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Abstract: The poor surface roughness associated with additively manufactured parts can influence
the surface integrity and geometric tolerances of produced components. In response to this issue, laser
polishing (LP) has emerged as a potential technique for improving the surface finish and producing
parts with enhanced properties. Many studies have been conducted to investigate the effect of LP
on parts produced using additive manufacturing. The results showed that applying such a unique
treatment can significantly enhance the overall performance of the part. In LP processes, the surface
of the part is re-melted by the laser, resulting in smaller peaks and shallower valleys, which enable
the development of smoother surfaces with the help of gravity and surface tension. Precise selection
of laser parameters is essential to achieve optimal enhancement in the surface finish, microstructure,
and mechanical properties of the treated parts. This paper aims to compile state-of-the-art knowledge
in LP of additively manufactured metals and presents the optimal process parameters experimentally
and modeling using artificial machine learning. The effects of laser power, the number of laser
re-melting passes, and scanning speed on the final surface roughness and mechanical properties are
comprehensively discussed in this work.

Keywords: additive manufacturing; laser polishing; laser re-melting; surface roughness; microstructure;
metal; post-processing; machine learning; artificial neural network

1. Introduction

The worldwide industrial sectors such as aerospace, automotive, chemical, and food
processing are increasingly interested in additive manufacturing (AM). However, due to
the poor surface roughness made by AM, it may not be sufficient for some applications
because of the micro surface creaks and porosities that occur during AM fabrication which
affect the AM parts, especially in high- or low-temperature environments. Generally, AM
components require post-processing operations such as polishing, using either mechanical
or electrochemical polishing. Despite the limitations of both processes [1–3], it is not
recommended to treat the surface roughness of AM lattice parts via electropolishing [4].
In addition, electropolishing requires the use of specialized equipment and chemicals,
which can increase the total cost. Various parameters influence material removal during
this process, making it difficult to maintain precise dimensional tolerances consistently [5].
Mechanical polishing is based on the operator’s expertise and the tools’ quality. The
results may differ, which can cause inconsistent results. Creating functional products that
require minimal post-processing is one of the fundamental principles of AM. Using ex
situ conventional post-processing techniques can diminish the benefits of this innovative
approach. The advantage of employing LP is that it can be applied in situ after the part is
fabricated [6].

Post-processing methods such as laser polishing (LP) can be a possible and feasible
approach with minimal constraints. Due to its non-contact and chip-free nature, LP has

J. Manuf. Mater. Process. 2023, 7, 115. https://doi.org/10.3390/jmmp7030115 https://www.mdpi.com/journal/jmmp

https://doi.org/10.3390/jmmp7030115
https://doi.org/10.3390/jmmp7030115
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0003-0276-8198
https://orcid.org/0000-0002-4012-3326
https://orcid.org/0000-0002-5437-8696
https://doi.org/10.3390/jmmp7030115
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp7030115?type=check_update&version=1


J. Manuf. Mater. Process. 2023, 7, 115 2 of 23

recently become an attractive alternative polishing method compared to traditional meth-
ods [7], especially for the AM processes that use a laser for sintering and fusion. In the case
of laser-based AM, LP is used to achieve a smooth surface in situ during fabrication [8].
Compared to other manual, mechanical, and chemical polishing methods, LP is a more
effective and efficient technique because it modifies surface morphology via re-melting
without altering bulk qualities. In addition, in LP, a laser beam scans the surface and
re-melts a thin layer on the solid surface, forming a melting pool. Surface tension and
gravity will cause the melting material to be redistributed into the melting pool, resulting
in leveled peaks and valleys. The surface roughness is reduced as a result of the rapid
solidification of the melting pool [9]. The surface of additively manufactured material is
subjected to re-melting, in which the laser beam affects the topography of the layer surface
while maintaining the precision of the manufactured part. Meanwhile, the irregularities
and high asperities are flattened during the liquifying process [10,11].

The LP process reduces the surface roughness of the AM metal parts over depths of
10–80 µm using a continuous-wave laser in the case of macro-polishing [12] or 0.5–5 µm
using a pulsed laser in the case of micro-polishing [13]. Laser re-melting can occur in two
phases, either after building each layer or only at the final layer. As a result of the unmolten
powder particles, the final surface of AM materials is rough, which may also influence the
mechanical properties. Figure 1 presents the parameters of the LP process, such as laser
type, laser profile, laser diameter, laser power, laser speed, scanning type, hatch space, and
overlap. The Gaussian beam is the most common laser profile because of the intensity of
the laser beam.
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Figure 1. Schematic of the laser polishing process and its parameters.

LP has successfully post-processed a variety of metallic alloys, including titanium
alloys [9], stainless steel [14], cobalt–chromium (CoCr) alloys [8,15], and Inconel alloys [16].
However, LP is not always capable of producing a precisely leveled surface. Several
studies found that melting, evaporation, and solidification phases caused some effects of
characteristic texture, such as surface pores, voids, and micro-cracking [16–18].

While the LP process has been applied to improve the surface roughness of metals
produced via conventional processes, there is still a lack of understanding of the effect of
LP on additively fabricated metals, specifically, how the LP can improve the previously
sintered metal layers, the generated surface quality, and the standardized path towards
successful application of LP in terms of process parameters such as laser power, laser speed,
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number of passes, etc. Additionally, recent LP research studies tackled investigations for
metals produced by AM to provide a standardized and optimized processing scenario,
particularly those with curved geometries [16,18]. This paper aims to present state-of-
the-art studies and experiments of LP to obtain an acceptable surface roughness value,
microstructure, and mechanical properties for the AM metallic surface of titanium alloys,
stainless steel, cobalt–chromium (CoCr) alloys, and Inconel alloys.

