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1. Introduction

Stainless steel is widely used in various industrial fields, includ-
ing the medical and food industries.[1] In addition, the surface
characteristics of products made of these alloys can affect differ-
ent properties such as their corrosion resistance, heat transfer,
biocompatibility, and bacteria adhesion. Thus, to meet specific

requirements regarding their surface prop-
erties, these parts must be post-treated,
which can be complex and energy inten-
sive. Conventional methods, such as chem-
ical etching, may not be environmentally
friendly due to the use of toxic
chemicals. However, ultrashort-pulsed laser
processing presents a way to modify them
in a digital way.[2] Furthermore, this process
has several advantages over traditional
manufacturing techniques, such as coating
deposition, making it increasingly popular
for various applications. Additionally, it
does not generate waste in terms of chem-
icals or worn tools, making it an environ-
mentally friendly technology.

Since in many sectors, such as the
medical and food industry, the used parts
are susceptible to temperature, it is relevant
in laser processing to understand and
control the impact on heat accumulation
induced by laser radiation. For example,
the treated parts must not have microcracks

to maintain high corrosion resistance. In this context, it has been
shown that a relevant heat-affected zone is induced when utiliz-
ing pulse duration above 15 ps.[3] This means that only shorter
pulses come into consideration for surface treatment.[4] On
the other hand, the pulse duration can also significantly affect
the ablation rate as well as the quality of the obtained surfaces.[5]

In addition, comparative studies regarding the ablation behavior
of different types of stainless steel have not been done so far.

Another parameter that can affect the ablation rate and surface
quality is the implementation of bursts of pulses. With this
mode, a single pulse is divided into a train of pulses, reaching
repetition rates (temporal separation within the subpulses) in
the GHz range. Previous studies have, for instance, shown that
using 3–5 bursts can lead to high ablation rates of about
2.5 μm3 μJ�1. The main advantage of the burst is that it enables
to work closer to the threshold fluence at the same scanning
speed compared to a single pulse.[6] On the other hand, it was
also reported that GHz bursts could lead to a reduction of the
removal (ablation) rate for AISI304 steel by 90%.[7] Similar effects
have been found for copper (75% reduction).[7] Shielding effects
and melt redeposition are named as the main reason for this
behavior.[8] In contrast, soda lime glass substrates could be treated
with higher ablation rates. This effect was attributed to the non-
linear absorption behavior exhibited by this material.[9]

Additionally, burst-mode ablation has been associated with a
decrease in energy efficiency for pulse delays from 300 ps to
20 ns, but advantages in terms of surface quality were reported.[10]
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Due to its high corrosion resistance and mechanical properties, stainless steel is
commonly used in various industrial applications. Although different types of
stainless steel are similar in their chemical composition, they can differ signif-
icantly in their thermal diffusivity. This property is relevant in the ability of a
material to conduct heat and thus, in laser processing. In this frame, this study
compares the ablation efficiency and characteristics of polished stainless steel
samples of the alloys AISI 304, AISI 420, and AISI 316Ti. They are irradiated with
single ultrashort pulses having pulse durations between 250 fs and 10 ps as well
as using GHz burst modii. The goal is to investigate the differences in both the
ablation threshold and the ablation rate to improve the ablation efficiency.
The results show that shorter pulse durations lead to a more efficient ablation
process. On the other hand, GHz bursts are found to be, in general, less efficient.
In addition, there is a significant difference in the surface morphology depending
on the process parameters. The differences in the thermal diffusivity do not
significantly influence the ablation threshold fluence but surface morphology and
the ablation rate.
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Therefore, the effects of the above-mentioned parameters are
relevant to be investigated in terms of ablation thresholds and
rates depending on the steel type, allowing to determine how
to process such materials with higher efficiencies compared to
single pulses.

The goal of this work is to investigate the effect of the pulse
duration and burst characteristics on the ablation threshold and
rate for different stainless steel alloys, namely, AISI 304, AISI
420, and AISI 316Ti. These materials have been selected due
to their dissimilar thermal diffusivities, which might lead to
significant differences in their ablation behavior as well as their
relevance in the medical sector. Single-pulse experiments
are conducted to investigate the ablation mechanism of
different types of stainless steels. Also, the impact of the ablation
threshold on the surface morphology is studied. Finally, the
ablated volume is calculated and compared with the total laser
energy used.

