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Abstract
Additive manufacturing is a vanguard production technology that has contributed greatly to speed up replacing on the 
market of complex-shaped components. A delicate and unavoidable phase of additive technology is that relating to the post-
processing of the components, especially the finishing process. Post-processing needs to be automated and made scalable so 
that the technology can actually be adopted also for mass production. In this respect, an emerging post-processing technology 
suitable for surface finishing, not in contact and easily automatable, is the one that involves the use of laser sources, known by 
the name of laser polishing. Laser polishing is spreading, in fact, more and more strongly, in the field of manufacturing as a 
valid alternative to conventional technologies for the surface finishing of metallic components obtained by additive processes. 
Laser polishing is widely considered very suitable to improving the surface finish of metal components. When compared 
with the conventional finishing technologies, laser polishing has many benefits in terms of costs and process times especially 
if automated, through the use of CNC systems and scanning heads. In this manuscript, the knowledge of this technology is 
deepened through a review of the relevant literature that highlights the aspects of the interaction of the laser beam with the 
metal alloys most frequently used in 3D printing, without neglecting the importance of the thermo-mechanical properties 
that derive from it. The analysis conducted on the technology of laser polishing aims therefore at evaluating the potential 
applications in industrial engineering, mainly with regard to the surfaces quality achievable as a result of the polishing of 
metal components fabricated by additive manufacturing.

Keywords Laser polishing · Additive manufacturing · 3D printing · Surface finishing · Surface roughness

1 Introduction

The term additive manufacturing (AM) refers, as is known, 
to a set of fabrication technology whose common charac-
teristic is to manufacture a particular component by adding 
material, layer by layer, only where it is necessary, starting 
from digital data and a 3D CAD virtual model [1–8]. By 
comparing AM with traditional fabrication technologies, it 
can be seen that the design phase of the production process 

is considerably simplified and shortened. A traditional pro-
cess would require a careful analysis of the geometry of the 
component to decide the order in which the machining mac-
rocycles must be carried out, the choice of tools, the choice 
of the individual technologies to use, and the manufacture 
of the necessary equipment (for example, the molds and the 
inserts) [3].

In contrast, in any AM process, as shown in Fig. 1, it is 
only necessary to consider a predetermined number of com-
mon steps to obtain the final part [3]. Step 1 - 3D model: 
first, a 3D model of the object is created using CAD soft-
ware or a 3D object scanner,step 2 - STL file: CAD model  
is converted to a STL file to tessellate the 3D shape and 
slice it into digital layers; step 3 - STL file transfer: STL 
file is then transferred to the printer using custom machine 
software; step 4 - machine set up: consumables are then 
loaded and the printer is set up with printing parameters; 
step 5 - building: printer builds the model by depositing 
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material layer by layer; step 6 - part removal: part is then 
removed from the build platform and its support structure; 
step 7 - post-processing: post-processing, such as cleaning, 
polishing, and painting, might be, eventually, required. The 
laser polishing technology therefore intervenes in the final 
post-processing step.

In recent years, there has been a notable development 
of additive technologies as they allow the manufacture of 
components with very intricate geometries and also of large 
dimensions. The advances achieved in additive technol-
ogy make it possible to produce objects with speeds that 
are not often related to their complexity, and it is possible 
to choose from multiple combinations of materials, colors, 
and finishes.

Since the first patent granted in 1986 [9] and the first 
3D printing machine (based on stereolithography) built in 
the late 1980s by 3D Systems, the AM industry market has 
grown significantly in the first decade (∼ $1 billion US - 
1997). At the same time, the AM industry has moved from 
rapid prototyping to functional prototyping. Today, additive 
technology is used in all sectors of industry, from aerospace 
to the biomedical sector and from toys to food sector, and 
represents a multi-billion dollar industry [10].

The ASTM (American Society of Testing and Materi-
als) has grouped all additive manufacturing processes into 
7 different categories [11]. The most relevant categories in 

which there are technologies that process metallic materials 
are category 5 called “powder bed fusion,” that is, selective 
laser sintering (SLS), selective laser melting (SLM), and 
electron beam melting (EBM) technologies and category 7 
called “direct energy deposition,” that is, laser engineered 
net shaping (LENS) technology, also known as direct metal 
deposition (DMD), direct laser deposition (DLD), and 
additive laser manufacturing (ALM). For the fabrication of 
metal components, of medium and small dimensions, the 
most used technologies to date are SLM and EBM [12–19]. 
For both technologies, manufacturing has, as its starting 
point, metallic powders that are characterized on the basis 
of shape (circularity) and particle size distribution by using 
image analysis and laser diffraction [20]. With the metal 
powders, a thin layer is developed on the building platform 
and, through an energy source (laser or electron beam), the 
material is selectively melted in the affected areas to form 
one of the layers of which the final object will be composed 
of. Once the layer has been melted and resolidified, a new 
bed of powder is deposited and, by iterating the process, 
the final product will be obtained. The quality of the sur-
faces obtained is influenced by many factors. One of the 
most important process parameters is the orientation of the 
component on the building platform and has a great impact 
on the achievable roughness [21]. In fact, it has been seen 
that, for SLM and EBM technologies, the surfaces facing 

Fig. 1  Generic steps in additive manufacturing
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downwards and the vertical surfaces are of lower quality, 
while the surfaces facing upwards have lower roughness val-
ues [22, 23]. Another fundamental factor for additive manu-
facturing is the generation of the building supports [24]. 
In particular, for SLM technologies, the support structures 
have different functions. They are necessary for the correct 
cooling of the components as they offer a way to the heat 
that must be dissipated,they allow to guarantee the position 
of the component on the building platform in a stable way, 
avoid distortions due to the coater that deposits the subse-
quent layers of powder, avoid annoying distortions that occur 
due to internal thermal stresses, and support the cantilevered 
structures. For protruding structures, supports are necessary 
as metal powder alone could lead to the formation of per-
colations of the liquid metal and also to overheating of the 
adjacent area, compromising the quality of the surface [22]. 
In Fig. 2, a titanium cabin bracket built for the Airbus A350 
XWB by the SLM process is reported. For this component, 
Childerhouse and Jackson [24] demonstrated how the design 
and positioning of support structures, as well as the orien-
tation of the part on the building platform, influence the 
thermal strains induced in the component.

However, once the object was manufactured, the support 
structures must be removed and the removal, whether man-
ual for very small structures, or using tools, can compromise 
the surface quality of the component.

In powder bed fusion (PBF) processes, the melting of 
metal powders is involved. Therefore, during laser scan-
ning, pyroclastic flows and vaporizations of small por-
tions of material are continuously generated, which then 
re-solidify and consolidate on already manufactured parts, 
thus contributing to the generation of defects. In addition, 
incomplete melting processes may occur during the process 
due to incorrect powder bed development. Accordingly, 
protrusions can be formed due to the motion of the molten 
material, thus generating defects that are referred to as “ball-
ing” [25]. Adopting too high scanning powers and speeds, 
the molten material tends to assume a spherical configura-
tion, causing the formation of a non-homogeneous surface. 
Many scientific works in the literature show the influence 
of all process parameters on the elimination of defects that 
compromise the quality of the surface of the end-product 
[26–33]. However, although it is possible to intervene in 
the optimization phase of the process parameter, since AM 
is a technology that allows the manufacture of layer-by-layer 
components, the surface of the aforementioned components 
will always result from a stepped morphology, character-
ized by the superimposition of the different manufacturing 
layers. This effect can certainly be reduced by decreasing 
the height of the single layer, but it cannot be completely 
eliminated. Furthermore, in SLM and EBM, the powders 
are selectively melted and the energy is focused on a small 

Fig. 2  Airbus A350 XWB cabin 
bracket built by GE Additive’s 
LaserCUSING R SLM additive 
manufacturing process [24]
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spot. This also leads to a partial sintering of the powders 
adjacent to the surface [34]. These powder grains cause a 
high surface roughness of the end-product. Post-processing 
treatments, such as grinding, polishing, and sometimes even 
shot peening, can be used to improve the surface finish of the 
end-products. With the available thickness of the layers of 
the equipments that are nowadays available on the market, 
the surface roughness obtainable with an SLM process is, 
on average, included in a range that goes from about 4 to 
30–40 μm, while for an EBM process, the range is greater, 
i.e., 25 to 130 μm [35, 36]. Obviously, these are indica-
tive values since they strongly depend on the main process 
parameters chosen in the two technologies involved. For 
example, Fig. 3 shows images of scaffolds manufactured in 
Ti6Al4V by SLM and EBM by Weißmann et al. [37] accord-
ing to two distinct orientations: 0° and 45°. The SLM parts 
show greater precision than the EBM parts, and with regard 
to surface roughness, it is shown that the values of the Ra 
and Rz indices are significantly lower along both the direc-
tions and agree with those reported in the literature [37]. 
By progressively increasing the inclination angle from 0°, 
a greater surface roughness, in SLM parts, is found because 
of the “stair–step” effect [38].

Obtaining a good quality of the surface finish therefore 
remains a crucial problem in manufacturing using additive 
technologies that process metallic materials and requires, for 
many applications, lengthy post-processing operations that 
are made more difficult in case of high geometric complexity 
of the component.

2  The growing use of laser technology 
in polishing operations

During the manufacture of a mechanical component, it is 
of paramount importance to comply with the requirements 
in terms of dimensional or geometric tolerances and sur-
face morphology. In particular, from a technological point 

of view, it is necessary to understand how to create surfaces 
according to the task that the surface itself will have to per-
form [39]. A mechanical component, during its useful life, 
will be part of couplings that can be static or dynamic. For 
static couplings, tolerance and surface roughness constraints 
must be respected. For dynamic mates, perfect sliding sur-
faces must be satisfied. Consequently, a suitable morpho-
logical profile of the surface must be guaranteed during 
manufacturing, suitable for lubrication and which allows to 
prevent wear and loss of tolerance. Usually, for mechanical 
couplings, functional surfaces have quite stringent rough-
ness requirements since a profile that has many ridges could 
favor fatigue failure, as it has numerous stress intensification 
points [40–43]. The roughness parameter assumes an impor-
tant meaning even if the corrosion phenomenon is consid-
ered. In fact, a smoother roughness profile can reduce the 
tendency of the product to corrode [44]. The evaluation of 
surface roughness is important not only for many problems, 
including the regulation of friction and wear phenomena, but 
also for electrical conductivity problems [45]. Sometimes 
the surface finish requirement can also be an aesthetic one, 
even if a functional surface is not required. It is very compli-
cated to have a complete description of the real surface with 
a limited number of parameters. In general, those commonly 
used can be divided into three broad categories: parameters 
of amplitude, spacing, and hybrid parameters [39, 46]. Each 
production process has limits in terms of obtainable rough-
ness, and therefore, the choice will depend on the technical 
specifications to be met. For traditional processes, such as 
turning or milling, there are different models that can allow 
predicting roughness [47–54]. More stringent requirements 
on roughness parameters, surface finishing, or superfinish-
ing technologies will be used in most critical zones of the 
components. For AM processes, many researchers have 
proposed predictive roughness models [38, 55, 56] that 
take into account both the “stair step effect,” the defects  
deriving from the phenomenon of balling (i.e., a phenom-
enon in which spherical droplets are formed due to the 