2. Laser Polishing Mechanisms

In LP, a thin layer of the metal surface is re-melted by directing the laser beam onto
the surface. The scan velocity determines the movement of the laser beam, whereas energy
density is a crucial element that significantly impacts the melt pool flow. Energy density is
a combination of laser power and scanning speed, which influences surface melting via
surface over-melting (SOM) and surface shallow melting (SSM). SOM occurs when the
surface is overheated and goes beyond the valleys, whereas SSM occurs when the surface
peaks melt and fill the valleys. Insufficient peak melting of the surface is due to the low
laser energy and fast scanning speed. The re-melting process should be in the peak–valley
range [7,19,20]. Figure 2 illustrates the mechanism of laser re-melting [21,22].
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Figure 2. Laser re-melting mechanism.

On the other hand, high laser energy and slow scanning speed melt beyond the surface
valleys. The molten metal flows back toward the solidified metal region in SOM, producing
a surface peak higher than SSM. To achieve the best LP results, the LP must combine SSM
in the form of fine polishing, then SOM for the coarse polishing mechanism [8,17].

LP processes can be performed on different scales, such as macro- or micro-polishing.
The continuing wave mode is used for macro-polishing, and the influencing factors are
laser power PL, scanning velocity vscan, laser beam diameter dL, and track offset dy. Micro-
polishing, on the other hand, is carried out in a pulse mode, and its influencing factors for
surface treatment are pulse duration tP and repetition frequency fP. [23]. The LP process
parameters are shown in Table 1 [24]. Understanding the effects of these factors is critical
to developing an optimal LP method in AM [25].
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Table 1. Laser polishing parameters and definitions.

Parameters Definition

Laser power PL

The optical power of the laser beam is measured in (W). It outputs a continuous beam
(continuous wave) for macro-surface polishing or a discrete beam (pulsed mode) for

micro-surface polishing.

Beam profile Measuring intensity profile, including the radius and shape of the laser beam. The
Gaussian beam profile is the most popular due to the intensity of the laser beam.

Laser beam diameter (dL) The geometer of the laser beam that reflects on the surface of the workpiece.

Exposure time (dwelling time) tp The pulse duration exposes a single spot on the surface workpiece.

Scanning speed vscan
The scanning speed of the laser beam is measured by a meter per second in continuing
wave mode and measured by a point of distance over exposure time in pulsed mode.

Hatching distance The distance between the center of two adjacent tracks.

Energy density (ED = Power (w)\
(scanning speed (mm/s) × laser spot

diameter (mm)) = J/mm3)

The energy over the three-dimensional volume includes the depth of penetration of
the laser beam into the workpiece. It determines the required thermal input to the

surface. An insufficient amount of laser energy density results in unmolten particles
on the AM surface.

Linear energy density (E = Power (w)\
linear speed (m/s) = J/m)

The scanning pattern of the laser beam on the workpiece. For example, 0◦, 45◦, and 90◦

along the X-axis. It could be scanned along the built-up tracks or at different angles.

Scan strategy The scanning pattern of the laser beam on the workpiece. For example, 0◦, 45◦, and
90◦ along the X-axis. It can be scanned along the built-up tracks or at different angles.

Angle of incidence (ß) The angle between the laser beam vector and the surface vector.

Scanning vector length The length of the laser track that is polished.

Numerical Analysis

Numerical analysis in LP has been employed to understand the laser polishing mecha-
nisms in many aspects, such as surface profile, molten pool dynamic, and thermal-stress
distribution. A recent study investigates the effect of laser heating duration on molten
pool characteristics such as heat transfer, heat radiation, heat convection, melting, and
solidification. It was obtained that the LP mechanism is not orderly and that capillary and
thermocapillary forces primarily control the molten pool dynamics during the LP process.
The capillary force removes surface roughness curvature, and the thermocapillary causes
the tangential flow to smoothen the surface. In addition, when the melting duration of
the melting pool exceeds the solidification duration, the surface roughness can be reduced.
Table 2 shows the molten pool depth and width differences between the simulation and
experiment [26,27]. Li et al. established a finite element simulation of three dimensions of a
single track to understand the thermal-stress distribution and molten pool. It was found
that the center of the molten pool had the highest temperature. The cooling rate dropped
rapidly, except in the adjacent zone of the molten pool dropped slowly. The simulated
values matched the experimental values within 10% errors [28]. A hydrodynamics model
was established to understand the CW in LP [29]. It was found that the velocity of the
molten pool and width of the laser track increased nonlinearly with increasing input energy.
However, the surface roughness was increased by increasing the flow velocity because
it generated periodic striation patterns on the polished surface, while surface roughness
decreased by minimizing the melt pool convection. It was not ideal for LP to increase melt
pool velocity because it increased the depth of the melt pool without affecting the width of
the melt pool [29].
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Table 2. Comparison between simulated and experimental values of molten pool depth and
width [26].

Laser Heating
Time (ms)

Simulate
Depth (µm)

Experimental
Depth (µm) Error (%) Simulate

Width (µm)
Experimental
Width (µm) Error (%)

0.8 51 54.7 7.3 270 331.9 18.6
1.2 66 70.7 7.1 310 366.9 18.4
1.6 83 89.5 7.8 360 435.8 21.1

3. LP of Titanium Alloys

Titanium alloy is an α + β type dual-phase alloy with high strength, hardness, and
corrosion resistance. Due to its excellent properties, it is used in many different appli-
cations, such as aerospace, military, and biomedical implants [30]. Titanium alloys are
good candidates for AM [31]; the AM represents one cost-effective approach to the fab-
rication of titanium components. This alloy category has contributed to the creation of
alternative organs, tissues, biomedical implants, and pharmaceutical delivery systems in
the biomedical sector [32]. The AM approach has been utilized to enhance the perfor-
mance and effectiveness of Ti in medical operations and minimize the need for further
treatment [33,34].

