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ABSTRACT: This proof-of-concept study investigates the application of femtosecond laser-induced breakdown
spectroscopy (fs-LIBS) for a rapid, almost non-destructive assessment of surface hardness of 80CrV2 steel samples subjected to
thermal treatment. Conventional hardness testing methods, such as Vickers and Rockwell, often necessitate extensive sample
preparation, geometric requirements and can alter the material's surface, limiting their effectiveness for rapid assessments. In contrast,
LIBS offers a contactless approach that minimizes surface damage while providing high spatial resolution. In previous work, we
have already shown that nanosecond laser-induced breakdown spectroscopy (ns-LIBS) leads to melt and material redeposition
around craters, consequently reducing the achievable effective spatial resolution. To circumvent these problems, we used
femtosecond laser pulses to generate reproducible plasmas on 80CrV2 steel samples with varying degrees of hardness. By
maintaining consistent parameters such as laser energy, surface roughness, and
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method's sensitivity to microstructural material changes. As expected, the
femtosecond laser-induced breakdown spectroscopy technique (fs-LIBS)
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produced significantly smaller ablation craters than ns-LIBS. When
accounting for the fluence changes resulting from crater formation and making
the necessary adjustments, repeated measurements at the same locations could
become feasible in the future. A method using fs-LIBS could be a compelling
alternative for hardness testing of finely structured or heat-sensitive
components.

INTRODUCTION

The versatility and adaptability of steel in a variety of applications
is characterized by the targeted combination of alloy components
and heat treatments.! Steel is often heat treated to improve
machinability and optimize desired mechanical properties,
especially hardness.? This is particularly important in applications
that require high abrasion resistance, making it crucial to quickly
distinguish between soft and hardened steel components to ensure
product quality.'?

Common hardness testing methods, such as Brinell, Rockwell,
and Vickers, measure indentation sizes caused by mechanical
impression.> 3 Despite their ubiquity, these tactile methods
necessitate time-consuming sample preparation, such as grinding
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or polishing, are constrained by geometric limitations, and
generally result in alterations or damage to the surface.> Due to
these limitations, these methods are not ideal for rapidly and non-
destructively determining component hardness, particularly when
high spatial resolution or measurements in mechanically
challenging locations are required.'

Laser-induced breakdown spectroscopy (LIBS) emerges as a
promising alternative in this regard. This method facilitates a
contactless, almost non-destructive assessment of material
properties with minimal preparation effort.>!! A contactless laser
method is particularly well-suited for quickly distinguishing
between areas of components that have been differently hardened
through heat treatment, as it generally provides high spatial

resolution,®® while the spectral analysis of plasma generated by
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short laser pulses provides insights into mechanical properties,
such as hardness.* 10

In the field of materials science, LIBS has established itself as a
successful and widely adopted method for determining the
mechanical properties of materials. Tsuyuki ef al.'? were the first
to observe a correlation between the intensity ratio of calcium
emission lines and the strength of concrete, while Abdel-Salam et
al.’® reported similar findings for calcified tissues. In addition to
these two pioneering publications, a substantial body of research
conducted over the past two decades has revealed a strong
correlation between laser-induced plasma properties, such as
temperature and the ratio of ionic to atomic line intensities, and the
mechanical hardness multiple times and on a wide range of
materials, all using nanosecond laser pulses. This includes
research on aluminum-lithium alloys and lithium ferrites,'# bio-
ceramics,'® alumina-based ceramic nanocomposites,'® a-alumina
samples,!’” graphite/rubber composites,'® lead glass,' as well as
geological?® and biological samples.?!

