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ABSTRACT

We report the use of the Diagonal Scan (D-Scan) technique to determine the ablation threshold of the AISI 1045 steel, a
common engineering material that can be used as a probe for thermal effects, for superpositions ranging from single shot
up to more than 10,000 pulses, for three pulses durations (25, 87 and 124 fs). It only took two hours of laboratory time to
determine more than 20 ablation thresholds per pulse duration spanning 4 orders of magnitude of superpositions. The
large amount of data generated shows a small deviation of the ablation threshold from the expected behavior, which can
lead to the use of a model that better describes the dynamics of the ultrashort pulses ablation mechanism in metals.
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1. INTRODUCTION

Over the last years, the need for micromachining technologies boosted the growth of scientific research directed to the
manufacturing sector. Segments of the medical, microelectronic and automotive world provided a wide variety of
applications for this technology, such as the production of micromotors, microfluidic circuits, MEMS (Micro Electrical
Mechanical System), medical devices, electronic tools, particle filters, micromolds and microvalves, among others!").

This huge growth in this segment requires a variety of new micromachining methods.

Techniques for machining the surface of materials are being continuously improved and among them, laser etching is a
widely used method. The dimensions of the structures that can be machined with the laser depend, in the first
approximation, on the focused beam diameter but the final processed area depends on the heat diffusion volume guided
by the process dynamics. When a laser pulse is absorbed, the material is heated and thermodynamic processes regulate
the thermal diffusion and phase transformations that culminate into material ejection. The excess heat not directly used in
the ablation neither carried by the ejected material flows into the surroundings increasing its temperature, and eventually
creating a Heat Affected Zone (HAZ), in which phase transitions modify the material properties, usually in an
uncontrolled and, therefore, detrimental way. As the laser pulse shortens higher intensities are reached faster, the spatial
heat propagation is decreased, phase transformations that result in ablation occur more efficiently™™, and the HAZ is
decreased. Besides decreasing the heat propagation and minimizing the HAZ, ultrashort pulses present unique
advantageous characteristics to etch different materials"’.

The ablation by ultrashort pulses is due to a Coulomb explosion'* > following the ejection of surface electrons
accelerated by the laser electric field, or by a phase explosion'®® resulting from in a high density of free electrons'” '
generated by avalanche ionization!""). The pulses very brief duration, shorter than the typical phonon period, mainly heats
the electrons'* '¥), and the explosions that remove material occur after the pulse has finished, with minimal material
heating. The avalanche occurs when seed electrons, either already present in metals or created by tunneling!* or
multiphoton ionization' '*! in other materials, are accelerated by the ultrashort pulse electric field into a quivering
motion and generate more free electrons by impact ionization!'! in an exponential growth process that is almost
independent of the material being irradiated. The high intensities reached by ultrashort pulses easily induce the nonlinear
phenomena that create the initial free electrons, making these pulses efficient tools to etch any kind of material™®. Due to
this nonselective mechanism, the only parameter that has to be known to etch a material with ultrashort pulses is its
ablation threshold fluence, F,.

The ultrashort pulses ablation threshold derives from the material atoms bonding energies, electronic density and its
ionizing energies, which depend on the presence of dopants, impurities or other defects!"® '\, As a consequence of the
defects presence, the seed electrons are created more easily and the avalanche ones are freed at lower impact energies,
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decreasing the F;, value. The defects can be intrinsic to the material, or externally generated such as color centers created
by ultrashort laser pulses'™, and in this case the modifications induced by a pulse modify the F, value for the following
pulses, until the defects density reaches saturation and F, stabilizes at a constant value. These cumulative phenomena are
known as incubation effects'” '), and the ablation threshold fluence modifications caused by them must be taken into
account when machining a material.