Significant studies have been conducted on the biomedical characteristics of 3D-
fabricated titanium alloy for dental applications [35]. In many Ti alloys, the microstructures
and mechanical properties of additively manufactured Ti alloy can be comparable to the
cast and wrought product [31].

3.1. Mechanical Properties

The hardness of the polished area of the titanium alloy is significantly higher than
the hardness of the unpolished site. However, in most studies, the heat-affected zone
(HAZ) decreased. The cross-section from the top surface to the inside of the material is
divided into three zones: the remolten zone (top surface), the heat-affected zone (HAZ),
and the substrate layer (base material). The increased hardness of the polished area is due
to the formation of the martensite phase, and the bulk modulus is greater than the base
material. The density of dislocations in the martensite phase is high, and the number of
phase boundaries in a double needle is large [36]. Many studies concluded the same results
as shown in Table 3.

Table 3. Comparison between laser-polished and as-built samples of titanium.

Reference

Sample As Received Sample After Laser Polishing

InvestigationHardness
Top Layer
(Vickers)

Hardness
Middle Layer

(Vickers)

Wear
Resistance

Hardness
Top Layer
(Vickers)

Hardness
Middle Layer

(Vickers)
Wear Resistance

[37] 340 N/A

Corrosion
potential:
0.286 V

corrosion
current density:
7.718 µA/cm2

426 HV N/A

Corrosion
potential: 0.173 V
corrosion current

density:
6.29 µA/cm2

Surface roughness in the
laser macro-polishing

process

[38] 340 N/A N/A 426 HV N/A Enhanced by
39%

Surface topography,
solidification

microstructure, and
mechanical performance

[39] 340 330 at a depth
of 120 µm N/A 445 HV 33 at a depth of

120 µm N/A

LP influences the surface
morphology, mechanical

properties, and
biocompatibility of the

material elements.
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In terms of fatigue, the unbalanced thermal process of LP affects the polished surface by
making it susceptible to residual stress due to re-melting and rapid solidification. Internal
defects, microstructures, and residual stress are the primary causes of fatigue performance
after LP. Residual stress reduces fatigue life by widening fatigue cracks. The fatigue life
of the as-built Ti alloy specimen resulted in 107 cycles, which can be reduced to 104 cycles
after LP. The fatigue testing method was used for the high cycle fatigue (HCF) experiment
at two stress levels of 500 and 600 Mpa, with the chosen mean stress condition for the stress
ratio being R = 0.1 and the test frequency 10 Hz [36]. To account for these occurrences,
the formation of the martensite phase in the polished area hardens and makes the surface
brittle. Furthermore, residual tensile stress was observed on the polished surface, which
accelerates fatigue fracture due to crack initiation at pores, making the polished surface
highly sensitive and weakening the fatigue performance of additively manufactured Ti
alloy. In addition, there was no significant change in the tensile strength or yield strength
of the additively manufactured Ti alloy after performing LP. However, there was a 5%
reduction in the elongation of the polished surface.

The surface roughness of the Ti6Al4V part produced by LPBF was reduced from 80 µm
to 60 µm after five laser scans (number of laser re-melting passes) using LP methods [40].
The as-built microstructure contains a mixture of α + β, as shown in Figure 3a. However,
the microstructure changed to a fine α′-structure (martensite) to the depths of 110–160
µm, as shown in Figure 3b. Using load control with a stress ratio of R = 0.10 and a
frequency of 20 Hertz, constant amplitude fatigue testing was conducted. The fatigue
strength was 50% lower (−130 Mpa) than the as-built strength. In conclusion, reducing
surface roughness alone will not increase fatigue life unless other material characterizations
below the smooth surfaces are considered, such as residual surface stress, microstructure,
and crack initiation [40].
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In general, smoothing the surface roughness can help to avoid stress points and the
early stages of crack initiation and growth. In SSM, micro-holes and cracks are sealed
because it melts the remaining powder on the surface. On the other hand, SOM negatively
affects fatigue behavior because it initiates more porosity and cracking, which causes
fatigue fracture to occur rapidly [21,22].

Fabricating Ti6Al4V using electron beam melting (EBM) will cause changes in both the
orientation of the melted surface and the direction of beam scanning. As a result, significant
residual tensile stresses can form near the surface. The grain structure and texture can
differ at 200 µm depth due to the remolten surface layer, and the grains regrow vertically
to the molten surface [41]. During LP, HAZ was found to be ultimately ß annealed, and
it may become martensitic upon cooling. At the same time, conventional heat treatment
for stress relief can bring the residual stress down to near zero [41,42]. By measuring the
surface roughness at the micro-scale using a nano focus µScan laser profilometer and a
white light interferometer with different resolutions before and after LP, significant results
have been found in reducing the surface roughness from Ra = 21.46 µm for the as-built
surface to Ra = 0.51 µm after LP [41].

Another study [43] investigated the influence of LP without a stress relief process
on the strength of fatigue life. Fatigue tests with a fully reversed (R = −1) under strain
control were carried out. Compared to as-built samples, the results revealed enhanced
high-cycle fatigue strength due to the reduction in the surface roughness and decreased
low-cycle fatigue strength due to residual stresses that occurred from LP. However, specific
stress reliever mechanisms improved fatigue strength under low- and high-cycle fatigue
loads [43].