In addition to these materials, LIBS has also been used in the
investigation of metallic alloys to determine or analyze the
influence of hardness. This for example has been demonstrated by
Khalil et al. for aluminum alloys,”? Kim et al. for welded steel,>
Messaoud Aberkane et al. for iron alloys,”* Mohamed et al. for
titanium-based alloys, Sattar et al. for tungsten heavy alloys,?
Momcilovic et al. for aluminum alloys and cast iron,”’ and
ElFaham et al. for spring steel alloys.?®

In a preceding study, we already demonstrated the potential of
LIBS imaging to differentiate between soft and hardened regions
of a single carbon steel component.® However, we also observed
that the use of nanosecond laser pulses with typical pulse energies
of several 10 mJ led to significant material melting and
redeposition, which impaired the differentiation of hardness
differences and made it impossible to take new measurements at
the same locations.

The present work, therefore, employs the approach of using
femtosecond laser pulses to potentially overcome these drawbacks
and to expand the methodology for determining hardness. As
detailed by Labutin et al.? in their review on femtosecond laser-
induced plasma spectroscopy, femtosecond lasers offer significant
lasers,

advantages over nanosecond

consisting of higher peak power and shorter interaction times.

obviously primarily

These may contribute to enhancements in plasma generation and
sensitivity in detecting hardness variations. Furthermore, the
minimal surface damage associated with cold ablation and a
highly spatially confined heat-affected zone may permit repeated
measurements at the same position without significantly altering
the specimen's surface, thereby facilitating depth profiling and
high-resolution mappings. A more recent work by Galmed et al.*
demonstrates that fs-LIBS offers a promising approach for the
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analysis of titanium alloys with varying degrees of hardness, while
concurrently mitigating surface damage.

For our own research on fs-LIBS for material hardness
evaluation, we obtained steel samples from the same raw material.
This allows us to directly assess the effects of heat treatment on
hardness without the influence of differences in alloy composition.
Given the sensitivity of LIBS methods to variations in surface
roughness and planarity, meticulous care was taken to maintain
these parameters consistently throughout the experimental process.
A sufficiently slow sample movement ensured a stable plasma
signal throughout the integration time of the cost-effective,
ungated spectrometer used in this study. This approach was chosen
based on our own tests, which showed that applying rapid laser
pulses to the same position not only resulted in hole drilling but
also caused a significant increase in surface roughness, findings
consistent with those reported by Wynne and Stuart’l.
Consequently, this leads to an increase in the irradiated surface
area and a rapid decrease in laser fluence, lowering the ablation
rate and plasma signal strength.

Still, our methodology shares advantages of ns-LIBS over
conventional mechanical testing methods, including being
contactless and nearly non-destructive by avoiding surface
deformation and enabling measurements with high spatial
resolution, with the effective spatial resolution possibly benefiting
even more from the minimal heat-affected zone of fs-LIBS.

Prior to the analysis of material hardness via spectral methods,
a comparative investigation was conducted on the effects of
femtosecond and nanosecond laser pulses on the surface structure
of the samples. The short interaction time of femtosecond lasers
ensures minimal heat transfer to surrounding material, which
prevents the formation of molten droplets and deposits. This
capability could possibly allow for repeated measurements at the
same locations, which would be particularly advantageous for
industrial applications. It could help minimize outliers in the
measurement results by enabling averaging over multiple pulses.

Following the examination of potential surface alterations and
signal stability, we used the same two distinctly different hard steel
surfaces to assess possible plasma emission changes. Finally, our
investigations concluded with measurements of several intensity
ratios of ionic to atomic emission lines of iron taken on various
regions of a steel piece with a hardness gradient along its
longitudinal axis.

EXPERIMENTAL

Setup. Fig. 1 shows a schematic illustration of the experimental
setup. It consists of a commercial femtosecond pulse laser (NKT
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Table 1. Chemical composition of the low-alloy carbon spring steel DIN 80CrV2 in wt%.*

Symbol DIN  C (%) Si (%) Mn(%) P(E%) S(E%) Cr(%) Mo(<%) Ni(€%) V(%) Cu (%)
80Crv2 0.75-0.85  0.15-0.35  0.30-0.50  0.025 0.025 0.40-0.60  0.10 0.40 0.15-025 040
measurement of line intensity ratios and consisted of the
/( ________________ Femtosecond laser subtraction of backg.round and su?)seq}lentlal averaging of the
spectra of each scan line. The resulting six background subtracted
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Fig. 1 Schematic illustration of the experimental setup, featuring a
femtosecond laser and an ungated spectrometer.