2. Experimental Section

2.1. Materials

For the structuring experiments, 1mm-thick stainless steel
samples (HSM Stahl- und Metallhandel, Germany) of AISI
304 (X5CrNi18-10), AISI 420 (X46Cr13), and AISI 316Ti
(X6CrNiMoTi1) with a size of �30� 30mm were used. These
alloys were of special interest due to their importance within
the medical industry. Prior to the laser treatment, the samples
were polished with a polishing machine (Metkon Forcipol
102, Germany) leading to a surface roughness Ra of 0.1 μm
and a flatness FLTp lower than 20 nm. Following the polishing
process, the samples were cleaned with ethanol. After the laser
process, the samples were stored under atmospheric conditions
and without any other additional treatment.

Due to the different thermal properties of the used materials,
significantly different thermal diffusivities α can be calculated
using Equation (1)[11]

α ¼ k
ρc

(1)

where k is the thermal conductivity, ρ the density, and c is the
specific heat capacity. The obtained diffusivities together with
the used material properties are listed in Table 1. It can be seen
that the thermal diffusivity of the AISI 420 steel was significantly
higher compared to both AISI 304 and AISI 316Ti steels.

2.2. Laser Ablation Treatment

The laser treatments were carried out using a five-axis laser
machine (GFMS LP400u, Switzerland). The system was
equipped with a solid-state ultrashort-pulsed laser source
(LightConversion Carbide CB-3, Lithuania), emitting a funda-
mental wavelength of 1030 nm. The laser source enabled to
adjust the pulse duration in a range from 250 fs up to 10 ps.
Furthermore, the burst-mode function could be applied, splitting
the main pulse into 3–5 sub-pulses. The laser had a maximum
average power of 40W, with a maximal pulse energy Ep of 200 μJ.
The laser beam was deflected on the surface using a galvanome-
ter scanner (Scanlab Excelliscan, Germany) equipped with f-theta
lens having a focal distance of 160mm. This optical setup led to a
beam diameter ω0 of �36 μm. The value of the applied laser flu-
ence ϕ can be calculated according to Equation (2).

ϕav ¼
Ep

πω2
0

(2)

A range of laser parameters were tested, with pulse durations
from 250 fs to 10 ps (see Table S1, Supporting Information) to
investigate the ablationmechanism of the different types of stain-
less steel materials used in this work. The optical setup was kept
the same in order to make all used parameters comparable.
For each ablation experiment, five repetitions for each laser
parameter were conducted and evaluated to obtain statistical cer-
tainty. For the burst parameters, picobursts (pb) were used.
This means, that the intraburst pulse separation time was 450 ps,
corresponding to a burst repetition frequency of 2.22 GHz. To
investigate the influence of the pulse duration and the burst
mode, the pulse duration was varied also from 250 fs to 10 ps,
and burst of 3–5 pb was used.

Since single-ablation experiments were performed in this
study, the produced craters are separated from each other and
thus the motion accuracy of the system was not relevant.

2.3. Surface Characterization

An optical microscope (Keyence VHX-3000, Japan) was used to
measure the diameters of the laser generated spots. For analyz-
ing the ablated volume, a confocal microscope (Nanofocus μSurf,
Germany) was utilized. Finally, scanning electron microscope
(SEM) images were taken on selected samples (XL30 ESEM,
Philips, Netherlands) for a better evaluation of the produced sur-
face topology.

3. Results and Discussion

3.1. Determination of the Fluence Ablation Threshold

In a first set of experiments, the ablation threshold was investi-
gated for the three used materials using the Liu method.[12] In
this approach, the ablation threshold can be calculated out of
the crater diameter that is produced from single-pulse experi-
ments when the laser spot has a Gaussian spatial distribution.[13]

This value is a good indicator on how much energy is needed for
ablating the respective material and can be partially correlated to

Table 1. Material properties of the used stainless-steel alloys in this study
(extracted from the manufacturer data sheets).