3.2. Microstructure and Surface Quality of Titanium Alloy

The effect of the LP process parameters on the resultant surface roughness strongly
depends on the laser power (P). Increasing the laser power with constant scanning velocity
(v) equal to 40 mm/s and scanning pitch (S) of 0.1 mm resulted in an increase in surface
roughness of Ti alloy from 1.127 µm at 150 W to 3.25 µm at 300 W, as shown in Figure 4.
Due to the SSM process that enables the removal of surface defects and the creation of a
smoother surface, SSM may result in better surface quality and reduced surface roughness.
However, the technique’s efficacy depends on several variables, and the optimal laser
parameters must be chosen depending on the material and the desired surface finish.
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Figure 4. Effect of different polishing process parameters on sample surface roughness (a) laser power
P = 150 W, scanning pitch S = 0.1 mm, (b) scanning speed V = 40 mm/s, scanning pitch S = 0.1 mm
for Ti, (c) laser power P = 150 W, velocity V = 40 mm/s [26].

As temperatures rise, the surface tension of molten Ti6Al4V decreases because the
temperature coefficient of surface tension is negative. When the molten pool begins, the
temperature gradient is greatest in the center and diminishes to the lowest at the molten
pool’s edge. Furthermore, the surface tension gradient formation spreads gradually from
the surface’s center (high temperature) to the molten pool’s edge. As a result of the action
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of the surface tension gradient and gravity, the molten liquid flows back to the solidification
area and the edge of the molten pool. Gravity causes a different distribution of liquid
height (ripple) in the molten pool, which increases surface roughness [44–46]. The result
of numerical modeling showed that the maximum temperature is more sensitive to laser
power than laser scan speed [47].

Ti6Al4V alloy powder has more flowability because its particles are rounder than
AlSi10Mg, 316L, and IN718 alloy powders [48]. As a result, the layer’s homogeneity and
the final components’ surface roughness are influenced to be smooth. After LP, the initial
peak–valley value of additively manufactured Ti6Al4V alloy is lowered from 70 µm to
around 10 µm [47,48]. In Figure 5 (left), the surface roughness was reduced due to the
energy density of the LP as determined by laser power, laser speed, and hatch space. The
low energy density cannot penetrate the surface of the part, which results in insufficient
energy to melt the surface. As a result of high energy, the solidification rates take long
enough to form a molten pool that adequately distributes the wet martial under the effect
of gravity and surface tension. The effect of the laser power is significantly more than
the laser speed. Sample no. 7 has shown a better reduction in surface roughness by 60%.
The reason is that the energy density was high (133.33 J/mm3) among other samples. In
Figure 5 (right), number 7 achieved excellent surface roughness with a laser power of 400 W
and a laser speed of 0.5 m/s [48].
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(right): Initial and polished surface 1: (Power 100 W, feed rate 0.5 m/s), 2: (Power 100 W, feed
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6: Power3100 W, feed rate 0.5 m/s), 7: (Power 300 W, feed rate 1 m/s), 8: (Power 400 W, feed rate
0.5 m/s), 9: (Power 400 W, feed rate 1 m/s) [48].

The effect of rescanning cycles (number of laser re-melting passes) on the character-
istics of the Ti6Al4V SLM sample was investigated. The residual stress increased with
a single rescanning cycle and decreased with multiple rescanning cycles. The ultimate
tensile strength (UTS), yield strength, micro-hardness, and micro-strain of the samples all
increase as the laser re-melting cycles increase from 0 to 3 but decrease after the fourth time
of rescanning [47]. In another study [49], the authors observed a significant reduction in
roughness and porosity after applying the number of laser re-melting passes in each layer.

On the other hand, various laser scanning speed parameters with constant laser power
P of 150 W and a constant scanning pitch S of 0.1 mm can significantly affect surface
roughness, as shown in Figure 4. The lowest roughness was obtained at Ra 1.127 µm with
a laser speed of 40 mm/s. The laser speed between 0 and 35 mm/s was evidence of a high
energy density on the surface. Re-melting will be beyond the surface valley because laser
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power in this situation is considered a high amount. The molten metal flowed back to the
solidified metal region. However, the laser speed ranged from 50 to 120 mm/s, indicating a
low energy density on the surface. As a result, re-melting will be insufficient because the
laser power is considered low in conjunction with scanning speed, and the molten pool
was not initiated [26].

Medical implants using Ti-6Al-4V Grade 23 ELI with superior surface qualities via the
LPBF method, followed by LP using a CO2 laser source, were investigated. The surface
qualities of the products mentioned above are compared to those manufactured by AM
techniques. LPBF paired with LP yields a surface roughness reduction of almost 80% and
a peak-to-valley reduction of 90%. In addition, a significantly reduced processing time
is reported, and the procedure is more cost-effective than other methods. The uses of a
CO2 laser to decrease surface roughness and enhance surface physical properties were
examined, and cylindrical and flat samples were manufactured. The result was around an
80% decrease in average surface roughness and a 90% reduction in peak-to-valley distance.
The surface roughness and (Sa) values are more likely to improve when there is a large
percentage of overlap in the scanning track [50].

In another study [51], the effect of femtosecond LP and overlapping rate on the surface
roughness of Ti-6Al-4V was investigated. It was observed that different overlapping rates
produced nanoparticles that were caused by femtosecond laser. No evidence of microcracks
was observed, and the surface had optimal roughness due to low thermal stress and
residual stress. Low laser overlapping rates result in small nanoparticles produced by
laser ablation and femtosecond laser fragmentation. High laser overlapping rates result
in large nanoparticles produced from small nanoparticles via laser melting. The heat was
affected as the laser overlapping rates increased, and the surface roughness was reduced
by 1.381 µm [51].