A few years ago we introduced a simple experimental technique, which we denominated D-Scan (Diagonal Scan), to
quickly measure the ultrashort pulses ablation threshold of a solid sample™ **!. The method uses a focused TEMy,
Gaussian beam and the sample, with its face aligned normally to the laser beam, is moved diagonally across the
beamwaist, as schematically shown in Figure 1. The sample movement should start away from the beamwaist, at a
position where the beam intensity does not ablate the sample, go through the beamwaist position, and stop after the
ablation has ceased. If the pulses intensity is sufficiently high™®, the profile shown in Figure 2, with two symmetrical
lobes, is etched in the sample surface. If the etched profile does not exhibit the lobes, the scan has to be performed with

more energetic pulses or with a tighter focusing lens'*.

lens sample

laser beam initial position

final position

Figure 1. Scheme of the D-Scan experimental setup, top view. The dashed arrow indicates the sample diagonal movement
through the beamwaist (w) of a focused Gaussian beam.
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Figure 2. Scheme of the Profile ablated on the sample surface by the D-Scan technique, with maximum transversal size
2pa- The axes are normalized by the beamwaist (wy) and the beam confocal parameter (z).

It can be shown that the ablation threshold fluence of the sample is related to the profile maximum transversal size,
2Pmax, by
1 E,
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where E| is the pulse energy. No parameter of the laser beam geometry has to be known, no precise sample positioning is

needed, and the measurement can be quickly done. To determine the pulses superposition N that etches the profile at the

Pmax POsition, we hypothesized that it is the sum, at this position, of the intensity of all the pulses that hit the sample

during the D-Scan, normalized by the intensity of the pulse centered at . Under this assumption, we showed that N is
: [24].

given by
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N = 83 (O,e_[./;:x;axJ ), (2)

where 9; is the Jacobi theta function of the third kind'*”), £ is the laser repetition rate and v, is the sample translation
speed transversely to the beam (y direction in Figure 1). For high repletion rates or small displacement speeds expression
(2) can be simplified to:

N:\/;fpmax zligfpmax. (3)
v v

y y

In practical terms, equation (3) can be used at all times, but if it results in N<2 the superposition must be recalculated
using equation (2).

Within this framework, determining the ablation threshold, £, for a sample using the D-Scan technique consists in
moving the sample across the beamwaist of a focused Gaussian beam with a constant speed, then measure the p.x value
under a microscope and finally use expression (1). The application of expression (3) (or expression (2)) determines the
superposition for this Fy,. The only two experimental conditions that should be met are the presence of two lobes in the
profile’® and the longitudinal and transversal displacement speeds must be such as to etch an elongated profile™ in
which the D-Scan trace width does not vary abruptly around the p,,,x position. To determine the F;, dependence on the
pulses superposition, many scans have to be done with different laser repetition rates and displacement speeds.

In this work we used the D-Scan to determine the AISI 1045 steel ultrashort pulses ablation threshold dependence on the
pulses superposition for three pulses duration. This steel is a widely used engineering material and can be used as a probe
for thermal effects.

2. EXPERIMENTAL SETUP

The ablation threshold measurements were made on AISI 1045 medium-carbon steel® samples with the following
composition in weight %: C (0.43-0.50), Mn (0.6-0.9), S (0.05), P (<0.045) and Fe (balance). This material is very
susceptible to thermally induced phase transitions, changing from a ferrite (BCC structure) to an austenite (FCC) phase
at 704 °C1*°!, and also presenting a melting point close to 1410 °C. The steel samples were flush mounted in Bakelite,
ground and polished with 1 pm diamond paste, resulting in exposed faces measuring approximately 15x20 mm? (Figure
3). The ultrashort laser pulses were generated by an amplified Ti:Sapphire laser system (Femtopower Compact Pro CE-
Phase HP/HR seeded by a Rainbow oscillator, both from Femtolasers), centered at 785 nm, with 37 nm of bandwidth, at
4 kHz maximum repetition rate controlled by a Pockels cell, and 800 uJ maximum pulse energy, linearly polarized in the
horizontal direction. The pulses duration was altered changing the distance between the compressor prisms, and
determined to be 25, 87 and 124 fs by a FROG (Swamp Optics Grenouille 8-20-USB). For the irradiations, the pulses
were attenuated to 70 pJ, the beam was focused by a 75 mm focal length achromatic doublet (Thorlabs AC254-075-B),
and the sample was moved by a 3-axes computer controlled translation stage (three Newport UTS100CC stages). During
the scans the sample was always moved from before to after the beamwaist (away from the focusing doublet), from right
to left, as indicated in Figure 1. Various combinations of repetition rates, f, and sample transversal displacement speeds,
v, (in the horizontal plane), were used to cover superpositions from single shot to more than 10* pulses (100, 500 and
4000 Hz and 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 2, 2.5, 3, 5, 10, 20, 30 mm/s); the longitudinal sample displacement speed, v,
(in the horizontal plane), was always equal to v, to etch elongated profiles; after each D-Scan trace was etched, the
sample was displaced vertically (x direction) by 400 um, and this separation was used as a scale to measure P,y in
micrographs. The samples surfaces were shrouded by a 10 I/min flux of argon during the D-Scans.
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Figure 3. AISI 1045 sample flush mounted in Bakelite, exhibiting D-Scan traces etched by 25 fs pulses at different laser
repetition rates and sample displacement speeds.