Material type Thermal
conductivity k
[W (m K)�1]

Specific heat
capacity c
[J (kg K)�1]

Density ρ
[kg m�3]

Thermal
diffusivity α
[m2 s�1]

AISI 420: X46Cr13 30 460 7700 8.47� 10�6

AISI 304: X5CrNi18-10 15 500 7900 3.80� 10�6

AISI 316Ti: X6CrNiMoTi1 15 500 8000 3.75� 10�6
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optical abortion as well as heat diffusion.[14] Thus, these experi-
ments attain to determine correlations between the ablation
threshold with the thermal properties of the investigated materi-
als as well as the pulse duration. Furthermore, the influence of
GHz bursts is also investigated, with the aim of enhancing the
ablation efficiency by distributing the laser pulse energy using
the mentioned strategy.

Figure 1 shows the squared diameter of the craters plotted
over the average fluence used for the three investigated materials.
The results corresponding to the three pulse durations are given
(250 fs, 1 ps, and 10 ps). Additional results performed using
other pulse durations are shown in the Supporting Information.

In Figure 1a, it can be observed for the AISI 420 stainless steel
that the diameters of the produced craters for the different pulse
durations are very similar within the lower-to-moderate fluence
range (from �1 to 8 J cm�2). Only for higher-fluence levels
significant differences are observed. Particularly, it can be seen
that the craters produced with shorter pulse durations (250 fs and
1 ps) are larger compared to those generated with longer pulses
(10 ps). This enhancement in the efficiency can be attributed to
the reduced thermal losses resulting when applying shorter
pulses, as previously reported.[14] In addition, an increase in
the slope of the ablation curves is visible for laser fluences higher
than 7–8 J cm�2. This effect may be attributed to the notable
decrease in reflectivity observed at higher fluence levels, as
reported by other researchers.[13] Another possible explanation
might be linked to the transition of the ablation mechanism,
from optical to thermal ablation.[14] In case of the lower fluences,
it is assumed that the influence of thermal conductivity on the
ablation process is marginal, and the optical regime dominates.
In contrast, in the high-fluence regime, the proportion of thermal
ablation increases. Consequently, the enhanced coupling of laser
energy with the material results in higher ablation, ultimately
leading to larger ablated areas.

In case of the AISI 304 stainless steel, see Figure 1b, also a rise
in the slope of the curve was observed at fluences higher than
8–10 J cm�2. In addition, the reported crater’s diameters are also
similar for fluences up to �8 J cm�2 for all used pulse durations.
Different from the steel AISI 420, in the higher-fluence range
(from �8 J cm�2), no significant differences in the crater diam-
eters were visible for all pulse durations.

In case of the AISI 316Ti stainless steel sample, also differen-
ces for the lower laser fluences were observed, as shown in
Figure 1c. The crater diameters at the low- and moderate-fluence
regions begin at the same fluence levels as for the other two

stainless steel materials. However, as the laser fluence increases,
the rate of increase (slope) of the square crater’s diameter
becomes significantly higher. Especially for higher fluences,
the square diameters of the craters are significantly larger
(e.g., �6500 μm2 for AISI 316Ti at �15 J cm�2 and 250 fs, com-
pared to 4500 and 5550 μm2 for AISI 304 and AISI 420,
respectively). Additionally, for the shorter pulse durations
(250 fs and 1 ps), the highest ablation areas were observed
(almost independent of the fluence region).

When comparing the thermal diffusivities of the steels AISI
316Ti and AISI 304 (see Table 1), the values are very similar
(3.80� 10�6 and 3.75� 10�6 m2 s�1, respectively), which
means that heat diffusion effects cannot explain the observed
differences. For instance, the heat-affected zone that can be cal-
culated from the thermal diffusion length (Lth) defined as two
times the root square of the thermal diffusivity multiplied by
the pulse duration. τ (Lth= 2 (α τ)1/2) is estimated to be �2
and 12 nm for 250 fs and 10 ps pulse durations, respectively.[15]

Therefore, a possible explanation can be related to differences
in the optical penetration depth of the laser radiation at the used
wavelength for the different materials. More precisely, the dif-
ferent chemical compositions of these alloys can lead to differ-
ent absorption coefficients. For instance, the presence of the
molybdenum and titanium components could potentially result
in different absorption properties, as previously reported.[16]

Furthermore the different crystallization phases (AISI 420 is
a martensitic steel type, whereas AISI 304 and AISI 316Ti
are austenitic steels) of the alloys could lead to absorption
coefficient changes, which results in different absorption
lengths.[17]

Out of the curves shown in Figure 1, the threshold fluences for
the different steel types and used pulse durations can be
extracted from the intersection of the fitting lines, for the low-
fluence range, with the x-axis (laser fluence). The obtained values
are plotted against the pulse duration in Figure 2. The results
show that the threshold remains relatively constant (from 0.30
to 0.50 J cm�2) for the different pulse durations, with a slight ten-
dency to decrease for the shortest used pulse duration of 250 fs
(0.25–0.40 J cm�2).