The effects of various scanning strategies, laser parameters, and the initial surface
were examined [1]. Four different scanning strategies with varying angles were used. The
best scanning pattern on better initial surface quality obtained an 85% reduction in surface
roughness after 12 scans with angles (18◦, 71◦, 0◦, and 45◦) of halftone. The effect of three
different scanning strategies on the relative density of a Ti6Al4V AM part was investigated.
The fiber laser beam quality and the process environment are crucial for attaining greater
relative densities. Owing to the 90◦ rotation of the scan lines in each layer, the alternating
bi-directional strategy resulted in the maximum relative density due to fewer existing
unmolten zones between scan tracks and a 59% reduction in thermal stress [52,53].

Different laser input and scanning strategies were concentrated on reducing the surface
roughness of Ti-6Al-4V alloy using the predetermined area subjected to selective site
melting by laser processing in this technique. The surface roughness of the processed
alloy has decreased from Ra = 44.14 µm to Ra = 3.69 µm. Indeed, this method successfully
reduces 90% of the surface roughness. However, this technique might result in surface
defects, and care is needed to minimize surface defects [54]. Process parameters for titanium
are summarized in Table 4.

Table 4. Laser process parameters for titanium.

Reference Laser Power Scanning
Speed

Overlap with
Spot Size

Energy
Density

Fabrication
Method

Laser
Beam

Radius

Layer
Thickness
(Build-Up)

Laser Type
and Mode

Roughness
Reduction

[1] 40 W N/A 75% (80 µm) 7.1 kJ/cm2 SLM N/A 30 µm Fiber (CW) 85%
(111.7 nm)

[26] 150 W 40 mm/s Pitch: 0.1 mm N/A SLM 0.135 mm N/A Fiber (CW) 60%
(1.27µm)

[39] 100 W 300 mm/s

400 µm spot
size with

30 µm line
spacing

N/A N/A N/A N/A N/A 75%
0.51 µm
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Table 4. Cont.

Reference Laser Power Scanning
Speed

Overlap with
Spot Size

Energy
Density

Fabrication
Method

Laser
Beam

Radius

Layer
Thickness
(Build-Up)

Laser Type
and Mode

Roughness
Reduction

[48] 400 W 0.5 m/s N/A N/A SLM N/A N/A N/A 62.3%

[51]
Repetition rate of
100 kHz the pulse
duration of 224 fs

20 mm/s 85%
Laser

fluences
32.8 J/cm2

Femtosecond
laser 29 µm N/A

Yb: KGW
laser

(pulse)

16.6%
(1.381 µm)

[36] 70, 80, 90, 100 W
50, 100,

150, 200,
250 mm/s

10% 7.1 kJ/cm2 N/A N/A 30 µm Fiber (CW) 85%

[40] 250 W 750 mm/s a hatch spacing
of 50 µm. N/A N/A N/A 60 µm N/A 4 µm

[54] 75, 125, 175 W 200, 300,
400 mm/s 25, 50, 75% 3, 3.4,

3.6 J/mm2 N/A N/A 60 µm CO2 laser 90%

[47] 100,200,300,400 W 0.5 and
1 m/s N/A N/A N/A N/A 50 µm Fiber (CW) 62.3%

4. Laser Polishing of Inconel Alloys

Nickel-based superalloys are distinguished by their exceptional combination of high-
temperature strength, hardness, and corrosion or oxidation resistance. These alloys are
widely used in power generation and aviation turbines, rocket engines, and other challeng-
ing environments, such as nuclear power plants and chemical processing facilities [8,55–57].

4.1. Microstructure and Surface Quality of Inconel Alloys

IN718, manufactured via laser metal deposition (LMD), was investigated to determine
the relationship between laser power, scanning speed, and laser diameter. The melting of
the outer layers has been assisted by raising the laser power to some level. After that, the
increased laser energy will not be able to polish the surface layer any longer effectively,
and it may have a negative effect. This is because high laser energy may damage the
surface and extend beyond the surface valley that marks the transition between the SSM
and SOM regimes. LP should not increase the peak–valley distance [7]. Another study
performed in situ laser polishing simulations at 50 W, 90 W, 130 W, and 170 W and studied
all specimens’ surface morphological features and underlying mechanisms; 50 W and 90 W
surface morphology were unaltered compared to the as-built ones. The molten pool’s
lifespan was extended when the laser power reached 130 W. The LP reduced the surface
roughness of the SLM specimens from 20.0 ± 1.25 µm to 13.3 ± 0.35 µm [58–60].

The melt pool geometry (single track) of SLM IN625 was investigated. Laser power
significantly impacts the melt pool more than scanning speed. It was observed that in-
creasing laser power and decreasing scan speed significantly increase track width and melt
depth. Furthermore, increasing laser power reduced the contact angle of the melt pool;
however, the scan speed had less of an effect on the height and surface roughness of the
melt pool [61].

The effect of overlap in LP in air and argon environments was investigated. Under
air conditions, all laser-polished samples showed the formation of an oxide layer, a dark
surface color, and microcracks. The surface is more stable in an argon environment, and
there are no signs of microcracks because of less oxidation during the process. As shown
in Figure 6, increasing the overlap significantly reduces surface roughness (Ra). However,
increasing the overlap after 85 percent increases the surface roughness in the air case
due to melt-pool instability and surface overheating. Process parameters for Inconel are
summarized in Table 5.
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Table 5. Laser process parameters for Inconel.

