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Abstract: Additive Manufacturing (AM) surfaces are composed by different textures and high roughness values which tend to
limit its functionalities. Laser polishing process is enabling to smooth surfaces by material melting, change surface texture and
decrease surface roughness (S,). Based on a five axes machine, which consist of milling and Laser Metal Deposition (LMD)
processes, the machine is additionally integrating laser polishing process on the same architecture. This paper aims at study laser
polishing of laser metal deposition of titanium surfaces. LMD of titanium surfaces are composed by chaotic texture directly
induced by the physical phenomenon of the process in use. Laser polishing process (LP) has an impact on the final surface
regarding a multi-scale approach. The determined operating parameters and path strategy of laser polishing process decreases
surface roughness by 78% and allow smoothing the initial chaotic texture. A polished surface roughness of 6.01 um was obtained
from an initial of 27.6pum.

1. Introduction

Additive Manufacturing (AM) technology allows creating several simple and complex forms of objects, for many different
applications. Actually, many researchers and industries applies AM with different classes of materials such as metal [1], sand [2],
glass [3], ceramics [4], polymers [5], wood [6], concrete [7], food [8] and bioprinting [9 and 10] for example.

Globally for all these materials, the process is the same. The additive manufacturing process is based on a numerical chain and
allows creating simple and complex form layer by layer deposition. The numerical model of the desired object is obtained through
CAD (Computer Aided Design) software and is transferred to CAM (Computer Aided Manufacturing) software for creating spatial
manufacturing trajectories that will be apply to the machine.

Additive manufacturing of metal is composed by different technologies: Laser Metal deposition (LMD), wire arc additive
manufacturing (WAAM), selective laser melting (SLM) and electron beam melting (EBM).

Based on powder projection, LMD allows functional material gradient creation (FGM) [14] and thin structures. However, LMD
surfaces can be composed by roughness values that it tends, in some cases, to limit their functionalities.

Surfaces are composed by different textures directly caused by physic phenomenon of process (Figure 1) [15]. First one is the
waviness that is corresponding to the superposed layers of the part. Second one is the chaotic texture, which is caused by the
powder projection. The surface characteristics allow analysing the LMD surfaces after finishing process and there functionalities.

In order to improve LMD surface roughness, laser polishing process is used. Laser polishing process allows smoothing surfaces by
material melting. When the laser scans the surface of the material is melted and with surface tension the material is smoothed.
Laser polishing enables considerably reduction in surface roughness of LMD. Indeed, laser polished surfaces must be
characterized by a multi scale analysis which highlight roughness and waviness components.

A few studies on laser polishing of titanium are proposed [16-22], but only one focus partially on laser polishing of LMD titanium
surfaces [23]. In this study, laser polished LMD surfaces is investigated, but no multiscale analysis is effectuated. Besides, no
micro crack analysis is proposed.

This paper aims at study the laser polishing of thin LMD titanium surfaces regarding multi scale and micro cracks analysis. The
operating parameters of laser polishing process have been determined previously on thin 316L surface in order to avoid that the
surface collapses. Additionally, these operating parameters are applied to Ti6Al4V surface as starting parameters, also in order to
avoid the surface to collapse. Next, the feed rate parameter has been increased for the titanium material to improve productivity.
Besides, the enhance of feed rate enables to limit heat transfer of the thin structure.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
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Figure 1: surface topography of LMD surface [15]

A multi scale analysis of the surface is effectuated in order to quantify the impact of the laser polishing process. This study use
amplitude, spatial frequency and texture parameters to quantify the surface evolution. Both 316L and Ti6Al4V LMD and laser
polished surfaces are compared to highlight the importance to use a multi scale method analysis. Finally, the texture analysis
enables to study the impact of the initial LMD topography on the final laser polished topography.

