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Laser processing of freeform surfaces: A new approach based on
an efficient workpiece partitioning strategy
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! Department of Mechanical Engineering, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
2l asea SA, Liege Science Park, 4031 ANGLEUR, Belgium

Abstract

A novel method for laser processing freeform surfaces is proposed and demonstrated in this
article. The method employs empirical data on the 3D limitations of a given laser process,
namely the negative effects of focal offset and angle of incidence on the process
performance, to partition a freeform surface into triangular laser processing fields. In this
way, processing efficiency can be maximized by minimizing part repositioning while fully
utilizing the capabilities of high dynamics galvo scanners. In this proof of concept, the
surface of 3D printed Ti-6Al-4V spherical shells was improved by more than 90% and
subsequently textured, using the proposed method. Conclusions were made about the
advantages of this new approach for processing freeform surfaces consistently and
efficiently.
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Nomenclature

Acronym Definition

LPBF Laser Powder Bed Fusion

AM Additive Manufacturing

LST Laser Surface Texturing

LIPSS Laser Induced Periodic Surface Structures
LP Laser Polishing

FOD Focal Offset Distance

BIA Beam Incidence Angle

FoV Field of View



1. Introduction

Laser-based Powder Bed Fusion (LPBF) is a widely used additive manufacturing (AM)
technology, commonly referred to as 3D printing, for producing near net shape engineering
components. In the last decade LPBF has become a viable technology for a range of
biomedical applications, more specifically in orthopedics, where it allows patient-specific and
intricate designs with different mechanical and biological properties to be manufactured [1,
2]. One of the major shortcomings of LPBF technology is the surface integrity of the
produced components, namely the resulting residual stresses and surface roughness, that
have to be improved through post processing operations [3].

Titanium alloys are commonly used to produce biomedical implants and their mechanical
polishing is undesirable due to their low thermal conductivity, high chemical reactiveness,
high hardness and shear strength that lead to high tool wear and low processing rates [4-6].
Furthermore, custom tools and fixtures would be required to polish uniformly all functional
surfaces of complex components. A promising alternative for finishing 3D printed
components is laser polishing (LP) technology. In particular, the technology is a non-contact
method, capable of processing freeform surfaces while retaining the geometrical accuracy
obtained with the AM process. Furthermore, it is more environmentally friendly technology
than commonly used chemical polishing processes.

Laser surface texturing (LST) as a technology for functionalizing surfaces was extensively
investigated by researchers [7]. In the context of orthopedic applications, LST was shown to
improve the performance of implants, namely by enhancing their biocompatibility and also by
strengthening their mechanical bond with bones [8, 9]. Laser induced periodic surface
structures (LIPSS) in particular offer some appealing opportunities for enhancing the
performance of biomaterials. They are a regular ripple pattern that can be generated on
almost any material when the laser intensity is at or near the damage threshold of the target
material. Their periodicity is usually just under the wavelength of the laser source. LIPSS
generation is generally attributed to some sort of interference between the incident laser
beam and the surface-scattered electromagnetic waves [10, 11]. Their sub-micron length
scale offers advantageous interactions with bone cells [12, 13].

Most laser surface processing research was conducted on planar substrates, however,
processing disturbances are present when processing complex shapes, such as the
acetabular shells found in total hip replacements [14]. This spherical component can be
produced to near net shape by LPBF. The shells feature an outer surface that can benefit
from some advantageous functional enhancements, such as anti-bacterial or
osteoconductive properties, potentially offered by LIPSS, while their inner surface must be
polished in order to minimize the wear of polyethylene liners. Thus, it would be beneficial,
from a productivity standpoint, for both surfaces to be processed in one setup, particularly by
employing LP on the inner surface and LP followed up by LST on the outer surface of the
spherical shells. In this way, coatings and mechanical machining operations could
potentially be avoided, they are currently required for their manufacture.

Both LP and LST were investigated extensively and proven on planar surfaces [5, 9, 15-17].
However, when laser processing 3D or freeform surfaces, they first have to be partitioned
into fields while taking into account factors that affect the process uniformity and efficiency.
In particular, variations in the beam incidence angle (BIA) and focal offset distance (FOD)



when processing 3D surfaces directly affect the process performance. Therefore, these two
factors should be taken into account when deciding how to partition such surfaces for laser
processing [14].