Fig. 3  Examples of scaffolds 
produced via SLM and EBM 
[37]
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insufficient wettability of the molten metal with the under-
lying layer) as well as to the presence of satellites (i.e., very 
small particles attached to the surface of larger ones). Since 
AM technology has intrinsic limits, it is necessary to deepen 
in detail the so-called post-processing technologies of the 
components produced by AM. The amplitude of the building  
volume (that is, of the work area) of AM equipment cur-
rently on the market is not very high, so the components 
are limited in size. Thanks to the specific features of AM 
technologies, these components have very complex geom-
etries. These can be obtained by topological optimization 
[57, 58] or because they have internal latex type structures 
[59–62], which confer unique properties to the components 
but, at the same time, limited accessibility to their surface. 
It would be very complicated to use conventional finishing 
technologies on latex structures or, in any case, on structures 
characterized by very complex geometries. The conventional 
finishing technique widely recognized for such purposes is 
the barrel finishing that uses abrasive media and constitutes 
a mass finishing process [63]. However, the processing times 
are to be considered rather long and sometimes in contrast 
with the current production needs, especially when the num-
ber of pieces to be processed is limited. In this regard, one  
of the most suitable technologies to date for finishing small 
components with complex geometry is laser polishing. This 
technology constitutes a new approach to polishing metal 
surfaces and has advantages over, for example, sandblasting, 
tumbling, grinding, and polishing by electrochemical media 
since there is no formation of chips or, more generally, of 
by-products. In addition, processing does not involve tools 
which would require a continuous replacement, which could 
also cause the formation of tracks or scratches on the mate-
rial. The processing takes place without effective contact 
between the source and the product and can count on a good 
level of automation, a feature that makes it even more attrac-
tive for industrial applications.

The polishing of metals by means of laser is based on 
melting and resolidification (remelting) of a thin layer of 
material on the surface to be polished. The interaction of 
the laser beam with the surface of the material allows the 
creation of a molten pool of the material itself which, guided 
by the surface tension, is redistributed in the adjacent area, 
contributing to an improvement in the surface finish.

Laser polishing processes include the following: (i) 
pulsed laser sources; (ii) continuous laser sources; (iii) 
combinations of pulsed and continuous laser sources; (iv) 
selective laser polishing techniques [64]. The pulsed sources 
are generally used in the micro-polishing of surfaces [65]. 
Pulsed sources are based on discrete low power pulses that 
irradiate the metal surface once, generating a pool of molten 
metal affecting domains of the order of 10–100 nm [66]. The 
resolidification of the material takes place before the next 
irradiation. It is possible to adjust the duration and frequency 

of the pulses, allowing a fine control of the polishing process 
[67, 68]. Continuous sources, on the other hand, are used 
for polishing macro-surfaces [69]. The polishing process is 
continuous, that is, obtained by irradiating the surface with a 
continuous laser beam. The pool of molten metal that can be 
obtained depends on the diameter of the beam, the average 
power (in general, much higher than pulsed sources), and 
the scanning speed of the beam [70]. This type of process 
is used on surfaces characterized by Ra 2–16 microns, with 
the melting involving 20–200 microns of surface exposed to 
the beam, with the aim of obtaining an average roughness Ra 
after the laser polishing treatment of about 0.1 microns. The 
powers typically involved vary between 70 and 300 W, with 
scanning speeds that can exceed 100 mm/s [64]. The combi-
nation of pulsed and continuous sources is done by installing 
a Q-Switch ([71, 72]. In general, this processing involves 
a first step in continuous source mode to homogenize the 
metal surface. This is followed by a sequence of interven-
tions in pulsed mode to improve the finishing of details, 
making it possible to obtain finishes that cannot be achieved 
through the use of a single type of laser source [73]. Finally, 
the laser can be used to perform selective polishing of com-
ponents unlike other finishing/polishing techniques, as only 
the areas to be improved can be exposed to the laser beam, 
without the need for masking ([71, 72]. This differentiates 
laser polishing techniques from mechanical techniques, as 
the latter cannot act selectively unless a preventive masking 
of the areas that must not be modified is carried out.

One of the first research on the use of technology in metal 
polishing was addressed by Ramos et al. [74], being encour-
aged by the interesting results obtained by Temple et al. [75] 
on fused silica surfaces and Wang et al. [76] on semiconduc-
tors. The laser had proved an excellent tool for surface modi-
fication of silica rods, the latter being able to be polished 
from 2.0 to 0.05 mm (i.e., peak-to-valley height) using a  CO2 
laser source, operating in continuous mode, with a power 
of 25 W [76]. In order to modify the surface roughness of 
parts obtained by indirect SLS and manufactured with 420 
stainless steel powder infiltrated with bronze, Ramos et al. 
[74] used two laser sources:  CO2 and Nd:YAG equipped 
with rotating mirrors driven by a high-speed galvanomet-
ric motor, with which it was possible to set the scanning 
speeds of up to 45 m/min. The authors identified two differ-
ent mechanisms (Fig. 4): the surface shallow melting (SSM) 
and the surface over melt (SOM). In the first, the melting of 
the crests allows to reach lower roughness values, by means 
of the pouring of the molten material into the valleys. The 
capillary pressure minimizes the curvature between the 
bumps, allowing the molten material to flow into the lower 
pressure zone, helped by the reduction of its viscosity. In 
the second, an excessive surface melting, beyond to the 
removal of the original roughness, leads to the formation 
of capillary waves or surface ripples which develop in the 
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direction perpendicular to the laser displacement due to a 
surface tension gradient behind the advancing laser beam. 
Their rapid resolidification phase causes an increase in the 
roughness [77].

Other researchers investigated laser polishing proposing 
preliminary predictive models to set the main process param-
eters [78] and testing the effect of the laser sources, operat-
ing both in pulsed [65, 69] and continuous mode [79–81], 
on roughness profiles generated by different machining pro-
cesses, such as milling [82], electro-erosion [81], and sinter-
ing [83, 84], so as to verify the polishing effectiveness of the 
laser beam in various manufacturing contexts.

Laser polishing is to be considered specific for the crea-
tion of ultra-fine surfaces with variable characteristics, from 
simple to very complex. It turns out to be a combination of 
different thermophysical phenomena superimposed on each 
other. The main obstacle in the laser polishing process is 
represented by the difficulty in correctly selecting the vari-
ous input finishing parameters in order to obtain the best 
output responses, such as the nanosurface roughness. More 
recently, Mohajerani et al. [85] and Purushothaman and 
Ravi Sankar [86] have attempted to model the laser polish-
ing mechanism with greater accuracy, based on three laser 
polishing models: theoretical model, statistical model, and 
simulation of molecular dynamics to determine the rela-
tionship between the various processing parameters and 
the roughness of the final surface. Finite element modeling 
was also addressed [87] to study how heat transfer, fluid 
flow, and material vaporization are related to influence the 
evolution of surface topography in laser polishing. Among 
the surface forces, the capillary force of the molten pool is 
considered the main driving force for improving the surface 
finish. However, many uncertainties still exist in these stud-
ies that require additional investigation.

Other researchers have investigated more thoroughly [88], 
[68, 71–73] laser polishing, providing some valid theories 
on how to operate effectively and set the process parameters 
to obtain surfaces with a high quality. This allowed to pose 
the basis for the implementation of a CNC machine for laser 

polishing using the funding of 2 European projects: the EU 
poliMATIC and the BMBF ALPINE project. This sets the 
milestone for a new frontier in the process of polishing or 
surface smoothing of complex shape metal components, 
driving the direction of subsequent studies.

Most of the scientific works available today in the litera-
ture refer not only to laser polishing processes but also to 
those of metal surface structuring. In general, laser processes 
differ fundamentally from traditional processes (turning, 
milling, photochemical etching, etc.) in that the modification 
of the surface is performed by ablation of the material and/or 
redistribution of the material. Figure 5a, d show schematic 
representations of the physical principle underlying these 
processes.

Polishing processes can be classified as follows: macro-
polishing and micro-polishing [71, 72], while surface struc-
turing processes can be classified in wave shape [90] and 
structuring by recoil pressure [89].

2.1  Macro‑laser polishing

In the macro-polishing process, a laser source is used which 
delivers the power continuously over time and the laser beam 
is moved across the surface of the component with a scan-
ning speed vs as shown in Figure 5a. Consequently, a pool 
of molten material will form which, by re-solidifying, will 
be distributed more homogeneously, reducing the irregular-
ity of the initial surface. Two different areas can be distin-
guished in the processed surface. The first is the “remelted 
layer” that is the portion of material that is actually melted 
due to the interaction with the beam. In processes where a 
continuous source is used, this thickness can vary from 20 
to 200 μm. The second zone is the thermally altered zone 
underlying the molten layer, and it is of fundamental impor-
tance since, depending on the material that is subjected to 
laser polishing, it can undergo phase transformations. This 
aspect will be, however, analyzed later.

The main process parameters in the case of macro-
polishing are:

Fig. 4  Schematic diagram of the irradiation process in laser polishing. (a) Schematic of a surface structure formation during, (b) surface shallow 
melting (SSM) mechanism, and (c) surface over melt (SOM) mechanism [77]
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P (W)  power carried by the LASER beam
vs (mm/s)  scan rate
b (mm)  width of the track (laser scanning pattern)
hs (mm)  distance between the centers of two adjacent 

tracks
pgas (bar)  shield gas pressure

2.2  Micro‑laser polishing

In the micro-polishing process, on the other hand, pulsed 
power sources are used. The single laser pulse hits the sur-
face of the component creating a small pool of molten mate-
rial (Fig. 5b). The laser pulses are short, lasting microsec-
onds or nanoseconds. By combining the various parameters 
such as pulse frequency and scanning speed, it is possible to 
obtain the melting of a small portion of material at a time. 
In fact, when the pulse n reaches the surface of the com-
ponent, the pool of molten material due to the pulse n − 1 
is already in a solid state. The molten zone has depths that 
do not exceed 5 μm, and, together with the melting, it is 
also possible to obtain a partial vaporization of the peaks 
constituting the initial surface. Also, in this case, there will 

be the generation of a thermally altered zone that must be 
controlled for the same reasons highlighted above.

