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A B S T R A C T

In this study, individual and combined applications of laser shock peening (LSP) and ultrasonic nanocrystal 
surface modification (UNSM) technologies were applied to Ti–6Al–4V alloy manufactured by the selective laser 
melting (SLM) process. This study aims to investigate the effects of individual LSP and UNSM technologies, and 
their sequential combinations in a different order (LSP + UNSM and UNSM + LSP) on the microstructure, grain 
size, hardness, residual stress, mechanical and tribological properties of Ti–6Al–4V alloy. It is crucial to analyze 
how the sequential or combined application of LSP and UNSM technologies affects the surface finish of the AM 
Ti–6Al–4V alloy, which typically has rougher surfaces than traditionally manufactured parts. Results indicated 
that UNSM technology reduced the surface roughness by about 12 times, introduced a high level of compressive 
residual stress (CRS), and demonstrated better mechanical and tribological performances than LSP technology. 
Additionally, the combination of UNSM + LSP technologies, in which LSP technology was subsequently per
formed on the UNSM-treated sample, was found to be more effective than that of the combination of LSP +
UNSM technologies, where the UNSM technology was subsequently performed on the LSP-treated sample.

1. Introduction

Ti–6Al–4V is a Ti-based alloy that gained attention owing to its high 
specific strength, corrosion resistance, etc., which are essential in 
aerospace, nuclear and biomedical applications [1,2]. The revolutionary 
development of the additive manufacturing (AM) process made 
manufacturing mechanical components made of Ti–6Al–4V alloy 
possible. Many types of AM technologies are available, and one of them 
is selective laser melting (SLM), which can print a wide range of mate
rials, including Ti–6Al–4V alloy [3]. However, several critical issues 
with AM materials must be considered [4]. These issues result from 
rapid heating and cooling, resulting in high surface roughness, pores and 
voids, cracking, and tensile residual stress (TRS). The strength and fa
tigue behavior of AM materials significantly depend on the quality of the 
surface and inner microstructure [5–10].

Post-processing treatment is an ideal solution to overcome those is
sues of AM materials. For example, surface milling can smooth a 
roughened surface of AM materials, while heat treatment can increase 
the toughness by phase transformation [11–15]. Ma et al. reported the 

possibility of reducing the surface roughness and increasing the strength 
of SLM TC4 and TC11 by laser polishing [16]. Moreover, a hot isostatic 
pressing (HIP) is proposed to reduce the surface and inner microstruc
ture defects of Ti–6Al–4V alloy [17]. However, it may decrease the 
strength of AM materials. Overall, surface milling and laser peening 
increase the strength of AM materials, but they cannot fully discard the 
surface and internal microstructure defects. Applying surface finishing 
technologies is an ideal method to overcome the microstructure-based 
issues of AM materials. For instance, shot peening (SP) and laser shock 
peening (LSP) remarkably enhanced the fatigue strength of Ti–6Al–4V 
alloy manufactured by powder bed fusion (PBF) thanks to the reduced 
surface roughness and introduction of compressive residual stress (CRS) 
[18]. It is also pointed out that LSP technology may extend the service 
life longer than SP due to the introduced high and deep CRS. Moreover, a 
high CRS was introduced by laser polishing to extend the fatigue life of 
AM Ti alloys [19]. Maleki et al. investigated the effect of SP, LSP and 
ultrasonic nanocrystal surface modification (UNSM) technologies on the 
fatigue strength of commercially available Inconel 718 superalloy [20]. 
They concluded that the UNSM treatment induced the highest CRS in the 
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surface region, but the LSP treatment introduced the deepest CRS.
UNSM is a mechanical surface treatment technology whose primary 

source is ultrasonic vibration. This technology has been mainly applied 
to mechanical parts made of metallic materials. For example, Amanov 
et al. enhanced the fretting wear resistance of Ti (Gr2) and Ti–6Al–4V 
alloy (Gr5) by UNSM technology [21]. Nowadays, it is a challenge to 
have a better surface finish and to achieve a defect-free microstructure 
of AM materials due to the inevitable surface- and 
microstructure-related internal defects. Hence, evaluating the effect of 
UNSM treatment on the surface properties of AM Ti–6Al–4V alloy is of 
interest. The role of UNSM technology in improving the properties of 
Ti–6Al–4V alloy is successfully confirmed, where the wear behavior was 
enhanced by more than 40% due to the reduced surface integrity and 
porosity, and increased hardness [22]. Moreover, UNSM technology was 
successfully combined with a local heat treatment, where the sample 
was heated up during the UNSM treatment [23]. It demonstrated 
outstanding results, where the hardness of wrought Ti–6Al–4V alloy 
reached more than 900 HV. After the successful application of 
high-temperature UNSM technology to wrought Ti–6Al–4V alloy, AM 
Ti–6Al–4V alloy is also of interest. The surface, mechanical and tribo
logical properties of AM Ti–6Al–4V alloy subjected to high-temperature 
UNSM technology tremendously improved all the properties of 
Ti–6Al–4V alloy compared to the as-printed and room-temperature 
UNSM technology. In addition, it has been pointed out that the UNSM 
technology resulted in high strength and demonstrated better tribolog
ical properties of AM 316L stainless steel [22]. UNSM technology in
troduces a high CRS within the surface layer and enhances the surface 
hardness. Still, the adequate effective depth of CRS induced by UNSM 
treatment is relatively shallower than the LSP technology, which in
troduces more than 0.8 mm in depth in metallic materials [24–26]. Erfan 
et al. confirmed the synergy effect of LSP + UNSM technologies on the 
surface roughness, porosity elimination, mechanical properties and fa
tigue behavior of AlSi10Mg alloy manufactured by laser-based powder 
bed fusion (L-PBF) process compared to the single LSP and UNSM 
treatments [27]. They analyzed the surface roughness and mechanical 
properties, including hardness, residual stress, strength, and elongation, 
of AlSi10Mg alloy after applying surface post-processing methods such 
as LSP, UNSM, and LSP + UNSM. However, the study did not examine 
the mechanical properties of the UNSM + LSP sequence, even though 
the order of these treatments can significantly influence material prop
erties. Additionally, it is important to note that in this study, the UNSM 
treatment was applied parallel to the tensile loading direction of the 
samples. This study aims to investigate the changes in surface integrity, 
strength, residual stress, and wear resistance after individual and com
bined applications of LSP and UNSM technologies to Ti–6Al–4V alloy in 
a different order and to find the most optimum treatment and order. It is 
also important to evaluate if the combination of LSP and UNSM tech
nologies is more synergistic and effective than the individual LSP and 
UNSM treatments.