2. Methodology of investigation

LMD surfaces are obtained on 5 axis machine (Figure 2a) that is integrated milling, LMD and laser polishing processes. The LMD
surface is obtained through a vertical strategy (Figure 2b). This strategy is used to create complex geometries of parts. Argon gas
containment cell is used during the process to protect surface from oxidation.
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Figure 2: hybrid machine a) and dimensions of the LMD titanium surface b)

The used values of laser polishing operating parameters are issued of tests applied to 316L LMD surfaces (Table 1). The tested
parameters are the laser power (P) [W], the feed rate (Vf) [mm/min], the overlap (Ov) [%], that is the distance between two laser
tracks along the path direction and the pass number (Pn), that is consists in applying N times the same laser parameters on the
same surface according to the same laser path. This strategy enables increase in interaction time between the laser and the surface,
without increasing energy density for limit heat transfer for thin structures. The previous works on 316L material have shown that
for 4 and 5 passes the surface evolution is limited [23]. For this reason, only 1 and 5 passes are applied to Ti6Al4V surfaces. An
overlap of 60% is selected to avoid surface micro cracks and limit heat transfer. The used laser polishing strategy is a zig zag.

Operating paramters values
Power (P) [W] 210
Feed rate (Vf) [mm/min] 3000
Overlap (Ov) [%] 60
Pass number (Prn) land5

Table 1: operating parameters of Ti6Al4V laser polishing
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Focus variation microscopy is used to measure LMD and polished surfaces. A 10x and 50x magnifications are used. The lateral
resolution is 3.91 um and the vertical is 300 nm for the 10x and 1.038 pm and 20 nm for the 50x. The measurement device allows
measuring large areas and is composed by tilt and rotate automated axes. The surface topography improvement is characterized by
surface roughness (S,) [um] and surface roughness reduction [%] (Eq. 1 and 2) [24]. In order to analyse the spatial evolution of the
polished topographies, Wsm parameter was used. This parameter helps to characterize the average spacing of profile elements of
waviness (Eq.3). Furthermore, St (texture aspect ratio) parameter and autocorrelation lobe are used to analyse textures isotropy.
The autocorrelation image always includes a central peak. If the surface presents the same characteristics in every direction, the
central lobe will be approximately circular. If the surface presents a strong privileged orientation, the central lobe will be very
stretched out. The St parameter takes a value between 0 and 1, and is unitless. It can also be expressed as a percentage between
0% and 100%. An isotropic surface will have Str close to 1 (100%) while a strongly anisotropic surface will have St close to 0.
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3. Results

Compared to the 316L surfaces, the LMD titanium surfaces are composed by different textures (Figure 3). LMD titanium surfaces
are composed by chaotic texture and without regular waviness. The regular waviness is due to the superposition layer of material
during additive manufacturing process. As a result, the LMD textures directions are different. The surface roughness of the 316L
surface is 23.98 um and 27.6 um for the Ti6Al4V LMD surface respectively. The surface roughness values have been calculated
with a 8000 pm cut off filter (Ac).

LMD TicAl4Y

Figure 3: comparison between 316L and Ti6Al4V LMD surfaces

Laser polishing process allows to smooth LMD surface considerably (Figure 4). The laser polishing process allows a decrease of
78% and 79% LMD Ti6Al4V and 316L surfaces roughness. The final S, is 6.01 um for the laser polished Ti6Al4V surface and
5.02 pm for the 316L surface. The surfaces roughness values were calculated with a 8000 pm cut off filter which integrates
waviness and roughness topography components without the form. This cut off enables to analyse the global evolution of the
surface before and after laser polishing process. To dissociate waviness and roughness topography components cut off filters of
800 pm and 250pm were used. The 250 um Ac enables to keep the micro texture induced by the laser polishing process, such as
the gap between two laser paths and the melted material micro texture. The Ac of 800 um aids to keep the smoothed waviness of
the initial topography. These cut off filters show clearly the presence of waviness after laser polishing process (Figure 5 and 6) that
can impact on the surface functionality. Both Ti6Al4V and 316L polished surfaces are composed by waviness and roughness and
can be characterized through these filters values and this decomposition method. 316L laser polished surface is composed by
silicon oxides components.
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Figure 4: Ti6Al4V LMD laser polished surface

(Initial LMD surface roughness S,= 27.6 pm; final laser polished surface roughness S, = 6.01um)