The most common approach to laser process complex geometries is to apply the so-called
layered method. For instance, Yung et al. used a pulsed fiber laser to polish additively
manufactured spherical CoCr alloy components by splitting them into layers, i.e. splitting the
sphere in segments along its axis, and thus reducing surface roughness by up to 93% [18].
Other approaches for laser processing 3D parts include: the use of surface
tessellation/triangulation algorithms for partitioning surfaces into planar fields and then using
different scan-head positions for processing each of them [19]; layering the scanning fields
of the focusing lens onto the freeform surfaces [20]; projecting 2D images onto 3D surfaces
[21]; and also some combination of the aforementioned approaches [22]. Although, there
were significant efforts dedicated to finding a generic solution to this complex problem, all
available approaches still require some compromises to be made, for instance, not factoring
the effects of both BIA and FOD when partitioning 3D surfaces, using a large number of
scanning fields or a large number of different fields’ geometries. Therefore, further efforts are
required to address these open issues, especially to consider simultaneously the effects of
both BIA and FOD and minimize part repositioning by setting 3D laser processing tolerances
to obtain the overall desired process performance and productivity, using the smallest
number of processing fields possible.

In this paper a method for laser processing complex 3D components is proposed that allows
a higher processing efficiency to be achieved by maximizing the use of high dynamics galvo
scanners and minimizing the number of processing fields all the while ensuring process
performance. A pilot application of the proposed method is reported that demonstrates how
different laser processing operations can be performed on 3D components, specifically, laser
polishing and texturing was carried out on the surfaces of additively manufactured Ti-6Al-4V
spherical shells.

2. Methodology for partitioning freeform surfaces

Contrary to conventional machining, such as milling, the laser beam does not need to be ‘in-
contact’ with the workpiece. As such, laser processing setups and operations can tolerate
some deviations in BIA from normal and also of some FOD before the process performance
deteriorates. These intrinsic characteristics can be used advantageously through off-focus
processing with varying BIA, and thus fully utilizing the high dynamics of beam deflectors
while avoiding the need for constant refocusing. In addition, the use of relatively slow
mechanical stages for part repositioning can be minimized by using as big as possible
processing fields, and thus to increase the processing efficiency even further. However, the
position of the scan-head relative to the working surface has an impact on process
performance. Therefore, the effects of processing disturbances, i.e. deviations of the BIA
from normal and off-focus processing, should be taken into account when processing
strategies are designed, especially when partitioning 3D surfaces into laser processing fields
[14]. A novel partitioning method is proposed in this research that employs an efficient
strategy for tessellating 3D surfaces. The method is driven by predetermined 3D laser
processing tolerances, i.e. max BIA and max FOD, to keep the process in control. In



particular, the geometrical parameters that are commonly used to control the tessellation in
most CAD packages are set based on these 3D laser processing tolerances, in the proposed
method.

2.1 Laser processing tolerances

The method requires the laser processing tolerances, i.e. the processing constraints
associated with BIA and FOD, to be determined by conducting preliminary laser processing
trials. Therefore, first, a laser processing operation, e.g. polishing, texturing or engraving,
should be optimized on a planar substrate in ‘ideal’ conditions, i.e. in-focus (FOD = 0) and
BIA normal to the surface, these processing parameters are then used as reference.
Secondly, the effects of BIA and FOD on process performance should be investigated
independently and quantified. Finally, cut-off values for BIA and FOD should be defined
beyond which the process performance is no longer deemed satisfactory: they are referred
to as processing tolerances in this research. The set of optimized processing parameters
and processing tolerances, i.e. max BIA and max FOD, are specific for a given laser
processing operation and substrate material. An example, how they can be obtained for a
given laser processing setup, operation and material is provided in Section 3.

2.2 Surface tessellation

The surface tessellation process in the proposed method employs common algorithms
available in most CAD packages and their respective set of geometrical parameters, i.e. the
max edge length of a triangular field, the max chord height, and the tessellation angular
tolerance. They are used to drive the partitioning process and, in the proposed method, are
determined based on the 3D laser processing tolerances, i.e. the identified BIA and FOD
constraints for a given laser processing setup, operation and material. They define the 3D
laser processing strategy, especially by partitioning 3D surfaces into triangular fields that are
then used to determine scan-head positions and fields for subsequent processing. In
particular, the following three constraints should be considered when executing the surface
tessellation process.

i.  Thefield of view (FoV) of the used focusing lens introduces a constraint with regards
to the size of the triangular fields. In particular, the longest side of any triangular field
(max edge length) is determined by the focusing lens’s FoV as follows:

max edge length<+/2 s (1)

where: s is the length of the FoV side as shown in Figure 1.
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Figure 1. Triangle max edge length

Also, it should be noted that to make the best use of the available FoV for any given
laser processing setup, the tessellation process should aim to generate triangular
fields that are as close as possible to right-angle isosceles triangles, with a max edge
length equal to the FoV diagonal as shown in Figure 1. Finally, the scan-head’s (0,0)
position should coincide with the triangle’s circumcenter to meet the following
processing tolerances.