2. Experimental procedure

2.1. SLM process

SLM (EOS M290, Germany) machine was used to print Ti–6Al–4V 
alloy samples with an average powder diameter of 50 μm. Tables 1–3 list 
the parameters of the SLM process, mechanical properties and the 
chemical composition of the printed samples provided by the supplier, 
respectively. Additional information about the SLM process can be 

found in a previous study [22].

2.2. LSP and UNSM technologies

The specimens were treated by LSP and UNSM technologies. Sche
matic views of both the LSP and UNSM treatment processes are depicted 
in Fig. 1. LSP technology was applied to the samples with an Al coating 
thickness of 100 μm, as seen in Table 4. Further information about LSP 
technology is available from a previous study [28]. Individual and 
combined UNSM treatments were performed on the samples with pa
rameters listed in Table 5. Surface photographs of the untreated 
(as-printed), LSP-treated, and UNSM-treated samples are shown in 
Fig. 2. The surface of the untreated sample shown in Fig. 2(a) appears 
rough, which is typical for Ti–6Al–4V parts produced by the SLM pro
cess. Fig. 2(b) presents the surface of the LSP-treated sample, which 
shows a more organized texture with visible linear patterns. However, it 
increases the surface roughness of the sample manufactured by the SLM 
process. It primarily affects the microstructure and mechanical proper
ties rather than drastically altering the roughness of the surface. As 
shown in Fig. 2(c), the UNSM treatment effectively reduces surface 
roughness by introducing controlled surface severe plastic deformation 
(S2PD) at the nanoscale. The surface of the UNSM-treated sample ap
pears smoother, and more uniform than the untreated and LSP-treated 
samples. Further detailed information about UNSM technology is 
available in the previous studies [21–23].

2.3. Tensile test performance

A tensile tester (130–10, KDPI, Korea) was employed to evaluate the 
tensile properties of the samples under a tensile load of 1000 MPa and a 
crosshead speed of 5 mm/min in accordance with ASTM E8 standard. 
Detailed schematic illustrations of the sample geometry with dimensions 
in mm, build orientation, and LSP and UNSM treatment directions are 
presented in Fig. 3(a and b), respectively. It is worth mentioning here 
that LSP and UNSM treatments were applied to both side surfaces 
without prior polishing. The stress-strain curves of the samples obtained 
from these tests provide insights into the mechanical response of the 
Ti–6Al–4V alloy to the applied treatments, capturing variations in yield 
strength, ultimate tensile strength, and elongation for each treated and 
untreated sample.

2.4. Dry tribological test

A reciprocating tribometer (Optimol SRV® 5, Germany) was used to 
assess the effect of LSP and UNSM treatments on the tribological per
formance of the samples in accordance with ASTM G133 standard at a 
frequency of 2 Hz, with a stroke of 4 mm for 5000 cycles at a temper
ature of 25 ◦C. SAE 52100 bearing steel with a diameter of 7.13 mm 
reciprocated against the Ti–6Al–4V alloy sample. A coefficient of friction 
(COF) as a function of reciprocating sliding time was recorded, while the 
wear resistance was evaluated based on the wear track and total sliding 
distance.

Table 1 
SLM parameters.

Laser power, 
W

Scan speed, mm/s Hatching spacing, mm Layer thickness, 
μm

270 110 0.12 50

Table 2 
Mechanical properties of Ti–6Al–4V alloy.

Tensile 
strength, MPa

Yield 
strength, MPa

Young’s 
modulus, GPa

Elongation, 
%

Hardness, 
HV10

1251 ± 61 1120 ± 44 110 ± 7 11.2 310 ± 9

Table 3 
Chemical composition of Ti–6Al–4V alloy in wt.%.

