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Abstract

The interaction of near infrared femtosecond laser pulses with a Cu based alloy (brass) in ambient air at atmospheric
pressure and under different laser conditions was investigated. The effects of laser fluence and number of pulses on
surface morphology and ablation rate were studied using scanning electron microscopy (SEM) and optical microscopy.
Ablation rates were found to rapidly increase from 83 to 604 nm/pulse in the fluence range 1.14-12.21 J/cm?. At
fluence >12.21 J/ cm?, ablation rates increased slowly to a maximum (607 nm/pulse at 19.14 J/ cmz), and then
decreased at fluence higher than 20.47 J/ cm? to 564 nm /pulse at 24.89 J/ cm?. Large amounts of ablated material in a
form of agglomerated fine particles were observed around the ablation craters as the number of laser pulses and fluence
increased. The study of surface morphology shows reduced thermal effects with femtosecond laser ablation in

comparison to nanosecond laser ablation at low fluence.
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INTRODUCTION

Femtosecond laser ablation (fs-LA) has been successfully
applied in many applications that cover various scientific dis-
ciplines including medicine (Liu & Niemz, 2007; Niemz,
1998), dentistry (Neev et al., 1996; Niemz et al., 2004; Ji
et al., 2011), material science (Coyne et al., 2005; Bonse
et al.,, 2001, 2002; Choi et al., 2002; Couillard et al.,
2007), and geosciences (Freydren et al., 2008; Frenandez
et al., 2007; Horn & von Blanckburg, 2007; Ikehata et al.,
2008; Poitrasson et al., 2003, Shaheen & Fryer, 2011). The
interactions of laser pulses with a solid material involve
many processes that depend on the laser parameters (pulse
width, repetition rate, fluence, wavelength, and irradiance),
the physical and chemical characteristics of the target
material, and on the ambient gas environment (gas pressure
and gas properties) (Russo et al., 2002). Therefore, an appro-
priate choice of the ablation conditions is necessary for each
type of material in order to optimize the ablation process (Di
Bernardo et al., 2003). Laser pulse width is an important par-
ameter that affects heat dissipation into the sample, plasma
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shielding, and ablation quality. In nanosecond laser ablation,
thermal processes dominate, and the material is melted at the
irradiation volume with the formation of a large heat affected
zone. Large droplets of molten material are ejected and de-
posited on the surface as a recast layer. In addition, part of
the incident laser pulse interacts with the laser-induced
plasma causing a reduction in the amount of energy absorbed
by the material (plasma shielding). The laser-induced plasma
can interact with the target surface causing further damage
and distortion of the ablated craters. The situation is different
in the case of femtosecond laser pulses due to their high peak
intensity. Femtosecond laser energy is rapidly deposited into
a small volume of the target material on a time scale shorter
than the energy relaxation time. This significantly reduces
the liquid phase and thermal diffusion to the surrounding
material, leading to a lower ablation threshold, reduction of
molten material and negligible thermal damage, high abla-
tion rate, and more deterministic and reproducible ablation
compared to nanosecond laser.

Studies of surface modification of materials, including
metals and alloys, by laser beams, together with investigations
of fundamentals of laser-matter interactions are important for
developing new applications (Stasic et al., 2009; Latif ez al.,
2009; Fang et al., 2010; Menendez-Manjon et al., 2010;
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Kumar Verma, 2011; Batani, 2010). Melting and formation
of a recast layer (a re-solidified molten material that depos-
its at the ablation crater or at the surface surrounding it) is a
challenging problem to laser processing as it restricts the
formation of high quality structures (Robinson & Jackson,
2006). Material processing with ultrashort laser pulses pos-
sesses unique advantages over that with longer laser pulses
due to the absence of plasma shielding, a well-defined abla-
tion threshold and a negligible heat affected zone (Zhu
et al., 1999). It became a preferred technique for various
machining applications such as drilling, cutting, and fabri-
cation of variety of materials, such as low melting point
polymers, high thermal conductivity metals, wide band
gap dielectrics, and semiconductors that are otherwise diffi-
cult to perform by conventional tools (Zheng et al., 2007;
Pecholt et al., 2008). The use of fast flowing inert gas as
a medium for ablation instead of air helps to prevent surface
oxidation and improves removal of melt, particulate, and
vapor from the interaction area. It also minimizes the pro-
blems that can result from the interaction of high intensity
laser beams with the air and ablated material (laser-induced
plasma that could affect the temporal and spatial profile of
the laser beam and the subsequent degradation of the qual-
ity and precision of femtosecond laser micromachining)
(Sun & Longtin, 2001). Femtosecond lasers have been ap-
plied to produce high quality microstructures in materials
that have high thermal conductivity and low melting point
(Perrie et al., 2004; Robinson & Jackson, 2006). In this
paper, we studied the ablation characteristics of a Cu
based alloy (brass) in air using a 785 nm, 130 fs Ti:Sapphire
laser. Holes were drilled at different laser fluence and
number of pulses using a 6 mm pinhole to remove the
inhomogeneous edge of the laser beam. The ablation rates
and surface morphology in the fluence range from 1.14 to
24.89 J/cm” have been investigated using a polarized
light optical microscope and SEM.

