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Over the past few years, femtosecond (fs) laser processing has drawn a growing interest in a wide range of
applications as it offers the possibility to process the surface morphologies of metals and semiconductors. In
contrast to other polishing techniques, laser polishing offers a flexible and non-contact solution, thereby avoiding
potential external contamination, while enabling a precise selection of processing areas. We investigated the
influence of fs laser parameters on surface roughness of pure copper and ablation thickness, focusing on high-

lighting the importance of fluence and scanning overlap. With a two-step processing strategy, composed of coarse
and fine polishing steps, surfaces with Sa < 400 nm were achieved, representing a 98% reduction from the high
roughness of 15 pm on initial surfaces. This research demonstrated the possibility of directly polishing rough
parts using a fs laser with a perpendicular incidence.

1. Introduction

Control of surface characteristics have been a field of great interest
for many years due to their significant impact on material properties
(Gravier et al., 2012; Toloei et al., 2013; Evgeny et al., 2016; Pegues
et al., 2018; Leon and Aghion, 2017; Sanaei and Fatemi, 2020; Bayoumi
and Abdellatif, 1995). Pegues et al. showed that the high surface
roughness (Sa ~10-25 pm) of additive-manufactured Ti-6A1-4V speci-
mens was responsible for a low fatigue limit of approximately 110 MPa,
in comparison to a 550-750 MPa range for wrought Ti-6Al-4V (Pegues
et al., 2018). Toloei et al. showed on pure nickel sheets that Sa of the
metal surface has a major influence on corrosion resistance. The lower
the surface roughness is, the higher the corrosion resistance would be
(Toloei et al., 2013). Although numerous parameters can be used to
describe surface roughness, the profile (R,) and surface (S,) arithmetic
average roughness heights are the most commonly used in literature. To
get the lowest average surface roughness possible, mechanical, chemi-
cal, and thermal surface finishing solutions have been developed to treat
both internal and external roughness (Lee et al., 2021). Each technique
presents distinct advantages and limitations. Selection of appropriate
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techniques depends on specific applications.

Mechanical polishing is based on material removal through abrasion
by a harder material. Submicron scale roughness can be achieved but it
is time-consuming, not suitable for complex shapes with contamination
from the abrasive tools (Tournier, 1982). Chemical polishing, which
relies on chemical reactions to smooth surfaces, enables submicron-scale
roughness on both external and internal surfaces of simples and complex
structures. However, its applicability is constrained to a limited selec-
tion of materials and lacks precision, in addition to environmental and
safety concerns (Jacquet; Tuck, 1975). To enhance removal rates,
chemical and mechanical actions can be combined, known as chemical
mechanical polishing, but this leads to a higher level of process
complexity and necessitates specific equipment (Zhao and Lu, 2013; Lee
et al., 2016; Das et al., 2020). Thermal polishing employs electron
beams, continuous wave (CW), or short pulse duration (about 107%s)
lasers to melt and reflow material surfaces. In contrast to mechanical
and chemical methods, it is a flexible non-contact solution that permits
the selection of the area to be processed, avoids external contamination,
and is cost and time-efficient. Nevertheless, CW or short pulse laser
polishing does have its drawbacks, as an important heat-affected zone
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(few to several tens of pm, depending on laser parameters and mate-
rials), potential composition and microstructural changes, and depen-
dence on initial surface roughness (Sedao et al., 2022; Audouard, 202.3;
Krishnan and Fang, 2019).