Reference Laser
Power

Scanning
Speed

Overlap with
Spot Size

Energy
Density

Fabrication
Method

Laser Beam
Radius

Layer
Thickness
(Build-Up)

Laser Type
and Mode

Roughness
Reduction

[7] 500 W 800–850
mm/min 35% N/A LMD 0.7 mm N/A CO2 laser Initial = 9.85 µm

Polished = 2 µm

[16] 90 W 150 mm/s 10% N/A SLM

Pulse duration:
tP = 12–500 ns;
spot diameter:

50 µm

N/A

AA
nanosecond
pulsed fiber

laser

Initial = 7 µm
Polished = 0.1 µm

[62] 160 W 150 mm/s 90% 177.78
J/mm2 SLM 0.6 mm 30 µm CW fiber

laser Polished = 87.9%

[63] 180 W 0.5 m/s Tilt angles θ
(10◦) 93.6 J/mm3 SLM 70 µm N/A CW fiber

laser 5.9 µm

[48] 400 W 0.5 m/s Hatch 140 µm 200 J/mm3 SLM N/A 50 µm N/A Initial = 15 µm
Polished = 3 µm

4.2. Mechanical Properties

The effect of hatching and contour on the initiation of fatigue crack in the IN625 SLM
part was investigated. Seven as-built and laser-polished samples were subjected to a fatigue
test at a 20 Hz frequency, using a load R-ratio of −1 and increasing the stress by 25 MPa
increments to determine the number of cycles to failure. It was found that the optimum
parameters resulted in excellent surface roughness and porosity reduction. Fatigue testing
on as-built and polished samples revealed three mechanisms that cause fatigue damage,
which are unmolten particles during the SLM process, porosity that occurs during SLM,
and local plasticity that appears in the microstructure of the material. The fatigue strength
of the polished and built samples is shown in Figure 7. With 200 MPa, the polished sample
with fewer porosities can withstand more than 2 × 106 cycles. The difference in fatigue
strength between polished and as-built samples is approximately 10%, even though the
surface roughness of as-built samples is high [63].

The LP influence on the mechanical properties of the IN718 part was investigated.
After LP, the researchers observed that the grain in the polished layer was refined, and the
precipitation strengthening phase (γ” phase) increased. The micro-hardness improved to
440 HV compared to the as-built 345 HV. Due to an increase in hardness, the wear rate
increased by 90% [16].
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5. Cobalt Chromium—CoCr

CoCr-based alloys are frequently used in dental treatment and joint implantation
because of their low cost and exceptional resistance to corrosion and mechanical character-
istics, such as high stiffness, high strength, heat resistance, and non-magnetic property [64].

5.1. Microstructure and Surface Quality of Cobalt Chromium

The effect of LP on the surface microstructure and corrosion resistance of AM CoCr
was studied. Table 6 exhibits the LP parameters used in this study [65]. It was found that
laser-polished specimens have a higher corrosion resistance of about 30% compared to
other polishing methods, such as thermos mechanical treatment. The important parameters
to obtain optimized results are the laser power and the distance of the object [65]. This
result matches Yung et al.’s [15] study; it was found that argon gas significantly smooths
the surface roughness. The optimal parameter for laser polishing the AM CoCr part. The
flow concentrations of air, nitrogen, and argon were 2.0 L/min, 6.0 L/min, and 10.0 L/min.
They mentioned that the CoCr sample performed best with argon gas at a flow rate of
6.0 L/min [66]. In another study, a 93% reduction in surface roughness of a complex
surface geometry was achieved by adjusting the distance of the laser along with the surface
shape [15].

Table 6. Laser-polishing parameters for cobalt chromium.

Reference Laser
Power

Scanning
Speed

Object
Distance

Energy
Density

Fabrication
Method

Laser
Beam

Radius

Laser Type
and Mode

Roughness
Reduction

[15] 70 W 300 mm/s N/A 8 J/mm2 SLM 50 µm Pulse 4.23 µm

[65] 400 W 500 mm/s 208 mm N/A SLM 50 µm Pulsed fiber
laser N/A

[66] 70 W 500 mm/s 216 mm N/A SLM 50 µm Pulse N/A

The effect of CW on 3D fabricated samples was studied. The main parameter that was
concentrated was scanning at different angles. The halftone strategy in Figure 8 was the
most effective among the three methods studied. Angles of halftones were (18◦, 71◦, 0◦,
and 45◦). The halftone strategy enhanced the surface by up to 96% on the macro-scale for
cobalt chrome. The spatial frequency technique has been used in the research for constant
LP of individual lines. It eliminates the heat build-up effect and enables the prediction of
the time frame of molten metal [1]. The capillary smoothing surface prediction model of
CW LP was examined to measure the melt pool and temperature. The model captured the
general smooth behavior during LP [67].
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5.2. Mechanical Properties

A slight enhancement in hardness (about 8%) of a complex surface geometry was
achieved by adjusting the distance of the laser along with the surface shape compared to
the as-built surface. A hardness test was conducted each 100 µm from the surface to the
in-depth. The average hardness values are shown in Figure 9. There was a reduction in
hardness from the surface to the depth of the material. The highest value on the surface is
413 HV and remained at 150 µm of the depth due to the heat-affected zone. At the final
depth, 350 µm, the hardness value was changed to 384 HV. This demonstrated that the LP
could slightly improve the surface compared to the as-received hardness [15].
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6. Laser Polishing of Steel

Steel components manufactured by AM face numerous challenges. These materials
have a high surface roughness, making them unsuitable for various applications, including
aerospace, medical components, automotive, and many others [68–74].
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6.1. Microstructure and Surface Quality of Steel

The PW and CW laser irradiation outcomes were examined and compared in many
different studies [75–81]. The material they investigated was 18Ni Maraging steel. Laser
irradiation was applied to the top and the side of the sample. One of the process param-
eters that was introduced is a pitch distance of 25–50 µm. It was found that laser power
significantly impacts the surface roughness of the part, whereas the combination of low
power with high speed or low speed was not significant. However, combining high power
with either low speed or high speed resulted in melt pool disruptions. Other studies
indicated that the diameter of the spot is perhaps the most difficult to monitor. The beam
spot diameter of a focused laser beam on a working surface is identified, and the beam type
and optics determine it [82]. In another study [83], the effect of two different inert gases
(argon and nitrogen) on the surface roughness after laser micro-polishing was investigated.
It was shown that nitrogen gas is more suitable for the laser micro-polishing process. In
addition, after laser micro-polishing, there is no sign of defect or hot cracks, and the surface
roughness was significantly reduced. The porosity of the AM part with the untreated
surface is approximately 0.77%, and this percentage decreases after LP to approximately
0.036% [14,84].