EXPERIMENTAL PROCEDURE

Laser pulses were obtained from a commercial femtosecond
Ti:Sapphire laser system (Quantronix Integra C®) located at
the Great Lakes Institute for Environmental Research, Uni-
versity of Windsor, Canada. It is a regenerative and multi-
pass Ti:sapphire laser ablation system based on the chirped
pulse amplification technique. The laser operates at its funda-
mental wavelength of 785 nm and can be operated at variable
repetition rates from 4 to 1000 Hz. The maximum energy that
can be obtained from this laser system is 2 mJ at 1 kHz and
can be varied using a half wave plate and polarizer integrated
in the laser system. The minimum pulse width is 130 fs and
can be changed to a few picoseconds by changing the dis-
tance between the pulse compressor gratings.

The sample (SRM 1107 Naval brass B from National In-
stitute of Standard and Technology (NIST) with chemical
composition: 61.2% Cu, 37.3% Zn, 0.18% Pb, 0.037%
Fe, 1.04% Sn and 0.098% Ni) was mounted on a three-
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dimensional computer-controlled translation stage of 1 um
resolution where ablation was conducted in ambient air.
The upper surface of the sample was polished prior to abla-
tion to provide identical ablation for each ablation event.
The sample surface was adjusted to be at the focus of a
10x microscope objective lens by moving the stage up and
down and monitoring the clearest image of the sample sur-
face through transmitted light and a charge-coupled device
(CCD) camera. The objective lens was simultaneously used
for focusing the laser beam and imaging the sample surface.
The number of laser pulses was controlled by using a New-
port electronic shutter driven by a Newport digital exposure
control with minimum opening time of 0.01 s. A simple
schematic of the laser ablation system is shown in Figure 1.
Crater depths were measured using a polarizing light micro-
scope (50x magnifications, Olympus BX51) equipped with a
Prior® computer-controlled xyz stage. Surface morphology
was studied by SEM (Quanta FEG). Crater diameters were
measured from the SEM images using Scandium image pro-
cessing software.

RESULTS AND DISCUSSIONS

Figure 2 shows a CCD camera image (top view) taken during
fs-LA of brass in ambient air. The laser beam was imaged by
using a 6 mm pinhole and 10X objective lens and was fired at
a repetition rate of 100 Hz and energy of 0.1 mJ to create
holes in 4 mm thick brass. Intense light is observed due to
the interaction of the laser beam with the sample surface
and ejected ablated material. The fluence F (energy per
unit area) was calculated using the equation F = % Where
E is the energy in Joules and r is the radius of the crater in
cm. Figure 3 shows the dependence of ablation depth on
the number of laser pulses in the fluence range 1.14-24.89
J/cm? that correspond to an energy range of 0.05 to 0.47
mJ. Ablation depth was calculated as the average of the
measured depths of three different craters produced using
the same number of laser pulses. As the number of laser
pulses increases (>60 pulses at fluence higher than 12.21
J/cm?), ablation depth becomes too deep (>40 pm) to be
measured by the optical microscope used. There is a linear
relation between the number of pulses and ablation depth
with correlation coefficient R better than 0.9 during the
first 50 pulses.