Ti Al V C O N Fe H

Balance 5.5–6.5 3.5–4.5 0.08 0.13 0.03 0.25 0.0125
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2.5. Characterization methods

All the surface characterizations were performed on the as-printed, 
LSP-treated, UNSM-treated, LSP + UNSM-treated, and UNSM + LSP- 
treated samples. A surface profilometer (SJ-210, Mitutoyo, Japan) was 
used to measure the surface roughness. A 3D laser scanning confocal 
microscope (VK-X210, Keyence, Japan) was used to study the wear track 
and to calculate the wear rate based on the 2D profile. A hardness tester 
(MVK-E3, Mitutoyo, Japan) was used to measure the hardness depth 
profile (HV10). The residual stress values and X-ray diffraction (XRD) 
patterns were obtained using a Bruker D8 Advance X-ray diffractometer. 
A scanning electron microscope (SEM: JEOL JSM-6010LA, Japan) and 
energy dispersive spectroscopy (EDS: JED2300, Japan) were used to 
investigate the wear degradation mechanisms. A transmission electron 
microscope (TEM: Titan Themis Z, FEI, USA) was employed to observe 
the nano-grains.

Fig. 1. Schematic view of LSP (a) and UNSM (b) treatment processes.

Table 4 
LSP treatment parameters.

Wavelength, 
nm

Intensity, GW/ 
cm2

Overlapping 
ratio, 
%

Spot diameter, 
mm

Coating

530 9.5 50 1.18 Al tape

Table 5 
UNSM treatment parameters.

Amplitude, 
μm

Linear speed, mm/min Static load, 
N

Interval, 
μm

30 2000 40 30

Fig. 2. Surface photographs of the untreated (a), LSP-treated (b) and UNSM-treated (c) samples.

Fig. 3. Schematics of the sample with dimensions (a) and build and treatment directions (b).
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3. Results and discussion

3.1. Surface morphology and roughness

SEM images of the untreated, LSP-treated, UNSM-treated, LSP +
UNSM and UNSM + LSP technologies are shown in Fig. 4. Fig. 4(a) 
shows the surface morphology of the untreated sample that appears 
rough with numerous pits and voids distributed uniformly across the 
surface. It is generally known that the SLM-manufactured sample sur
face tends to have a high roughness owing to the presence of porosities, 
partially melted powder particles, and irregularities [29]. The 
LSP-treated sample shown in Fig. 4(b) still shows a high density of 
surface features, but the pits and voids appear slightly less pronounced 
and are more irregular in shape than the untreated sample. This suggests 
some degrees of surface modification, but morphology remains rela
tively rough. It is also clear that partially melted particles were not 
removed after LSP treatment as shown in Fig. 4(b). The presence of 
unmelted powders on LSP-treated samples is likely due to the initial SLM 
process rather than insufficient heat input during LSP. The heat input in 
LSP is minimal because the process relies on a short-pulsed, high-energy 
laser that creates a confined plasma explosion, but does not sustain high 
temperatures long enough to melt or vaporize material. This means that 
any pre-existing unmelted powders from the SLM process would not be 
significantly affected or removed by LSP alone. Hence, incomplete 
melting can leave partially fused or unmelted powders on the surface. As 
shown in Fig. 4(c), the UNSM-treated sample shows a more uniform and 
flattened surface than the untreated and LSP-treated samples. The pits 

and irregularities have been significantly reduced, and the surface ap
pears smoother, likely due to the partially melted particles removed 
because of the severe plastic deformation of the surface (see Fig. 4(c). 
SEM images of the samples treated by the combined application of LSP 
and UNSM technologies in a different order are shown in Fig. 4(d and e). 
The combination of LSP followed by UNSM treatment (LSP + UNSM) has 
produced a surface that appears very uniform with minimal pits or ir
regularities. The morphology is smoother than either LSP or UNSM 
alone, indicating a synergistic effect when combining both treatments. 
The other sample, which underwent UNSM first followed by LSP treat
ment (UNSM + LSP), also shows a smooth, uniform surface like the LSP 
+ UNSM-treated sample. The surface appears slightly less polished than 
in the LSP + UNSM-treated sample (Fig. 4(d)), with faint surface fea
tures visible, possibly due to the sequence of treatments. It was found 
that the combined application of LSP and UNSM technologies regardless 
of their order improved the surface morphology of SLM-manufactured 
samples compared to the individual application.

Fig. 5 shows the average surface roughness (Ra) of the untreated, 
LSP-treated, UNSM-treated, LSP + UNSM-treated and UNSM + LSP- 
treated samples. The untreated sample has a higher surface roughness 
than other samples due to the abundance of pits and irregularities. These 
features are typically seen on surfaces that have not been modified to 
improve smoothness or reduce roughness. As mentioned in previous 
studies, SLM-based samples usually have very rough surfaces [7,30]. 
The surface roughness of the untreated sample was approximately 9.96 
± 0.90 μm, which was roughened up to 12.10 ± 1.04 μm after LSP 
treatment. The surface of the LSP-treated sample appeared slightly 