The pass number parameter impact on the final surface and enables smoothness of the surface. The increase of pass number
parameter (1 and 5) allow decreasing Ti6Al4V S, (Cut off = 800um) from 7.59um to 5.75um.In addition, with a 250 um cut off
the S, is reduced from 0.77 to 0.32 um. The increase of pass number allows a decrease of waviness by 24% and roughness by 58%

respectively. Moreover, the increase of pass number tends to increase Wsm by 53% (1 mm for 15 pass and 1.86 mm for 5 passes of
laser polishing) regarding the waviness. As a result the pass number impact strongly on the spatial frequency of the waviness and
on the roughness (Figure 7).

The increase of pass number enables to decrease the amplitude of the surface and increase the spatial frequency. The increase of
the spatial frequency tends to transform waviness component into form component. Thus, the laser polishing process and pass
number parameter impact on the form of the surface.

5 passes strategy helps to improve the final surface roughness. Globally, the increase of pass number, decreases waviness and
roughness but increase the form component. Besides, these results highlight a limitation of laser polishing regarding the smoothing
of the LMD surfaces.
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Figure 6: multi-scale decomposition of laser polished 316L surface
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Figure 7: impact of pass number on final topography

Textures aspect ratio and autocorrelation lobe enable to analyse the texture direction and its evolution. Texture aspect ratio
parameter show a texture difference for both LMD 316L and Ti6Al4V surfaces. The 316 LMD surface is isotopic, while
Ti6Al4V LMD is anisotropic. This is quantified by St parameters which are 0.01 and 0.77 respectively, this difference is caused
by the waviness. After laser polishing, the texture direction had no significant difference (Figure 8). This phenomenon is directly
caused by the presence of the initial topography after laser polishing. In other words, the initial topography waviness is not totally
eliminated. Although, these results highlight a modification of the texture direction after laser polishing.

Besides, through 2D and 3D images analysis, no micro cracks are present after laser polishing process (Figure 9). The image and
topography analysis highlight material texture along laser path but no micro cracks.

This texture is directly induced by the laser polishing process. The directional texture is caused by the gap between two laser paths
and the distance between two lines is the overlap parameter value. The chaotic texture is caused by the melted material during the
laser polishing process.
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Figure 8: autocorrelation lobe results and S#r parameters of LMD and laser polished surfaces
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Figure 9: micro cracks analysis of laser polished surface (5 passes)
4. Conclusion

This study analyse laser polishing of Ti6Al4V LMD surfaces. In order to analyse the impact of laser polishing process, the
Ti6Al4V surfaces are compared to 316L Surfaces. The laser polishing process allows decrease in the LMD Ti6Al4V surface
roughness (Cut off filter = 8000pm) by 78%. The initial S, is 27.6 um and the final 6.01 um. This surface improvement highlights
the efficiency of laser polishing process. 8000 pm cut off filter enables to analyse the global evolution of the surfaces while 250
and 800 um enables to analyse the local evolution.

The laser polishing process is impact on both waviness and roughness of the topography highlighted by 250 and 800um of cut off
filters. The pass number parameter impacts on roughness, increases the spatial frequency of the surface waviness and tends to
transfer waviness into form component. Globally, the increase of pass number allows improving the surface smoothing.

This study highlights the importance to analyse the surfaces with a multi-scales approach and with amplitude (S,,), spatial (Wsm)
and texture (Str and autocorrelation lobe) parameters. Through the texture aspect ratio, and the autocorrelation lobe the presented
results highlight the impact of the initial topography after laser polishing. The final topography is not totally eliminated after laser
finishing process which shows the limitation of laser polishing process. The operating parameters of laser polishing enable to
smooth initial LMD Ti6Al4V surfaces without micro cracks.

5. Perspectives

Further researches will focuses on the optimisation of the initial topography regrading laser polishing process. Moreover, more
material analysis will be performed to measure the mechanical properties of both LMD and laser polished surfaces. Finally,
simulation of laser polished LMD surfaces will be investigated.
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