Furthermore, corrosion-resistant austenitic X2CrNiMo17-12-2 steel was investigated [85].
For PW, the optimized result was achieved when the laser diameter was measured at
12 mm and intensity at 1.74 kW/mm2. Any change in the spot diameter increasing or
decreasing resulted in higher surface roughness as in EV. While any decrease in intensity
caused a low melting bath, any increase caused a high melting bath. When the power is at
the minimum, there is no effect on the surface of CW. Increasing laser power at 1400 W with
a feed rate ranging from 200 to 350 mm/min decreased the surface roughness to less than
0.25 µm. In a similar study, the surface roughness was reduced by 91%. It was observed
that high power promotes oxidation, whereas low power does not. The higher the power,
the fewer the cracks, but there was a greater number of cavities [17]. Another study [86]
showed that the number of scanning passes had a more significant impact than scanning
speed. The optimized process parameters for LP 316L were a laser scanning velocity of
100 mm/s with three scanning passes [86]. Moreover, an investigation of the influence of
laser and overlap parameters on stainless steel 316L found that the maximum reduction
in the surface roughness was achieved at 0.2 µm (95%) with optimized parameters set
(overlap 95% and energy density 9 J/cm2) [87].

The influence of compression of powder distribution on the building plate and the laser
re-melting of 316 L on the density, microstructure, and surface roughness was investigated.
It was found that the density improved up to 3% after raising the powder compression
ratio three times depending on the selected energy density between 26.7 and 68 J/mm3 and
re-melting the layers with a double pass. This decreased the elastic modulus by 17% [6,88].

The effect of powder compression and laser re-melting (number of laser re-melting
passes) on the microstructure and mechanical properties of 316 AM LPBF parts was stud-
ied [88]. A 3% increment in density and a 50% reduction in the surface roughness after
double laser passes at each layer were observed. Another study reported a significant
decrease in pores and an increase in surface smoothness after re-melting results [89]. In
addition, it was found that the optimized parameters for fabrication should not be the opti-
mized parameters for the re-melting process [90]. The re-melting scanning speed played an
essential role in controlling the elimination effect on pores. A higher re-melting scanning
speed does not eliminate most of the pores because of the limited energy input. In contrast,
a lower re-melting scanning speed introduces new types of pores caused by the unstable
molten pool [91]. High thermal gradients cause delamination within layers during building,
such as residual stress and external and internal cracking [92].

6.2. Mechanical Properties

The hardness improved slightly by 14% after applying high-power CW LP compared
to the hardness of the steel of the AM tool received; on the other hand, it increased by
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9% after applying low-power PW [17]. Two different scanning strategies were used to
study their influence on microhardness. Variation of flow strategies was found to cause
microhardness variations in AM parts. Both scanning methods are described in detail in
Table 7. Shallow dimples are noticed during XY scanning because of higher interlayer
bonding. Furthermore, voids of 35–45 µm are reported for the X scanning, resulting in
early crack development and reduced strength of final AM parts. The porous structure
forms in the components of AM primarily due to the inadequate density of the laser to
liquefy the powder [93]. In another study [94], tensile strength on as-built samples from
two various machines was shown to have yield strengths of LPBF 316L SS three times
higher than those as-cast.

Table 7. Scanning methods [93].

Scanning Strategy Microhardness (HV) YS (MPa) UTS UTS (MPa) El (%)

X 380 ± 7 720 ± 7
720 ± 7

1021 ± 28.19
(1001–1040)

19 ± 0.70
(18.5–19.5)

XY 399 ± 4 753 ± 10
(742–762)

1082 ± 62
(1032–1152)

17.5 ± 1.0
(16.4–18.3)

Wrought - 760–895 1000–1170 6–17

The influence of multi-step LP on the H1 tool steel surface was studied. It was found
that an increase in hardness and grain refinement was due to multistep LP [95,96]. After
LP of stainless steel, the micro-hardness was affected in a range of depth up to 90–100 µm,
as shown in Figure 10 [88]. The micro-hardness of a steel surface was measured after LP.
A Rockwell hardness (HRC) test was performed on the surface, which yielded an initial
hardness of 62 HRC (untreated) [18]. Furthermore, the thickness of the melted sheet, Zone
A, was 200 µm, with a hardness of 43 HRC, as shown in Figure 11. The hardness in Zone
B is moderate. The hardness reached 62 HRC with a thickness of 350 µm. The hardness
was reduced to 54 HRC in Zone C with a thickness of 100 µm. The final zone, which is
the core material of the part, has an initial value of 62 HRC. According to these findings, a
decrease in hardness is due to the increase in energy density. As a result, energy density
must be limited to avoid the risk of lowering hardness. Another study indicated that the
average microhardness of the as-built sample is about 208 HV, and it remains roughly
steady with depth. The maximum hardness (~10 µm from the upper surface) of Sample 1,
Sample 2, Sample 3, and Sample 4 following the laser finishing is 241 HV, 228 HV, 262 HV,
and 256 HV, respectively. The hardness of the samples increased after the LP process [97].
Process parameters for steel are summarized in Table 8.
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Table 8. Laser-polishing parameters for steel.