P (W)  power carried by the LASER beam
vs (mm/s)  scan rate
b (mm)  width of the track (laser scanning pattern)
hs (mm)  distance between the centers of two adjacent 

tracks
pgas (bar)  shield gas pressure
ton (ns)  laser irradiation time
f (Hz)  pulse frequency

2.3  Wave shape

The Wave Shape structuring technology (see Fig. 5c) was 
first introduced by Temmler et al. [90] and is based on the 
volume control of the melt pool, carried out by modulat-
ing the laser power of a continuous (cw)-coupled solid-state 
laser in fiber. During this process, regular surface structures 
are generated by the redistribution of the material in the 
molten state. The height of the resulting structure is linearly 
dependent on the amplitude of the laser power and can be 
adjusted from a few microns up to several hundred microns. 

Fig. 5  Laser polishing and laser surface structuring processes: (a) laser macro-polishing (b) laser micro-polishing (c) laser wave shape (d) laser 
structuring by recoil pressure (reproduced from [71, 72, 89, 90])
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In practice, the maximum laser output power of this system 
is approximately 400 W and can be focused on laser beam 
diameters in the range from 150 to 800 μm. A thin surface 
layer (< 100 μm) is melted and subsequently solidifies. The 
direction of solidification follows the surface of the melt 
pool. With constant laser power, the surface of the melt pool 
is approximately flat and no texture appears. As the laser 
power increases, the volume of the melt pool increases and 
the surface of the melt pool swells outward due to the change 
in density from solid to liquid as well as to the increased vol-
ume of the melt. Solidification follows the swollen surface 
and structuring is achieved. As the laser power decreases, 
the process works the opposite way. Thus, with a modula-
tion of the laser power during the remelting of a thin surface 
layer, structuring can be achieved. The Wave Shape process 
compared to the laser polishing processes allows to have 
periodic structures as desired.

2.4  Structuring by recoil pressure

Similar to Wave Shape surface structuring by laser remelt-
ing, but more recently introduced is the surface structuring 
by vapor pressure [89]. It represents a new hybrid process 
in which the structuring takes place without significant loss 
of material but mainly through redistribution of the material 
in the molten state. A combination of pulsed and cw laser 
radiation is used for structuring, in which both laser beams 
are used simultaneously. With the continuous laser beam, a 
melt pool of near constant volume is generated at defined 
laser power and scanning speeds. A small amount of mate-
rial is locally evaporated from the melting pool by pulsed 
laser radiation (Fig. 5d).

For surface rippling during laser polishing, changes in 
the volume of the melt pool and the surface of the melt 
pool cause the formation of structures over the surface. 
Due to the additional energy introduced into the melt pool 
by a pulsed laser beam, the evaporation of a small amount 
of material creates a vapor pressure that deforms the sur-
face of the melt pool. This deformation of the surface of 
the melt pool leads to a change in the solidification angle of 
the melt pool. Solidification of the molten material usually 
occurs along the solidification angle and therefore along 
the surface of the melt pool. Therefore, the angle of solidi-
fication Θ determines the direction of solidification. By 
changing the solidification angle, it is possible to obtain the 
texturization of a surface almost without material removal. 
Compared to the Wave Shape process, it should be possible 
to change the solidification angle more quickly by local 
evaporation of the material on the one hand and on the 
other to make possible greater changes in the solidification 
angle. Overall, the prospect is to be able to produce larger 
structures in a shorter time by controlling the melt pool 

solidification angle with volumes significantly less than 
one cubic millimeter.

As far as surface processing is concerned, laser tech-
nology is mainly used for the purpose of polishing (see 
Fig. 6a), to reduce roughness and improve the surface 
finish. An increasingly atypical use of technology has, 
however, made it possible to evolve towards further 
application areas, not of secondary importance, such as 
that of the “structuring of surfaces” (see Fig. 6b). After 
a first finishing using conventional technologies, in this 
specific case by sandblasting, laser polishing can also be 
selectively applied, combining the various process param-
eters in an appropriate way. By focusing the laser beam 
only in certain areas, it is possible to design a surface by 
creating grooves and particular surface textures as, for 
example, can be seen in Fig. 6c. In this way, a contrast 
is obtained between the more opaque areas (obtained by 
sandblasting) and the more glossy areas (obtained thanks 
to remelting).

3  General applications of laser polishing 
technologies

The effect of the operating parameters on the quality of 
the laser polishing process has been studied by several 
researchers. The experimental works herein reported con-
cern the applications of the laser polishing, with a spe-
cific focus on both macro-polishing and micro-polishing. 
The applications refer to polishing carried out on com-
ponents achieved by conventional processes and by AM 
technologies.

Laser polishing is carried out on the surface of the work-
piece, involving a specific area of the material, even rela-
tively large. Together with the main process parameters, a 
scanning strategy for the area that will be affected by the 
polishing process must be chosen. This is because during 
laser processing, the temperature distribution changes rap-
idly during the quick movement of the energy beam. There-
fore, high-temperature gradients could be caused by the high 
energy input delivered in very restricted area of the compo-
nent, leading to high residual stresses and non-uniform local 
deformations. A shield gas is almost always used during 
processing to avoid surface oxidation of the component. The 
gas can flow directly to the surface of the component, or the 
process can be carried out inside a box in which there is a 
protective gas atmosphere.

Figure 7 shows the surface of a component during 
laser polishing that must be scanned according to the 
prescribed patterns in order to have a process that is as 
homogeneous as possible. In fact, knowing the width 
of the track (b), a specific scanning strategy must be 
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provided to process the entire area. Different types of 
scanning strategies were examined by Giorleo et al. [93], 
as highlighted in Fig. 8.

Taking the half circumference as a reference, it is pos-
sible to choose strategies with two superimposed lines of 
90° (a), three lines (b), or have the laser beam follow an 

Fig. 6  (a) Unprocessed and laser polished knee joint, produced additively [91]; (b) different surface structures produced by laser wave shape 
process on Inconel 718 [92]; (c, d) photograph of a selectively polished free-form surface portion by laser [71, 72]

Fig. 7  Main scanning strategies 
in the laser processing path: 
(a) parallel scanning (b) spiral 
scanning
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offset of the perimeter from the outside to the inside (c), or 
vice versa (d). One of the parameters that characterize the 
scanning strategy in both cases (micro and macro) is the 
hatch spacing, which is the distance between the centers of 
two adjacent traces. Comparing the processes of macro- and 
micro-polishing, being different the way in which the power 
is supplied to the material, the thermally altered zone will 
be of different sizes. In the first case, especially with the 
adoption of not too high speeds, there will be an interaction 
time that will allow the heat to reach a more considerable 
thickness of material. On the other hand, through the use 
of short laser pulses, the heat will not have time to disperse 
and, therefore, the thermally altered area of the workpiece 
will be smaller in size. Furthermore, by adopting a pulsed 
profile, since the molten area is smaller in size, at the same 
temperature, the irradiated material will take longer to 
cool down and, therefore, it will have a lower solidification 
speed, probably avoiding the formation of hard structures 
after laser processing.

In addition to the temporal distribution of the beam, 
also its spatial distribution is of fundamental importance 
for laser polishing. In processes in which the machining of 
more or less large surfaces is involved, the homogeneity 
of the machining is always necessary. For example, adopt-
ing a laser source characterized by a beam with a Gaussian 
power distribution and performing the processing with the 
zigzag scanning strategy shown in Fig. 8, there would be a 
non-uniformity in the trace amplitude. In the center, a good 
melting of the material would be obtained while in the sides, 
where the energy is minimal, material melting might not 
even take place. This problem can be solved by overlapping 
the tracks, choosing a smaller hatch spacing, but, in this way, 
the processing would require too much processing time. For 

this reason, flat top distributions of the power of the laser 
beam are preferred for laser polishing. This would allow to 
have the energy distributed in a more uniform way on the 
component during processing, with an increase in the overall 
effectiveness of the post-treatment.

Temmler et al. [71, 72] have thoroughly analyzed the 
laser polishing process on carbon steel samples. The effect 
was studied in terms of average roughness measured by 
white light interferometry at two levels of magnification 
and by filtering the roughness maps based on a spatial 
wavelength (Fig. 9). The experimentation was carried out 
using a solid state Yb:YAG laser source with a maximum 
power of 550 W and using for the pulsed mode ton ranging 
from 0.7 to 3.5 ms at high frequency (5–20 kHz). From the 
experimental results obtained, the choice of a continuous 
source or a pulsed source depends on the initial rough-
ness and the chosen spatial wavelength λ. In fact, consist-
ent reductions in surface roughness are obtained in the 
range 80 < λ < 1200 μm by macro-laser polishing, while 
for λ < 80 μm by micro-laser polishing. Furthermore, the 
authors have also focused on the combination of the two 
processes in order to obtain an improvement of the surface 
finish on all spatial wavelengths. Starting from an unma-
chined surface, they first subjected it to a scan made with 
a continuous source, obtaining a significant reduction in 
roughness (70–90% of the initial roughness) thanks to the 
molten material which redistributes itself in a more homo-
geneous way. Subsequently, they reprocessed the same 
surface with a pulsed laser, obtaining a further improve-
ment in the surface finish (further reduction of micro- and 
meso-roughness up to 50%). A combined treatment of cw 
and pulsed laser radiation therefore makes it possible to 
create a double-gloss surface.

Fig. 8  Scanning strategies tested by Giorleo et al. [93] for the filling path: (a) two line, (b) three line, (c) out-to-in line, (d) in-to-out line
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In Giorleo et al. [93], laser polishing on titanium alloy 
(grade 2) sheets was analyzed. Referring the previous scan-
ning strategies in Fig. 10, the authors focus their research 
on how the variation of process parameters (scanning 
speed and assist gas) can affect the average roughness Ra 

in the finishing process. A pulsed Nd:YVO4 source with 
a maximum power of 8 W was used in the experimental 
plan and particular emphasis was posed on the shielding 
gas. After the process, the difference between the initial 
and final roughness is evaluated and reported in Fig. 10a, 

Fig. 9  (a) Schematic of process principle and main procedural parameters for laser polishing. (b) Schematic for spectral analysis of surfaces 
based on different WLI mappings [71, 72]
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d. The presence of shielding gas is necessary, since in addi-
tion to avoiding annoying oxidations, it also allows drops 
of molten material to be pushed out of the work area so 
that they do not damage the machined surface. However, too 
high gas flow rates (higher than 5 bar) reduce the quality of 
the processing, generating a turbulent motion of the molten 
metal which, as it moves, creates unwanted valleys. Too high 
speed (> 7 m/s) causes morphologies to be generated on 
the surface that “copy” the various pulses of the laser dur-
ing processing. Set the working frequency, a higher speed 
causes the pulses are more spaced each other. In general, 
improvements are achieved with relatively low gas flow rates 
(5 bar) and low scan rates (5.5 m/s) as shown in Fig. 10c, d. 
The machining time for the optimized parameters was also 
calculated (Fig. 10b), and this turns out to be 4 s for an area 
of 5 × 5  mm2.