Over the last decades, ultrashort pulse laser (10710718 o)
machining has drawn growing interest in various fields due to their
ability to process all material types, with high resolution and little or no
thermal effects to surrounding areas, in contrast to longer pulse duration
lasers (Le Harzic et al., 2002; Rizvi et al., 2001; Chichkov et al., 1996).
This ability comes from the extremely intense peak power reached by
the ultrashort pulses, which makes possible net ablation, by
multi-photon ionization and matter ejection (Le Harzic et al., 2002;
Valette; Liu et al., 1997; Von Der Linde et al., 1997). Few studies have
explored metal polishing using a femtosecond (fs) laser. Among them,
Yang et al. (Fan et al., 2019) and Schnell et al. (2020) studied the in-
fluence of laser fluence and overlapping rate of the laser beam on
Ti-6Al-4V with low initial roughness of approximately 0.065 pm (Fan
et al., 2019). They showed that a lower fluence is more beneficial to
reduce surface roughness and the size of surface nanoparticles increases
with the increase in the pulse overlapping. Li et al. (2023) studied the fs
laser polishing of stainless steel additively manufactured. They showed
that parallel-incidence permits surface roughness reduction from Sa >
20 pm to Sa = 0.2 pm by successive layer ablation, whereas Sa < 3.2 pm
cannot be achieved with the perpendicular incidence where a simulta-
neous ablation occurs.

With the energy transition and electrification applications, copper
(Cu) has shown a significantly increasing demand for its good thermal
and electrical properties. As this trend is expected to grow further,
mastering Cu post-processing is essential. Due to its unique flexibility,
laser polishing has promising potential. However, Cu is a challenging
material to laser process due to its low absorptivity (A) to the most
common lasers with infrared wavelength (A = 5% for A = 1064 nm
(Domine et al., 2023)). To overcome this low absorptivity, potential
solutions are the use of a high incident laser power or a laser wavelength
for which Cu has a better absorptivity (e.g., green laser A = 515 nm, A =
44 % (Domine et al., 2023)). Grub et al. (2022) used a CW laser with a
visible green wavelength of 515 nm and a maximum output power of
1000 W on Cu parts produced by laser powder bed fusion. They reduced
the average surface roughness from Sa = 21.6 to 3.2 pm. The laser
wavelength has little or no influence due to the high peak power
delivered by the fs laser pulses. The absorption mainly depends on the
amount of incident energy, making fs laser suitable for processing cop-
per (Audouard, 2023). Chen et al. (2022) studied the fs laser processing
of Cu surfaces with initial nanoscale Sa and demonstrated the possibility
of achieving a surface with Sa = 0.056 pm by employing a crossover
strategy and varying pulse overlap rates. Zemaitis et al. (Zemaitis et al.,
2021) conducted an in-depth experimental study on the high ultrafast
laser ablation efficiency of copper, exploring single-pulse, MHz, GHz,
and biburst regimes.

However, fs laser polishing of pure Cu has not yet been extensively
studied and requires further investigation. While nanometric-scale
roughness has been achieved in previous studies, these outcomes are
generally limited to surfaces that initially exhibit nanometric-scale
roughness before treatment. To the best of our knowledge, the reduc-
tion of high initial surface roughness to a submicron level through fs
laser polishing of Cu has not yet been investigated.

This study aimed to demonstrate the effectiveness of fs laser pol-
ishing on pure Cu with a high initial surface roughness Sa ~15 pm. We
investigated the influence of laser parameters [pulse energy, scanning
speed, hatch distance (h), and scanning time (ST)] on surface roughness
and ablation thickness, highlighting the importance of carefully
choosing pulse energy and overlap to achieve a final surface roughness
below 0.4 pm with an initial surface roughness of 15 pm. This research
showed the possibility of easily and directly polishing parts using a fs
laser with perpendicular incidence and could be extended to the pol-
ishing of specific areas on complex parts additively manufactured.
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2. Materials and methods
2.1. Equipment

The laser polishing was conducted in ambient atmosphere using a
Tangor laser system which works at a wavelength of 1030 nm and de-
livers pulses of 400 fs (Amplitude Laser, Inc.). The p-polarized laser
beam was scanned by a galvanometer scanner (SCANLAB GmbH) and
focused to a 15 pm spot diameter by an F-theta lens with a focal length of
70 mm. Before and after each laser processing, surface roughness was
measured in an area of 1.7 x 1.7 mm? using an x 20 objective lens of the
optical surface profiler Zygo NewView 8000 3D. Line profile measure-
ment, and their Amplitude Spectrum Density (ASD), have been per-
formed using the Zygo software. The ablated thickness has been
measured using the optical surface profiler. Detailed surface character-
ization has been performed using a Hitachi S4700 field-emission scan-
ning electron microscope (FE-SEM).