Fig. 4. SEM images of the untreated (a), LSP-treated (b), UNSM-treated (c), LSP + UNSM-treated (d), and UNSM + LSP-treated (e) samples.
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rougher than the untreated sample due to the presence of numerous 
small voids. The surface of the untreated samples was tremendously 
reduced to 1.07 ± 0.06 μm after UNSM treatment, which likely reduced 
surface asperities, resulting in a finer, more smoothed surface finish. The 
combination of LSP + UNSM and UNSM + LSP technologies successfully 
reduced the surface roughness to 1.60 ± 0.11 μm and 1.53 ± 0.25 μm, 
respectively. However, both the combinations were slightly higher than 
the individual UNSM treatment because the indents formed by LSP 
treatment are more significant and profound than the UNSM treatment 
leading to a rough surface. The effectiveness of UNSM treatment in 
achieving a smoother and more refined surface compared to the un
treated and LSP-treated samples. While LSP treatment primarily en
hances subsurface mechanical properties, UNSM treatment directly 
improves surface finish, making it advantageous for applications where 
lower roughness and enhanced tribological performance are desired. It 
has been previously reported that LSP technology leads to high surface 
roughness when laser energy increases [31] or the overlapping ratio 
increases [32]. Rough surface roughness may deteriorate wear resis
tance and fatigue performance and provide crack initiation. For 
instance, the surface roughness of the material treated by UNSM tech
nology is much better in terms of surface integrity than LSP technology 
leading to the advancement in tribological and fatigue properties. 
Hence, the combined application of UNSM and LSP technologies, 
regardless of their order, has a contributory effect over an individual LSP 
technology: the smoother surface roughness, the better wear perfor
mance, and the longer service life for AM Ti–6Al–4V alloy.

3.2. Vickers hardness

Hardness depth profiles of the untreated, LSP-treated, UNSM- 
treated, LSP + UNSM-treated and UNSM + LSP-treated samples are 
shown in Fig. 6. It can be seen that the hardness of the untreated sample 
was about 304.5 HV. The surface hardness values of the LSP-treated, 
UNSM-treated, LSP + UNSM-treated and UNSM + LSP-treated samples 
were 343.3, 352.4, 364.4 and 367.3 HV, respectively. The hardness of 
the hardened layer was reduced by increasing the depth from the 
topmost surface, where the effective hardening layer by LSP and UNSM 
technologies was about ~140 μm. Regardless of their order, the com
bined application of LSP and UNSM technologies exhibited a deeper 
hardening effect over individual LSP and UNSM technologies. The 
UNSM treatment following LSP treatment had the deepest hardened 
layer with a thickness of about 200 μm. It is well-known that the 
hardness and dislocation density increase after LSP and UNSM 

technologies due to the refined grains and S2PD [33]. Zhang et al. re
ported that the formation of nano-grains and work-hardening after 
UNSM treatment dominated and increased the hardness of AM 
Ti–6Al–4V alloy [34]. It has also been reported earlier that SP enhanced 
the surface hardness of AM Ti–6Al–4V alloy with similar mechanisms 
[35,36]. Contrary to the results of the combined application of SP and 
UNSM technologies [37], the combination of LSP + UNSM and UNSM +
LSP technologies in both orders showed a synergy effect on the hardness 
enhancement. The propagation of shockwaves of LSP treatment might 
be responsible for further enhancement in hardness in this combination.

3.3. XRD pattern

XRD patterns of the untreated, LSP-treated, UNSM-treated, LSP +
UNSM-treated and UNSM + LSP-treated samples are depicted in Fig. 7
(a). The untreated sample shows peaks characteristic of the α-phase 
(HCP structure) and minor β-phase (BCC structure) peaks. The most 
prominent peaks are indexed as (100), (101), (102), and (110) for the 
α-phase and (201) for the β-phase. After LSP treatment, the peak in
tensities of the α-phase reflections appear to decrease slightly. This in
dicates that LSP treatment may induce some level of crystallographic 
refinement, which can reduce peak intensity due to stress-induced 
modifications. The UNSM-treated sample shows more noticeable 
changes, with reduced peak intensities and slightly broader peaks 
compared to the untreated and LSP-treated samples. This broadening 
can suggest increased dislocation density and grain refinement due to 
the severe plastic deformation from UNSM treatment. Additional high- 
intensity peaks such as (002) and (202) suggest that combining treat
ments may alter the phase composition or induce preferred orientation 
in certain crystallographic planes. It can also be noticed from Fig. 7(b) 
that the peaks of the (002) and (101) shifted to lower diffraction angles, 
which were caused by micro-strain, grain size refinement, and other 
microstructural-related factors. This shift also suggests the introduction 
of CRS within the surface layers, as it generally causes a contraction in 
lattice spacing. The combination of LSP and UNSM treatments shows the 
largest shifts in peak positions. This indicates a cumulative effect of both 
treatments, generating significant CRS and possibly higher strain in the 
surface region, which improves the mechanical performance of 
Ti–6Al–4V alloy, especially in applications requiring high fatigue and 
wear resistance. The sequential treatments (LSP + UNSM and UNSM +
LSP) yield the most substantial increases in peak intensity and broad
ening, implying enhanced grain refinement and possible crystallo
graphic reorientation. This suggests that combining LSP and UNSM 

Fig. 5. Surface roughness results of the untreated, LSP-treated, UNSM-treated, 
LSP + UNSM-treated, and UNSM + LSP-treated samples.

Fig. 6. Vickers hardness depth profile of the untreated, LSP-treated, UNSM- 
treated, LSP + UNSM-treated, and UNSM + LSP-treated samples.
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creates a synergistic effect on the microstructure of Ti–6Al–4V alloy. 
Hence, the LSP and UNSM technologies could refine coarse grains and 
induce CRS [38,39]. Moreover, the higher surface roughness of LSP 
technology than other peening technologies may result in a high level of 
lattice distortion. A widening of full width at half maximum (FWHM) of 
α phase (101) took place, leading to an increase in dislocation density 
after LSP and UNSM technologies [40]. FWHM of (002) and (101) peaks 
can be seen in Table 6 below, where the grain growth of the beta phase 
for the UNSM technology and its combination with LSP technology 
occurred. In addition, the diffraction peaks of the samples shifted toward 
lower angles (see Fig. 7(b)). Based on Bragg’s law, the shift in diffraction 
angle means a change in the lattice plane related to the prevailing 
martensitic transformation [41] (see Table 7).