The processing tolerance defined by the FOD limit introduces a constraint on the
maximum chord height in the tessellation process [23]. Especially, to keep the
process in control the maximum chord height should not exceed twice the FOD limit,
in particular:

max chord height < 2 FOD limit (2)

In this way, the focal plane can be positioned halfway between the triangular field
and the plane parallel to it that is also tangential to the 3D surface as shown in Figure
2. Thus, the depth of focus associated with any given laser processing setup will be
fully utilized.
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Figure 2. Tessellation max chord height



The tessellation angular tolerance defined as the angle between the normal vectors
of two adjacent triangles [24] should be constrained by the BIA limit. Particularly, the
angle between surface tangents and the triangular fields, 8, does not exceed a given
angular tolerance, a, when using STL tessellation algorithms [23]. Therefore, a can
be used to control the BIA on the 3D part. If a telecentric focusing lens is used, a
would be constrained by the BIA limit at the vertices of the triangular fields as shown
in Figure 3a. However, when using the full FoV of F-Theta lenses, the lens’s max
deflection angle, B, should be also considered (Figure 3b) when defining a constraint
for a. Especially, the relationships between 6, a and BIA limit in the case of
telecentric lenses can be expressed as follows:

6 < BIA limit andthus a < BIA limit (3)
While in the case of F-Theta focusing lenses, the relationship will be:

V2/2.s

6 < BIA limit = = BIA limit —tan™'(—=) andthus a < BIAlimit =B (4)

where: s is the lens FoV size and f its focal length.
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Figure 3. A schematic representation of BIA relative to the normal vectors and triangular

fields in the case of (a) telecentric lenses and (b) F-Theta lenses.



2.3 Fields’ distortion

Prior to laser processing the generated triangular fields onto the freeform surface, they must
be, along with any feature they enclose, adjusted for any projection distortion. Essentially,
the borders and any pattern or geometry inside the triangular fields must be projected onto
the freeform surface (the triangles’ vertices lie on the surface and therefore they would
remain unchanged). This is necessary to make sure that the different fields stitch as required
on the 3D surface and that patterns or structures are undistorted on the final part. The
adjusted fields’ borders or stitching areas would remain within the laser processing
tolerances, because:

1) They lie between the between the triangular field and the plane parallel to it that is
also tangential to the freeform surface. The fields’ borders would essentially stay
within the process’s depth of focus.

2) The angle between the normal to the surface and the laser beam is smaller at the
triangular fields’ borders than at their vertices where it is highest.

The adjusted fields are effectively the inverse of the projections of the undistorted triangles
onto the freeform surface as shown in Figure 4. As an example, the barrel and pincushion
distorted triangular fields on the concave and convex surfaces are essentially the projections
of an undistorted triangle from the projection plane (see Figure 4a), whereas the pincushion
and barrel distorted triangles in the projection plane would be converted into undistorted
triangular fields on the freeform surface (see Figure 4b).
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(b) Laser processing of adjusted triangular field

Figure 4. Schematic representations of projection distortions



2.4 Fields’ overlapping

Finally, the projection-adjusted triangular fields may need to overlap when executing some
laser processing operations, e.g. laser polishing, as it would be discussed in Section 4.2. If a
given laser processing operations does not require any overlapping, regardless a small one
should be introduced to compensate for any workpiece repositioning errors, e.g. because of
some repeatability errors associated with the mechanical stages and/or beam deflectors. It is
worth noting that the overlaps are introduced geometrically by proportionally extending the
boundaries of the adjusted triangular fields along vectors originating at their centroids to
maintain the overall field geometry as depicted in Figure 5. It should also be noted that the
overlapping region does not necessarily satisfy the laser processing tolerances associated
with FOD and BIA, as they are just extensions beyond the original bounds of the triangular
fields. Therefore, a certain ‘safety factor’ should be used when setting the 3D processing
tolerances to account for potential overlapping requirements, e.g. dictated by a specific laser
processing operation or setup.

Figure 5. An example of boundaries’ extension of a distortion-adjusted triangular field

3. Pilot implementation

A pilot implementation of the proposed methodology is presented in this section. Especially,
as it was already mentioned in the introduction, it would be advantageous to perform multiple
laser processing operations on acetabular shells found in total hip replacements. Therefore,
a spherical component that resembles the functional surfaces of such shells was selected to
demonstrate the capabilities of the proposed method. In particular, spherical shells produced
to near net shape by LPBF were laser polished and textured by applying the proposed
method, i.e. to partition their spherical surfaces for follow up laser processing. The
conducted experimental study demonstrating the proposed surface partitioning/tessellation
method is presented in this section.