Zhou et al. studied the behavior of laser polishing on 
Ti6Al4V titanium alloy, observing reductions of up to 90% 
in surface roughness and focused on the effect that the ther-
mal cycle generates on the surface being polished. The rapid 

cooling can increase the surface hardness even by 25%, but, 
at the same time, an improvement is obtained in terms of 
the corrosion resistance of the surface. The experimenta-
tion conducted by Zhou et al.  [21] is applied to hot rolled 
samples fabricated by a front milling process with which a 
startingroughness of about 7.3 μm is achieved. The laser 
equipment, on the other hand, is a continuous fiber source 
that provides a maximum power of 250 W. During the 
experimental tests, the laser beam was defocused to obtain 
a larger spot.

Kumstel and Kirsch [70] have also investigated titanium 
alloys. In particular, they have analyzed the effect of polish-
ing by laser radiation (macro-polishing) on both titanium 
and nickel alloys, commonly used in aerospace (Ti6Al4V 
and Inconel 718). A continuous beam laser source was used 
for the experimentation, although in most of the researches 
on these alloys, a process of micro-polishing with pulsed 
sources is carried out. First, the dependence of the final 
roughness by the laser beam diameter is evaluated. The 
lower roughness is obtainable by operating with the smallest 

Fig. 10  Laser polishing on titanium grade 2 sheet: (a) comparison 
between raw surface (1) and laser polished surface (2); (b) improve-
ments in average roughness and quantitative analysis; (c) medium 

average roughness evaluated from the two and three line campaign; 
(d) medium average roughness evaluated from the in-to-out and out-
to-in line campaign [93]
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diameters. For example, by operating on a turned profile 
with initial roughness Ra = 1 μm, values of Ra = 0.15 εm can 
be obtained by operating with a diameter of 250 μm. The 
choice of the beam diameter, however, depends on the initial 
state of the surface, i.e., on how far the traces left by the 
turning or milling operations are. Once the spot diameter has 
been fixed, the influence of the other process parameters is 
then evaluated. For the titanium alloy, the rapid solidifica-
tion gives rise to the formation of a hard micro-structure, 
of the martensitic type, and gives the formation of a ther-
mally altered zone of comparable extension. In particu-
lar, the resulting hardness is maximum on the surface and 
decreases until reaching the non-thermally altered material 
which has the starting hardness of the alloy. The hardness 
in the remelted zone does not depend on the initial hardness 
of the alloy.

In Temmler et al. [68], the influence of the duration of a 
single pulse and frequency in the process of micro-polishing 
of AISI 410 stainless steel has been analyzed, operating with 
a Nd:YAG laser source and using pulse of variable durations 
in the range of 10 to 220 ns and frequencies in the range of 
20 to 240 kHz. Once polished, an AISI 410 surface steel free 
from defects such as cracks or surface imperfections can be 
obtained. The best finishes are obtained by combining the 
parameters of pulse duration and frequency in a proportional 
way, i.e., avoiding combinations of short pulse and high fre-
quency, thus ensuring that the pulses reach the material only 
when it is in a solid state. The level of gloss of the surface 
increases as a function of the decrease in micro-roughness, 
making the material particularly interesting for decorative 
design applications.

Miller et al. [94] focused on the effects that the laser and 
scanner control parameters have on the formation of sur-
faces with better quality, operating on ground specimens in 
tool steel (H13). In particular, by a CW source (YLR-500 
fiber IPG Photonics) fitted with a plane field lens, they have 
analyzed the influence of the delay in laser switch on/switch 
off parameter. They varied these parameters along with the 
beam power, while leaving unchanged the scanning speed at 
100 mm/s. Using an appropriate control system, the authors 
demonstrated that it is possible to create power and speed 
ramps that improve the single trace left on the material, mak-
ing it more uniform. The non-uniformity occurs in the areas 
in which there is a transient regime of the beam power and 
scanning speed. Therefore, the effect of acceleration and 
deceleration during laser processing plays a crucial role in 
having a trace of constant size. Using different linear ramps 
of the beam power and scanning speed, dissimilar results are 
obtained. In particular, the best result is the last one repre-
sented in Fig. 11, in which a new strategy is used. As seen 
from the speed and power trends, the slope of the straight 
lines and also the start and end point appear to be different 
in the three scenarios. In the optimized strategy, the speed 

ramp has a lower slope than that of the power. It starts in 
advance and ends later, ensuring a perfect synchronization of 
the time in which the two parameters are set at constant val-
ues. When the speed has reached an almost constant value, 
the laser beam emits the power almost instantaneously since 
the slope of the power ramp is much greater. In this way, the 
handling system will be at a constant speed and the power 
delivered almost instantaneously by the beam will be con-
stantly transported during processing.

De Giorgi et al. [95] analyzed the feasibility of the micro-
laser polishing process on AISI 304 stainless steels for bio-
medical purposes. The experiments were conducted in three 
different atmospheres: ambient, argon, and nitrogen, and a 
large number of process parameters were tested. The equip-
ment used consists of a Q-switched fiber laser source and 
a scanning head equipped with a f-theta lens with a focal 
length of 100 mm and a diameter of the beam of 39 μm. The 
initial roughness of the samples (Ra = 85.3 ± 2.8 nm) was 
reduced under optimized conditions by approximately 50%. 
The optimized conditions are those achieved in a protec-
tive atmosphere; therefore, it is always necessary to provide 
an environment in argon or nitrogen. Furthermore, with an 
increase in the energy level, the surface roughness is higher 
than the initial value, demonstrating that the laser micro-
polishing can produce a greater surface roughness, despite 
the surface being visually brighter and smoother. In such 
case, it is necessary to defocus the laser beam so as to obtain 
lower irradiance.

In Ukar et al. [96], the application of the laser polishing 
process (macro) on components made of spheroidal cast iron 
for the construction of molds for foundries and molds for the 
automotive industry is presented. A macro-polishing process 
was used. At the microstructural level, spheroidal cast irons 
are characterized by the presence of graphite globules which 
have a melting temperature of approximately 3500 K. Dur-
ing the laser polishing process, the temperatures reached 
are approximately 1500 K. The graphite particles do not 
melt and tend to appear on the surface making it rough. 
In this regard, it is necessary to intervene by performing a 
decarburization of the surface. The laser equipment, in this 
specific case, was composed of a CW fiber source with a 
maximum power of 1 kW, the movement of the beam was 
carried out through a galvanometric system, and the focal 
spot was approximately 100 μm. After processing, no par-
ticular improvements in the surface finish were normally 
noticed due to the graphite particles. Accordingly, two dif-
ferent methods for triggering the reaction of decarburization 
are discussed. The first consists in performing the process in 
an oxygen atmosphere. Following the Ellingham diagram, at 
high temperatures, the reaction 2C +  O2 = 2CO is obtained, 
which involves the carbon contained in the graphite present 
on the surface of the sample. However, working with an 
oxygen atmosphere may be inconvenient due to the high 
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Fig. 11  Terminal geometry of a line generated under different combi-
nations of laser power and beam velocity: case 1: laser speed gradient 
“ahead of” laser power gradient; case 2: laser power gradient “ahead 

of” laser speed gradient; case 3: laser speed gradient “in sync with” 
laser power gradient [94]
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risk of combustion. The second method involved a carbon 
dioxide atmosphere, with the carbon being removed accord-
ing to the following reaction: C +  CO2 = 2CO. In the lat-
ter method, preferable in terms of safety, it is necessary to 
ensure a correct filling of the sealed chamber as the carbon 
dioxide tends to accumulate in the lower part of the volume. 
The best results, with surface roughness reductions of up to 
88%, are obtained using a power of 250 W and a speed of 
100 mm/s, setting a hatch spacing equal to 50% of the track 
width. The average surface roughness has an Ra = 0.5 μm and 
a hardened layer of 350 microns thick, a favorable effect for 
increasing wear resistance.

In Nüsser et al. [67], the influence of the spatial dis-
tribution of irradiance in the laser micro-polishing pro-
cess is evaluated. The distributions being compared are 
the “quasi” Gaussian and the top-hat ones. In this work, 
the geometry of the focal spot of the beam is also studied. 
In fact, both the Gaussian distribution and the top hat are 
compared with a circular and rectangular spot. The pro-
cess is applied to a tool steel (1.2343). Two different laser 
sources are used for the experimentation, and both can 
be operated in all the configurations of interest. The best 
spatial distribution of irradiance is the top-hat one with 
a circular geometry. Nusser et al. presented a technology 
different from the previous ones [66], in which the micro-
laser polishing process is carried out with the aid of a sec-
ond laser beam (dual-beam technology). The second laser 
beam was used to pre-heat the surface. The materials tested 
were two: a X38CrMoV5-1 martensitic steel for tool and a 

Ti6Al4V titanium alloy. In both cases, the starting surface 
was obtained by turning. As far as the steel is concerned, 
the surface was subsequently remelted in CW.

The two laser beams were simultaneously moved 
according to the scheme shown in Fig. 12a. The beam 
delivered in continuous mode precedes the one delivered 
in pulsed mode, going to pre-heat the surface without melt-
ing the material. A fiber-coupled disk laser in cw mode 
is used for pre-heating and a fiber-coupled rod laser for 
polishing of the surface. The disk laser is equipped with 
a fiber with a circular profile or with a fiber with a square 
profile resulting in a Gaussian-like and a top-hat intensity 
distribution, respectively as shown in Fig. 12b. An increase 
in the time elapsing between the end of a pulse and the 
complete resolidification of the pool of molten material 
causes a more homogeneous distribution of the melt. In 
addition, the irregularities due to the irradiance distribution 
of the beam can decrease as the lower amount of energy 
required by the pulsed laser source. Regarding the marten-
sitic steels, pre-heating generates a higher temperature in 
the material adjacent to the melted zone and the solidifica-
tion rate tends to decrease. However, the solidification rate 
remains sufficiently high to allow the formation of a mar-
tensitic structure. In addition, the heat penetrates deeper 
and more martensite is formed. For steels, however, there 
are no great advantages for surface roughness, the latter 
being in some cases even higher than the roughness of 
the surface polished with a single laser beam. Differently 
for the titanium alloy, using the dual-beam technology has 

Fig. 12  Dual beam technology: 
(a) strategy for guiding the laser 
beams over the surface and top 
view of the two laser beams (b) 
intensity distribution of the laser 
radiation used in the investiga-
tion [66]
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the same effects as using a pulsed laser with long pulses. 
A reduction of up to 36% of the roughness values was 
achieved on a meso-scale by increasing the power of the 
laser pre-heating.

In Perry et  al. [97], attention was focused on the 
micro-polishing process applied to surfaces obtained 
through micro-milling, using the Ti6Al4V alloy. A pulsed 
(Q-switch) Nd:YAG laser with pulse durations of 600 ns at 
a fixed frequency of 4 kHz was used. The beam is moved 
by a scanning head in the direction parallel to the feed 
direction of the cutter. The laser beam hits the traces left 
by the processing as shown in Fig. 13.

