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A B S T R A C T   

The use of ultrashort-pulsed (USP) lasers in Additive Manufacturing (AM) enables the processing of different 
materials and has the potential to reduce the sizes and shapes manufactured with this technology. This work 
confirms that USP lasers are a viable alternative for Laser Powder Bed Fusion (LPBF) when higher precision is 
required to manufacture certain critical parts. Promising results were obtained using tailored and own-produced 
stainless steel powder particles, manufacturing consistent square layers with a series of optimized processing 
parameters. The critical role of processing parameters is confirmed when using this type of lasers, as a slight 
deviation of any of them results in an absence of melting. For the first time, melting has been achieved at low 
pulse repetition (500 kHz) and using low average laser power values (0.5–1 W), by generating heat accumulation 
at reduced scanning speeds. This opens up the possibility of further reducing the minimum size of parts when 
using USP lasers for AM.   

1. Introduction 

Additive Manufacturing has become one of the most promising 
fabrication technologies in recent years with various applications for 
different sectors [1–5] including those where high precision and reso
lution are essential, such as medical [6–9] or aerospace [10,11] sectors. 
As a result, the investment allocated to the transition from traditional 
(mainly subtractive) manufacturing processes to new AM technologies 
has increased notably [12]. Since they do not need auxiliary resources, 
these technologies enable an efficient use of materials, while leftover 
fabrication materials can be reused in subsequent processes [13]. 
Moreover, AM allows for a flexible production of customisable parts, as 
it enables changing the design or the constitutive material on the fly as 
requested by each application [14]. 

Commercially available AM systems are commonly based on 
continuous wave or long pulsed laser beams operating in the near 
infrared (800–1064 nm) [15]. This kind of lasers has enabled the pro
duction of metallic AM parts at low cost and with low emission of 
harmful gases and a short lead time [16,17]. However, these lasers still 
present certain drawbacks that must be overcome. Among these, the 
range of metallic materials that can be processed is quite limited, being 

stainless steel, titanium and aluminum the most common options 
[18–20]; this leaves a wide range of materials which are difficult to 
process with this type of lasers due to their high melting points or high 
reflectivity (e.g. tungsten [21] or copper [22,23], respectively). Apart 
from this, there are increasingly complex parts that require a better 
resolution than the one achieved with the aforementioned lasers [24], 
which normally require post-processing [25–27] to compensate the 
relatively poor dimensional accuracy and surface finish. 

Comparing the different AM techniques used to manufacture 
metallic parts, Laser Powder Bed Fusion (LPBF) and other similar 
techniques (Selective Laser Sintering, Selective Laser Melting, etc.) offer 
the best results in terms of resolution and fabrication complexity 
[24,28], as their Maturity Index proves [29]. Analysing these tech
niques, the key role of the powder must be highlighted as it conditions 
the processing parameters and the quality of the fabricated parts [30]. In 
main industrial AM processes, the election of the powder is reduced to 
the powder formulas commercially available and accepted by the ma
chine manufacturer. Despite the different possibilities, in many cases 
this selection is reduced to the most standard sizes used for LPBF and 
Direct Energy Deposition (usually between 30 and 150 µm), which 
narrows the choices [31,32]. To manufacture fine structures by means of 
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AM both a small particle size and a low layer thickness are required, as 
they enable a more accurate control of the energy transmitted to the 
powder bed, achieving better results [33]. However, the application of 
finer powder formulas is more complicated due to their less flowability 
[34], making it difficult to achieve homogeneity when depositing 
powder layers. 

An accurate selection of the process parameters enables the accu
mulation of heat, and therefore the melting of the powder bed. In order 
to obtain a controlled accumulation of heat in the processed area, not 
only is necessary to vary the laser power but also the scanning speed and 
the hatch distance. These two parameters control the number of pulses 
that reach the powder bed per surface unit area in the scanning direction 
and perpendicularly to it. A vast majority of industrial AM processes 
(using CW or long-pulsed lasers) create high-speed and relatively stable 
distribution of laser pulses in order to obtain a constant energy density 
value [35–38]; in doing so, the pulse overlap in every direction is kept 
constant. 