2.2. Specimen

Laser polishing experiments were performed on a pure Cu sample
fabricated by powder metallurgy method [uniaxial hot pressing (50
MPa, 650 °C, 30 min, primary vacuum)] and sandblasted using an Arena
Blast equipment. The initial average surface roughness was in the range
of 15 pm and was composed of randomly spaced peaks and valleys, with
a maximum peak-to-valley roughness up to 150 pm.

2.3. Method

The study aimed to establish a link between the numerous fs laser
parameters and the final surface roughness of pure copper. All experi-
ments were performed at a focal distance with a constant spot diameter
of 15 pm and with an incidence perpendicular to the sample surface.

Ancona et al. (2009) showed that repetition rates between 100 and
975 kHz for 800 fs pulses at 1030 nm have almost no impact on the
ablation efficiency of pure copper, what Sedao et al. (2019) confirmed
later for repetition rates between 31 and 500 kHz for 350 fs pulses with a
constant overlap of 91%. Therefore, we decided to fix the pulse fre-
quency to f = 330 kHz to reduce processing time and ensure a similar
time interval of 3 ps between successive pulses in each experiment.
Squares of 2.3 x 2.3 mm? were processed with a 90° rotation between
each scanning to avoid preferential orientation of the final surface
(Appendix 1). Laser parameters studied are hatch distance [2-15 pm],
pulse energy [7.5-30 pJ], scanning speed [1-5 m/s], and scanning time
[up to 2400]. For a Gaussian laser beam, the energy distribution is not
uniform across the spot diameter. The energy reaches its maximum at
the center and decreases radially. Ablation processes are governed by
the local energy density surpassing the ablation threshold, making the
maximum fluence (Fpax) the key parameter for determining the onset of
material removal. For a Gaussian laser beam, Fp,,x can be expressed as:

_2PE

Frae=—— (€8]
Tw

with PE = pulse energy (J), w = radius of the laser spot (cm).
3. Results and discussions
3.1. Femtosecond laser top surface polishing optimization

3.1.1. Influence of line overlap

The Line Overlap (Oy) represents the overlap between two laterally
adjacent laser tracks and depends on hatch distance and beam spot
diameter (Eq. (2)). In our study, beam diameter is considered a constant
(15 pm) as all experiments were performed at the focal distance.
Different line overlaps (O;) were obtained by changing the value of
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hatch distance at a fixed pulse energy (PE) of 15 pJ. Oy = 0 % means
there is no overlap between two successive laser tracks, whereas Oy, = 87
% means the laser track N+1 is performed on 87 % of the previous laser
track N width (Fig. 1a).

o, = (1 ,g) x 100 ()]

with h the hatch distance (pm) and D the beam spot diameter (pm).

At a pulse energy tested, higher line overlap leads to more thickness
ablation (Fig. 1b). This phenomenon can be explained by the fact that for
higher line overlap, more laser tracks and pulses are applied in the same
surface unit. Surface roughness does not evolve linearly with the line
overlap increasing. For Oy from 0% to 67%, final surface roughness
tends to decrease with the increase in Oy, with the lower average surface
roughness Sa = 2.9 pm reached at O;, = 67 % (Fig. 1b).

Increasing the line overlap enables processing the entire surface of
the sample, without unprocessed space between laser tracks. Moreover,
it enables a higher ablation rate and then increases the chances of flat-
tening the surface by the removal of peaks. However, the increase of Op,
beyond 67 % does not lead to a lower Sa. The choice of Oy = 67 %, which
corresponds to a hatch distance of 5 pm, is made for the following
experiments.