3.1 Spherical shells produced by laser powder bed fusion

The spherical shells were built using a LPBF system, i.e. the RenAM 500M machine from
Renishaw. The build parameters used to produce the shells were as follows: 200 W average
laser power, 90 um point distance (distance between 2 laser irradiation positions), 60 s



exposure time, 90 um hatch spacing and 30 um layer thickness. The material used to build
the shells was grade 23 Ti-6Al-4V, low interstitial.

The spherical shells were 30 mm in diameter with a thickness of 1 mm. An initial optimization
of LP and LST processes, required for the implementation of the proposed methodology
(see Section 2.1), was conducted on planar substrates. They were produced with the shells
in the same build. The build direction for the planar samples was normal to the substrates
and their surface roughness, i.e. initial arithmetical mean height (Sa) and root mean square
height (Sq), were approximately 5.0 um and 7.0 um, respectively.

3.2 Laser polishing

The LP operation was optimized by conducting experimental trials using a MOPA-based Yb-
doped fiber nanosecond laser source (SP1 G4 50W HS-S) with the following technical
characteristics: 50W average power, 0.71mJ maximum pulse energy, pulse duration from 15
to 220 ns, 1TMHz maximum repetition rate, 1064 nm center wavelength and beam quality M?
better than 1.3. The beam was focused using a telecentric lens with a 100mm focal length
down to a spot size at the focal plane of approximately 40um. Furthermore, the LP trials
were carried out in a controlled Argon environment, flowing at 12L/min to maintain a positive
pressure inside the chamber, in order to prevent surface oxidation and cracking [5, 25].

The LP parameters optimized by Ma et al. [5] on planar 3D printed Ti-6Al-4V substrates are
provided in Table 1. They were used as a reference to study the effects of 3D laser
processing disturbances on the LP performance. In particular, samples were processed in
an inert gas-controlled environment using the LP settings in Table 1. The scan paths used
were bidirectional with perpendicular and parallel tracks having the same stepover distance.
The BIA and FOD values were varied independently and thus to investigate their effects on
the surface roughness of LPBF Ti-6Al-4V substrates.

Table 1. Laser polishing parameters

Pulse Pulse Duration | Pulse Repetition Scanning Stepover
Energy (uJ) | (ns) Rate (Hz) Speed (mm/s) | Distance (um)
80 220 500,000 200 16

3.3 Laser surface texturing

Laser sub-micron texturing was conducted using a femtosecond (fs) fiber laser (Satsuma
from Amplitude Systemes) with the following technical characteristics: 5W average power,
10pd maximum pulse energy, 310 fs pulse duration, 500 KHz maximum repetition rate, 1030
nm center wavelength and beam quality M? better than 1.2. The beam was focused using
the same telecentric lens down to a spot size at the focal plane of 40 ym. The two laser
sources used for the LP and LST operations were integrated into a Lasea LS5 system and
the laser processing setup is illustrated in Figure 6.

LIPSS were used to texture the surfaces of laser polished Ti-6Al-4V substrates produced by
LPBF. The parameters’ domain for producing LIPSS is relatively big and therefore the LST
parameter settings used in this research were selected based on a previously reported
optimization study [14]. They are provided in Table 2. Again, as it was the case with the LP
operation, planar Ti-6Al-4V substrates produced by LPBF and then laser polished with the



reference parameters in Table 1 were textured using the optimized LST parameters. These
experimental trials were used to investigate the effects of FOD and BIA on the resulting sub-
micron texture.

Table 2. Laser surface texturing parameters

Pulse Pulse Duration | Pulse Repetition Scanning Stepover
Energy (ud) | (fs) Rate (Hz) Speed (mm/s) | Distance (um)
2.8 310 250,000 1500 6

X &Y Beam
310fs Deflectors
1030 nm

Z-Module

Shutter Collimator

220 ns
1060 nm

|
Telecentric Lens |
|
|

>
<’

Mechanical Stages and Workholding Device

Figure 6. The used multi-axes laser processing setup

3.4 Partitioning of spherical surfaces for laser polishing and texturing

A triangulation algorithm based on the geometrical arrangements of geodesic polyhedra was
used to tessellate the spherical surfaces, namely tetrahedra, octahedra and icosahedra
arrangements were considered [26]. This algorithm is very efficient when applied on spheres
as it generates the smallest number of triangular fields, for a given set of constraints, and the
tessellation processes is very uniform. In particular, a very small number of different triangles
are generated when tessellating a sphere, only 2 in this research as 2 subdivisions (3
frequencies) were examined for each of the 3 geometrical arrangements.