Yet scarcely studied for additive manufacturing, USP lasers could be 
a novel approach to solve the aforementioned problems of material 
processing, specially in relation to the increase of the profile complexity. 
Femtosecond lasers have been used mainly for surface processing of 
multiple materials [39–45]. The Heat-Affected Zone (HAZ) is smaller 
than in other kind of lasers [46], making femtosecond lasers an ideal tool 
for surface processing and surface structuring applications by ablation, 
but not in principle for 3D AM, where melting is required [6]. 

When impinging the material, femtosecond laser pulses interact with 
it before heat diffusion takes place [47]. When laser pulses of such a 
short duration and low intensity interact with metallic targets, free 
electrons absorb the laser energy, involving thermalisation within the 
electron subsystem, energy transfer to the lattice, and energy losses due 
to heat transport from the electrons to the target [48]. This phenomenon 
is described by the two-temperature model [49]. When the laser in
tensity is high enough (just above the ablation threshold of the mate
rial), a dense, high temperature plasma is formed, while the remaining 
ions in the lattice of the material experience a strong Coulomb repulsion 
due to the charge inequality, and are removed from the material in a 
process known as Coulomb explosion [50,51]. For higher values of in
tensity, a more violent and explosive process takes place, known as 
phase explosion. In both cases, the deposited energy is used to ablate the 
material without an important increase in the temperature of the sur
rounding material [52]. 

Some authors have achieved the accumulation of significant 
amounts of heat onto various substrates using UPS lasers [53–55], so this 
opens up the possibility to accumulate enough energy to melt the sub
strate by maintaining low values of laser intensity. This means that 
femtosecond lasers could be a feasible option when a very controlled 
heat accumulation is needed, if the melting threshold can be reached 
without exceeding the ablation threshold, as shown in Fig. 1. 

In contrast to continuous wave or long-pulsed lasers, USP lasers 
enable a more precise heat accumulation control, which leads to a more 
flexible melt pool; as a result, spatial resolution is enhanced, opening up 
the possibility of manufacturing finer and more complex structures [56], 
which may bring a great advance in metal AM for the previously 
mentioned industrial sectors, whose precision requirements tend to in
crease in complexity as time goes by. , the use of a smaller laser spot 
results in a higher accuracy, considerably less generation of debris 
during the process and a negligible HAZ outside the processing area (less 
thermal stress levels), which are important features for additive 
manufacturing. Additionally, the same femtosecond laser source could 
be used to improve the surface roughness (Sa) of the parts or even 
functionalize them, making the most of the all the capabilities that these 
lasers can offer. Nevertheless, as the heat diffusion dynamics take place 
in a time of a few picoseconds [35,57], the pulses must be delivered with 
a high frequency and a high spatial overlap to generate the desired heat 
accumulation, making the approach notably different from the standard 
AM with longer-pulsed lasers [58,59]. Thus, the process time will be 

longer compared to mainstream AM, which means a higher energy 
consumption and less production rates. Moreover, the cost of USP laser 
equipment is higher. Not only the laser system itself but also the optics 
and beam management devices, which need special coatings to avoid 
damage induced by the ultra-short high-energy pulses. 

Previous studies have demonstrated that the heat accumulation and 
melting of metal powders (such as iron [60], tungsten [60,61], copper 
[62] and aluminum [63]) is a feasible phenomenon when using USP 
lasers. These studies demonstrate that it is possible to melt various kinds 
of materials when laser pulses are consecutive enough, accumulating 
heat and increasing the temperature up to the melting threshold. 
Interestingly, to our knowledge, no studies have been carried out on 
stainless steel by any other author [64]. 

The present work focuses on achieving not only the melting of a 
stainless steel powder bed as the mentioned authors have done with 
other materials, but in obtaining an optimized melt pool to achieve a 
reduced roughness and a high material density, as a necessary step to 
build complex structures over it. This has been achieved studying the 
influence and optimizing the different processing parameters, and 
especially thanks to the access to own-atomized tailored stainless steel 
powder; the possibility in this case to self-produce low diameter metal 
powder to carry out the experiments added another parameter that 
normally cannot be controlled, and has been critical to the success of the 
process. 

2. Material and methods 

2.1. Setup 

The irradiation source is a diode-pumped ultra-fast fibre laser system 
(Amplitude Satsuma HP) of λ = 1030 nm and 280 fs pulse duration, with 
a maximum average power of 10 W at a repetition rate of 500 kHz. 