Photonics ORIGAMI 10 XPS) that emits laser pulses (1030 nm,
315 £s) with pulse energies of up to 70 pJ at a repetition rate of 50
kHz. These pulses are focused on the sample surface within a spot
with a calculated diameter of 30 um. At the primarily used setting
of 30 uJ, this results in a laser fluence of about 4.24 J/cm? and a
peak power density of nearly 13.5 TW/cm? Following manual
focus adjustment, the flat steel pieces are subsequently moved
beneath the laser beam at a constant speed of approximately 3.5
millimeters per second by means of a computer-controlled 3D
stage (Lasertechnik Berlin).

Plasma was obtained in ambient air at standard atmospheric
pressure and room temperature. Its emission was collected at a 45-
degree angle to the sample surface and the laser beam, respectively,
by two 1l-inch plano-convex fused silica lenses (ThorLabs
LA4148, focal length 50 mm). Spectral detection was achieved
using an optical multimode fiber with a core diameter of 400 um,
which was connected to a USB spectrometer (OceanOptics
Maya2000 Pro). Its spectral range covers 190 to 416 nm with a
sensor resolution of approximately 130 pm, which is well-suited
to the detection of Fe emission lines. Integration times were set to
the minimum possible value of 10 milliseconds, with the sample
moving beneath the laser pulses to achieve reliable plasma signal.
Each sample or region for measurements on the long piece
underwent six scans, during which the spectra for each scan line
were recorded. This process resulted in the acquisition of
approximately 100 spectra for each line scan. Acquisition was
started while the samples were already moving under the pulsed
laser beam. Thus, a consistent moving speed without any
acceleration could be achieved.

The preprocessing of data was conducted prior to the
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and averaged line spectra were used to assess hardness-dependent
variations in emission. Due to the ungated spectral detection of the
full plasma lifespan from 500 laser pulses per integration interval,
a prominent broad background was expected. It was not corrected
to circumvent any potential alteration of the spectral information.

Samples. DIN 80CrV2 steel was acquired from Schmiedeglut
GmbH in the form of a long bar with a thickness of 5 mm and a
width of 40 mm. It was then cut into smaller pieces, two measuring
approximately 20 mm for initial investigations into the impact of
surface hardness on the resulting spectra and SEM analyses of
laser pulse surface alterations, and another piece measuring about
130 mm in length for our intensity ratio measurements. Classified
as a low-alloy steel, its constituent elements collectively account
for less than 5 mass percent, as indicated by the low concentrations
of alloying elements presented in Table 1.3% This steel is
commonly used in the manufacturing of knives and cutting blades.

To achieve varying levels of material hardness, one of the
smaller pieces was left untreated and remained in its original soft
state. The other single piece and the long piece were placed in a
muffle furnace (Nabertherm L.15/13) and gradually heated at a
temperature rate of 350 K/h to the target soaking temperature of
830 °C.* Considering the dimensional parameters, the individual
soaking times were calculated to a minimum of 30 min for the
small piece and 50 minutes for the long steel piece.3* After soaking,
the hot single steel piece underwent rapid cooling (quenching) in
18 °C cold water, resulting in a rapid cooling rate that induced a
phase transformation and modification of the lattice structure in
the material. It is well known that martensitic transformation is the
primary cause of the hardness observed in quenched steel.> For
the long piece, one end of the hot sample was submerged about 50
mm deep into 18 °C cold water. This resulted in a hardness
gradient along the longitudinal axis, as described in more detail in
previous work.” Due to the high brittleness of quenched steel, an
additional tempering step is commonly necessary to relieve
internal stress while preserving the majority of its hardness. The
two small pieces were tempered twice at 150 °C for 1 h per cycle.