3.1.2. Influence of pulse energy and overlap

Pulse Overlap describes the overlap between two consecutive pulses.
This indicator establishes a relationship between beam diameter, laser
scanning speed, pulse frequency, and duration (Equation (3)). The pulse
frequency is set to 330 kHz to reduce processing time and ensure a

(@) 0, =0% 0, =33%
1 —

|-—
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constant interval between successive pulses in each experiment. As the
laser beam diameter and pulse duration were kept constant in our ex-
periments, the pulse overlap is determined only by laser scanning speed.
With all parameters being constants, an increase in the scanning speed
will spatially separate pulses and then decrease pulse numbers applied
on the surface. For pulse energies of 7.5, 10, 15, 20, and 30 pJ, corre-
sponding to F,x = 8.5,11.3, 17, 22.6, and 34 J/em?, scanning speed (v)
was varied to obtain pulse overlaps of Op = —1, 29, 50, 68, and 80 %
(Fig. 2).

v
Op: ].— f

5y | X 100 ®3)

with v the scanning speed (m/s), f the frequency (Hz), D the beam spot
diameter (um), and 7 the pulse duration (s).

Concerning the evolution of surface roughness (Fig. 2a), in a general
tendency, for Fpa.x = 8.5-17 J/cmz, increasing both pulse energy and
overlap enables a better reduction of the surface roughness. Beyond 17
J/em?, increasing the pulse overlap up to 67% has no noticeable effect,
or even a worse outcome if increased to 80%. At a high pulse overlap
(80%), increasing Fpax to 34 J/cm? has a negative effect on the surface
roughness, with a final roughness of 8.3 pm. Sedao et al. (2019) noticed
the same tendency with an increase in the surface roughness from 20 to
500 nm with increasing the fluence from 0.6 to 18 J/cm?.

The ablation threshold of Cu (Fy, ¢;,) is experimentally calculated by
measuring the width and depth of the ablation profile for different flu-
ences (Appendix 2). Fy, ¢y is exceeded for all pulse energies tested. Part
of the pulse energies beyond the ablation threshold were used for
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Fig. 1. (a) Schematic of laser tracks for different OL (b) Influence of OL on average roughness and thickness removed. (ST = 600; OL = 67 %).
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Fig. 2. Influence of pulse energy and overlap on (a) average roughness and (b)
thickness removed.

material ablation, but the rest is thermally dissipated and can affect the
processing quality. Thus, more energy is dissipated in the bulk material
when pulse energy and fluence are increased. Even if fs laser processing
is considered as non-thermal, plenty of studies reported heat accumu-
lation and particle shielding effects affecting the ablation quality with
high repetition rates (at a few kHz) (Eaton et al., 2005; Schille et al.,
2010, 2012; Schnell et al., 2021). These phenomena are material
dependent. For high repetition rates, the possibility that pulse energy is
not dissipated when the following pulse is applied, causing a tempera-
ture rise and modifies the phenomenon of laser-matter interactions.
Nevertheless, studies on Cu showed that heat accumulation in fs laser
processing at a high repetition rates is negligible due to the high thermal
conductivity of copper (Ancona et al., 2009; Sedao et al., 2019; Schille
et al., 2012). Thermal electron-lattice equilibrium is typically reached
within approximately 10 ps, with subsequent cooling occurring around
1 ns. These timeframes are notably shorter than the interval of 3 ps
(equivalent to a frequency of 330 kHz) between two successive 400-fs
-long pulses. Heat accumulation in the case of Cu would occur with
higher repetition rates, in the range of GHz (i.e., 1 ns between successive
pulses) (Valette; Le Harzic et al., 2005; Audouard and Mottay, 2023).
Although the heat should be dissipated before the impact of the next
pulse, it is more beneficial to avoid the application of excessively en-
ergetic pulses. The lowest surface roughness S, = 2.9 pm is achieved

Results in Surfaces and Interfaces 18 (2025) 100437

with 68% overlapped 15 pJ pulses, corresponding to 17 J/cm?.