From tests carried out in air, the polished surface has 
micro-cracks since, due to the high cooling rate, a thin 
and fragile layer of titanium oxide is formed. However, 
the problem is solved by processing the surface under 
inert gas. With the parameters mentioned in [65, 97], 

satisfactory reductions in Ra can be achieved, modifying 
its value from 0.206 to 0.070 μm. The authors show an 
8 × 10  mm2 sample of 0.125-in.-thick Ti6Al4V sheet that 
was ground to a matte finish using 800 grit silica carbide 
paper, and the smooth pattern, obtained using the PLµP 
process, engages a specific area on the surface, thus dem-
onstrating the advantage of being able to operate selec-
tively (Fig. 13c).

In Obeidi et al. [98], the efficiency of the macro-laser 
polishing process on AISI 316L austenitic stainless steel 
components produced by selective laser melting (SLM) is 
evaluated. A continuous mode laser source is used to pol-
ish cylindrical specimens which are rotated as shown in 
Fig. 14a.

Obeidi et al. [98] pointed out that the fabrication of 
curved or inclined surfaces leads to an increase in rough-
ness due to the “stair case effect,” while the fabrication 

Fig. 13  Laser micro-polishing on the surface obtained by milling with argon shielding gas: (a) micro-end milled samples with laser path (b) the 
laser polished region is in the bottom half of the image (c) pattern polished on ground Ti6Al4V surface. The ‘‘W’’ is 5 mm in width [65, 97]

Fig. 14  Laser polishing of additive manufactured 316L stainless steel 
synthesized by SLM: (a) scheme of the experimental equipment with 
the three overlapping scenarios used for surface laser scanning passes 
(b) printing the vertical direction and curvature geometry (c) zones (1) 

and (2) show the balling effect and the partially melted and adhered 
neighboring particles (d) SEM image of AM 316L SST sample show-
ing the same sample surface before (left) and after (right) laser polish-
ing with 130 W, 30 rpm, and two passes repetition [98]
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of vertical surfaces minimizes this effect (Fig. 14b). In 
this study, the samples were fabricated so that the cyl-
inder axis is parallel to the layering directions. In this 
way, the step effect is minimized, but, in any case, the 
surface remains sprinkled with small dust particles that 
are only sintered but do not melt. So, the thermal energy 
that strikes the surface should only melt the non-fused 
particles that have remained adherent, while in the case of 
inclined or curved surfaces, a higher or more pass will be 
required. In Fig. 14c, zones (1) and (2), the rough surface 
of the as-built parts is shown, which is mainly caused by 
the sintering of the adjacent powder particles (i.e., balling 
effect), which is similar to micro-welding. The experiment 
conducted in Obeidi et al. [98] is divided into two differ-
ent experimental plans. The first analyzes the effect of 
the beam power, the rotation speed of the sample, and the 
number of passes. In the second, instead, the optimized 
values of the beam power (110 W) and the number of 
passes (1) are fixed, while other parameters are varied, 
such as the overlap between the traces and the position 
along the z axis of the focal spot (Fig. 14a). The processed 
samples exhibit a wide range of roughness depending on 
the input parameters. The presence of the hard martensi-
tic islands was observed on the re-solidified surface sur-
rounded by the soft austenite (Fig. 14d). A reduction of 
the average roughness of about 25% was obtained, with 
Ra passing from 10.4 to 2.7 μm. It is necessary for this 
purpose to employ the lowest rotational speed (20 rpm), 
an overlap of traces of 20%, and focus the laser beam on 
the surface.

Gisario et al. [82] had also examined the possibility of 
performing a macro-laser polishing treatment on cylin-
drical surfaces in austenitic stainless steel (AISI 304). In 
this case, the starting surface is obtained by milling and 
the CW source used is a diode laser source (RofinSinar 
DL015) characterized, as known, by a larger spot. By 
scanning the milled surface with the highest powers and 
speeds, that is with 1300–1500 W and 120 rpm, respec-
tively, very good and homogeneous finishing results can 
be obtained. Three different scenarios are examined for 
milling, with initial morphologies characterized by arith-
metic roughness Ra as close as possible to 0.5, 1.0, and 
1.5 mm. The laser post-processing demonstrates that it 
is possible to obtain asymptotic values of the roughness 
parameters, which do not depend on the initial roughness 
of the surface after the milling process but only on the 
operational settings. However, care must be taken to avoid 
surface overheating and melting of thicker substrate lay-
ers according to the surface overheating melting (SOM) 
mechanism.

Gisario et al. also use a diode laser source to process 
surfaces obtained by sintering [79, 83]. They investigate 
the possibility of smoothing the morphology of porous 
substrates consisting of spherical particles in sintered 
bronze, also evaluating the influence of laser treatment in 
terms of hardness and scratch resistance. With the laser 
treatments, it is possible to obtain a significant improve-
ment in roughness parameters (see Fig. 15). To reduce 
the average roughness Ra by up to 70%, laser treatments 
must be performed at the highest powers and low inter-
action times. In particular, the power at which the laser 
polishing treatment can be considered effective is greater 
than 1350 W and the interaction times must be less than 
0.5 s. Higher power is required due to the larger focal spot 
characteristic of a diode laser source. The improvement of 
the surface roughness is based, in this case, on the melt-
ing and resolidification process, which involves about two 
layers of micrometric spheres of 125 μm in diameter. The 
roughness profiles evolve from the concave-convex start-
ing profile typical of the agglomeration of microspheres 
to the smoother and more uniform profile after high-power 
laser treatment. It is possible to obtain, at the same time, a 
sealing effect of the surface porosity of the sintered mate-
rial, but it is necessary to estimate a reduction in the thick-
ness of the sintered substrate of about 200 μm (i.e., 1/40 
of the initial thickness).

4  Applications of laser polishing in AM 
technologies

In the last decade, laser additive manufacturing technol-
ogy has undergone rapid expansion and can be consid-
ered a mature technology in several fields such as the 
aeronautical or aerospace [99–101] and the biomedical 
industrial segments [102, 103]. This is for the sometimes 
unique possibility of producing components with com-
plex and highly customizable geometry in even shorter 
times than those allowed by the traditional fabrication 
processes. Indeed, the problem of polishing the rough 
surfaces of the workpiece constitutes a salient aspect 
that needs to be urgently resolved [104]. An increasing 
number of researchers is paying more and more attention 
to the application of laser polishing on workpiece fabri-
cated by laser additive manufacturing as in addition to the 
advantage of exploiting the same technology,polishing 
using laser sources can concurrently improve the surface 
roughness of many manufactured parts and customize 
their morphological and thermo-mechanical properties 
[105–107].
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Fig. 15  Laser polishing of 
sintered bronze by cw high-
power diode laser: SEM images 
and roughness profiles of laser 
untreated and treated surfaces 
at different levels of laser power 
with a scan speed of 8 mm/s 
[82]
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In particular, Zhihao et al. [108] have investigated the 
possibility of performing the surface finishing by laser 
polishing of components in Inconel 718 superalloy manu-
factured by means of AM technology (Fig. 16). For the 
scope of the analysis, the authors have used a short pulse 
fiber laser of the order of nanoseconds. The IN718 sam-
ples were subjected to laser polishing treatment starting 
from an initial roughness that ranged between 7 and 8 μm. 
To avoid thermal oxidation, the polishing process was 
carried out in an argon atmosphere and the main process 
parameters were investigated keeping the power of the 
beam constant. Zhihao et al. [108] have shown that the 
surfaces produced via SLM, after the laser polishing pro-
cess, show a significant reduction of Ra and Rz. In particu-
lar, the Ra shows a decrease from 7.5 to 0.1 μm while Rz 
from 31 to approximately 0.6 μm. From the metallurgical 
point of view, the superalloy IN718 shows a reduction in 
the dimension of the crystallites due to the rapid cool-
ing and an increase in the precipitation of the phase in 
the layer that is remelted. The phase is a metastable pre-
cipitate of  Ni3Nb which has a body-centered tetragonal 
structure. It is one of the main phases that strengthen the 
Inconel 718 alloy [109]. For prolonged heat treatments 
or high-temperature heat treatments, it evolves into the δ 
phase, but being very rapid the cooling that occurs during 
the laser polishing treatment, the δ phase precipitates as 
γ’’ phase. This phase precipitates into the remelted layer 
in the form of nanosized disks. The surface hardness is 
increased from 345 to 440 HV. In addition, wear resist-
ance is also tested in the research. The friction coefficient 
decreases significantly. Therefore, wear resistance prop-
erties of the material can consequently be improved by 
the laser polishing process.

Chen et al. [110] analyzed the surface characteristics and 
the corrosion behavior of an AISI 316L stainless steel pro-
cessed by power bed fusion and subsequently polished by 

means of a source (SPI Lasers) which operates in continuous 
mode. All the tests were carried out with the same power 
equal to P = 50 W, with a beam diameter equal to 200 μm 
that is obtained by defocusing the beam and an overlap of 
the traces fixed at 80%. As a result, the parameters that have 
been changed are the number of passes, the scan speed, and 
the energy density surface Es calculated as follows:

Most of the defects that are present on the surface of the 
AISI 316L steel samples manufactured by selective laser 
melting are the residues of metal powders that are partially 
melted and the sintered powders that are not melted, still 
visible in Fig. 17. By observing the processed areas, it is 
possible to observe that they are smoother and also appear 
brighter (i.e., less scattering of the incident light radiation). 
In particular, Fig. 17a shows the effect of the process with a 
single pass, while in Fig. 17c, three passes have been made. 
When making a single pass, there are still some irregulari-
ties on the surface. The effect of the sweep speed can be 
observed by comparing Fig. 17a, b, both performed with a 
single pass but at speeds of 100 and 200 mm/s, respectively. 
In particular, it is noted that by operating at high speeds 
(Fig. 17b), the traces left by the laser beam are visible due 
to a shorter interaction time with the material. In Fig. 18, 
the cross section of the sample is represented in which 
the pools of molten material are noted. Processing the top 
surface shows that the layer is remelted, but changes are 
also observed in the pools of molten material below. The 
surface roughness has been reduced by 92.6% by operating 
with the following optimized parameters: 100 mm/s and 3 
passes. The corrosion resistance of the sample in HCl solu-
tion is increased thanks to the less rough surface, because 
the polished samples offer greater resistance to the passage 
of electrons.

(1)E
s
=

P

DV
s

[

J

mm2

]

Fig. 16  Surface finishing by 
laser polishing of components 
in Inconel 718 superalloy 
manufactured by means of AM 
technology [108]
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In dos Santos Solheid et al. [111], samples of marag-
ing steel (18-Ni 300 grade) produced by SLM technology 
was subjected to laser polishing to observe difference in 
the use of a Nd:YAG Q-switch source (pulse duration 
200 ns) in the continuous or pulsed mode. In particular, 
the impact of laser polishing processing was assessed by 
comparing the results obtained in terms of surface rough-
ness and microstructure of the surfaces involved in the 
process. An appreciable reduction in surface roughness 

Ra was observed using an average power of 50 W, a scan-
ning speed of 300 mm/s, and a hatch spacing of 25 μm 
when the laser source operates with a continuous wave. 
The roughness Ra of the upper and lateral surfaces after 
the same laser processing is very similar (generally less 
than 1 μm, with 0.6 μm being the lowest value), even 
if their initial roughness has a significant difference: 
2.7 ± 0.6 μm on the upper surface and 6.4 ± 0.8 μm on 
the side surface.