The application of the heat treatment process resulted in the
production of both hardened and soft steel pieces, as well as an
additional piece exhibiting varying hardness across its surface. To
investigate the influence of varying surface hardness on our LIBS
measurements, we used the two distinctively different hard
samples and selected four regions on the longer sample that
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encompassed not only the two extremes, the soft end and the fully
quenched hard end, but also intermediate hardness range. One
region was located just above the immersion water level during
quenching, while another was positioned between the softest
region and the previously mentioned section.

To assess the hardness of the regions of interest, Vickers
hardness tests INNOVATEST NEXUS 7700) and the Ultrasonic
Contact Impedance method (UCI, SaluTron HardyTest UCI3000)
were employed.3>3¢ Hardness values were measured at 221 + 11.5
HV 0.5 (Vickers) and 224 + 15 HV 5 (UCT) for the single soft piece,
and 761 £ 17.1 HV 0.5 (Vickers) and 780 & 20 HV 5 (UCI) for the
single hardened piece, respectively. The hardness of the inspected
regions on the partially hardened longer steel piece was measured
at 252 + 15 HV 5 (UCI), 278 £ 15 HV 5 (UCI), 513 £ 20 HV 5
(UCI), and 762 +20 HV 5 (UCI). The given error values represent
the standard deviation of our Vickers hardness tests, and the
expected measurement accuracy for the UCI method, as specified
by the device manufacturer. To ensure uniform roughness and
planarity, all samples were meticulously wet-ground using a resin-
bonded diamond grinding disk (finish comparable to FEPA P120).
For scanning electron microscope investigations, an additional
polishing step was performed using a polishing cloth disk and a
suitable diamond solution (3 um grain size).

RESULTS AND DISCUSSION

As already noted, the physical interaction of femtosecond laser
pulses with the material surface fundamentally differs from that of
longer pulses, leading to a significant reduction in thermal damage
and the heat-affected zone.?* 3738 This characteristic could also be
a key advantage for spatially resolved measurements as shown by
Wessel et al.® To investigate this aspect, we employed scanning
electron microscopy (SEM, TESCAN Vega 4) to analyze the crater
morphology following laser irradiation, as illustrated in Fig. 2. The
results revealed distinct differences between craters formed by
nanosecond (Fig. 2a) and femtosecond (Fig. 2b) pulses. Craters
formed by nanosecond pulses generally display redeposition of
molten material surrounding the crater, while femtosecond pulse
craters are characterized by their smoother edges, a consequence
of the minimal heat-affected zone and thus impact on adjacent
material. This advantage enables measurement points to be placed
in close proximity, an issue we identified as a major limitation of
ns-LIBS.?

However, when applying multiple femtosecond laser pulses to
identical positions, the resulting crater morphology must also be
considered. Preceding tests on the evolution of signal strength
when ablating single spots with a high-repetition-rate laser
confirmed the findings of Wynne and Stuart’'. Using a fast
photodiode and suitable spectral filters we observed a significant
decrease in the plasma signal after 10 to 20 femtosecond laser
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Fig. 2 Comparison of crater sizes and the surrounding affected areas when
applying (a) a single nanosecond laser pulse (4 ns, 75 mJ) and (b) ten
consecutive femtosecond laser pulses (315 fs, 30 wJ per pulse) on hardened
steel (780 +20 HV 5 (UCI)). The area affected by (a) the nanosecond crater,
including melt deposition, is several times larger than the 68 um laser spot
size and spans approximately 600 pm in diameter. In contrast, (b) the
femtosecond crater, free of significant melt deposits, is confined to
approximately 65 pm in diameter, about twice the optimal focus spot size
of 30 um.

pulses without sample movement. The signal decreased to about
one-third of that created by the first pulse and became not any
longer detectable with our ungated spectrometer after 1
millisecond. Given the laser repetition rate of 50 kHz, this means
that the decrease occurs in less than one-tenth of the minimal
integration time of our ungated spectrometer (10 ms). Further
investigations into crater morphology after higher numbers of
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Fig. 3 Comparison of crater sizes and morphology when applying (a) 100
and (b) 1000 subsequent femtosecond pulses (315 fs, 30 pJ per pulse) on
hardened steel (780 =20 HV 5 (UCD)).