The properties of the laser beam (i.e., laser power, pulse repetition, 
polarization and spot diameter) are modified and controlled by the 
different modules of the micromachining setup (LASEA LS-Lab). Finally, 
an F-theta lens focuses the laser beam to a 29.9 µm diameter spot on the 
processing area. The spot location on the sample is controlled using a 
scanning head inside the micromachining setup, which enables to pro
cess an area of up to 60 × 60 mm without moving the stage. 

In order to evaluate both the quality of the melting and the charac
teristics of the fabricated structures, the samples were analysed by 
different imaging techniques including optical microscopy (LEICA M205 

Fig. 1. Temperature evolution for different values of laser power: for power 
values too high (red), the temperature exceeds both the melting and ablation 
threshold, while for too low (green) power values, the temperature does not 
reach the melting threshold; for optimal power values (blue) the temperature is 
enough to melt the material but without triggering ablation. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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FA) and Scanning Electron Microscopy (SEM) (ZEISS SIGMA and JEOL 
JSM 7100F). Moreover, by means of a 3D Optical Profiler (Sensofar S 
Neox) the roughness (Sa) of all the samples was calculated following the 
ISO 25178 standard, to quantify the quality of the obtained structures. 

2.2. Materials 

Ceit is able to produce tailored metal powders for AM [65]; taking 
advantage of this, own-produced gas atomized metallic powder grains 
have been used. Two different powder sizes have been selected in order 
to study the effect of the powder size as an additional variable, named 
coarse powder (20–45 µm size distribution) and fine powder (<20 µm 
size distribution) to differentiate between them, and shown in Fig. 2. 
The size of the particles was selected based on two aspects: a. the size of 
the spot diameter, so it can cover the maximum grain surface; b. the 
values found in literature, which were below 50 µm [60,62,63]. The 
chemical composition of these powders is presented in the following 
table (Table 1), which corresponds to an AISI 316L stainless steel. The 
powder was kept in a vacuum drier at room temperature to prevent 
moisture absorption. 

AISI 304L stainless steel cut into slabs of 125 × 100 × 5 mm was 
selected as a substrate to deposit the powder and carry out the processes. 
All the experiments were carried out inside a processing chamber filled 
with argon to prevent oxidation during the laser irradiation. 

2.3. Methods 

2.3.1. Powder application procedure 
In order to generate a layer with a reproducible thickness, as a first 

step we studied how to apply the powder onto the substrate. Mimicking 
LPBF powder application systems, a series of blades with controlled 
recesses were created. The gaps generated in the blades ranged from 50 
to 200 µm in steps of 25 µm. The powder was manually deposited on the 
AISI 304L stainless steel platform and it was extended perpendicularly to 
the stage by means of the coating blades. 

To overcome the expected deposition problems of the fine powder, 
the surface of the substrate was first treated with laser to increase its 
roughness and therefore enhance the substrate-powder adherence. After 
the laser ablation process, the profile of this treated area was analysed 
using a 3D Optical Profiler (Sensofar S Neox), obtaining a Sa of 3.3 µm 
and a depth of 51.499 µm. The first layer was applied onto this area 
using a blade without any recess, making the powder fill the ablated 
volume. The following layers were applied using the collection of blades 
with increasing recess mentioned above, resulting in structures with a 
thickness up to 250 µm. 

Using this application procedure homogeneous layers were obtained: 
in the case of the coarse powder 100 and 200 µm layers and in the case of 
fine powder 50 µm layers. A sketch of the powder application process 
with the blades is shown in Fig. 3. 

2.4. Laser process 

In order to define the limits of the process, the first target was to find 
the ablation limit of the powder, which was expected to vary slightly 
from the bulk material. Therefore, the starting point for all the param
eters was set taking in to account the ablation threshold of bulk stainless 
steel [47,66]. The power was varied between 0.34 and 2.03 W, the 
scanning speed between 2.5 and 100 mm/s and the hatch distance be
tween 2.5 and 50 µm. Although the power used in our experiments was 
low compared to other laser sources used in literature [60–63,67], we 
supposed that the shorter duration of the pulses and the high repetition 
rate would enable the laser to reach the required energy to trigger the 
desired powder melting. This was the case so, once the ablation 
threshold was found, an independent study of the different parameters 
was performed in order to analyse the effect of each of them and with the 
main goal of producing regular powder melting. The values used to 
study each parameter are displayed in Table 2. 

