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Material surface modification by ns, ps and fs laser pulses
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Abstract: The laser surface modifications of a bulk material Inconel 600 and a multilayered titanium-a-
luminium-nitride/titanium-nitride( TiIAIN/TiN) coating are of great interest for fundamental and prac-
tical aspects. Observation of surface changes of the Inconel 600 and TiAIN/TiN induced by ultra-short
(fs and ps) and short (ns) lasers is considered. It is shown that all laser systems can stimulate mor-
phological changes at the target surface,and the irradiation with ultra-short pulses results in a better
definition of the damage. Fs laser pulses can produce a sharper destruction in comparison to the ps

pulses and it gives the conical cross section of the crater, which is in contrast to the semispherical
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shapes ps laser beams. Furthermore, thermal effects are dominant in the case of ns pulse,and all irra-

diations are accompanied by the plasma.

Key words: ns pulse;ps pulse; fs pulse; Inconel 600 coating; TiAIN/TiN coating;laser modification

1 Introduction

Research of the surface modifications of materi-
als by short or ultra-short laser beams and basic
principles of the coupling between laser radiation
and surface!' are necessary from fundamental
and practical reasons. The targets we have stud-
ied so far, such as Inconel 600, TiAIN/TiN
multilayer, and titanium show extraordinary
physico-chemical characteristics. Due to this, la-
ser surface modifications of these targets are ver-
y important not only for the technological but al-
so for biomedical applications. Preliminary stud-
ies show that these materials could have a poten-
tial for implant applications'® , which is already
well known for Ti/Ti-based alloys®™. The
states of their surfaces are important for bio-
compatibility and bio-integration with human
body. It has to be contaminant-free, while the
optimal surface roughness is significant for the
tissue integration. These implants are corrosion
resistant to electrolytes (such as physiological
solution) and inert to the body fluids. They can
be used as orthopaedic, dental, heart, etc. im-
plants.

The interest in the laser beam interaction
with these targets has generally increased, espe-
cially in the last two decades. The main investi-
gations were focused on the usage of short laser
pulses (ns/ps domain). Treatment of these tar-
gets with the ultra-short laser pulses (ps/fs) is
scarce in literature. In the present paper, our
emphasis is on studying the effects of ultra-short

and short laser pulses on Inconel 600 and

TiAIN/TiN targets.
2 Experiments

The target Inconel 600 was prepared by a stand-

ard metallographic procedure. The multilayer
TiAIN/TiN was deposited on a polished steel
H11 plate by magnetron sputtering. Thickness
of the multilayer coating was about 2. 17 pm.
Total thickness of the samples was in the milli-
metre range.

The irradiation of targets was carried out in
air, at the pressure of 1. 013 bar and a standard
relative humidity. The laser beams were perpen-
dicular to the material surfaces. The targets
were irradiated by focusing laser beam using
quartz lenses (12 cm focal length for a ps laser,
i.e. 15 mm for a fs laser) and KBr lens (6 cm
focal length for a ns system). During the irradi-
ation process, the lasers were operated typically
in the fundamental transverse mode. Picosecond
laser used was Nd : YAG laser™. The laser
pulse energy is the order of mJ, pulse length is
40 ps, wavelengths are 1 064 nm/532 nm/266
nm and the pulse repetition rate is 2 Hz. For
femtosecond domain, the Ti:sapphire laser was

). The laser pulse energy is the order

employed
of nJ, pulse length is 160 fs, wavelength is 800
nm and the pulse repetition rate is 75 MHz. A
typical experimental setup for the irradiation of
samples is shown in Fig. 1 for the fs laser. Nan-
osecond pulses were obtained by using a TEA
CQO, laser with the following characteristics: the
pulse energy order of tens of m]J, pulse length
100 ns (initial spike), wavelength 10. 6 pym and
the pulse repetition rate 2 Hz.

Various analytical techniques were used for
characteriing the samples before and after laser
irradiations. The phase composition and crystal-
line structures of the samples were identified by
an X-ray diffraction. The surface morphology
was monitored by an Optical Microscopy (OM)
and a Scanning Electron Microscopy (SEM).