laser pulses reinforce these findings on plasma signal evolution.
Fig. 3 shows two additional SEM images of craters produced by
100 (Fig. 3a) and 1000 femtosecond laser pulses (Fig. 3b), each
with an energy of 30 pJ. A comparison with the crater displayed in
Fig. 2b reveals a substantial increase in both crater depth and
surface roughness. This is likely to cause a significant reduction in
the achievable effective laser fluence, thereby affecting the levels
of ablation and plasma signal. Nonetheless, when looking at the
SEM images, the advantage of spatially confined ablation remains
evident, as the diameters of all craters (Fig. 2b, Fig. 3a, Fig. 3b) are
approximately consistent across all three conditions, highlighting
the core benefits of femtosecond ablation.

www.at-spectrosc.com/as/article/pdf/2025156

The findings related to crater morphology and signal stability
are the reason for the methodology employed in this study. The
approach, involving constant sample movement under the pulsed
laser, ensures a consistent material feed for plasma generation.
Given the low scan speed of approximately 3.5 mm per second
and the laser pulse repetition rate of 50 kHz, the occurrence of
overlapping laser craters during testing was obvious, as the sample
moved only 70 nm between two successive laser pulses. In relation
to the methodology, we tested the impact of pulse energy on the
resulting scan lines while moving at specified speed. The detailed
scan images in Figs. 4a and 4b illustrate the influence on (a) soft
surface (hardness: 224 HV 5 (UCI)) and (b) a hardened surface
(hardness: 780 HV 5 (UCI)). The borders are quite similar for lines
generated with pulse energies of 10 pJ, 30 pJ, 50 pJ, and 70 pJ,
respectively. Only the line depth varies slighty with different laser
energy settings. Significant differences in surface modifications
between soft and hard materials are not apparent, as the lines are
only slightly wider than the laser spot size of approximately 30 pm
for both steel hardness values. This, in addition to the spatially
confined craters in Fig. 3, further demonstrates that femtosecond
laser-induced breakdown spectroscopy could be highly beneficial
for ongoing research involving spatially resolved investigations.
Our tests indicated that a pulse energy setting of 30 pJ represented
the optimal compromise for achieving stable and reliable emission
with minimal surface alteration. This means that with the stage
speed set to approximately 3.5 mm per second, each focal spot was
irradiated by roughly 430 laser pulses, resulting in an average
fluence of around 1.8 kJ/cm?2

To investigate the spectral influence of differently hardened
steel surfaces, plasmas were generated using femtosecond laser
pulses at a repetition rate of 50 kHz. The previously described
samples were positioned on a digitally controlled translation stage
and moved at a constant speed under the laser beam. As noted, this
uniform movement was crucial for maintaining a constant supply
of material, allowing the resulting plasma plume to be emitted
continuously and with adequate intensity.  Given the high
sensitivity to variations in laser energy, overall surface roughness,
and sample flatness in relation to the incident laser beam, we have
taken great care to control these parameters and ensure consistency
throughout the process.