The lowest threshold values were reported for the AISI 420
stainless steel (�0.1 J cm�2 lower), which cannot be explained
by heat diffusion effects, since this material presents the highest
thermal diffusivity (8.47� 10�6 m2 s�1, see Table 1), as
described before. Therefore, it is assumed that the same
mechanisms described above (different chemical composition

Figure 1. Squared crater’s diameter depending on the used average fluence for a) AISI 304, b) AISI 420, and c) AISI 316Ti stainless steels.
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and different crystallization phases) can be responsible for the
differences in ablation threshold.[16,17]

After determining the ablation thresholds for the single-pulse
ablation experiments, the influence of the burst mode was inves-
tigated. Figure 3 shows the obtained squared crater’s diameter in
AISI 304 material as a function of the used laser fluence for
250 fs and 10 ps pulses, using 3 and 5 picobursts (pb) (additional
data for AISI 420 and AISI 316Ti steels is depicted in the
Figure S2, Supporting Information). Compared to the results
from the single-pulse ablation experiments shown in Figure 1b,
the crater diameters are larger. This can be attributed to heat
accumulation effects resulting from the very short interburst
temporal separation.[18]

In addition, also, in this case, two distinct ablation regimes
are visible for all pulse durations and the number of bursts
(3 and 5 pb). The only appreciable difference is that this transi-
tion seams to occur at a lower fluence level (5–7 J cm�2). Finally,
remarkable differences were observed between the used longer
and the shorter pulse durations (250 fs and 10 ps). Also, any
significant difference was observed for 3 and 5 pb. Regarding
the stainless steels AISI 420 and AISI 316Ti, similar results were
observed (see Supporting Information).

3.2. Surface Morphology of the Produced Craters

An additional parameter that is relevant for determining possible
differences between the used pulse durations and number of

picobursts (pb) is the surface topology of the produced craters.
Consequently, SEM investigations were performed on selected
samples.

For instance, SEM images of craters produced using 10 ps and
250 fs single pulses on all treated materials are presented in
Figure 4. In all images, the circular shape of the produced craters
is visible. In addition, additional features are visible that can be
described as laser-induced periodic surface structures (LIPSS).
These features have slight differences depending on the used
pulse duration or within the modified region. Firstly, the pro-
duced LIPSS features in the external part of the craters show
in general a circular shape that can be explained by the circular
polarization of the laser beam.[19] This is visible, for instance, in
Figure 4b,f. Furthermore, these circular-oriented microstruc-
tures are more distinct for the shorter pulse duration (250 fs),
see Figure 4b,d,f for AISI 420, AISI 304, and AISI 316Ti materi-
als, respectively. It has to be mentioned that LIPSS features gen-
erally occur after the application of several pulses, which explains,
in this case, the observed irregularities in the structures.

On the other hand, in the central area of the craters where the
laser intensity is higher, the produced structures exhibit an irreg-
ular morphology, with some resolidified material. This effect
occurs for both 250 fs and 10 ps pulse durations. The transition
of the observed topographies (from the center to the external
areas) has already been reported by other authors and explained
in terms of the local variation of the applied laser fluence.[20]

An additional effect that is observed in the case of the steel
AISI 304 (Figure 4c,d) is the presence of line-like LIPSS that

Figure 2. Calculated ablation thresholds depending on the used pulse duration for a) AISI 420, b) AISI 304, and c) AISI 316Ti. The lines are for the
guidance of the eyes.