The SEM was connected to an energy dispersive
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160 f5,75 MHz

VERDI V-10 —{ MIRA 900

Fig.1 Experimental setup for irradiation of Inconel
600 by fs laser. VERDI V-10 and MIRA 900
are pumping solid-state Nd: YVO, laser, and
femtosecond Ti: sapphire laser, respectively
(BS: beam splitter, BE:. beam expander,
FTL:focusing triplet lens, FPD:. fast photo-
diode and OS-oscilloscope)

analyzer ( EDX) for determining the surface
composition of targets. Profilometry and focused
ion beam (FIB) techniques were used for specif-

ying the geometry of ablated/damaged areas.

3 Results and discussion

XRD phase compositional analysis of targets
shows that both Inconel 600 and TiAIN/TiN are
polycrystals. The main alloying elements in In-
conel 600 incorporated into the lattice are highly
predominant Ni (w=76 %), as well as Cr (w=
15.5 %) and Fe (w=28 %). This alloy has a
face centred cubic (fcc) nickel structure. Al-
though TiAIN/TiN system was composed of 45
alternating layers, it also retained single-phase
fcc structure of TiN. The coating showed pref-
erential orientation (111), which is the same as
individual components of the bilayer ( TiAIN/
TiND.

Investigations of the surface changes of In-
conel 600 and TiAIN/TiN have shown their de-
pendence on laser beam characteristics, primari-
ly on the energy density (fluence), peak power
density, number of accumulated pulses, wave-
length, etc. Surface modifications of these tar-
gets are presented in Fig. 2 —5. The results of
the induced modifications are given below ;

3.1 Nickel-based superalloy, Inconel 600
3.1.1
Fig. 2 shows the damages on Inconel 600 target

Irradiation with fs laser pulses

induced by fs pulses after 10 s and 5, 7 min.
These morphology changes are highly expressed
in both time ranges despite of very low pulse en-
ergy, due to large number of the delivered pul-
ses, i.e. relatively high average power. The ma-
terial expelled during irradiation formed a sur-
rounding hillock-like rim around the deep crater.
In contrary to the minute time range [ Fig. 2(c¢) .,
(d)], the adhesion of the accumulated rim for
second irradiation time [ Fig. 2(a),(b)] with the
surface was low and its species/fragments could

easily be mechanically removed.

(a) (b

00 10 pm 0000 09 15 SEI

10 kY %3 300 -5 um 0000 09.10 SEI

(o) (d
Fig. 2 Effect of 20 nJ, 160 fs laser pulses on super-
alloy Inconel 600, as a function of irradiation
time: (a) and (b) 10 s, (¢) 5 m, (d) 7 min
(laser intensity = 10" W/cm®, A =800 nm,
pulse repetition rate is 75 MHz; (a), (¢),(d)
SEM analysis; (b) FIB analysis

Surface changes/phenomena can be summa-
rized as follows: (i) intensive removal of surface
material with crater like features; (ii) sporadic
appearance of cracking effect at the accumulated
material; (iii) appearance of nano-structures
(droplets) in near and father periphery and, (iv)
creation of the plasma in front of the target. The
crater formed by fs-laser beam after short irradi-

ation time is strongly defined on the surface with
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the diameter of about 300 pm, whereas its depth
is of the order of tens of microns. The cross-sec-
tion of the crater is conical.

3.1.2

Irradiation of Inconel 600 with picosecond laser

Irradiation with ps laser pulses

is shown in Fig. 3.

200 pany
—

(a) (b

() (d)
Fig. 3 Effect of Nd ¢ YAG laser pulses on superalloy

Inconel 600, as a function of number of pul-
ses: (a) 1, (b) 5, (¢) and (d) 50 pulses.
(Laser intensity == 10" W/cm’, 1 =1 064
nm. pulse repetition rate is 2 Hz; (a)-(c)

SEM analysis; (d) profilometry analysis.

In this case the radiation intensity was simi-
lar to the fs laser, however thermal effects are
present. The surface features/phenomena in-
duced by this laser can be characterized as: (i)
violent removal of material and crater produc-
tion; (ii) appearance of hydrodynamic changes
(like resolidified droplets), and (iii) creation of
the plasma in front of the target. The crater
formed by the ps laser beam is not so sharp as in
case of the fs laser. The damage diameter is lar-
ger (about 300 pm), while the profilometry a-
nalysis showed semi-spherical cross-section.