Plasmas induced by femtosecond pulses have significantly
shorter lifetimes than those generated by nanosecond pulses. Their
lifetimes typically range from a few hundred nanoseconds to even
shorter durations, making them challenging to detect.® Reliable
acquisition of single laser-induced plasma plumes would
necessitate sophisticated, high-speed, and precisely gated
measurements and readout electronics. Therefore, a compromise
was established to on the one hand minimize sample damage
while on the other hand still producing a sufficiently intense
emission. It was deemed reasonable to accumulate the emission
from multiple pulses using an ungated spectrometer to generate a
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Fig. 4 Surface alterations induced by scanning at 3.5 mm/s using femtosecond laser pulses (315 fs, 50 kHz) on steel with varying hardness at energy levels
of 10 nJ, 30 pnJ, 50 pJ, and 70 pJ (left to right); (a) soft sample (hardness: 224 HV 5 (UCI)), (b) hardened sample (hardness: 780 HV 5 (UCI)).
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Fig. 5 Surface hardness-related intensity changes for (a) ionic and (b)
atomic emission lines of iron on soft (224 HVS (UCI)) and hardened (780
HVS5 (UCI)) 80CrV2 samples. Hardness was determined using the
Ultrasonic Contact Impedance (UCI) method.*
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still representative spectrum. The set integration time of 10 ms
corresponds to approximately 500 laser pulses per spectrum at a
repetition rate of 50 kHz, which we found to allow for reliable
capture of the emission. As previously mentioned and
demonstrated by investigating the impact of pulse energy on
surface alteration (Fig. 4), the optimal pulse energy setting was
determined through a balanced approach that considered both the
reduction of surface damage and the maintenance of a robust

signal.

Impact of surface structure, including roughness and flatness,
which must be considered when focusing on a spot of only a few
tens of micrometers, was also reduced by the chosen approach.
Despite these considerations, particular care was taken to maintain
consistent measurement parameters, ensuring that observed
spectral variations could be primarily attributed to differences in
the surface hardness of the steel samples.

To thoroughly evaluate the fundamental functionality of our
novel hardness determination approach using fs-LIBS and to
investigate possible spectral changes, we initially focused on the
single soft sample and the single hardened sample. Fig. 5 shows
several characteristic iron emission lines in the spectra of plasmas
generated on these two samples with distinctively different levels
of hardness. While the spectral emissions are similar due to the
identical alloy components, noticeable differences in signal
maxima and variations in the intensities of iron ionic (Fig. 5a) and
atomic emission lines (Fig. 5b) are evident.

These findings support the results and conclusions of our
preceding work, which explored an approach using nanosecond
pulses and single-shot measurements, and also reported on
changes in the ratio of ionic to atomic line intensities of iron.’ They
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Fig. 6 Intensity ratios for several line pairs (ionic and atomic) in different
hard areas of a partially hardened steel piece. The error bars represent the
standard deviation from the six scans conducted per hardness region.

further indicate that variations in bonding strength and lattice
configuration within the material influence ablation efficiency,
even when considering different pulse-material interaction
mechanisms associated with shorter pulse widths. A direct
correlation between material hardness and ablation volume is
But unlike
nanosecond ablation, where the plasma plume forms during the
pulse and experiences additional heating from the trailing parts of

documented for nanosecond laser ablation.'*

the pulse, femtosecond laser-generated plasmas do not exhibit
laser-plasma interaction. This is due to the pulse duration being
shorter than the characteristic energy relaxation times on the
picosecond timescale where the absorbed energy transfers to the
lattice due to electron-phonon coupling. Consequently, this results
in an after-pulse phase explosion, where electrons emitted from
the surface create an electrostatic field that pulls ions out of the
surface.? 404! This means that the complete deposition of photon
energy into the material occurs through inverse Bremsstrahlung
before any electron-lattice heating or plasma formation can take
place’3”3

To validate our concept on distinguishing surface hardness by
measuring the intensity ratios between ionic and atomic emission
lines of iron, we extended our measurements to a sample with
regions of varying hardness. The results of our investigations are
presented in Fig. 6, where the column chart displays the measured
intensity ratios of selected iron emission lines. The x-axis labels
indicate the wavelength, in nanometers, of the ionic and atomic
emission lines of iron used for measuring the ratio. For example,
©259.9 / 358.1” represents the measured ratio value of I Fe1259.9nm
to I re1358.1nm. A distinct increase in these ionic to atomic intensity
ratios can be observed when transitioning from softer to harder
surface regions with the trend being consistent across various
emission line ratios. The depicted ratio values represent the
average across all six individual scans per sample with the error
bars representing the resulting standard deviation between the
scans. Notably, only the measured ratios using the ionic emission
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line at 257.57 nm exhibit a decreased average value for the region
with the highest surface hardness. But the higher standard
deviation compared to those achieved on the other surface areas
suggests that it may still be possible to differentiate hardness if this
variability is taken into account.