A linear laser polarization parallel to the processing direction was 
used in all the tests. Regarding the scanning strategy, it was adapted to 
the use of USP lasers. In mainstream AM, the strategy usually consists in 
using a fast scanning speed to overlap rapidly the subsequent lines and 
generate a stable and uniform melting pool in a relatively broad area. In 
this case, the strategy was directed to obtaining a good melting in each 
of the lines scanned with the laser. The main reason for this is that, in 
this case, due to the slower speed needed to melt the powder and to the 
significantly lower heat incubation capacity of the femtosecond pulses, 
it was not possible to obtain a melted area broader than each single line. 

This way, the idea was to sequentially overlap independently melted 
lines scan by scan to conform the whole layer. The distance between 
processed lines was not fixed initially, since the efficiency of the melting 
process was not known with total precision. Depending on the amount of 
powder melted in each line, two strategies were considered in order to 
have a good melting in relation to hatch distance: 

If the heat accumulation was high enough to melt the powder both 
below the irradiated area and its surroundings, the chosen hatch dis
tance needed be larger than the spot diameter, having no overlap be
tween laser scanning lines. 

If the heat accumulation was not enough to melt the whole irradiated 
area, an overlap between scanning lines was needed to achieve a com
plete melting of the powder, and therefore the hatch distance would be 
lower than the spot diameter. In this second case, the percentage of 
overlap between scanning lines determines the amount of remelted area, 
and hence, the quality of the melt. 

3. Results and discussions 

The results have been divided in various sections, in order to explain 
the effect of each parameter. As all of them are interrelated, their 
adjustment has been done tuning them successively, starting with the 
laser power. 

Fig. 2. SEM images of coarse powder (left) and fine powder (right).  
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3.1. Laser power 

Laser power has been the most influencing parameter on the results. 
As stated before, the main challenge when using this type of lasers for 
AM is to transfer the high energy of the femtosecond laser pulses to melt 
the metallic powder while at the same time avoiding ablation, which 
occurs if the power is too high and/or it is delivered in an incorrect rate. 
If ablation happens, it can be found either in the powder particles or in 
the substrate; the later results in the expulsion of the grains from the 
processing area to the surroundings of the ablated area, as it is shown in 
Fig. 4 a) to c). 

By decreasing the power from the maximum acceptable value below 
the ablation regime, a relatively quick transition has been observed from 
a completely ablated substrate to an absence of any effect at all on the 
substrate or the powder (Fig. 4). This is in close agreement to the values 
found by Groenendijk and Meijer [66] in their experiments. This tran
sition is also present when using longer pulses, but in the case of 
femtosecond pulses the process window is significantly narrower 

[48,68]. 
Nevertheless, this proves that a window exists in which femtosecond 

laser pulses are able to melt stainless steel powder. In our case, this 
window has been found for both coarse and fine powder, and its 
narrowness underscores the critical role of the laser power. The exper
iments made with the coarse powder succeeded in melting the powder 
particles between values of power of 0.3 W and 0.6 W. The number of 
particles melted was enough to generate a layer with a thickness of 
150–200 µm (Fig. 5, left), which is slightly lower than the thickness of 
the applied powder layer. As it can be seen in Fig. 5 (right), these melted 
layers have a core of melted metal with unmolten particles attached to 
their surface. Despite the melting generated between particles, the 
accumulated heat did not reach the lower levels of each layer; hence, the 
powder did not attach to the substrate. For higher values of power, as 
mentioned before, the melt was not improved and, furthermore, abla
tion occurred. 

The experiments made with the fine powder also found a lower limit 
below of which the powder is not affected. In this case, below 0.5 W the 
result was similar to the one observed in Fig. 4-d) for coarse powder. 
When the power was increased above this value the powder started to 
melt and the particles agglomerated forming bigger spheres. Increasing 
the power further from 0.62 W to 0.85 W, the melting was enhanced and 
the agglomerated spheres increased in size and increased in quantity. As 
a result, these big particles joined each other and a more uniform and 
smoother surface was obtained; this can be see in Fig. 6, where the in
crease of power reduces slightly the Sa from 3.45 µm to 2.58 µm. In 
addition to this, melting occurred both between the powder particles 
and between the particles and the substrate, which was a significant 
advance comparing to the results obtained with the coarse powder. 