The ablation rate (defined here as the ablation depth per
pulse, pm/pulse) was obtained from the slopes of Figure 3
and was found to depend on the laser fluence (see Fig. 4).
For fluence lower than 12.21 J/ cmz, there was a rapid in-
crease in the ablation rate (from 83 to 604 nm/pulse) in
the fluence range from 1.14 to 12.21 J/cm® At fluence
higher than 12.21 J/cm?, the ablation rate increased slowly
to reach a maximum of 607 nm/pulse at 19.14 J/ cm?, and
then decreased at fluence higher than 19.14 J/cm? to
564 nm/pulse at 24.89 J/cm?. The drop in the ablation rate
at fluence >19.14 J/cm? may be related to the production
of more ablated material that interacts with the incident
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Fig. 1. A simple schematic of the LA system. The laser is
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laser beam causing a reduction of energy coupling to the
sample. Another possible reason for this reduction in the ab-
lation rate could be attributed to changes in the ablation
mechanisms (from non-thermal to thermal) at higher fluence
as can be seen from SEM micrographs (Fig. 5) where large
droplets of molten material started to appear. Figures 6a
and 6b shows the dependence of crater diameter on the
number of laser pulses and fluence, respectively. Crater
diameters were calculated by taking the average of the
measured diameters of three different craters produced
using the same number of laser pulses. The crater diameter

Fig. 2. (Color online) A CCD camera image (top view) of the plasma pro-
duced during fs-LA of brass. The laser beam was imaged by using a
6 mm pinhole and 10x objective lens and was fired at repetition rate of
100 Hz and energy of 0.1 mJ. The formation of laser-induced plasma affects
the ablation quality and downgrades the advantages of fs-LA.
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laser pulses is controlled by a fast electronic shutter. A
CCD camera is used to image the sample surface through
the 10x objective lens and dichroic mirror 3.

increases slowly with the number of laser pulses and reaches
almost a constant value after a certain number of pulses (de-
pending on the fluence, i.e., about 40, 60, and 70 pulses at
24.89, 19.14, and 1.14 J/cm?, respectively). The increase
of crater diameter with number of pulses and fluence reflects
the Gaussian energy distribution of the laser beam. The abla-
tion characteristics of brass in the fluence range 1.14-24.89
J/cm? are summarized in Table 1. Due to the Gaussian
laser beam energy profile of the femtosecond laser used, a
cone-like crater shape was assumed in calculations of crater
volumes using the formula: volume = (hrtr2 /3) where r is
the radius of the crater and % is the ablation depth. The
mass of material ablated per pulse was calculated by multi-
plying the crater volume by the brass density (8.5 g/cm®).
Various effects of femtosecond laser interaction with brass
can be observed by inspecting the SEM images of the abla-
tion craters. Figure 7 shows SEM micrographs of some holes
drilled through the brass sample at fixed number of laser
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Fig. 3. (Color online) The dependence of ablation depth on the number of
laser pulses at different fluence.
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Fig. 4. The dependence of ablation rate on laser fluence.

pulses and variable laser fluence (Fig. 7a—7c¢) and fixed flu-
ence and variable number of laser pulses (Fig. 7d—7f). The
surface morphology and the amount of material ablated
and deposited around the craters depend on the laser fluence
and number of accumulated pulses. The surface is modified
by the first few pulses and then craters start to develop
with increasing the numbers of pulses by removing the
target material at the irradiation region. Material removal
by laser ablation includes several mechanisms (depending
on laser and material characteristics) such as Coulomb
explosion, ultrafast melting, phase explosion, thermal vapor-
ization, and photomechanical fragmentation (Shank er al.,
1983; Rousse et al., 2001; Stoian et al., 2000; Perez &
Lewis, 2002; Bulgakova & Bourakov, 2002; Tamura et al.,
2001). At low laser fluence (<19.14 J/cm?), reduced thermal
effects can be observed from the edges of the craters, and the
material deposited around them as shown in Figure 7. At a
small number of laser pulses (depending on the fluence),
the craters show defined edges with little debris and particles
deposited around them. As the number of pulses increases,
substantial build-up of material around and inside the crater
takes place. This ablation behavior is different from that of
nanosecond laser ablation where thermal processes are the
dominant mechanisms of ablation. In nanosecond laser
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Fig. 6. Dependence of crater diameter on number of pulses (a) and
fluence (b).

ablation of brass, substantial melting, and ejection of large
droplets of molten material can be easily observed in Figure 8
where SEM images of a crater produced by 40 ns laser pulses
(Nd:YAG, wavelength: 266 nm and pulse width: 8 ns) is
shown. The craters have high rims of re-solidified molten
material and large particles (in the micrometer range) scat-
tered around them. Comparison between Figure 5 and
Figure 8 may not be fair as the ablation conditions (number
of laser pulses, fluence and repetition rate) are not identical
but it shows some kind of similarity, at a certain point,

Fig. 5. SEM micrographs of a crater produced by 10 femtosecond laser pulses at 24.89 J/cm? (a) and a close up image of the particles
deposited around the crater (b). Hydrodynamic effects like formation of re-solidified droplets of the target material appear.
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Table 1. Ablation characteristics of brass at different laser fluence