Fig. 17  Micrographs of the sur-
face of the samples in AISI 316 
L after laser treatment [110]

Fig. 18  Cross sections of the 
AISI 316 L samples after laser 
treatment [110]
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Dos Santos Solheid et al. [111] noticed that, for small 
powers (5 W), there are no relevant effects on the sur-
face (Fig. 19a). Increasing the power to about 20 W, they 
noticed the presence of cracks up to speeds of 100 mm/s 
(Fig. 19b). By further increasing the beam power at 25 W 
(Fig. 19c, the authors observed a marked removal of the 
material (laser ablation. Overall, the use of the continu-
ous laser source has witnessed great potential in remov-
ing particles that remain adhered on the surface of the 
SLM component by vaporization, but the high tempera-
tures reached always lead to undesired oxidation of the 
surface that must be avoided using an inert environment 
during processing. When processing affected larger areas, 
cracks were observed in all cases, even when they were not 
present in the single-track experiments; this is due to the 
number of repetitions, the recasting of the material reso-
lidified, and higher average temperatures caused by laser 
scanning overlays. Operating instead with short pulses (ns, 
the authors have found the presence of pools of molten 
material that cause the formation of splatters on the sur-
faces (Fig. 19e). Those obtained with the combination of 
high beam powers and high frequencies are observable in 
Fig. 19e. On the contrary, those obtained by decreasing all 
the process parameters can be observed in Fig. 19d. These 
are visibly more stable melted pools (P = 5 W, f = 30 kHz, 

vs = 20  mm/s). The AlSi10Mg alloy, typically used in 
additive manufacturing technologies, was analyzed by 
Schanz et al. [112]. The samples were manufactured also 
in this case by SLM choosing a layer thickness of 50 μm 
and conducting the treatment in a nitrogen atmosphere. 
The average starting roughness of the samples equal to 
8.7 μm was reduced by applying the polishing process with 
a pulsed source with a maximum power of 4000 W. The 
focal spot diameter was of 430 μm, and the experimen-
tal setup involved the use of a 1-D scan head (Fig. 20a). 
Consequently, the laser beam oscillated in the direction 
indicated as transverse while the piece was moved in a feed 
direction orthogonal to the oscillation of the beam. The 
overlap of the traces was set by the authors on high values, 
in any case higher than 50%, by suitably varying the repeti-
tion frequency and the duration of the impulses together 
with the feeding speed of the component. A much higher 
power was used for the AlSi10Mg alloy, when compared 
to papers in which different materials are processed. This 
is partly due not only to the size of the focal spot, which in 
this case is large, but also to the fact that aluminum alloys 
absorb laser radiation inefficiently and are characterized by 
high thermal conductivity.

The energy that strikes the surface of the aluminum 
alloys is therefore partly reflected and partly dispersed in 

Fig. 19  Maraging steel surfaces subjected to CW laser polishing: (a) 
5 W and 90 mm/s:no significant effect on the surface (b) 20 W and 
20 mm/s: presence of cracks (c) 25 W and 90 mm/s: laser ablation. 
Maraging steel surfaces subjected to laser polishing PW (d) 25  W, 

5 kHz, and 165 mm/s: excessive spatter and material removal (e) 5 W, 
30 kHz, and 20 mm/s: more stable melt pools (f) 19 W, 60 kHz, and 
90 mm/s: melt pool instabilities [111]
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the form of heat. Therefore, it is necessary to use a pulsed 
source with short pulses and high power so as not to allow 
time for the heat to disperse. The tests conducted have 
shown that with a power of 1700 W at high frequencies and 
with a feed rate of 40 mm/min, overlaps sufficiently high 
to avoid inhomogeneities on the surface can be achieved. 
Accordingly, it is possible to reduce the roughness up to 
92%. However, the authors underline that the surface is 
not entirely polished, as some undulations and irregulari-
ties are still visible on the surface. Figure 20b, c show a 
comparison between the starting condition of the surface 
and the final result by evaluating the polishing process both 
by white light interferometer and by tactile measurements, 
respectively. An interesting study is that undertaken by 
Yung et al. [113] which have thought to apply laser polish-
ing to metal components in CoCr with complex geometry 
manufactured by SLM in order to demonstrate that it may 
constitute a viable technology for the polishing of non-
planar surfaces (Fig. 21(1)).

In most scientific works, tests are carried out on flat 
surfaces machined with different 2D scanning strategies. 
In this research, however, the attention is focused on a dif-
ferent method, the “layered laser polishing method.” The 
interaction between the laser beam and a complex three-
dimensional surface is different. It turns out to be much 
more complicated because it requires an optimization of 
the process parameters to obtain acceptable results. Dur-
ing the laser polishing process, the defocusing distance 
is a fundamental parameter and must absolutely remain 
constant throughout the process, so that the surface of 
the component always receives the same surface energy 
density. This condition is easily satisfied if the component 
being processed is planar and orthogonal to the laser beam 
but becomes more difficult if the surface has a complex 

geometry. To process complex geometries, it is therefore 
necessary to use a different technique. This layered laser 
polishing method is based on controlling the defocusing 
distance during laser polishing.

Yung et al. [113] have developed a simple geometric 
model for this purpose, which can also be conveniently 
adapted to work convex or inclined surfaces as well as any 
free-form surface. To control accurately the defocusing dis-
tance, the concave surface, observable in Fig. 21(2), must 
be divided into layers. The thickness of each layer must 
be smaller than the focal depth. Consequently, a different 
defocusing distance can be chosen for each layer, which 
remains constant on the single layer. In this way, it was 
possible to obtain reductions in the surface roughness up 
to 93% while operating on a complex surface geometry, a 
result similar to that achieved on planar surface. Starting 
from the initial roughness of about 4.23 μm, by laser pol-
ishing, a value of about 0.73 μm can be achieved. A pulsed 
fiber laser source is used, with the beam focused to a spot 
size of 50 μm and using an f-theta lens. The most impor-
tant process parameters to perform the laser polishing are, 
therefore, the laser power (approximately 70 W) and the 
defocusing distance of 6 mm.

In another work, Wang et al. [114] (Fig. 22) have also 
analyzed the beneficial effect of laser polishing on the 
microstructural properties of the surface, with specific 
regard to corrosion resistance. It was observed that by 
effectively checking the hexagonal close packed (hcp) 
structures and the oxides formed on the outer layer, the 
samples in CoCr alloy produced by additive technology 
after laser polished reveal a greater resistance to corro-
sion, of about 30% compared to thermo-mechanically 
treated samples. This result is interesting for potential 
dental applications, such as dental implants, bridges, and 

Fig. 20  (a) Schematically function principle of laser polishing with one-dimensional scanner head (b) transition area of the initial and polished 
surface, obtained with white light interferometer (c) comparison between initial and laser-polished surface [112]
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dentures for use in the oral environment. In fact, with 
the thermal action of the laser, it is possible to design a 
CoCr alloy with an anticorrosive protective layer and with 
unique properties. In addition, the surface microstructure 
in CoCr alloys processed by laser polishing is smooth and 
can contribute to increasing the resistance to build-up of 
bacterial plaque.

Dadbakhsh et al. [115] have examined how the laser 
polishing process can improve the surface finish of metal 
components in Inconel 718 manufactured by laser metal 
deposition (Fig. 23). The experimental results have shown 
that an effective improvement of the surface can be obtained 
through a correct modulation of the laser energy, which has 
proved to be the most influential factor capable of achieving 
a minimum and basically asymptotic level.

To calculate the optimal laser energy, it is necessary to 
intervene on the parameters of feeding speed, laser power 

and spot diameter according to Eq. (1), as already high-
lighted by some authors [80, 81] and, subsequently, taken 
up also by others [110]. Dadbakhsh et al. [115] show that, 
using a Trumpf DMD505 HQ  CO2 laser source with a beam 
diameter of 0.5 mm, it is possible to obtain maximum over-
all productivity by setting a laser power of 500 W, a speed 
of 800–850 mm/min and a 35% overlap. In this way, the 
surface roughness is effectively reduced by 80% with a final 
value of Ra below 2 μm (acceptable level for many appli-
cations, including aerospace ones). Dadbakhsh et al. [115] 
have always used Eq. (1) to calculate laser energy density, 
although they use a corrective factor of 6000 at numerator.

In Rosa et al. [116], an experimentation on the laser 
polishing of components manufactured by the LMD pro-
cess, in AISI 316L steel, is reported. Also, in this case, 
the laser polishing experiments are carried out on the very 
same machine with which the component is manufactured. 

Fig. 21  (1) Surface morphol-
ogy of samples with complex 
geometry before and after laser 
polishing. (a)–(c) As-received 
surface roughness of convex, 
concave, and slant surfaces, 
respectively. (d)–(f) Laser 
polished surface roughness 
of convex, concave, and slant 
surfaces, respectively. (2) Geo-
metric model for laser polishing 
for the sample with a concave 
surface [113]
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The machine is equipped with a fiber source of maximum 
power of 800 W. Surfaces are analyzed in terms of sur-
face roughness Sa. Rosa et al. [116] showed that the best 

results (reduction of Sa from 21 to 0.79 μm) are obtained 
with a power of 210 W, a scan speed of 3000 mm/min, 
and an overlap of the tracks of 60% (Fig. 24). It has been 

Fig. 22  Morphology of the top 
surface of CoCr alloy samples 
after laser polishing [114]

Fig. 23  Visual appearance of 
the surface finish after laser 
polishing of Inconel LMD parts 
[115]
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deduced that by increasing the number of passes, there is 
further improvement of the surface and the elimination 
of the micro-cracks that are formed due to the first pass.

In Bhaduri et  al. [117], the laser polishing process 
was applied to metal components obtained through the 
additive manufacturing technology developed by Digital 
Metal (https:// digit almet al. tech). Unlike the laser polish-
ing processes that occur with the melting of metal pow-
ders, the technology developed by Digital Metal belongs 
to the “Binder Jetting” category. The single layer of metal 
powders is deposited as in SLM and EBM technologies 
and then is processed with a binder that “glues” the pow-
ders to form the single layer. The component is made with 
layer by layer technology and extracted from the machine 
to be subjected to a subsequent sintering process. This 
technology does not involve the melting of the material. 
Therefore, all the problems related to oxidation and the 
need to have a closed chamber with a protective atmos-
phere are avoided. In addition, the design of supporting 
structures is not necessary. However, the surface of the 
components needs post-processing. Bhaduri et al. [117] 

have optimized the laser polishing process on AISI 316L 
components manufactured with DM. The fiber laser source 
used delivers maximum beam power in pulsed mode and 
is equipped with a 3D scanning head. During the tests, 
the beam power and pulse duration were kept constant at 
37.2 W and 220 ns, respectively.