The photograph in Figure 3 shows more than 30 D-Scan traces engraved in a sample by 25 fs pulses. All these traces
were etched in approximately 40 minutes. The two lobes, although asymmetric, can be seen in all traces. The
asymmetries result from the fact that the right portion of each trace is etched when the sample is placed after the
beamwaist, where the pulses generate a plasma in the air, at the beamwaist position, that distorts the beam. From top to
bottom, there are two test traces, 16 traces etched at 4 kHz, 9 traces etched at 500 Hz, 5 traces at 100 Hz and a final one
at 4kHz. In the last 2 traces done at 100 Hz and high transversal displacement speeds (10 and 20 mm/s) the
superposition obtained was close to 1, and individual craters can be seen.

3. RESULTS AND DISCUSSION

Figure 4 shows an optical micrograph of D-Scan traces etched by the 25 fs pulses on an AISI 1045 carbon steel sample,
along with the 2p;,.x measured values. To measure these values, the 400 pm separation between traces was used as a
scale for the micrograph. From these values, the ablation thresholds and pulses superpositions were calculated using
eq. (1) and eq. (2), respectively, and the results for this sample are shown in the lower graph in Figure 5. The results
obtained for the other temporal durations (87 fs and 124 fs) are also shown in the upper graphics on the same figure.

\UR WIS LY

Figure 4. D-Scan traces etched on the surface of an AISI 1045 steel sample by 25 fs pulses. The 400 um separation between
the traces is used as a scale to measure 2py,,, for each trace.

The model commonly!” 7! ysed to account for the incubation effects in metals considers that laser pulses create

defects similar to the ones originated by mechanical fatigue damage!'”), resulting in an cumulative behavior described by:
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Fyn = Fth,lNS_la “4)
where F;, y is the ablation threshold for N pulses, F};, | is the single shot ablation threshold and S is the sample incubation
parameter. The graphs in Figure 5 also exhibit the fittings of eq. (4) to the experimental data, and the obtained values are
shown in Table 1, where a slight growth of the ablation parameters (Fy,; and S) can be observed as the pulses duration
increase. This growth in both parameters is expected because as the pulses get longer their intensities decrease, requiring
more energy (and fluence) to generate the nonlinear effects that result in the ablation.

Inspecting the Figure 5 graphs more closely it is possible to observe that, although the fit to the experimental points is
good, some deviations from the behavior described by eq. (4) can be observed: for low (N<10) and high (N>500)
superpositions, the experimental points are placed above the fitted function, and below it for intermediate values. These
results indicate that eq. (4) can be considered a good approximation to describe the F;, dependence on N, but the model
has to be improved, which is outside the scope of the present work, to correctly describe these second order deviations.
Although some authors observed these deviations®™ mainly for great superpositions, they are not so noticeable on
previous works!'® 27 3% 31 that present few data points (F,, values), usually less than 10. This sparsity of experimental
values results from the “Zero Damage” traditional method®* used to determine F,,, which requires a detailed knowledge
of the laser beam geometry, precise positioning of the sample and a series of measurements that can take a long
experimental time, limiting the Fj,;, measurements for different pulses superpositions. Using the D-Scan, many F,
measurements for varying N can be quickly done: all the scans (more than 80) needed to obtain the experimental data

presented in Figure 5 were done in less than 2 hours of laboratory time. This is a clear advantage of the D-Scan over the
traditional method.
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Figure 5. Log-log graphs of AISI 1045 carbon steel ablation threshold dependence on the pulses superposition, for 25, 87
and 124 fs pulses, along with fits by equation (4).