A MATLAB program was created for tessellating spherical surfaces that uses as inputs laser
processing tolerances and the sphere diameter. The program tessellates spheres with the
biggest possible triangles, hence generates as small as possible number of fields, with
respect to a set of processing tolerances, i.e. max edge length, max chord height and the set



angular tolerance. Furthermore, the program applies the necessary corrections to account
for any projection distortion and can add an optional overlapping between the fields to
compensate for any workpiece repositioning errors as discussed in sections 2.3 and 2.4. It
can serve as one-step solution for partitioning and fully pre-processing the CAD data
necessary for laser processing spherical surfaces, and therefore avoiding the use of
expensive CAD/CAM packages. The algorithm implemented into the MATLAB program is
outlined in Figure 7.

The advantages of this partitioning method are highlighted in Figure 8. In particular, if a
sphere with a 30 mm diameter is to be tessellated by using max chord height of 1.14 mm as
a geometrical constraint, a common STL tessellation generated in PowerShape yielded 120
triangles with varying geometries while only 72 triangles of 2 different isosceles types would
be generated using octahedron partitioning. Therefore, geodesic polyhedra arrangements
are more effective in pre-processing spherical surfaces for laser processing.
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Figure 8. Comparison between STL and geodesic tessellations

3.5 Surface characterization

Topographies and surface roughness of planar and spherical surfaces were assessed using
focus variation (FV) microscopy, specifically with Alicona G5 InfiniteFocus system. The
surface roughness parameters were measured over a 812.173x812.173 um area using the
20x objective with polarization and a vertical resolution of 50nm (0.075 pm smallest
measurable S,). The exposure used was 38.72 ms and the cut-off wavelength Ac was
162.346 um. The surface morphology was also assessed via scanning electron microscopy,
specifically the Jeol JCM-6000 with EHT of 15.00kV.

4. Results and discussion

The results of the pilot implementation of the proposed methodology are presented and
discussed in this section. In particular, it includes the carried-out experiments to determine
the 3D tolerances of the LP and LST operations. Also, the application of the MATLAB
program to generate the necessary CAD models for executing these two operations on the
spherical surfaces.

4.1. Laser polishing process

The first step in applying the proposed methodology is to identify a set of optimized LP
parameters for processing planar Ti-6Al-4V samples produced by LPBF. Then, they are
used to study the effects of laser processing disturbances, i.e. variations of FOD and BIA, on
the LP performance.

The reference LP parameters provided in Section 3.2 were used in the pilot implementation
to investigate the effects of the two processing disturbances. First, a planar Ti-6Al-4V
sample produced by LPBF was LP’d with the optimized offset and with BIA normal to the
substrate surface. The roughness of the sample, i.e. Sa and Sy, was reduced from around
5.0 um and 7.0 um down to under 0.2 um and 0.2 um, respectively, resulting in a maximum
improvement of 96% as shown in Figure 9.
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Figure 9. Laser polishing performance on a planar 3D printed Ti-6Al-4V sample a) 3D
topological view of as-printed surface b) 3D topological view of polished surface (c) SEM
micrograph of as-printed surface d) SEM micrograph of polished surface.

The next step was to investigate the effects of FOD and BIA separately on planar Ti-6Al-4V
surfaces by using as reference the optimum LP results obtained prior.

The FOD value was varied in increments of 0.5 mm above and below the substrate surface
of the planar samples and the FOD effects on the surface roughness were assessed. The
measurement results obtained with FOD above and below the surface were similar and
therefore only those obtained above the focal plane are discussed further. The LP results
were considered acceptable when S, was less than 0.5 um. When the FOD was in the range
from 2.5 to 3.5mm the polishing performance was tolerable, and the lowest roughness value
of 0.18 um was obtained with a FOD of 3 mm as shown in Figure 10. At a FOD of 2mm,
some signs of laser ablation were observed on the surface of the Ti-6Al-4V sample, whereas
at 4mm FOD, the waviness of the printed substrates was not reduced. Therefore, FOD of 3
mm with a tolerance of 0.5 mm was selected to partition and polish the fields of the printed
spherical shells.