3.4. Surface residual stress

Fig. 8 shows the measured surface residual stress of the untreated, 
LSP-treated, UNSM-treated, LSP + UNSM-treated and UNSM + LSP- 
treated samples. It is commonly known that the untreated sample has a 
TRS near the surface, which was attributed to the rapid cooling during 
the SLM process [8,42]. As expected, TRS was converted into high CRS 
after LSP, UNSM, LSP + UNSM and UNSM + LSP technologies (see 
Fig. 8). The combined application of LSP + UNSM technologies intro
duced the highest CRS value of − 705 MPa, which is higher than indi
vidual LSP and UNSM technologies attributing to the repeated impact to 
the surface. However, the CRS of the UNSM + LSP-treated sample was 
weaker than the UNSM-treated sample. In subsequently, LSP technology 
released the CRS introduced by UNSM technology. It is similar to the 
earlier reported phenomena of the combination of UNSM and SP tech
nologies [37], where the UNSM technology after SP treatment resulted 
in the release of CRS due to relaxation. This significant enhancement of 
CRS can enhance the wear and fatigue performance of the AM materials. 
LSP technology tends to induce deep CRS, which improves fatigue per
formance, and delays crack propagation [43,44]. At the same time, 
UNSM treatment also increases fatigue strength owing to the introduced 
CRS and nano-grains of AM material [45]. It is well-known that LSP 
treatment induces very deep CRS at the subsurface, but less CRS at the 
top surface, while UNSM treatment induces very high CRS at the top 

surface, but less CRS at the subsurface. Hence, it is meaningful to 
combine these two LSP and UNSM technologies to induce simultaneous 
intense and high CRS at the top and within the surface layers. The SP 
process also showed the introduction of CRS to the AM Ti–6Al–4V alloy, 
which increased fatigue strength [35].

3.5. Mechanical properties by tensile test

Plotted stress-strain data of the untreated, LSP-treated, UNSM- 
treated, LSP + UNSM-treated and UNSM + LSP-treated samples are 
depicted in Fig. 9(a). The untreated sample demonstrated the lowest 
tensile strength and elongation. Typically, AM Ti–6Al–4V alloy has poor 
ductility due to a fine and fully α-martensite phase [2]. It has been 
discovered that LSP and UNSM technologies could improve the tensile 
properties. The tensile strength results showed similar correlations to 
the hardness test results, as summarized in Table 7. The UNSM +
LSP-treated sample had the highest tensile strength and elongation 
(1250.893 MPa and 12.80%) among the LSP-treated, UNSM-treated, 
and LSP + UNSM-treated samples, respectively (see Fig. 9(b)). More
over, linear elastic deformation and yield plateau stages were also 
observed as shown in Fig. 9(c), wherein in the elastic deformation stage, 
the microstructure of the samples underwent micro-scale bending. 
Subsequently, the second stage was initiated due to critical stress, where 
the microstructure was further deformed. However, the LSP and UNSM 
technologies have no beneficial effect on strength and strain due to the 

Fig. 7. XRD patterns (a) and shift (b) of the untreated, LSP-treated, UNSM-treated, LSP + UNSM-treated, and UNSM + LSP-treated samples.

Table 6 
Micro-strain and FWHM values of 101 peaks.

Samples Micros-strain (101) FWHM (101)

Untreated – 0.41128 ± 0.00482
LSP-treated 0.00947 ± 0.00062 0.42312 ± 0.00452
UNSM-treated 0.05784 ± 0.00185 0.55269 ± 0.00847
LSP + UNSM-treated 0.05548 ± 0.00178 0.54451 ± 0.00966
UNSM + LSP-treated 0.05898 ± 0.00157 0.56198 ± 0.00852

Fig. 8. Surface residual stress of the untreated, LSP-treated, UNSM-treated, 
LSP + UNSM-treated, and UNSM + LSP-treated samples.
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elastic region in these stages. Lu et al. tailored a gradient nanostructure 
that improves strength and ductility simultaneously [46]. Hence, it is 
proposed that the formation of a gradient nanostructure by LSP and 
UNSM technologies tends to enhance tensile strength and elongation. 
The UNSM-treated sample had a similar tensile strength to the LSP +
UNSM-treated sample, but the elongation was poorer than the LSP +
UNSM-treated sample.

3.6. Top surface TEM

The TEM images in Fig. 10 provided the nanostructural differences 
on the top surface of SLM Ti–6Al–4V alloy samples subjected to LSP, 
UNSM, LSP + UNSM and UNSM + LSP treatments. These images also 
highlight the distribution and morphology of the α and β phases, which 