Reference Laser Power Scanning
Speed

Object
Distance

Energy
Density

Fabrication
Method

Laser Beam
Radius

Laser Type
and Mode

Roughness
Reduction

[75] 5–30 W (CW)
5–25 W (P)

10–500
mm/s (CW)
25–2000 (P)

N/A N/A EOS M270 100 µm CW and Pulse
(duration 200 ns) 0.7 µm

[76] 150 W 400 mm/s N/A N/A N/A 150 µm
pulsed fiber laser

(IPG
YLR-500-AC)

0.190 µm

[83] 400 W 1000 mm/s 1 mm, 2 mm,
and 4 mm N/A ‘Q-switched’ 250 µm

Pulsed with
frequency

20 kHz
0.1 µm

[85] 1800 W 50 mm/min 2 mm N/A N/A 110 µm Pulsed with
1000 Hz 0.35 µm

Avilés et al. tested AISI 1045 steel during the LP process under N2 gas and a regular
atmosphere to improve fatigue life. Under load control, with a 20 Hz frequency and a stress
fatigue ratio of R = 0.1, 25 mirror-finish fatigue samples were tested across five stress levels:
545, 515, 500, 485, and 470 MPa. The specimens treated under inert gas conditions had a
7.5% longer fatigue life than those treated in oxygen. Furthermore, a very thin layer of Fe
oxides was formed on the specimen processed in an oxygen atmosphere [98,99].

7. Machine Learning in Laser Polishing

Laser polishing and machine learning have shown an improvement in surface quality
and surface microstructure for LPBF Ti-6Al-4 V alloy. An artificial neural network (ANN)
algorithm was used in this study [99] and included three input nodes as three process
parameters (laser power, scanning velocity, and track offset) with different levels of each
parameter. The output was the surface roughness of the laser-polished area. A total of
512 groups represented the process parameters and their levels. Kolmogorov’s theorem
was used to obtain the number of hidden nodes. Figure 12a shows the topological network
structure. The mean absolute error (MAE), root means square error (RMSE), and coefficient
of determination (R2) were presented in this model as predictive performances. The process
optimization of the algorithms is in Figure 12b. The findings of this model were that the
thermal effect and high cooling rates play essential roles in the microstructure formation
process [100–103].

Another study used machine-learning-based image processing for LP on AM PH-steel
parts using convolutional neural networks (CNN) to identify optimal laser-polished surface
quality and integrity. CNN is a machine-learning method that can classify images and
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consists of a series of hierarchically arranged convolutional layers that gradually assemble
low-level elements into high-level elements to improve and characterize the input image.
CNN was trained with 432 images as a data set that was taken from pre-processed images
with segments into the size of 333 px × 150 px. A total of 80% (344) of the images were
used for CNN training, and 20% (88) were used for CNN validation. The CNN identified
LP process conditions based on hatch spacing and an overlapping ratio with an accuracy of
up to 97% [104,105].
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In addition, high-speed thermographic imaging was employed for visualization,
evaluation, and machine-learning-based Bayesian classification of LP methods. Three steps
were set to evaluate the thermographic images, the temperature contour of each image,
as shown in Figure 13, and the MATLAB code to obtain all information that is collected
from the images. As a result, machine learning was capable of obtaining the optimized LP
process [102].
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8. Future Work

As AM enables the production of complex geometries that are challenging to pro-
duce with conventional manufacturing techniques, often, these components have a surface
roughness that requires smoothing or polishing. For instance, the research can concentrate
on developing methods or strategies for using LP to smooth the intricate geometrical
features of AM parts without impacting their structural integrity. Since AM can manufac-
ture multiple materials in a single fabrication project, LP can be optimized for processing
materials with different physical properties. Therefore, future research can investigate
establishing LP parameters and processes for multi-material AM components.

9. Conclusions

This review article aims to assemble current knowledge to propose the optimum
process parameters to improve the surface quality mechanical properties of titanium alloys,
stainless steel, cobalt–chromium (CoCr) alloys, and Inconel alloys, as shown in Figure 14.
Numerous investigations have been carried out to determine the influence of LP on AM
components. The findings indicated a considerable improvement in the overall performance
of the sample in terms of surface roughness and mechanical properties. Controlling the
process parameters results in a high-quality surface finish. The Gaussian laser beam profile
significantly demonstrated a smooth melt width in multiple experiments because of the
laser beam’s small diameter, which delivers greater energy density. Multiple scanning
after each layer during the fabrication of an AM part improves the density and mechanical
properties while increasing production time.
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Figure 14. Summary of the improvement in surface roughness of different AM materials after LP; [26]
Li. K 2020, [46] Jaritngam 2020, [48] Zhang 2020, [47] Xiang 2018, [16] Zhihao 2018, [7] Dadbakhsh
2010, [62] Ćwikła 2018, [63] Koutiri 2018, [1] Gora 2016, [15] Yung 2018, [65] Wang 2018, [75] Dos
Santos Solheid 2018, [85] Hofele 2017, [79] Li C. 2023, [80] Behjat 2023.

In conclusion, the following points are summarized: macro and micro are the two
types of LP. Macro-polishing is mainly accomplished via a continuous wave laser beam.
With continuous re-melting of the specimen’s upper outer surface, polishing a 10–80 µm
range is possible [21]. Micro-polishing irradiates the surface using laser pulses performed
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in pulse mode, with pulse length tP and repetition frequency fP influencing surface
treatment [23,106]. In LP, SOM is unfavorable, causing the surface to become rougher
and creating undesirable pores. In the SSM process, a thin layer of powder is melted,
smoothing out the material’s valleys and generating a smoother surface. Finally, the LP
process could enhance the mechanical properties of AM metals. Several studies indicated
the effectiveness of LP in improving AM metal mechanical properties.
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M.A. and A.A. (Abdalmageed Almotari); software, M.A. and A.A. (Abdalmageed Almotari); val-
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