concentrations and decreasing the wear resistance.

4. Conclusions

In this study, the influence of UNSM on the surface, tensile and tribological
properties of Ti-6Al-4V alloy fabricated by SLM was evaluated. The as-SLM sample
had a roughness of about 9.541 um, which was drastically reduced up to 0.892 and
3.058 pm after UNSM at 25 and 800°C. The average surface hardness of the as-SLM
sample was approximately 396.4 HV, which increased up to 455.7 and 877.6 HV for
the UNSM-25C and UNSM-800C samples, corresponding to a 13.1% and 221.3%
increase, respectively. The surface residual stress of both the UNSM-25C and
UNSM-800C samples was transferred into compressive residual stress. The as-
SLM sample demonstrated lower YS and UTS than UNSM-25C and UNSM-800C
samples, but its elongation was shorter than that of the UNSM-25C sample and
longer than that of the UNSM-800C sample. YS and UTS of the UNSM-25C sample
was lower and higher than that of the UNSM-800C sample, while the elongation
was also longer than that of the UNSM-800C sample. Friction coefficient of the
as-SLM sample was reduced by the application of UNSM at 25 °C by about 25.8%,
and it further reduced by about 305% increasing the UNSM temperature up to
800 °C. The wear rate of the as-SLM sample was reduced by about 41% and 246%
compared to those of the UNSM-25C and UNSM-800C samples, respectively. As a
main conclusion, a UNSM at RT and HT may be applied to Ti-6Al-4V alloy fabri-
cated by SLM with the intention of enhancing tensile and tribological properties
of various components in aerospace and biomedical applications. Indeed, a further
investigation is required to improve the properties and performance of Ti-6Al-4V
alloy fabricated by SLM to the wrought level due to the replacement possibility.
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