are key microstructural constituents in Ti–6Al–4V alloy. It was observed 
that all the treatments resulted in a transformation from coarse grains to 
nano-grains. As shown in Fig. 10(a), the LSP-treated sample shows well- 
defined α lamellar structures with dispersed β phase regions. The α phase 
appears as elongated lamellae, while the β phase is found in darker, 
more isolated regions. The UNSM-treated sample shows a more refined 
microstructure with a reduced α lamellar width and more uniformly 
distributed β phases, which appear somewhat elongated and dispersed 
across the matrix (see Fig. 10(b)). The LSP + UNSM-treated sample 
demonstrates a complex microstructure with both refined α lamellae and 
dispersed β phases (see Fig. 10(c)). The α lamellae are thinner than in the 
individual treated samples, while the β phase is distributed more uni
formly. As shown in Fig. 10(d), the UNSM + LSP-treated sample shows a 
similar, but slightly more refined nanostructure than the LSP + UNSM- 
treated sample. The α lamellae are finely distributed, and the β phase is 
dispersed to indicate a higher degree of grain refinement. Moreover, 
individual LSP, the combination of UNSM + LSP and LSP + UNSM 
technologies were able to form a lamellar structure (see Fig. 11(b, c, and 
d)), which was smaller than that of the range reported in the literature 
[47]. According to the Hall–Petch equation the LSP-treated sample 
exhibited a bit lower surface hardness than the UNSM-treated sample, 
which may be associated with the higher grain size [48]. LSP, UNSM and 
their combinations induce CRS and increase dislocation density within 
the surface layers. This CRS refines the α-β interface, making the 
lamellar α phase more prominent. The increased stress and strain by 
these technologies can also enhance phase boundary strengthening. 
Moreover, the refined microstructure suggests that both LSP and UNSM 
technologies enhance surface strength and wear resistance due to the 
high density of grain boundaries, which act as obstacles to dislocation 
motion. The alternating layers of LSP and UNSM likely increase the 
strain hardening within the material, refining the α and β phases. When 

Fig. 9. Stress-strain curves of the untreated, LSP-treated, UNSM-treated, LSP + UNSM-treated and UNSM + LSP-treated samples.

Table 7 
Mechanical properties of the samples derived from tensile tests.

Samples Load, 
kgf

Tensile 
strength, 
MPa

Gauge 
length, 
mm

Max 
displacement, 
mm

Elongation, 
%

Untreated 2204.5 1201.042 35 3.75 10.71
LSP- 

treated
2257.5 1229.917 4.07 11.63

UNSM- 
treated

2275.0 1239.452 4.19 11.97

LSP +
UNSM- 
treated

2258.0 1230.190 4.35 12.43

UNSM +
LSP- 
treated

2296.0 1250.893 4.56 12.80
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UNSM treatment is applied before LSP treatment, the initial plastic 
deformation and grain refinement from UNSM treatment are enhanced 
further by the CRS from LSP treatment. This sequence may induce even 
finer microstructural features than LSP + UNSM treatment, as UNSM 
treatment promotes a higher initial dislocation density and a finer 
microstructure before the LSP-induced CRS is applied. While SEM and 
EBSD are useful for larger-scale microstructural observations, TEM 
provides a deeper understanding at the nanoscale, revealing grain 
refinement and the distribution and morphology of the α and β phases.

3.7. Tribological performance

Fig. 11 shows the variation in COF of the untreated, LSP-treated, 
UNSM-treated, LSP + UNSM-treated and UNSM + LSP-treated samples 
as a function of sliding cycles. Running-in and steady-state friction 
characteristics were noticed for all the samples that interacted with a 
counterface ball. The untreated sample had a COF of 0.32 at the onset of 
the test that increased progressively over the 5000 sliding cycles. Later, 
it stabilized with a COF of 0.58 (see Fig. 11(a)) with considerable fluc
tuations throughout the test suggesting unstable frictional behavior. 
This increase in COF could indicate wear accumulation or surface 
degradation, leading to a rougher surface and higher resistance over 
time. The LSP-treated sample with a COF of 0.34 at the onset of the test 
demonstrated an increase during running-in and progressively increased 
with reciprocating cycles during running-in. Later, it also stabilized with 
a COF of 0.57 (see Fig. 11(b)). Fig. 11(c) shows the frictional behavior of 
the UNSM-treated sample. It was similar to the untreated and LSP- 
treated samples, the fluctuations were more controlled and less pro
nounced than in the untreated and LSP-treated samples. This indicates 
improved frictional stability and wear resistance, which may be mainly 

attributed to the reduced surface roughness showing that UNSM treat
ment helps maintain a lower and more stable COF over time. However, 
there is still a gradual increase, possibly due to surface changes with 
wear. Fig. 11(d and e) depict the COF of the LSP + UNSM-treated and 
UNSM + LSP-treated samples. The latter had a consistent COF with other 
samples, while the first decreased COF during both running-in and 
steady-state. Although there are fluctuations, they are less intense, and 
the overall COF remains relatively consistent over time, especially 
compared to untreated and LSP-treated samples. The UNSM + LSP 
treatment sequence showed relatively lower fluctuations than the LSP +
UNSM treatment sequence. The combination of LSP and UNSM tech
nologies likely reduced COF, resulting in a more stable frictional 
response than the untreated and LSP-treated samples. However, the 
UNSM-treated sample performed the best, maintaining a low and highly 
stable COF, indicating that the UNSM treatment may be optimal for wear 
resistance and frictional stability. The beneficial effect of UNSM treat
ment on the frictional behavior of SLM 316L has been previously noticed 
with a low COF due to the reduced surface roughness [22].