Table 1. AISI 1045 ablation parameters for three pulse durations obtained from the fits to the experimental data shown in

Figure 5.
Parameter 25 fs 87 fs 124 fs
Fy, (J/cmz) 0.222+0.013 0.226+0.014 0.233+0.011
S 0.866+0.010 0.862+0.011 0.874+0.008
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Another advantage of the D-Scan over the traditional method relates to the machining: since the D-Scan is done in a
moving sample, as in machining, its trace reproduces more closely the machining morphology for a certain superposition
when compared with the traditional method, which ablates only a single spot. Under these considerations, one can
determine the F;, for a certain superposition N and then calculate the machining parameters (beam spot-size, sample
displacement speed and laser repetition rate) to process a sample with a superposition of N pulses.

To determine the superposition obtained for a sample moving in a straight line with speed v, being irradiated by a beam
with spot-size w and repetition rate £, we apply our previous formalism!**! that considers that the superposition N at a
specific position is the normalized intensity of the sum, at this position, of the intensity of all pulses that hit the sample.
In this calculation, the beam spot-size is now constant, simplifying eq. (8) of our previous work™ yielding that the
superposition is:

N =9,(0, e_z(ﬁj ), (5)

that can be simplified*", for usual machining conditions (superposition of many pulses), to:

Nz | B 105 /Y (6)
2 v %

In practice, after determining the sample F, for a specific superposition &, to machine the sample with this superposition
using a beam with spot-size w at the sample surface, one only needs to choose the laser repetition rate / and sample
displacement speed v from eq. (6).

The D-Scan provides a tool to quickly reproduce many etching conditions with varying ablation morphologies. Looking
at the D-Scan traces under a SEM (Scanning Electron Microscope) many ablation regimes could be observed in our
samples. Figure 6a presents a micrograph of the N=23.0 trace, taken around the  position (Figure 2). This micrograph is
representative of the traces etched from single shot up to N=100, in which ripples oriented at 90° to the beam
polarization are observed, evidencing surface modifications. These ripples, which have a 625 nm period that does not
depend on the pulses superposition, modify the material reflectivity, resulting in a darkening of the steel surface that can
be used for marking since at these superpositions there is almost no material removal neither severe metallurgical
modifications. As the pulses superposition increase over ~100 up to ~600, the ripples break apart into a grainy structure,
shown in Figure 6b, and still there is almost no material removal.

“r‘| ] |

!r\z '.’

#18 2013/10M15 AL D44 x12k  50um

#7 2013/1014 AL D43 x1.0k 100um

Figure 6. D-Scan traces SEM micrographs at the y position for: a) N=23.0; b) N=577.

As the superposition increases over 1,000 there is a significant material removal and the traces exhibit a central “V”
profile, as shown in Figure 7a, with an irregular bottom, without evidence of melting and material ressolidification. For
N>10,000, as shown in Figure 7b, the material removal and the trace depth increase, remaining without evidence of
molten material.
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#4 2013/10/14 AL D43 x1.0k 100um #1 2013/10114 AL D43 x1.0k 100 um

Figure 7. D-Scan traces SEM micrographs at the y position for: a) N=2,059; b) N=14,776.

Examining the D-Scan traces at the focus position, evidence of melting and material ressolidification can be observed,
even for small superpositions. Figure 8 exhibits the region around the beamwaist position (origin in Figure 2) of the
N=9.5 trace, where ressolidifed material can be seen, evidencing that at this position the material temperature went above
1,410 °C. According to eq. (6), the superposition at the focus is smaller than the one calculated for the trace, nevertheless
the melting occurs because the pulse fluence gradient is much larger at the focus than at ¥"**!, and the excess energy
deposited by the pulse heats the material until melting occurs. This result indicates that machining a sample with
fluences well above the threshold will results in a variety of morphologies in the ablated region and eventual melting that
can change the material properties.