By optimizing the process parameters, within a working 
chamber in which argon gas has been placed, a reduction of 
the surface roughness Sa of 94% was obtained. It has also 
been deduced that the intensity of the color is related to the 
amount of oxide formed and the depth of the oxidized layer. 
The use of an argon atmosphere significantly reduces this 
effect. Moreover, the estimated depth of the affected layer 
is shown in Fig. 25.

Ti6Al4V components produced via SLM for the aero-
space industry were analyzed in Marimuthu et al. [118]. In 
this study, experimentation on laser polishing was carried 
out using a continuous beam mode. The focus is on the con-
trol of the process parameters and on the analysis of the 
dynamics of the pools of molten material generated by the 
laser beam. The dynamics of the pools of molten material 

Fig. 24  Complex and thin part polished by laser [116]

Fig. 25  Laser polishing AISI 316L: (on the left) images of SS cubes S1, S2a, and S2b laser polished in air at fluence of (a) 20 J/cm2, (b, c) 9 J/
cm2, and (d) S3 in argon at 9 J/cm2; (on the right) microhardness depth profiles of LP specimens in air and argon [117]

https://digitalmetal.tech
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heavily influences the final result and a computational fluid 
dynamic (CFD) model to study the dynamics of the molten 
material was developed. The equipment used consists of a 
fiber laser source with a maximum power of 200 W and a 
laser spot of 500 mm. The spot size is obtained by maintain-
ing a fixed distance between the component and the laser 
head. The surface roughness depends significantly on the 
velocity of the pool of molten material. The roughness is 
influenced by the power of the beam and the scanning speed. 
Increasing the laser power increases the speed of formation 
of the pool of molten material, with consequent formation 
of unwanted periodic streaks (Fig. 26). The usage of lower 
scanning speed allows, instead, to obtain broader polished 
traces, which constitute an advantage from the manufactur-
ing point of view. An excessive input of thermal energy dur-
ing the laser polishing process is however to be avoided as it 
can cause oxidation and carbonization of the surface.

Witkin et al. [119], operating on Inconel 625 metal 
alloy, were able to demonstrate that the laser polishing 
not always ensures a satisfactory improvement in respect 
of the fatigue behavior. It is known that the surface defects 
and the rough surfaces associated with the additive manu-
facturing degrade the high-cycle fatigue (HCF) proper-
ties of metals with respect to the traditional production 
technology. Improving the fatigue behavior of AM parts 
requires reducing their surface roughness at fatigue sensi-
tive points that may not be accessible to standard machin-
ing operations. Being non-contact, laser finishing can 
provide greater accessibility without the need for exten-
sive post-processing of the AM parts. The laser remelting 
seems to eliminate these types of surface characteristics. 
Nevertheless, the lack of improvement in the fatigue life 
can be considered linked to the presence of pores whose 
size varies arbitrarily. This determines the need to remelt 

Fig. 26  Laser polishing of Ti-6Al-4  V selective laser melted com-
ponents: (above) optical microscopic images of laser polished linear 
track for various laser power; (below) effect of power and speed on 
laser melted track width (number on line contour indicates melt width 

in mm) and interaction effect of power, speed and beam offset on sur-
face roughness (numbers on the contour lines represent the surface 
roughness Ra in μm) [118]
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depths exceeding 100 μm. With respect to the average sur-
face roughness, however, this remelting depth is greater 
than necessary. Apart from major defects, below this 
depth, the remelting is of the order of the starting average 
surface roughness. In addition, the remelting is continu-
ous but limited to a contour that follows the starting sur-
face. The uniformity associated with the process suggests 
that if the surface defects in the starting SLM material are 
well identified, the remelting process can be calibrated to 
remove them [120].

Also Kahlin et  al. [121] and Liang et  al. [122] led 
fatigue testing after laser polishing process to examine 
improvements in fatigue strength of PBF Ti-6Al-4  V. 
Although in their investigations the roughness param-
eters were reduced by means of laser interaction, they 
did not observe significant increases in fatigue strength 
as compared to the parts in their as-built surface condi-
tion. In contrast, Lee et al. [123] have studied the effects 
of the laser polishing on the fatigue response of compo-
nents made in Ti-6Al-4 V and manufactured by powder 
bed fusion. With laser polishing, in this case, the partially 

melted powder particles were successfully remelted onto 
the surface of the PBF Ti-6Al-4 V specimens, as the actual 
depth of laser polishing was greater than the maximum 
peak-valley depth, identified through the Rz parameter. 
By means of laser polishing, they then reconstructed the 
topography of the surface and, therefore, the sharpness of 
the surface profile which was found to be smoother. The 
high-cycle fatigue strength of laser polished specimens 
has been improved over specimens with as-built surfaces. 
The increase in high-cycle fatigue strength for laser pol-
ished specimens is related to the lower surface roughness 
(Fig. 27).

An interesting analytical approach, proposed by Alfieri 
et al. [124], aims to evaluate the post-processing treatment 
by laser on AM parts in stainless steel - grade 17–4 (UNS 
S17400) using a scanning head that allows to impose a 
beam oscillation on the laser beam. The guiding idea is 
imported from laser welding, where the oscillation of the 
laser beam along the scanning path is preferred over the 
conventional defocusing of the spot in order to preserve 
the required irradiation threshold and cover the space 

Fig. 27  Laser polishing on 
Ti-6Al-4 V parts manufactured 
using powder bed fusion [123]



1460 The International Journal of Advanced Manufacturing Technology (2022) 120:1433–1472

1 3

between the adjacent irregular edges or the addition of the 
intermediate layer [125]. Shal et al. compared experimen-
tally the conventional processes of laser welding and beam 
oscillation, observing that the oscillation of the laser beam 
improves the quality and integrity of the joint by expand-
ing the bonding area and favoring the formation of a brit-
tle lower melting zone in the region. Even Kuryntsev and 
Gilmutdinov [126] investigated a laser welding process 
using a constant laser beam trajectory and an oscillating 
trajectory. The results showed that after the second weld-
ing step, with oscillating trajectory of the laser beam, the 
central and top parts of the bead showed a lower micro-
hardness than the root part. The oscillation passage of the 
laser beam ensured less shrinkage and greater ductility of 
the weld metal.

The analysis is faced in Alfieri et al. [124] on AM parts 
built according to three different orientations: flat built, 
45° built, and up-right built, which therefore offer a dif-
ferent response in terms of stair case effect. It is possible 
to show that the surface topography can be improved and 
that the answer depends on the initial characteristics of 
the samples. In fact, important improvements are obtained 
on samples built at 45° and in a vertical position, as the 
process is able to reduce the arithmetic roughness below 
2 μm on average. Less significant reductions were reached 
in the literature [127]. The oscillation of the laser beam 
offers specific advantages over linear scanning in that the 
effects of heat are less evident in both the melting zone 
and the HAZ, as shown by the Vickers microhardness tests 
and microscopic analysis. The oscillation offers the simul-
taneous advantages of a limited microstructural weaken-
ing of the material and a higher polishing speed. With an 
operating laser power of 1 kW and a processing speed 
of 2 m/min, oscillating with an amplitude of 2 mm at a 
frequency of 200 Hz is suggested. Moreover, the authors 
set the energy density on the order of 30 J/mm2, basing 
on a value identified in literature as effective for the pur-
pose of surface polishing [128, 129]. As for the laser path, 
an oscillating beam has been previously proposed in the 
literature [112], with a reduction of the roughness of up 
to 92% compared to parts produced with AlSi10Mg addi-
tives. However, in this case, a one-dimensional scanning 
system had been used.

The innovative laser polishing process based on the 
oscillation of the laser beam is applied by Caggiano 
et al. [130] on AM parts made of precipitation hardened 
Cr–Cu steel, widely used in the automotive industry. 
Different polishing conditions are examined, all based 
on the oscillation of the laser beam (Fig. 28), using a 
Yb:YAG source with a focused spot of 1 mm in diam-
eter and an image field of 400 mm × 400  mm2. The laser 

power P and the amplitude of oscillation were varied, 
respectively, in the range 400–600 W and 1.2 mm, while 
the processing speed and the oscillation frequency were 
kept constant at 1 m min and 200 Hz, respectively. The 
process of laser oscillation polishing in multitrack scan 
mode (with a ratio percentage of optimal overlap set at 
50%) has provided a significant improvement in surface 
roughness between 62 and 78% according to the pro-
cess conditions with respect to the surface of the as-
built AM part, inducing rather limited microstructural 
changes. The depth of the melting zone is between 0.204 
and 0.434 mm, and the extension of the HAZ is between 
0.750 and 0.980 mm. The authors address the surface 
characterization also through the elaboration of machine 
learning–based images using neural convolutional net-
works (CNN), proving that they can be profitably used 
for the automation of the laser polishing process. A sum-
mary of main result of laser polishing treatment on SLM 
parts is, finally, reported in Table 1.

5  Analysis and applications of laser polishing: 
criticality and potentiality of the technology

Laser polishing can constitute a viable solution for the 
improvement of the surface finish of metal components. 
The application of the laser polishing and the results 
obtained at the end of the process depend mainly on the 
initial roughness of the surface and, therefore, also on the 
fabrication process of the specific component. Laser pol-
ishing is, therefore, an alternative to conventional surface 
finishing technologies based on chip removal. It can be 

Fig. 28  Laser beam spot wobbling in multi-track scanning [130]
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applied to any metal material as shown in Fig. 29, using 
different types of laser sources in continuous or pulsed 
mode, defocusing the beam in most practical cases, work-
ing on linear and non-linear scans, or by oscillating the 
beam.

Nowadays, laser polishing is broadly used on real compo-
nents (not only on part of them). In recent time, it is spread-
ing to a greater extent in the industrial and biomedical sec-
tors. In the industrial field, the process is used with both 
continuous and pulsed sources. In the fabrication of tools 
and molds, laser polishing technologies can be, generally, 
used as a device for the improvement of selected areas that 
are subject to greater wear (Fig. 30). The results achiev-
able are remarkable, since it is possible to obtain improve-
ments in the average roughness of up to 80% with processing 
times of the order of tens of seconds per square centimeter 
and, very often, an increase in the surface hardness in the 
remelted layer.

In the field of biomedical engineering, the laser is used 
for post-processing of biomedical devices and surgical 
instruments to decrease defects, surface ridges, and even 
sharp edges that would favor contamination with bacte-
ria. The most used material in the biomedical field is tita-
nium, which, even if it is very hard-to-cut, features high 
biocompatibility.