Figure 3. Squared crater’s diameter of burst-mode ablation with a) 10 ps and b) 250 fs as well as 3 and 5 picoburst (pb). Material: AISI 304.
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are oriented parallel to the initial topography of the untreated
material (which differs from the other steels). This effect can
be explained since it is known that the initial surface roughness
of a metal can accelerate the formation of LIPSS, as reported by
other researchers.[19]

The above described findings are also supported by confocal
images of the same craters, as shown in Figure 5. For instance,
the maximum depth of the craters produced with a pulse dura-
tion of 250 fs is significantly higher compared to the 10 ps pulses.
In the case of the AISI 304 material irradiated with a fluence of

Figure 4. SEM images of single-pulse experiments performed with a,c,e) 10 ps and b,d,f ) 250 fs pulse durations. The irradiated materials are (a,b) AISI
420, (c,d) AISI 304, and (e,f ) AISI 316Ti. The fluence applied was 15.6 J cm�2.

Figure 5. Confocal images of single-pulse experiments performed with a,c,e) 10 ps and b,d,f ) 250 fs pulse durations. The irradiated materials are (a,b)
AISI 420, (c,d) AISI 304 and (e,f ) AISI 316Ti. The fluence applied was 15.6 J cm�2.
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15.6 J cm�2, the maximal depth was �0.5 and �0.3 μm for the
250 fs and 10 ps pulse durations, respectively.

Other information that can be obtained from the confocal
images is related to the spatial period of the observed circular
LIPSS. For the longest pulses (10 ps), the spatial period was
larger compared to the shorter pulses (250 fs). For example, for
the steel AISI 304, the measured periods are�1.5 and 1.0 μm for
10 ps and 250 fs, respectively. Thus, in both cases, the circular
produced LIPSS correspond to low-spatial-frequency LIPSS
(LSFL) since they are close to the used laser wavelength.

Interestingly, the morphology of the produced craters using
bursts of pulses is significantly different. This is shown in both
Figure 6 and 7, corresponding to SEM and confocal images,
respectively. These craters were also produced at the same flu-
ence level as in the single-pulse images (�15.6 J cm�2) but using
3 and 5 pb.

When analyzing the morphology of produced craters in AISI
304 (Figure 6), with 250 fs and 10 ps pulse durations, a larger
amount of resolidified material can be observed for all conditions
(SEM images with the same laser parameters for AISI 420 and
AISI 316Ti can be found in the Supporting Information). In addi-
tion, it can be seen that the main differences in the surface mor-
phology arise from the number of bursts (3 or 5 pb) and not from
the pulse duration. For example, the substrates irradiated with
3 pb (top images) with pulse durations of 250 fs (Figure 6a)
and 10 ps (Figure 6b) only show additional rings in the central
region compared to 5 pb. SEM images of the craters of AISI 420
and AISI 316Ti in burst mode are shown in Figure S3 and S4,
Supporting Information.

The effect of the smoother surface due to the larger amount of
resolidified material can be explained due to the shorter inter-
pulse distance (temporal) resulting from the burst mode
(450 ps). In this case, after the first pulse of the burst hits and

melts the material surface, due to the shorter temporal distance
between the burst pulses, the second (and subsequent pulses)
arise to the surface before resolidification occurs. Thus, there
is not sufficient time for heat conduction resulting in a larger
amount of molten material.[21]

In addition, the observed rings in this case might not corre-
spond to LIPSS features but are caused by interference effects.
These circular structures (also called Newton rings) are created
due to the interplay of the shockwave, ablation, and plasma dynam-
ics. The shockwave generated by the laser pulse reflects and inter-
acts with itself and the surrounding plasma. These interactions can
lead to constructive or destructive interference patterns, resulting
in concentric rings around the initial laser pulse impact point.[22]

Finally, the surface topology of craters produced only with
250 fs of pulse duration using 3 and 5 pb on AISI 420, AISI
304, and AISI 316Ti is shown in Figure 7. Also in this case,
the central region of the craters has deeper features that can
be explained by the Gaussian distribution of the laser spot inten-
sity. Similar to the SEM images, distinct rings around the central
crater can be observed and classified as Newton rings.[22] In addi-
tion, the depth of the crater slightly decreases with a higher num-
ber of bursts. For the irradiated AISI 420 steel with a fluence of
15.6 J cm�2, the maximal depth was �0.4 and �0.3 μm for 3 and
5 pb (Figure 7a,b), respectively. This phenomenon could be
attributed to plasma shielding effects.[23] Confocal images with
the same laser parameters on AISI 304 are shown in
Figure 7c,d and on AISI 316Ti in Figure 7e,f. No significant dif-
ferences could be observed.