Concerning the ablation thickness, at equal Fpax, material ablation is
increased as pulse overlap increases because more pulses are applied to
the same area, as discussed for line overlap in section 3.1.1. At equal
pulse overlap, material ablation is increased as Fp,,x increases due to the
deeper ablation following the well-known logarithmic dependence of
the ablation depth on the laser fluence (Preuss et al.; Chicbkov et al.).
Ablation rates are enhanced through higher Fy,5x and increased overlap.

Optimal conditions for reducing surface roughness while minimizing
material ablation have been found by applying a Fmax of 17 J/cm?, an
overlap of 68%, and conducting 600 scanning time. Following these
parameters, defined as coarse polishing parameters, a remarkable 79%
reduction in surface roughness (from an initial Sa of 14 pm) was
observed with an ablation of 350 pm thickness.

3.1.3. Influence of scanning times

The lowest surface roughness of Sa ~ 3 pm obtained with experi-
ments presented in (Fig. 2a), is also the limit attained by Li et al. (2023)
on top-surface fs laser polishing of stainless steels, and by Grub et al.
(2022) on polishing copper with a green laser. To obtain a lower surface
roughness, we studied the impact of scanning times with the coarse
polishing parameters described previously in 3.1.2. By increasing them
to 1200 and 1800, surface roughness was respectively reduced to Sa =
1.3 and 1 pm (Fig. 3). However, the impact of scanning times beyond
1200 appears to diminish, as there is a slight reduction in surface
roughness between 1200 and 1800 scanning times, reaching a plateau at
about 1 pm.

3.1.4. Multistep polishing

To address surface roughness exceeding 1 pm, we implemented a
two-step polishing strategy by adjusting the applied fluences to enable
ablation in two distinct regimes. When the fluence significantly exceeds
the ablation threshold (Fg), strong ablation dominates, effectively
removing large surface asperities. Conversely, when the fluence is
slightly above Fy, gentle ablation occurs, allowing for finer smoothing of
the surface. This approach ensures the efficient removal of rough fea-
tures while achieving a finely polished surface.

The polishing process begins with a coarse polishing step, where
Fmax, coarse 1S set significantly higher than Fy, ¢y, enabling strong ablation
to reduce surface roughness from 10-15 pm to 2—4 pm. This is followed
by a fine polishing step, where Fiay, fine is adjusted to be slightly above
Fi, cu allowing gentle ablation to achieve a final surface roughness
below Sa~0.4 pm. By lowering the pulse energy and fluence in the fine
polishing step, the ablation quality is enhanced, resulting in an
improved final surface finish. The choice of increasing pulse overlap for
the finishing step is based on the results shown in Fig. 2a, where
roughness is better reduced with Oy = 80 % than 68% for Fyyax = 8.5 J/
cm?. Recently, research has been conducted on fs laser metal processing
employing a multistep strategy and adjusting pulse energy accordingly.
Li et al. (2023) and Leggio et al. (2023) showed that a decreased
gradient fluence sequence leads to a lower surface roughness than a
uniform or increasing gradient sequence. The concept of a multistep
strategy can be likened to mechanical polishing, wherein the grain size
of the polishing tools is progressively refined throughout the process.

3.2. Surface characterization

Line profiles (Fig. 4) provide surface characteristics along a specific
direction and give a complementary representation to the three-
dimensional analysis (Fig. 3). The line profile measurements clearly
show the roughness reduction of the high peaks and valleys in the range
of tens of micrometers from the initial surfaces to the submicron scale
roughness after the coarse and fine polishing steps. Amplitude Spectral
Density (ASD), which illustrates how the amplitude of the line profile
signal is distributed among different spatial frequencies, was computed
for each line profile using the Zygo software. The ASD of the data
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Fig. 4. Characterization of initial, coarse, and fine polished surface roughness: (a) representative line profiles and (b-d) their amplitude associated spectra.

obtained from the line profile analysis performed on the initial surface are smaller peaks close to each other. ASD corresponding to the line
mainly consists of numerous peaks with high amplitude and low fre- profiles on the surfaces polished with coarse polishing parameters ex-
quency, as well as peaks with low amplitude and high frequency, indi- hibits amplitude and quantity-reduced peaks compared to the ASD of the
cating the presence of high and spaced peaks and valleys on which there initial surfaces, illustrating a roughness reduction. The presence of a few
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high-amplitude and low-frequency peaks and low-amplitude and high-
frequency peaks indicates a two-scale roughness, with a smaller
roughness on more periodically spaced peaks. In contrast to the former
two, the ASD of the fine-polished surfaces mainly exhibits low amplitude
and high-frequency peaks, depicting small and low-spaced peaks and
valleys.