The inset of each Fig. 11(a–e) shows the SEM images of the samples 
and the counterface balls. As shown in Fig. 11(a), the wear track of the 
untreated sample shows significant roughness and wear debris, with 
evident grooves along the reciprocating sliding direction. These grooves 
indicate abrasive wear, where hard particles or asperities scrape against 
the surface, removing material from the surface. The wear mechanism of 
the untreated sample was also adhesion wear mode due to the difference 
in hardness of the sample and the counterface ball. The wear scar on the 
ball also shows severe wear with visible pits and grooves. The contact 
between the ball and the untreated sample likely led to material transfer 
and wear particle embedding. Predominantly abrasive wear, with po
tential for adhesive wear due to metal-to-metal contact, causing higher 

Fig. 10. Bright-field TEM images of the LSP-treated (a), UNSM-treated (b), LSP + UNSM-treated (c), and UNSM + LSP-treated (d) samples.
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wear debris and surface roughness. The LSP-treated sample shows a 
reduction in wear track roughness compared to the untreated sample, 
but grooves seem similar (see Fig. 11(b)). The wear scar of the coun
terface ball also appears somewhat a bit smoother than in the untreated 
case, with fewer pits and less intense wear features. While the abrasive 
wear mechanism was predominant, the LSP treatment appears to have 
strengthened the surface, reducing the extent of abrasive wear. Fig. 11
(c) shows the wear track of the UNSM-treated sample, which is smoother 
with much finer grooves, indicating improved surface hardness. The 
combination of two different abrasive and adhesive wear modes of the 
UNSM-treated sample was discovered, and the wear track depth was 
shallower than the untreated sample. The wear track shows relatively 
less wear debris and fewer signs of severe abrasion. The wear scar of the 
counterface ball was worn out in the central part, but some wear debris 

was attached to the center of the counterface ball. The wear scar of the 
counterface ball exhibits less material transfer and fewer pits compared 
to the untreated and LSP-treated samples. It is confirmed that UNSM 
treatment enhances surface hardness, leading to reduced abrasive wear. 
The smoother surface minimizes the interaction between asperities, 
decreasing both abrasive and adhesive wear mechanisms. Fig. 11(d) 
shows the wear track of the LSP + UNSM-treated sample. The wear track 
was even smoother than the previous cases, with fewer grooves and 
minimal wear debris. The combination of LSP and UNSM treatments 
enhanced the wear resistance compared to the untreated and LSP- 
treated samples, but not the UNSM-treated sample. The ball wear scar 
shows moderate damage, with a greater amount of material transfer or 
adhesion. The UNSM + LSP-treated sample showed the smoothest wear 
track among all the treatments as shown in Fig. 11(e). The ball wear area 

Fig. 11. COF of the untreated (a), LSP-treated (b), UNSM-treated (c), LSP + UNSM-treated (d), and UNSM + LSP-treated (e) samples.
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in this treatment is the least affected, showing only mild wear marks and 
minimal material transfer, indicating effective wear resistance in the 
treated sample. This sequence of treatments (UNSM followed by LSP) 
appears to offer the best protection, primarily reducing abrasive and 
adhesive wear. The high surface hardness and CRS significantly decrease 
material loss and wear damage. The abrasive wear mechanism was 
predominant for the LSP + UNSM-treated and UNSM + LSP-treated 
samples, where the wear track size was found to be smaller than that of 
the untreated and LSP-treated samples, but more significant than the 
UNSM-treated sample. Moreover, the wear scar derived on the counter 
surface ball was worn out in the central part, but some wear debris was 
attached to the out of the central part of the counter surface ball. The 
combination of LSP and UNSM treatments appears to reduce abrasive 
wear synergistically. LSP treatment likely improves surface strength, 
while UNSM treatment further enhances hardness and smoothness, 
leading to minimal wear and reduced adhesion between the sample and 
the ball. Furthermore, it can be hypothesized that oxidative wear also 
occurred for all the samples. It was reported earlier that the primary 
wear mechanism of Ti-based alloys is abrasive, followed by adhesion 
and oxidation transferred layer [49].

The wear rate of the samples was measured based on the 3D images 
of the wear track as shown in Fig. 12. High wear depth and wide track 
width of the untreated sample shown in Fig. 12(a) suggested severe 
surface degradation under sliding, indicative of poor wear resistance. 
The LSP-treated samples had a similar wear track width compared to the 
untreated sample, but the depth of the wear track was shallower (see 
Fig. 12(b)). A considerable distinction in wear resistance was found as 
shown in Fig. 12(c), where the depth of the wear track of the UNSM- 

treated sample was shallower than other samples. The combination of 
LSP and UNSM technologies yields a balanced wear resistance (see 
Fig. 12(d)), likely benefiting from both CRS stress from LSP treatment 
and enhanced hardness from UNSM treatment. Although not as shallow 
as the UNSM-treated one, this combined treatment reduces both track 
width and depth, showing an improvement over the untreated and LSP- 
treated ones. Then, as shown in Fig. 12(e), the combined application of 
the UNSM + LSP technologies exhibited smaller wear track dimensions 
than those of the untreated, LSP-treated, and LSP + UNSM-treated 
samples. Still, it showed a deeper wear track than the UNSM-treated 
sample. The UNSM + LSP-treated sample provided better wear resis
tance than the LSP + UNSM-treated sample. The quantified wear rate of 
the samples is reported in Fig. 13. The wear rate of the untreated sample 
(3.57 × 10− 8 mm3/N × m) was enhanced by approximately ~ 14.9% 
and 42.3% after LSP and UNSM technologies, respectively. The reduced 
wear depth and narrower track reflect improved wear resistance from 
UNSM treatment. Combined applications of UNSM + LSP and LSP +
UNSM technologies could improve the wear resistance compared to the 
untreated and LSP-treated samples, but the UNSM-treated sample 
showed the best wear performance. It was found that the combined 
application of UNSM + LSP technologies showed better tribological 
performance than the combination of LSP + UNSM technologies, which 
is in connection with the change of crucial surface properties such as 
roughness and hardness after UNSM treatment.