In order to improve the powder melting and once the power value 
was set, a good combination of the other parameters (scanning speed 
and hatch distance) was sought. This is explained in the following 
sections. 

3.1.1. Powder size 
One of the effects seen when the fine powder melted was that the 

overall volume the particles occupied in the powder bed decreased. This 
made the surrounding powder particles collapse and fall into the melt 
track. Due to this, the surrounding area was slightly lower after the 
process, modifying slightly the conditions. This phenomenon, known as 
denudation, has already been studied as one of the defects present in 
LPBF processes [69,70]. In the case of the coarse powder, unless the 
power was excessively high, no denudation or any other unusual phe
nomena was perceived. 

When analysing the melted area, it was observed that fine powder 
particles were properly melted in stable structures with a relatively 
smooth surface and good quality. Stable melt occurred also with the 
substrate, due to the thinness of the layers and the smaller powder size, 

Table 1 
AISI 316L Stainless Steel composition.  

Element C Si Mn P S Cr Ni N Mo Fe 

% Present 0.03 1.00 2.00 0.045 0.015 16.5–18.5 10.00–13.00 0.10 2.00–2.50 Balance  

Fig. 3. Sketch of the powder application process of the first layer onto the laser 
treated area. 

Table 2 
Processing parameter list.  

Parameter Laser Power 
[W] 

Scanning 
Speed [mm/s] 

Hatch 
Distance 
[µm] 

Layer 
Thickness 
[µm] 

Laser Power 
study 

0.34–2.03 2.5–50 10–50 50–200 

Scanning 
Speed study 

0.65–0.935 1–12.5 5–10 50 

Hatch 
Distance 
study 

0.65–0.935 2.5–5 2.5–10 50  

Fig. 4. Power influence on 1x1 cm2 coarse powder processes: 2.03 W (a), 1.35 W (b), 0.68 W (c) and 0.34 W (d); scanning speed of 50 mm/s and hatch distance of 50 
µm. The darker areas seen in pictures from a) to c) correspond to areas where powder particles have been ejected. 
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which contributed to generate a strong bond in the powder-substrate 
interface. When using coarse powder, the particles also melted form
ing stable structures with a granular and rough surface; nevertheless, the 
powder was not completely melted from top to bottom of the layer due 
to the thickness of the layers. Therefore, no efficient powder-substrate 
melt occurred. The melting between the substrate and the fine powder 
may need higher energy values to take place, which explains the fact 
that the optimal laser power window for the fine powder was higher 
than for the coarse powder. 

As the results obtained with the fine powder were better in terms of 
roughness and substrate-powder melting, the coarse powder was dis
carded for the process of tuning the remaining parameters, and only the 
fine powder was used. 

3.1.2. Scanning speed 
In order to generate the desired heat accumulation, not only the 

energy of the pulses, but also the amount of pulses per surface unit area 
is a crucial parameter. The scanning speed, together with the hatch 

distance, are the parameters that control this pulse accumulation per 
area. 

For the optimization of the scanning speed, the values optimized in 
the previous section were used as a starting point. The laser power was 
first tuned to the lower end of the window process, using values of 0.68 
W and 0.765 W, and the scanning speed was decreased from 5 mm/s 
down to the lowest possible value. The first tests were performed with a 
power value of 0.68 W. As the number of pulses per unit of area 
increased, the accumulated heat grew, melting the metal powder and 
making powder particles attach to each other, forming bigger particles 
by coalescence. In Fig. 7, where the scanning speed is reduced from 5 
mm/s to half of its value, an increase in the size of the particles can be 
observed, generating larger powder agglomerates in the process area. 
This size increase translates to an increase of the Sa, from 5.43 µm to 
6.75 µm. On the contrary, for the experiments performed at 0.765 W the 
reduction of the scanning speed gave as a result a slight reduction of the 
Sa, from 6.89 µm to 6.49 µm, as in this case there was not a significant 
increase in the size of the melted agglomerates. Further reduction of the 

Fig. 5. Monolayer structure created with coarse powder particles (left), internal molten metal core with unmolten particles attached to the surface (right).  