Examples of applications in the medical field are shown 
in Fig.  31a, where the first component is for a dental 
implant. Instead, Fig. 31b shows the polishing work for a 
ventricular assist device (VAD). Beyond to being manufac-
tured with a difficult-to-process material like titanium, both 
components are characterized by a very complex geometry. 
Adoption of laser polishing for workpiece with complex 
geometry can lead to a reduction both in costs and of up to 
30% in the manufacturing time of the component, as well 
as to a significant reduction of the environmental impact 
[64]. This is because the polishing of components with 
complex geometry (for example, the abovementioned items 
for dental implants or molds for the massive production 
of components both in metal and plastic materials) is still 
handmade by qualified personnel. Similarly, in industrial 
optics, where difficult-to-cut materials are combined with 
complex geometry, laser polishing is confirmed as a win-
ning and competitive technology, especially when fully 
automated (Fig. 32).

Laser polishing can, therefore, boast significant advan-
tages in the surface finishing of difficult-to-machine and 
complex-shaped items. As seen, titanium components, 
obtained using conventional technologies, are defined 
as “hard to cut” and do not suite well to technologies 
based on chip removal. So, the adoption of laser process-
ing can represent a beneficial alternative [132, 133]. For 
components produced by additive manufacturing, on the 
other hand, given the very common high complexity of Ta
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the workpiece, the material is not a discriminating factor 
anymore. In fact, regardless of the material, laser polish-
ing is a viable process for processing alloys that would be 
impossible to finish differently. In addition, most addi-
tive manufacturing technologies for metal components are 
based on lasers. Hence, the device used to manufacture 
the component can be equipped with a laser source and a 
scanning system to be devoted to laser polishing, as well. 
In some cases, to adopt laser polishing technology, it is 
not necessary to invest in the purchase of a second source, 

since the device already has it inside, with significant sav-
ings for the manufacturers. In SLM, for example, once 
the first stage of manufacturing process is finished, the 
component is ready,the excess powders can be removed 
and then recycled. The second stage would consist in the 
polishing process, which could take place in the same 
chamber in an inert environment. The same equipment 
could be, thus, used, at the same time, for both the manu-
facturing of the complex-shaped workpiece and, after that, 
for its polishing.

Fig. 29  Correlation between sources, materials, and surface quality [131]

Fig. 30  Laser polishing applications ( source: Fraunhofer ILT, Laser material Processing, Polishing, Aachen, Germany)
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However, due to the development of new manufacturing 
techniques that allow to fabricate components with increas-
ingly complex geometry in many industrial segments, there 
is no solution today that can be universally applied for the 
improvement of surface finishing of all of them. Thanks to 
the aid of CAM software and CNC multi-axis systems, it 
is, however, possible, starting from digital data, to create 

toolpath with different strategies for laser polishing [134]. 
This is a very effective and low cost automation strategy  
that is particularly convenient and easy to develop in the 
case of components produced by additive manufacturing. 
In fact, the digital data, which represents the discretization 
of the virtual model, allows to start the manufacturing pro-
cess (AM), and generates the components, can be also used 

Fig. 31  Examples in the medical field: (a) dental implant (b) ventricular assist device (VAD) ( source: Fraunhofer ILT, Laser material process-
ing, Polishing, Aachen, Germany)

Fig. 32  CAM-NC process chain 
for laser polishing [134]
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for their post-processing. Specifically, those digital data can 
be used for the development of laser polishing toolpaths, 
simplifying, by far, the routine to post-process each specific 
component.

Laser polishing of complex-shaped and hard-to-cut 
components is also made much more effective thanks to 
the development of scanning devices in which the laser 
beam is moved by galvanometric systems and then focused 
through f-theta lenses. This particular type of focusing 
lens allows to have considerable benefits as the scanning 
head can remain stationary. Accordingly, the laser beam 
that remains focused on the plane can move at almost con-
stant speeds. This can limit the drawbacks deriving from 
accelerations, thus supplying the material with the same 
amount of power during post-processing.

Processing time in industries is crucial and laser pol-
ishing makes no exception. Therefore, an additional issue 
that must be taken into account concerns the possibility of 
increasing the process speed for large workpiece, regardless 
the shape and type of material being involved. First, higher 
laser powers can be set by defocusing the beam in order 
to obtain the same surface energy density, while process-
ing a much larger portion of the surface in an equivalent 
time frame. Very large laser spots also allow to set high hs, 
so that, once the scanning strategy is set, the process time 
drops significantly. A second solution is to use robotic arms 
that can cover much larger distances than those achievable 
in a 5-axis CNC system. In this respect, more sophisticated 
CNC systems are being developed. They will allow to man-
age 5 + 3 axes, simplifying the simultaneous positioning and 
polishing of the workpiece (Fig. 33). These systems will 
increase the number of strategies that could be applied to 
post-process 3D components fabricated by AM technologies 
[135], increasing the overall effectiveness of the process.

Laser polishing can also be profitably used to ease the 
manufacture of full density or near full density components 
[136–138]. The powder bed is made up of numerous voids. 
Since the process is repeated for each layer, it is difficult to 
obtain components with 100% density, even if, by optimiz-
ing the process parameters, it is possible to get very close to 
that value. Once the layer n is complete, the surface can be 
“remelted” during fabrication, just like in the laser polishing 
process. The difference is that the “polished” surface will sub-
sequently be covered by the layer n + 1, and, therefore, it will 
not be visible anymore. This mechanism allows to increase the 
density of the component by reducing its internal porosities. 
In any case, since laser polishing is a thermal process, the 
energy transported by the laser beam could thermally alter 
the machined surface and particular attention must be paid 
to the cooling methods of the component. For example, if the 
cooling is too rapid, in the machining of martensitic steels, a 
martensitic layer could be formed, which would considerably 
increase the hardness in the thermally altered zone. For stain-
less steels, on the other hand, slow cooling is harmful as it 
would lead to the precipitation of chromium carbides  (Cr23C6) 
in the areas with a high energy content (grain boundaries). In 
this way, the area immediately adjacent to the edge is depleted 
in Cr, reducing the corrosion resistance of the material itself. 
Thus, the chromium-poor zone would act as an anode while 
the grain boundary and the grain core, rich in Cr (noble ele-
ment), would act as the cathode. A harmful corrosion phe-
nomenon known as “knife corrosion,” localized and not vis-
ible on the surface, could be favored. However, the energy 
is supplied quickly by the laser beam and, therefore, cooling 
always takes place at sufficiently high solidification speeds, 
avoiding the problems described above.

Similarly, all the issues relating to heat treatments dur-
ing laser polishing must also be taken into consideration. 

Fig. 33  Schematics of the 
laser polishing machine: 5-axis 
machine movement system 
(Hermle) with the integrated 3D 
optical scanning system [135]
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Many metal components need to be heat treated at the end 
of the manufacturing process, so partial heat alteration dur-
ing polishing may not be a problem. However, this applies 
differently to SLM and EBM. The heat source is different 
in the two processes. In SLM, lasers with maximum pow-
ers of 400 W are used, while in EBM, an electron beam is 
used. The temperature reached on the powder bed for EBM 
technology is typically higher and this is the reason why the 
metal powders used in EBM are larger than those used in 
SLM. If the temperature variation is considered compared 
to that of the chamber, the EBM technology will have the 
highest temperature “delta.” In this regard, in EBM, a pre-
heating of the powder bed is always provided during the 
process and, for this reason, it is defined as a “hot” process. 
In SLM, on the other hand, the temperatures reached are 
much lower and it is therefore not necessary to pre-heat the 
powder bed (i.e., “cold” process). Consequently, the cooling 
of the components during the process will be much faster 
in SLM than in EBM, where it is necessary, at the end of 
the process, to let the component cool before removing it 
from the machine. Therefore, in SLM, unlike the foundry, 
the fabrication of components with complex geometry 
and thin wall, because of the rapid cooling, is preferred. 
While in EBM, the manufacturing of massive components 
is preferred as the cooling is slower. Looking at the residual 
stresses, these will certainly be present in the components 
produced in SLM (rapid solidification), while due to the 
slow cooling, they will be less strong in EBM (slower 
solidification). Therefore, a stress relieving heat treatment 
at the end of the process is necessary for the components 
produced in SLM, while it is not so for those produced in 
EBM. Indeed, the possible thermal alteration and structural 
modifications of the components caused by laser polishing 
would not constitute a major problem in SLM. In fact, the 
component, in any case, will have to undergo a subsequent 
stress relieving heat treatment after SLM. Accordingly, sub-
sequent treatments can be designed, even in the same oven, 
to obtain the desired structure. In EBM, on the other hand, 
in general, no heat treatments are envisaged since the com-
ponent has no residual stresses. Therefore, possible thermal 
alterations induced of the EBM components by laser polish-
ing could be an issue. Also, from a cost point of view, in 
SLM systems, an oven for heat treatments is always avail-
able, while it is not to be expected if EBM technology is 
used. In any case, it must also be emphasized that the EBM 
technology, due to the use of larger metal powders, achieves 
worse surface roughness. The choice of the post-processing 
process, therefore, should always be made by looking at the 
surface quality specifications required by the designer and 
evaluating, in terms of time and cost, which, of the many 
available technologies for complex geometry components, 
is the most advantageous.

6  Conclusions

The applications of laser polishing technology are multi-
fold. In recent years, this technology is increasingly used for 
components fabricated by additive manufacturing. Additive 
manufacturing is constantly evolving, and, nowadays, it is 
no longer considered solely as a tool for rapid prototyping, 
but it is increasingly becoming a manufacturing technology. 
Consequently, if laser polishing is one of the solutions for 
the advantageous “post-processing” for some AM technolo-
gies, it can be also widely used in many industrial fields, 
including the production of aircraft engines, combustion 
chambers for aerospace launchers, systems for neurosurgery, 
and structural components for vehicles. These are all indus-
trial sectors in which additive manufacturing is increasingly 
being used as winning technology. In addition to the fields 
mentioned above, laser polishing technology can also assert 
itself in all those sectors where it is necessary to find new 
solutions to highly complex scientific and technical prob-
lems, especially when dealing with complex-shaped and 
hard-to-cut workpiece.

In conclusion, the future challenges of laser polishing 
technology will concern the following: (i) the reduction of 
the high investment costs initially necessary to access the 
technology, especially due to the high automation required 
and the need to operate in inert atmospheres; (ii) the pres-
ence of the diffraction limit of the laser beam which limits 
the maximum resolution of the processing; (iii) the objective 
difficulties in managing large surfaces with long operating 
distances (> 1 mm); (iv) the removal of any processing resi-
dues that may alter the surfaces; (v) the increase in process 
speeds without reducing the ability to control the operating 
parameters; (vi) the effectiveness on surfaces previously 
finished with mechanical technologies. Overcoming these 
limits could greatly extend the field of use of laser polish-
ing technologies, with significant benefits in terms of cost 
reduction, processing times, and environmental footprint.
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