Micrographs from Scanning Electron Microscopy (Fig. 5) illustrate
and complement these numerical roughness characterizations.
Randomly distributed peaks and valleys are observable on the initial
surfaces (Fig. 5a and 5d) whereas Laser-Induced Periodic Surface
Structures (LIPSS) can be seen after laser polishing (Fig. 5e and 5f).
LIPSS or ripples are a well-known and studied phenomenon that results
from laser/matter interactions. Their periodicity and size vary from a
few nanometers to micrometers, depending on the laser parameters
applied, whereas their orientation and shape depend on the laser po-
larization (Graf and Miiller, 2015; Nakajima et al., 2022; Gnilitskyi
et al., 2023; Bizi-bandoki et al., 2013; Reif et al., 2009). Following the
coarse polishing step, a two-scale surface morphology appears with
linear features aligned with the last scanning direction and spaced a few
micrometers apart with an undefined periodicity, on which stand ripples
with periodicity within the range of laser wavelength. Since the repe-
tition rate and scanning speed utilized should not cause any thermal
impact and grooves are typically aligned parallel to the laser polariza-
tion direction (Gnilitskyi et al., 2023; Bizi-bandoki et al., 2013), the
linear features seem to arise from laser tracks and interferences triggered
by the initial high surface roughness of the sample. After the fine pol-
ishing step, the surface is composed of ripples spaced with a periodicity
close to the laser wavelength, also called low-spatial-frequency LIPSS
(LSFL) (Bonse et al., 2012).

3.2.1. Comparison with literature

Fig. 6 illustrates a comparative analysis between our findings and
results of previous research focusing on surface polishing with perpen-
dicular incidence on samples with high initial surface roughness. Other
studies typically attain a roughness limit around Sa = 2.5-3 pm
following laser processing using CW, ns, or fs lasers. A submicron surface
roughness Sa <400 nm was reached in our study, highlighting the
importance of carefully choosing laser parameters and scanning strat-
egy, especially employing a multistep strategy. The comparison with the
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work of Grub et al. (2022), who obtained a final arithmetic roughness of
3.2 pm, reveals the advantage of using a fs laser over CW one to laser
polish copper. Ultrashort pulse laser polishing has no wavelength
dependence and overcomes the low laser absorption of copper in the
infrared domain. This characteristic enables achieving a high polishing
quality via ablation, in comparison to polishing via melting with CW
lasers.

4, Conclusion

We studied using a fs laser with a perpendicular incidence to polish
rough Cu surfaces. We studied the impact of line and pulse overlap, pulse
energy, and scanning time on surface roughness and ablation thickness.
We showed that laser parameters must be chosen carefully to obtain a
sub-micrometer average surface roughness. By applying a two-step

Fine polishing

Fig. 5. SEM micrographs of a,d) initial, (b,e) coarse, and (c,f) fine polished surfaces.
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strategy, composed of coarse and fine polishing steps, surfaces with Sa <
400 nm were achieved representing a 98% reduction from the high
initial surface roughness of 15 pm. This study shows that fs laser pol-
ishing can be a post-manufacturing solution for Cu parts with high initial
surface roughness (Sa = 12-15 pm). The method to properly define laser
polishing parameters can be applied to other types of materials with
more sophisticated structures. The use of a top-hat fs laser or the com-
bination with a ns laser to slightly remelt the LIPSS are potential per-
spectives to achieve nanoscale surface roughness.
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