Assuming a perfect Gaussian distribution of the beam intensity, its diameter at an offset z
from the focal plane can be calculated as follows [27]:

D@ =D, [1+D72 (4

where: Dy is the beam diameter at the focal plane and zr the Rayleigh length. Thus, the
beam spot size increases from around 80 to 140 um when FOD is raised from 2 to 4mm,



resulting in a decrease of power density, a key laser polishing parameter, that is inversely
proportional to the beam spot size by nearly a factor of 2.
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Figure 10. Effects of FOD on polishing performance
(n=3, error bars represent the standard deviation)

Next, the BIA was varied in increments of 10°. A steady increase in surface roughness was
observed with the increase of BIA as depicted in Figure 11. The polishing process was still
acceptable at BIA of 40°, however at 50° a sharp deterioration in the LP performance
occurred, surface cracks and increased waviness were observed on the surface. At higher
BlAs the Gaussian energy distribution of the beam is distorted and the pulse power density
is compromised [22]. Furthermore, the material’s reflectivity increases at high BlAs and thus
the laser absorption is reduced [28]. Therefore, the max BIA when polishing LPBF Ti-6Al-4V
should be limited to 40° in this setup.
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Figure 11. Effects of BIA on polishing performance
(n=3, error bars represent the standard deviation)

4.2. Laser polishing fields’ stitching

The stitching areas between LP fields should be analyzed too, as they can affect the
performance of the follow up LST operation and the overall part aesthetic. The surface
defects in these areas can be minimized by counteracting the negative dynamics effects of
the beam deflectors. In this research, the negative dynamic effects were minimized by
employing a built-in software tool in the used laser processing setup [29]. However, the
conducted planar LP trials revealed that there were some surface defects in spite the use of
this tool at the borders between the LP fields and the un-processed surface. In particular,
there were surface cracks and some material build-up near the fields’ borders followed by a
groove before transitioning back to the original, unprocessed surface, as depicted in Figure
12. Those are predominantly due to the flow of the molten material on the surface [15].

A representative SEM image of surface defects at the border between two adjacent LP fields
without any overlapping is provided in Figure 13a. The formation of peaks and valleys
between the fields was aggravated by stitching them as precisely as possible. Therefore, the
use of some overlapping to minimize these defects was investigated as a potential solution.
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Figure 12. An analysis of the transition zone between a laser polished field and un-
processed surface: a) 3D representation of the transition zone b) a representative surface
profile of the transition zone obtained via FV microscopy

The level of overlapping between the LP fields was varied to investigate its impact on
resulting surface morphology. LP trials of fields with varying overlapping areas were
conducted while the same LP strategy, processing parameters (as given in Section 3.2) and
waiting time between any two adjacent fields were used. The level of overlapping was
selected to cover the material build-up at the border regions between adjacent LP fields
when no overlap is applied, the width of these regions was measured to be less than 200
um. The overlapping distance was controlled using Aerotech’s PRO165LM series
mechanical stages with a stated accuracy of +1 um.

The increase of the overlapping distance from 0 to 160 um reduced surface cracks and the
depth of the resulting ‘valleys’ between the LP fields and thus a smoother transition between
them was achieved. In particular, the depth of the ‘valleys’ on the LP surfaces was measured
using the FV microscope and it decreased steadily from approximately 35 um to just under
7 um when the overlap distance was increased from 0 to 160 um as shown in Figure 13.
Therefore, when surfaces are partitioned for LP, a controlled overlapping between the fields
should be introduced to minimize any side effects, and thus achieving the smoothest
possible transition between them. In this way, the uniformity of LP surfaces can be improved
substantially and parts’ aesthetics can be enhanced.

Figure 13. SEM micrographs and representative profiles of laser polished fields’ borders
when the overlapping distance was increased from 0 to 160 um



Increasing the overlap distance further up to 200 um, showed no sign of improvement to the
joining process; the border area seemed more or less identical and therefore a 160 um
overlap was used in the LP operation.

4.3. Laser surface texturing of laser polished surfaces

The next step in applying the proposed methodology is to identify a set of optimized LST
parameters for processing laser polished planar Ti-6Al-4V samples produced by LPBF.
Again, as it was the case with the LP operation, they are used to study the effects of laser
processing disturbances, i.e. variations of FOD and BIA, on the LST performance.

The reference LST parameters provided in Section 3.3 were used in this pilot
implementation to investigate the effects of processing disturbances. In particular, the
printed Ti-6Al-4V planar substrates polished using the laser parameter settings in Table 1,
were successfully textured using the LST parameters provided in Table 2 when no
processing disturbances are present. The substrates were fully covered with LIPSS and the
preceding LP operation did not seem to affect in the LIPSS formation in any way. As
expected, the resulting sub-micron ripples were perpendicular to the laser polarization vector
and their periodicity was 860 = 10nm. The ripples formed over the visible LP track lines with
no apparent alterations to their morphology as can be seen in Figure 14a.
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Figure 14. (a) Laser surface texturing on laser polished surface (b) Laser surface texturing
on as-printed surface

The LP operation prior to LST was essential for the formation of regular and homogenous
LIPSS. Any surface defects, such as sharp height variations, scratches and un-melted
powder particles, as depicted in Figure 14b, can disturb the LIPSS formation and their
morphology, and can thus affect their functional performance [14, 30].