#20 2013/10/15 AL D44 x2.0k  30um

Figure 8. Melting and ressolidification observed around the focal position for the N=9.5 trace.

The AISI 1045 steel was chosen for this work as a probe to thermal effects during ablation by ultrashort pulses due to its
sensitivity to temperature, making it a good material to investigate the extension of the HAZ. In order to do this, the
traces etched by 25 fs pulses at high superpositions went under a chemical attack with Nital 3% (3% nitric acid solution
in alcohol™) to reveal the material crystalline structure. Figure 9 shows the results near the focus position, where large
amounts of material are removed, for the traces etched by 1,521 and 14,776 pulses. In these two micrographies is
possible to observe the material grains, which maintain their morphology near the edge of the etching, evidencing that, if
there is a HAZ, it is smaller than a few micrometers. Melting occurred, but the thermal effect did not propagate to the
surrounding region. Moreover, the fact that the grains morphology remains unaltered means that no phase transition
(from ferrite to austenite) occurred, meaning that the local temperature did not go over 704 °C, preserving the material
properties.
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Figure 9. Optical micrographs of AISI 1050 surfaces chemically etched by Nital 3% evidencing the material grains for: a)
N=1521 and b) N=14776.

As for the pulse duration influence on the etching quality, Figure 10 and Figure 11 present SEM micrographs of the
traces etched by 25 and 124 fs pulses for the superposition of 15,000 pulses. The traces morphology is similar, but the
shorter pulses produce better defined edges. This is probably the result of a more intense phase explosion resulting from
the higher fluences required for ablation by the 124 fs pulses. Moreover, the edge of the trace etched by the shorter
pulses exhibits a transition zone in which ripples can be observed. These conditions must be taken into account when
machining the AISI 1045 steel with ultrashort pulses.

#1 2013/10/14 AL D43 x1.0k 100um  #1 AL D46 x1.0k 100 um

Figure 10. Micrographs of D-Scan traces etched around the  position by a) 25 fs pulses, N=14,776; b) 124 fs pulses,
N=15,955.

#1 borda 2013/10/14 AL D43 x3.0k 30 um #1 borda AL D45 x3.0k 30 um

Figure 11. Magnification of the edges of the D-Scan traces shown in Figure 10 for a) 25 fs pulses, N=14,776; b) 124 fs
pulses, N=15,955.
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4. CONCLUSIONS

The D-Scan is a fast and simple method to determine the ultrashort pulses ablation threshold and to study the effect of
the pulses superposition on it. It took us less than 2 hours of laboratory time to use this technique on AISI 1045 carbon
steel to obtain a large and detailed amount of data spanning four orders of magnitude of pulses superposition, for three
different pulses durations. A comparison of these set of data with the theoretical model shows a slight deviation, and a
more detailed theoretical study to correctly describe the experimental results is required. The measured data also
evidenced that the ablation parameters, F, and S, increase as the pulses get longer.

Compared to the traditional method, the D-Scan is advantageous for determining the ablation threshold for machining
purposes, once it is done in a moving sample and reproduces the machining conditions and morphology. Within this
context, many ablation thresholds and machining morphologies depending on the pulses superposition were observed,
allowing one to choose the most adequate processing parameters to etch the AISI 1045 steel. Besides, other subsidiary
results show that the precise control of the process is possible in order to change this material surface optical properties.
It is also shown that shorter pulses (25 fs) are more adequate to produce precise cuttings in this steel.

Additionally, using the AISI 1045 steel high sensitivity to thermal effects, we demonstrated that even at high
superpositions (N>10,000 pulses) the HAZ, if existent, is confined within a few micrometers of the etching edge, and
that outside the etched region the temperature remained below 704 °C (phase transition temperature).
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