4. Conclusions

Individual and combined applications of LSP and UNSM technologies 

Fig. 12. 3D LSM images of the wear track formed on the surface of the untreated (a), LSP-treated (b), UNSM-treated (c), LSP + UNSM-treated (d), and UNSM + LSP- 
treated (e) samples.
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were applied to Ti–6Al–4V alloy manufactured via the SLM process. The 
untreated sample exhibited a high surface roughness value of 9.96 ±
0.90 μm, which was increased to 12.10 ± 1.04 μm after LSP treatment, 
but it was reduced significantly to 1.07 ± 0.06 μm following UNSM 
treatment. When both LSP and UNSM technologies were applied in 
combination (LSP + UNSM and UNSM + LSP), the surface roughness 
was further reduced to 1.53 ± 0.25 μm and 1.60 ± 0.11 μm, respec
tively, but still higher than that of the UNSM-treated sample. The surface 
hardness of the LSP-treated and UNSM-treated samples was 343.3 HV 
and 352.0 HV, respectively. The average surface hardness, 364.4 HV, 
was observed in the LSP + UNSM-treated sample, while the UNSM +
LSP-treated sample exhibited a slightly higher hardness of 367.3 HV. 
After both LSP and UNSM treatments, the surface TRS was converted to 
CRS. The LSP + UNSM-treated sample showed the highest CRS value of 
− 705 MPa, similar to that of the UNSM-treated sample. Notably, the 
CRS introduced by UNSM treatment was partially mitigated by the 
subsequent LSP treatment. The wear rate of the LSP-treated and UNSM- 
treated samples decreased from 3.57 × 10⁻⁸ to 3.04 × 10⁻⁸ mm³/N × m 
and 2.06 × 10⁻⁸ mm³/N × m, respectively. The combined LSP + UNSM 
and UNSM + LSP treatments effectively reduced the COF and improved 
the wear resistance compared to untreated and LSP-treated samples. In 
conclusion, this paper introduces a novel approach combining two laser- 
and ultrasonic-based surface modification techniques - LSP and UNSM. 
The synergistic effects of these treatments in different order on micro
structural changes, mechanical properties (including residual stress), 
and tribological performance have not been previously investigated. The 
originality of this work lies in demonstrating that the combination of 
LSP and UNSM technologies is more effective than their individual ap
plications. This combined approach offers valuable insights into opti
mizing surface integrity and enhancing the durability of Ti–6Al–4V 
components produced by SLM as each method contributes uniquely to 
the surface and subsurface characteristics. The combination of the LSP 
and UNSM technologies is particularly beneficial for the fatigue per
formance and wear resistance of AMed parts, which often require 
improved surface quality and durability for demanding applications. 
The findings of this study are particularly relevant to researchers and 
practitioners in the field of AM and surface engineering, particularly 
those working with laser- and ultrasonic-based technologies for aero
space and nuclear applications.
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[10] Vilaro T, Colin C, Bartout JD, Nazé L, Sennour M. Microstructural and mechanical 
approaches of the selective laser melting process applied to a nickel-base 
superalloy. Mater Sci Eng 2012;534:446–51. https://doi.org/10.1016/j. 
msea.2011.11.092.

[11] Osakada K, Shiomi M. Flexible manufacturing of metallic products by selective 
laser melting of powder. Int J Mach Tool Manufact 2006;46:1188–93. https://doi. 
org/10.1016/j.ijmachtools.2006.01.024.

[12] Lee K-A, Kim Y-K, Yu J-H, Park S-H, Kim M-C. Effect of heat treatment on 
microstructure and impact toughness of Ti-6Al-4V manufactured by selective laser 
melting process. Arch Metall Mater 2017;62:1341–6. https://doi.org/10.1515/ 
amm-2017-0205.

[13] Vilaro T, Colin C, Bartout JD. As-fabricated and heat-treated microstructures of the 
Ti-6Al-4V alloy processed by selective laser melting. Metall Mater Trans 2011;42: 
3190–9. https://doi.org/10.1007/s11661-011-0731-y.

[14] Ter Haar GM, Becker T, Blaine DC. Influence of heat treatments on the 
microstructure and tensile behaviour of selective laser melting-produced Ti-6Al-4V 
parts. S Afr J Ind Eng 2016;27. https://doi.org/10.7166/27-3-1663.

[15] Vrancken B, Thijs L, Kruth J-P, Van Humbeeck J. Heat treatment of Ti6Al4V 
produced by selective laser melting: microstructure and mechanical properties. 
J Alloys Compd 2012;541:177–85. https://doi.org/10.1016/j. 
jallcom.2012.07.022.

[16] Bhaduri D, Penchev P, Batal A, Dimov S, Soo SL, Sten S, Harrysson U, Zhang Z, 
Dong H. Laser polishing of 3D printed mesoscale components. Appl Surf Sci 2017; 
405:29–46. https://doi.org/10.1016/j.apsusc.2017.01.211.
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