The next step was to investigate the effects of the FOD and BIA separately on planar LP Ti-
6Al-4V surfaces by using as a reference LST results obtained without any processing
disturbances.

With the increase of FOD, the laser spot size would increase too, and thus the pulse fluence
would effectively be reduced. The formation of LIPSS on surfaces requires a certain
threshold fluence under which no texturing would occur. Therefore, the max acceptable FOD
was determined experimentally by increasing FOD until this threshold fluence was reached
on the laser polished Ti-6Al-4V substrates. In particular, the FOD was deemed acceptable if



the substrate surface was entirely covered in LIPSS. Based on the conducted LST trials on
laser polished Ti-6Al-4V samples, the FOD limit was found to be 0.8 mm.

Regarding the BIA, its increase leads to an increase in the ripples’ periodicity, as was
already reported by other researchers [31]. For the considered texture in our experimental
study, LIPSS periodicity variations were acceptable and therefore, the BIA was deemed not
important. Consequently, the FOD was considered as the only limiting factor and thus used
as the sole 3D processing tolerance for the LST operation on 3D surfaces.

Finally, the level of overlapping of LST fields was also investigated similarly to the LP
process. However, it became immediately evident that varying the overlapping between the
LST fields did not influence LIPSS formation as no discernible differences could be seen in
SEM micrographs when the overlapping levels were varied. Therefore, it was concluded that
overlapping between LIPSS fields was not necessary. Furthermore, the morphology of
LIPSS was examined at the border area between two LP fields with a 160 um overlap.
Again, there were no alterations to their periodicity, orientation or regularity as depicted in
Figure 15.
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Figure 15. LIPSS over a representative border between two laser polished fields with a 160
um overlap

4.4. Laser polishing and surface texturing of Ti-6Al-4V spherical shells

Prior to processing the spherical shells, the positional accuracy and repeatability of the
manual C rotary axis to be used in the experiments, were determined by conducting some
trials. In particular, equidistant crosses on the mirror finish surface of ball bearings were
produced using the fs laser while repositioning them with the manual C rotary axis. The
obtained actual distances between the crosses were compared with the nominal one to
judge about the positioning accuracy. In addition, a second set of crosses was produced,
and the displacements between the first and second set were used to assess the process
repeatability. The standard deviations of those measurements were used to quantify the
processing uncertainties associated with the used experimental setup. In particular, the trials
were repeated 6 times and the distances between crosses were measured using the 20x
objective of the FV microscope. The standard deviation of these measurements was 33 um,
both for positional accuracy and repeatability, and therefore this was considered to be the
uncertainty associated with the used laser processing setup.



The MATLAB program described in Section 3.4 was used to partition and fully pre-process
the CAD model of the spherical shell by using as inputs the shell diameter and the laser
processing tolerances associated with LP and LST operations (see Sections 4.1 and 4.3). In
particular, the spherical surface was partitioned into 80 triangular fields with an Icosahedral
arrangement by inputting the LP processing tolerances of 0.5 mm and 40° for FOD and BIA
respectively. By increasing the FOD tolerance to 0.57 mm it was possible to reduce the
number of triangular fields down to 72. This was achieved at the expense of a 35 pym
increase in FOD on either side of the focal plane only, which was considered an acceptable
compromise to the LP process considering the significant reduction in processing time. The
resulting partitioning of the spherical shell for the LP operation was comprised of only two
sizes of triangular fields that formed the second sub-division (third frequency) of the
octahedron with the geodesic notation {3,4+}o3.

As for the LST operation, the input for the MATLAB program was a processing tolerance of
0.8 mm for FOD and no constraints with regard to BIA, it generated the same triangular
arrangement as for the LP process. Thus, both operations utilized the same geodesic
arrangement while satisfying their respective processing tolerances.

Furthermore, the program applied the necessary corrections for projection distortion and
added the necessary overlapping between the fields for the LP operation. In particular,
considering the minimum overlapping distance of 160 um required for the LP operation (see
Section 4.2) it was necessary to adjust the triangular fields, accordingly, using the MATLAB
program as described in Section 2.4. The smallest distance from the centroid to the border
of the triangular patch in the generated CAD model was identified to be 1.6805 mm, and
therefore the respective overlapping percentage to ensure a minimum overlap distance of
160 um was calculated as follows:

0.5 X overlap distance __0.5x0.16

100 =

mindistance from centroid 1.6805

x 100 = 4.76%  (6)

Thus, taking into account the relatively small compensation required for the processing
uncertainty associated with the used machine setup, in addition to the necessary
overlapping of 4.76%, the adjustment applied to the fields was increased to 5% for both
operations for simplicity, since overlapping did not have an effect on the LST process.