Fluence Power Ablation Crater Volume Mass
J/em? density rate um/ diameter pm3/ ug/
W/cm? pulse um pulse pulse
1.14 114 0.083 224 10.9 0.09
3.16 316 0.155 34.2 473 0.40
12.21 1221 0.604 34.6 189.7 1.61
19.14 1914 0.607 38.5 235.8 2.00
20.47 2047 0.56 44.6 291.8 2.48
24.89 2489 0.564 48.3 344.4 2.93
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between femtosecond and nanosecond laser ablation. In
fs-LLA, the amount of ablated material increases with increas-
ing laser fluence. Most of the ablated material consists of na-
noparticles agglomerated together to form large aggregates
as shown in Figure 9. A few spherical particles with diam-
eters smaller than 400 nm can be seen embedded in the abla-
tion debris. At high fluence (>20.47 J/cm?) hydrodynamic
effects like formation of re-solidified droplets of materials
appear as shown in Figure 5 where a crater produced by fs
laser ablation (10 pulses) of brass is shown. These effects
look similar to those produced by nanosecond laser ablation
(Figure 8) and may be a reason for the reduction in the

Fig. 7. SEM micrographs of craters produced by fs-LA at different fluence and numbers of laser pulses; (a—c) 60 pulses at 1.14 J/cm?,
3.16 J/em?® and 4.08 J/cm?, respectively; (d—f) 30, 60, and 80 pulses, respectively, at constant fluence of 10.49 J/cm>.

Fig. 8. A crater produced by 40 nanosecond laser pulses (Nd:YAG laser, wavelength 266 nm, pulse width 8 ns) laser ablation (a) and a
close up image of the particles deposited around the crater (b). The images show a high crater rim and re-solidified particles around it,

which indicates the thermal nature of nanosecond laser ablation.
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Fig. 9. SEM micrographs of the particles produced by fs laser ablation; (a, b) agglomeration of fine particles; (¢) a close up SEM image of
a large spherical particle (diameter <400 nm) at the bottom of the crater.

ablation rate at this high fluence, as mentioned previously.
The presence of re-solidified um size particles deposited
around the ablated craters indicates a different ablation mech-
anism where thermal effects control the ablation (Pecholt
et al., 2008).

In this work, brass was ablated using femtosecond laser
pulses at repetition rate of 100 Hz in ambient air. The ablated
material was not removed from the interaction region and was
available to interact with the incident laser pulses creating
high temperature plasma (Fig. 2) especially at high laser flu-
ence. Zheng et al. (2007) estimated the plasma temperature
created by fs-LA of brass at energy of 0.26 mJ to be
9205.4 K. The formation of a laser-induced plasma down-
grades the advantages of fs-LA by acting as an energy
source that supplies heat to the created structures during
material processing (Zheng et al., 2007). This laser-induced
plasma may interact with the crater walls and absorbs part of
the incident laser energy causing possible damage of the
crater walls and reduction in the ablation rate. This distortion
can be clearly seen in Figure 7b—7c where the top surface at
the crater rim is eroded by the action of the laser-induced
plasma. The distortion of the crater walls may also be related
to the non-uniform heat conduction from the focal spot or
crater at the surface of the target material (Anwar et al.,
2006). To improve the quality of material processing, the
laser operating conditions and the medium in which ablation
takes place must be optimized. Using a lower repetition rate
and conducting the ablation in a flowing gas with appropriate
properties may help to improve the ablation quality by redu-
cing plasma formation and clearing ablated material from the
interaction region.

CONCLUSIONS

In this paper we investigated the effect of laser fluence and
number of femtosecond laser pulses on ablation rate, crater
diameter and surface morphology of brass in ambient air.
Laser fluence was found to have a direct effect on the ablation
rate and ablation behavior. At fluence <19.14 J/ crnz, material
removal involved a transition from solid to vapor phase with
the formation of fine particles (in the nanometre range) ag-
glomerated into larger aggregates with minimum droplets
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from the molten phase. At fluence of >20.47 J/ cmz, material
removal was characterized by ejection of droplets of molten
material indicating an increase in the thermal effects. For
better ablation quality, both laser operating conditions (flu-
ence, repetition rate, and wavelength) and ablation environ-
ment gas should be optimized to avoid the formation of
laser-induced plasma and its negative consequences on the
processed features.
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