3.3. Ablation Rate Investigations

To determine the optimal process conditions for achieving the
highest removal rate, an assessment of the ablated volume in

Figure 6. SEM images of AISI 304 substrate irradiated with burst mode with a,b) 250 fs and c,d) 10 ps. The images on the top (a,c) correspond to 5 pb,
while on the bottom to 3 pb. The fluence applied to all samples was 15.6 J cm�2.
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relation to the applied energy per unit area (fluence) for each
individual pulse was conducted. This involved calculating the
ablated volume from the experiments presented in the previous
sections.

The calculations are presented in Figure 8 for all used materi-
als when using single pulses at 250 fs and 10 ps, as well as 250 fs
with 3 pb. It can be observed that for all three steel types, the
shorter pulse duration results in a higher ablation volume at
the same fluence levels. As in the curves showing the evolution
of the squared crater diameter as a function of the laser fluence
(Figure 1 and 3), the transition from the two different ablation
regimes is visible. As mentioned before, while this change is
evident in all materials, it does not occur at the same laser

fluence, consistent with similar observations made by other
researchers.[23]

Furthermore, it is evident that craters generated using GHz
burst mode exhibit a reduced amount of ablated material in
all cases, consistent with previous research findings.[6] It has
been described that an interpulse delay below 1 ns results in
enhanced pulse interaction with the ablation plume.[24]

Consequently, the ablation efficiency is reduced. Additionally,
due to heat accumulation effects, more melt can be observed
on the surface, as it has been mentioned in the previous sections.
On the other hand, exploiting this phenomenon can be advanta-
geous for achieving a smoother surface texture and, thus, inter-
ested depending on the target application.[24]

Figure 8. Ablated volume for single-pulse ablation experiments as a function of the applied laser fluence for a) AISI 420, b) AISI 304 and c) AISI 316Ti
stainless steels.

Figure 7. a–f ) Confocal images of single pulses produced with a 250 fs pulse with 3 (top) and 5 pb (bottom). (a,b) AISI 420; (c,d) AISI 304, and (e,f ) AISI
316Ti. The fluence applied to all samples was 15.6 J cm�2.
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Other effects that remain unclear are related to possible differ-
ences on the surface chemistry induced by the laser treatment on
the utilized steels. In general, the treatment of steel surfaces
(AISI 301, 304L, 316L) using fs and ps pulses is shown to oxidize
the surface.[25–27] Due to the different concentrations in the
allowing elements of the used steels, it could be possible also that
different types of oxides (e.g., Cr2O3, Fe3O4) are predominantly
formed on the surface.[28] These possible modifications have to
be investigated in the future.

4. Conclusion

In this study, the ablation characteristics of three stainless steel
types, namely, AISI 420, AISI 304, and AISI 316Ti, were inves-
tigated using single-ultrashort laser pulses and pulse burst
modes. The focus was on examining the ablation threshold, sur-
face morphology, and achievable ablation rates. Using a range of
parameters between 250 fs and 10 ps, the results show any sig-
nificant difference regarding the ablation threshold in the range
between 1 and 10 ps (�0.30–0.50 J cm�2). In case of the experi-
ments conducted at shorter pulse durations (e.g., 250 fs), smaller
ablation thresholds were calculated (�0.25–0.40 J cm�2).

Regarding the surface morphology of the produced craters,
significant differences were observed by comparing fs and ps
pulses as well as when applying the burst mode. In the case
of single-pulse laser ablation experiments (without bursts), the
formation of LIPSS structures was observed, being more evident
for the shorter pulse durations. In the case of the burst mode, the
produced craters presented a significantly larger amount of mol-
ten materials, showing different ring features denoted as Newton
rings and resulting from interference effects of the laser radia-
tion with the produced plasma.

Finally, an analysis of the ablated volume indicated that
shorter pulse durations resulted in higher material removal.
In addition, the GHz pulse burst showed to be less efficient than
the single pulses. Future investigations should explore the effects
of repetition rate as well as irradiating larger areas to identify
optimal parameters for energy-efficient material ablation.
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