Fig. 6. Influence of power variation in fine powder: samples processed with a laser power of 0.59 W (a) and 0.765 W (b), a scanning speed of 2,5 mm/s and a hatch 
distance of 10 µm. The Sa values are 2.58 µm and 3.45 µm, respectively. 
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scanning speed led to better results at both power levels, decreasing the 
Sa value down to 3.9–4.1 µm. This is because as the speed decreases, the 
agglomerates tend to coalesce in a layer, forming a more uniform 
structure. 

After this, it was decided to test the highest laser powers inside the 
previously defined process window, with values ranging from 0.85 to 
0.935 W. The same experiments were repeated, but now the starting 
point for the scanning speed was 2.5 mm/s. In this case the Sa decreased 
even more sharply, down to 3.5–3.8 µm. These results are shown in 
Fig. 8. It is worth mentioning that, in the minimum positively tested 
value of the scanning speed (1.5 mm/s), the obtained Sa value was 
inversely proportional to the value of the laser power. Below this min
imum value, in all the samples the pulse accumulation exceeded the 
damage threshold, causing the breaking and burning of the melted 
powder; analogue results were obtained by Mizoshiri et al. [71] where at 
a constant fluence and a decreasing scanning speed (from an initial value 
of 5 mm/s), the particles were sintered instead of fully melted. 

As a conclusion, it was observed that the optimal hatch value that 
leads to well-melted structures corresponds to a speed of 1.5 mm/s, 
while the variation of the power (always inside the predefined process 
window) does not have a significant effect in terms of roughness. All 
these tests were done with a hatch distance of 10 µm, which could affect 

this conclusion due to the interrelation between the different 
parameters. 

As a more general conclusion, it can be concluded that the scanning 
speed has a very strong influence on the process, as only for a specific 
window of scanning speed values the accumulation of heat is enough to 
melt the powder and create a proper layer. Above this optimal window, 
the pulses cannot cause sufficient heat accumulation in the powder to 
create a stable melt, and they are only able to melt few powder particles; 
below it, the consecutive pulses affect negatively the powder bed and the 
structures formed by the previous pulses. 

To further optimise the process, the influence of the hatching dis
tance was studied, as shown in the next section. 

3.2. Hatch distance 

When optimising the hatch distance, the first factor taken into ac
count was that in all the previous processes the melted area was smaller 
than the spot size. This seems reasonable, as the Gaussian distribution of 
the energy means that the central area of the spot concentrates most of 
the energy of the pulse. This was the main reason to choose an initial 
hatch distance of 10 µm to tune the previous parameters. 

To confirm that to further optimise this parameter a reduction rather 
than an increase was more suitable, an initial test was done increasing 
the hatch distance to 20 µm, higher than the previous value but still 
smaller than the spot diameter. The result can be seen in Fig. 9. In Fig. 9 
(left), the scanning direction can be inferred by the alignment of the 
melted agglomerates along the vertical axis. In contrast to this, due to 
smaller distance between scanning lines, in the image of the right no 
signs of scanning lines are observed; a more uniform melt is obtained 
with the lower hatch distance, therefore improving the quality of the 
surface. 

As a result, it was decided to decrease the value of the hatch distance 
below 10 µm as a means to try to find a more optimised result. 

As observed in Fig. 10, when the hatch distance was lowered further, 
and always inside the processing window defined in previous sections, 
the increase in the surface quality was even more pronounced. 
Decreasing the hatch distance value from 7 to 5 µm had a clear influence 
in the quality of the melt; this is evident in the reduction of the value of 
Sa from 6.75 µm in Fig. 10 a) to 4.1 µm in Fig. 10 b). In line with what has 
been said before, if the amount of accumulated heat is not enough to 

Fig. 7. Influence of scanning speed variation: samples processed with a laser power of 0.674 W and a hatch distance of 10 µm. When the scanning speed is reduced 
from 5 mm/s (a) to 2,5 mm/s (b), the Sa value increases from 5.43 µm to 6.75 µm. 
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laser power values and a hatch distance of 10 µm. 
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melt uniformly the powder particles, various imperfections appear. This 
is shown in Fig. 10 a), where the powder is melted and agglomerated in 
spheres of around 100 µm in diameter in some areas, which affects the 
quality of the melt. 

The improvement of the melted structure quality was observed for 

different laser power values as the hatch distance was reduced, as Fig. 11 
depicts. For different processes carried out inside the optimal power and 
scanning speed window, the surface roughness decreases down to a 
value of 2–3 µm. The scanning speed value was shifted up to 2.5 mm/s 
from last section’s results due to the interrelation between parameters 
and their sometimes antithetical effects: since the hatch distance 
reduction triggers a higher heat accumulation in the process area, the 
scanning speed was increased to compensate this heat accumulation 
excess per unit area. 