Figure 7 illustrates a graph that establishes a quantitative
relationship between mechanically measured hardness and
intensity ratio values. The data points represent the average across
six individual scans per sample, with the y-axis error bars
indicating the resulting standard deviation. The error bars on the
x-axis reflect the expected measurement accuracy for the UCI
method, as specified by the device manufacturer. We excluded the
ratios derived from the ionic emission line at 257.75 nm due to the
noted decrease in ratio for the hardest sample region. The
remaining intensity ratios show a strong positive linear correlation
with hardness, as indicated by the high regression coefficients.
However, it is important to note that we cannot definitively
exclude the possibility of other correlations. The results also
highlight the crucial role of selecting suitable emission lines and
underscores the need for further extensive research to develop a
robust model. Additionally, it is important to note that our tests
were conducted using only a single steel alloy; hence, the present
work should be regarded as a proof of concept, requiring
additional investigations for successful industrial implementation.

CONCLUSION

In this study, we explored the application of femtosecond laser-
induced breakdown spectroscopy (fs-LIBS) for evaluating surface
hardness of DIN 80CrV2 steel. To create a sample with a hardness
gradient and minimize variations in chemical composition, we
subjected a single piece of steel to heat treatment, followed by
partial quenching. For the effective implementation of our
contactless hardness differentiation method using fs-LIBS, several
critical factors had to be considered. These included maintaining
constant laser parameters and ensuring consistent surface
properties, such roughness and planarity of the sample relative to
the incident laser beam.

The results of this proof-of-concept work demonstrated that fs-
LIBS, when combined with continuous sample movement,
effectively generated reproducible plasmas with stable emission
signals while minimizing thermal damage. The observed
correlation between intensity ratios of selected iron emission lines
and mechanical hardness indicated that microstructural changes
affect the ablation process and the resulting plasma emission. We
summarize our physical explanation for the observed effect as
follows. Unlike the hardness-dependent material ablation volume,
which is further heated by trailing parts of a nanosecond pulse,
thereby increasing ionization, the use of femtosecond laser pulses
enables spectral differences to be attributed to variations in the
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Fig. 7 Strong positive linear correlation, as indicated by the high regression coefficients, between different line intensity ratios (I re/ I re1) and mechanically
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graph (a-d).

microstructure of the material itself. These variations may directly
influence photon energy absorption and the subsequent
redistribution of the absorbed energy to the lattice and ions.

The presented method allowed for the differentiation of
hardness while simultaneously reducing surface alteration. Our
findings further indicate that fs-LIBS could be a particularly
promising alternative for achieving spatially precise and
minimally destructive hardness differentiation, as it results in a
minimal heat-affected zone and produces smaller craters that are
nearly free from thermally induced edge damage, potentially
providing significant advantages for finely structured, heat-
sensitive or brittle components.

Overall, it is evident that both conventional laser-induced
breakdown spectroscopy using nanosecond pulses and fast gated
spectrometers, as well as the proof-of-concept presented in this
study employing femtosecond pulses, constant material feed by
sample movement and extended integration times, could offer
unique advantages when compared to conventional methods.
Insights gained from this research highlight the potential of fs-
LIBS as a valuable tool for material characterization in both
research and industrial contexts. It is important to emphasize that
this study focused solely on one specific type of steel alloy,
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80CrV2, and is therefore only applicable to low-alloy steels. Since
chemical composition significantly influences heating dynamics
and plasma evolution, future investigations should expand this
methodology to include additional steel alloys and various
intermediate hardness states. Combining this approach with
imaging techniques and time-resolved spectroscopy could
enhance our understanding of the complex plasma-material
interactions. Exploring other materials that could benefit from the
minimal heat-affected zone, or where conventional mechanical
hardness measurements pose challenges, such as ceramics, time-
dependent hardening process of concrete, rubbers, and other
composites, may also be of considerable industrial interest.
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