The LPBF Ti-6Al-4V spherical shells were then polished and subsequently textured using
the laser processing setup shown in Figure 6, while the CAD data for the LP and LST
operations was generated by applying the geodesic triangulation algorithm with the identified
processing tolerances in Sections 4.1 and 4.3. To assess the LP performance, the surface
roughness was measured 3 times in 3 different areas within a triangular field as shown in
Figure 16b and their borders were examined (Figures 16¢ and 16d).

The proposed tessellation method in Section 2.2 takes into account the FOD and BIA
constraints associated with the LP and LST operations, and therefore should lead to a
process performance within the pre-defined limits. It is expected for the two processes to be
near their limits at the vertices of the triangular fields. The obtained average Sa values on the
spherical surface were 0.38, 0.42 and 0.51 um in the areas 1, 2 & 3, respectively (Figure
16b). As expected, area 3, the closest to one of the triangle’s vertices exhibited the highest
Sa, just marginally higher than acceptable value of 0.5 um. Furthermore, the roughness in
area 2 was slightly higher compared to that obtained in area 1. This could be explained with



the FOD effects on the LP performance, particularly, the FOD was higher in area 2
compared with that in area 1. Overall, the LP performance on the spherical shells was
slightly behind when compared to the results obtained on planar substrates, but this was
expected. The higher roughness observed on the laser polished 3D surfaces could be
attributed to the presence of a combined effect from both processing disturbances, i.e. FOD
and BIA, while they were investigated separately in section 4.1. Another possible
explanation that could have impacted the polishing results on the sphere is the laser fields’
geometry. Due to the thermal nature of the ns laser polishing process, the size of the
processed area directly correlates with the applied thermal load onto the surface, an
important factor that impacts this polishing process based on surface re-melting [32]. In fact,
smaller laser fields reduce heat dissipation from the processing area whereas larger ones
stretch the temporal distances between consecutive scan lines and subsequent passes and
thus allow for some cooling to occur. In the given pilot implementation, the triangular fields
were comparable in size to the 3x3 mm square fields used to optimize the LP process prior
in sections 4.1 and 4.2. However, if this is not the case, then some compensation should be
introduced in the LP parameters to account for the discrepancy in thermal load associated
with the size difference. Regardless, the LP process still performed within the set tolerable
limits, especially, average Sa was below the acceptable chosen threshold value of 0.5 um.

The borders between the LP fields were then examined by taking surface profiles. The
maximum depth of the resulting ‘valleys’ at the borders was 8 um and thus slightly higher
compared to on the planar samples where it was less than 7 um (Figure 16d). This can
again be attributed to the presence of a combined effect and/or the different patch geometry.
Still, the difference is negligible.

Finally, regarding the LST process, the triangular fields were fully covered with LIPSS and
their light diffraction characteristic can be clearly seen in Figure 16a.
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Figure 16. The results obtained on additively manufactured Ti-6Al-4V spherical shells: (a) a
laser polished and textured spherical shell (b) three areas where surface roughness
measurements were taken over the laser polished fields (c) 3D topological view of laser
processed area (d) a representative profile scan of a border between two laser polished
fields with the applied overlap

5. Conclusion

The paper demonstrates a significant development in 3D laser processing technology.
Following a set of preliminary experiments, the empirical 3D limitations of a given laser
process are used as input arguments to efficiently tessellate freeform surfaces. The resulting
triangular partitions then serve as laser processing fields. By employing this method,
processing efficiency is maximized by minimizing part repositioning, maximizing the use of
fast galvo scanners, and ensuring process performance within the laser fields. In the pilot
implementation, the new approach was used to successfully laser polish and texture the
surface of 3D printed Ti-6Al-4V spherical shells. The presented method can be applied to
any 3D part, granted the laser operation has some flexibility in terms of focal offset and
beam incidence and the beam line of sight is uninterrupted. Considerations regarding patch
joining and the combined effect of the beam angle of incidence and focal offset on the laser
process performance should be made when using this method.

In future work, other approaches for improving the stitching quality between the triangular
fields can be investigated, for example, randomizing the overlap between scanning vectors
and their position in the joining area, in order to mask their presence. While the combined
effect present in 3D laser processing could be measured empirically for a given laser task,
greatly increasing the number of initial experiments, alternatively, modelling the beam
energy distribution over the 3D part could potentially help better understand and quantify its
effects.
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