Although these results highlight the extreme difficulty of accumu
lating heat by means of femtosecond laser pulses, relatively smooth and 
uniform structures were obtained by decreasing the hatch distance to 
values where the overlap between lines exceeded the 80 %. High overlap 
values were also used in other processes for both accumulating heat in 
the process area and achieving a good surface finish [72–74]. 

Knowing that the pulse repetition rate is 500 kHz, the pulse-to-pulse 
distance in the Y-axis (scanning direction) can be calculated, which 
corresponds to a value of 5 µm. Interestingly, the best results were ob
tained for hatch distances between 5 µm and 7.5 µm, which means that 
the pulse overlap values are equal -or almost equal in both X and Y di
rections. Fig. 12 shows that, when using the optimal processing pa
rameters, a very smooth surface with a very uniform melting can be 
obtained, reaching a Sa average value of 2.37 µm. 

Fig. 9. Effect of the variation of the hatch distance from 20 µm (left) to 10 µm (right), for a sample processed with a laser power of 0.76 W and a scanning speed of 
2.5 mm/s. 

Fig. 10. Effect of the hatch distance reduction: samples processed at 0.775 W, 2.5 mm/s and hatch distance of (a) 7 and (b) 5 µm; traduced in a decrease of the Sa 
value from 6.75 µm to 4.1 µm. 
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Fig. 11. Hatch distance variation influence on Sa for different laser power 
values and a scanning speed of 2.5 mm/s. 
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Despite this, various imperfections can be observer in the top-left 
area of the sample. This could be due to certain irregularities present 
on the substrate, or that the distribution of powder is not exactly the 
same throughout all the area. As a result, when the sample is cleaned 
these “irregular” areas are damaged or removed from the surface, but 
the rest of the sample maintains the smooth finish observed just after 
processing. 

4. Conclusions 

In order to study the potential of ultra-short pulse lasers in additive 
manufacturing, a femtosecond laser was used as energy source in LPBF 
processes, performing different studies with two different sized and 
own-produced stainless steel powder types. After studying the different 
parameters, the first conclusion is that laser power is the most critical 
one, as an excessive energy transmitted to the powder results in ablation. 
Once an operative power window was found for the laser power, in 
which the powder and substrate were melted without signs of ablation, 
the values of scanning speed and hatch distance were optimized to 
achieve a uniform and smooth surface. 

As a result of this optimization, the best results corresponded to the 
following processing conditions: 

All tested values of laser power between 0.775 W and 0.935 W allow 
for the melting of powder. For these values, as the both the hatching 
distance and scanning speed decrease the surface roughness decreases. 
Although the lowest surface roughness was initially obtained with a 
minimum scanning speed of 1.5 mm/s, the optimal scanning speed value 
has been definitely set to 2.5 mm/s when considering the interdepen
dence between all the parameters. 

The value of hatch distance that gives the best result depends on the 
selected power value, although its variation is relatively small. For the 
lowest power inside the process window, the optimum hatch distance is 
5 µm, while for the highest power, this value is 7.5 µm. 

Compared to the laser sources found in industrial systems, the use of 
a femtosecond laser means a more complex laser-matter interaction and 
an increased challenge to produce heat accumulation due to the use of 
ultra-short energetic pulses. As a result, the optimal scanning speeds are 
notably lower that mainstream LPBF procedures. In contrast to this, it 
has been proven that the spatial distribution of heat is controlled more 
precisely, enabling us to fabricate well-melted stainless steel structures. 

Furthermore, these results were obtained using laser powers and 
pulse repetition rates lower than any other author, achieving melting 
below 1 MHz and with average power levels below 1 W 
[62,63,67,71,75,76]. 

Finally, it is worth mentioning the remarkable variations in pro
cessing parameters that can be found in literature regarding the pro
cessing of metallic powder with UPS lasers, while in standard AM 
manufacturing they tend to be quite constant. The main reason for this is 
that, as two new parameters such as pulse repetition and pulse duration 
are added to the process, multiple possibilities arise in terms of 
parameter combinations for each material [64]. 
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