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The interaction of single-pulse Nd:YAG laser, operating at 1064 nm wavelength and 6 ns pulse duration, with
ATST 316L stainless steel target surface was investigated experimentally and theoretically. Surface modification of
stainless steel using laser irradiation was studied by observing the effects of varying incident laser pulse intensities
on surface morphology. Surface structure of laser treated stainless steel was determined by optical microscopy
and profilometry analyses. Numerical calculation by heat transfer equation was performed for single laser pulse
irradiation. The results, obtained by theoretical and experimental processes, of the interaction between single-pulse
Nd:YAG laser irradiation and AISI 316L stainless steel target surface are reported.
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1. Introduction

Removing material from a target surface by irradia-
tion with a laser beam is the process of laser ablation.
There are several applications based on laser ablation,
such as surface modification of materials [1], chemical
analysis [2], micromachining [3] and thin film deposi-
tion [4]. Since the process depends on the optical and
thermal properties of the target [5] and the laser param-
eters [6], it is necessary to investigate the effects of the
parameters and energy transfer to the target material in
order to control and optimize the laser-induced material
removal process [7, 8].

In this study, the interaction of Nd:YAG laser beam
of 1064 nm wavelength with AISI 316L stainless steel
target surface was investigated experimentally and theo-
retically.

2. Experimental

ATSI 316L stainless steel was used as a target mate-
rial. Elemental composition of the material comprises
69 wt% Fe, 18 wt% Cr, 10 wt% Ni, 3 wt% Mo. The
stainless steel plate has the thickness of 1 mm and a sur-
face roughness less than 1 ym. Prior to laser treatment,
the polished surface of steel plate was cleaned with ace-
tone and ethanol.

The experiments were carried out using Nd:YAG Sure-
lite Continuum laser system generating pulses of 6 ns du-
ration. Single-pulse laser irradiation was applied onto the
surface of the target material. The fundamental Nd:YAG
wavelength of 1064 nm was used for processing. During
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the irradiation process the laser system was operated in
the fundamental spatial mode, and the spatial intensity
distribution of the laser beam is characterized by Gaus-
sian profile. Diameter of the laser beam was 9.8 mm.
An iris was used as a mask to shape the laser beam.
Mask aperture has been used in a few studies to shape
the laser beam [9, 10]. The laser beam was focused by
a 100 mm focal length lens to the surface of the stain-
less steel material at normal direction. The experiments
were performed in air. Intensity of the incident laser
pulse on the target material surface was varied by chang-
ing the distance between lens and target at fixed laser
pulse energy.

3. Numerical calculation

The transient temperature distribution in the target
material is obtained using the Fourier heating model by
solving one-dimensional heat conduction equation since
the heat transfer calculations is performed for nanosec-
ond laser pulse, and the absorption length in the target is
much smaller than the laser beam diameter [11-14]. The
heat conduction equation for laser heating pulse with a
Gaussian intensity profile can be written as

o (x,t) 0 ( 0T(z,t)
P21 " b <”” oz ) 750 (1)

where p is the mass density, ¢, is the specific heat, & is
the thermal conductivity, T is the temperature inside the
target material, ¢ is the time, = is the position from the
material surface. All the thermal properties of the target
material are assumed to be constant. Sy is the energy
source term and denotes heat generation by laser energy
absorption

So = (1 — R)Io(t) exp(—a), (2)
where R and « are the surface reflectivity and the ab-
sorption coefficient of the material, respectively. Iy(t) is
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the incident laser irradiance at the surface, and can be
written as

To(t) = Ip exp ((4111 2) (f - 1.5) ) . 3)

Here t is time and ¢, is the temporal full-width at half-
-maximum.

When the target material is irradiated by laser pulse,
temperature at the target surface rises. During the heat-
ing process, when the temperature reaches the melting
temperature of the target, material starts to melt. If
enough energy is supplied, subsequent evaporation of ma-
terial occurs. The local temperature remains constant
during phase transition process. Phase change process
was taken in consideration as in the model explained by
Yilbas et al. [15]:

0y, 0 orT
PmLmW = o <kmax) + So, (4)
dx, 0 oT
PbLbE = 9 (kbax> + So. (5)

Governing equations are solved numerically using the fi-
nite difference method. Explicit scheme is applied for dis-
cretization of temporal domain. However implicit scheme
is also applied to compare the solutions obtained from
that of explicit scheme. Explicit scheme solution is used
since the solutions are the same. All the thermal prop-
erties are assumed to be constant in simulations.

4. Results

Theoretical analysis is performed to determine the pro-
cesses of heating, melting, and ablation of steel material
in order to get an understanding of physical processes
occurring during the laser ablation. A parametric study
is performed to determine the ablation threshold for dif-
ferent laser fluences (Fig. 1a,b). The damage threshold is
defined as the minimum laser radiation energy density re-
quired for creating detectable damage on the target [16].
It is observed from results that the damage threshold for
the Nd:YAG (1064 nm)-stainless steel interaction was
about 2 J/cm?.

In the experiment, laser pulse energy was set at the
value of 20 mJ. The pulse energy was determined by a
powermeter. The distance between the focusing lens and
the target was adjusted from 100 mm to 90 mm. Corre-
spondingly, the laser beam spot size on the target surface
varied between 43 and 316 pm in diameter, and the peak
intensity of the laser beam was in the range 4.25 x 109
2.27x 10 W/cm?. In the other series of experiments, for
each lens—target distance we fixed the laser pulse energy
to 50 mJ, or 200 mJ by changing the laser lamp cur-
rent. Correspondingly, the intensity in the laser beam
spot was in the range 1.06 x 101°-5.67 x 10* W /cm?,
or 4.25 x 1010-2.27 x 102> W/cm?. Surface structure
of laser treated stainless steel was determined by opti-
cal microscopy and profilometry analyses. Melt depth
and vapour depth is calculated for energies used in ex-
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Fig. 1. (a) Vapor depth and (b) surface temperature

of steel target for different laser fluences.
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Fig. 2. Transient (a) melt depth and (b) vapor depth

of steel target for different laser pulse energies used in
experiment.

periment. Transient melt and vapor depth profiles are
shown in Fig. 2a,b.

The surface morphology of the stainless steel material
obtained by optical microscope and profilometer is shown
in Fig. 3 and Fig. 4, respectively. It can be observed
from Fig. 4a that there is wave-like movement in the lig-
uid phase of the material during processing. It can be
revealed from Fig. 4b that the surface oxidation can oc-
cur since the increase in the volume of the laser-treated
material is observed. Similar observations on titanium
material were reported by Gyorgy et al. [17].
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Fig. 3. Optical microscope images for (a), (d) 20 mJ,
(b), (e) 50 mJ, (c), (f) 200 mJ energies at lens—target
distance (a), (b), (¢) 100 mm, and (d), (e), (f) 90 mm.

Fig. 4. Profilometer images for (a) 20 mJ energy for
lens—target distance 100 mm, (b) for 200 mJ energy for
lens—target distance 100 mm.

5. Conclusion

The interaction of single pulse Nd:YAG laser, oper-
ating at 1064 nm wavelength, with AIST 316L stainless
steel target surface was investigated experimentally and
theoretically. Surface modification of stainless steel by
laser was studied by changing incident laser pulse inten-
sity. The effects of different laser intensities on surface
morphology were studied.
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