3.1.3

Irradiation of Inconel 600 target with nanosecond

Irradiation with ns laser pulses

laser pulses is performed by using a pulsed TEA
CO, system. This laser typically produces the

initial spike (FWHM ~ 100 ns) and tail (dura-
tion ~ 2 ps). The laser intensity was optimal
(108 —10° W/em?) but lower with respect to the
ultra-short lasers (fs or ps systems). The sur-
face features induced by the lasers can be de-
scribed as: (i) superficial damage with expressed
thermal effects, (ii) intensive appearance of
cracking areas and (iii) appearance of the plasma
in front of the target, much stronger than in the
case of ps and s pulses. The damage formed by
ns laser beam is large with a diameter about 500
pm.

Generally, assuming that the laser emits
energy near the damage threshold, its radiation
is absorbed via free electrons existing in the met-
al. This process is fast, and is followed by the
thermalisation of electron and lattice subsys-
tems. Finally, the phenomena of ablation can al-
so be present. The Heat Affected Zone (HAZ)
strongly depends on the duration of laser pulse.
For fs, as well as ps lasers (if the pulse duration
is several ps), the HAZ is minimals thus the
high precision of surface modification can be a-
chieved. For ns laser pulses, the HAZ is signifi-
cant and thermal effects are present™’.

3.2 TiAIN/TiN multilayered coating
3.2.1
Irradiation of multilayered TiAIN/TiN/steel

Irradiation with ps laser pulses

system with ps laser pulses is shown in Fig. 4.
The target consists of 45 alternating layers
Fig. 4(b). The first layer to the steel substrate
(bright-white colour) is TiAIN, the subsequent
is TiN, etc. M,

phenomena can be summarized as follows: (i)

Laser induced surface features/

intensive removal of coating in the central irradi-
ation zone, (ii) appearance of wave-like periodic
structures at the periphery, and (iii) creation of
the plasma in front of the target. The damages
formed by ps-laser beam are shallower compared
to the fs regime. Periodicity of the laser induced
periodic surface structures is in nano-domain

(approximately 300 nm)[ Fig. 4(d), (e)].
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Fig. 4 SEM analysis of TiAIN/TiN multilayer: (a)
and (b) before irradiation (the surface and
cross section of the coating, respectively) ;
(c) — (e) after irradiation with 50 and 100
pulses of ps Nd: YAG laser [(d) and (e)
show periodic structures at the periphery ].
Laser intensity is about 10" W/cm?®, A=1532

nm and pulse repetition rate is 2 Hz.

3.2.2
The irradiation of multilayered TiAIN/TiN/steel

system with ns laser pulses is shown in Fig. 5.

Irradiation with ns laser pulses

The irradiation with one laser pulse was
sufficient to induce visible surface changes. In-
creasing the pulse count to 100 led to a noticea-
ble enlargement of the damage spot size., but
without complete coating removal from the sub-
strate [ Fig. 5(b), (d)]. A detailed analysis,
Fig. 5(b), revealed periodic surface structures at
The periodicity of these

a micrometer scale.

structures is about 10 pm, close to the laser

wavelength. The phenomenon of the surface e-
lectromagnetic waves could be responsible for
this effect. The irradiation of the target with 600
pulses resulted in coating ablation in the central
zone [ Fig. 5(c) ] and creation of resolidified re-
gions at the periphery. The irradiation was ac-
companied by strong plasma appearance on the

target.

a) 100 p 600 p

(b)

(d) (e)
SEM analysis of TiAIN/TiN multilayered

coating after irradiation with 100 and 600
TEA CO, laser pulses. The view of the cen-
tre and the periphery: (b) and (d) after 100
pulses, (¢) and (e) after 600 pulses, re-
spectively. Intensity is obout 10* W/cm®, A

=10.6 pum, pulse repetition rate is 2 Hz.

4 Conclusions

A study of surface features of Inconel 600 and
TiAIN/TiN/steel target induced by an ultra-
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short (fs and ps laser system) and short (ns la-
ser system) is considered. It is shown that ultra-
short as well as short laser system stimulated
morphological changes at the target surface for
the laser intensities used. The irradiation of the
targets with ultra-short laser pulses, as a rule,
resulted in a better definition of the damage com-
paring to the nanosecond pulses. In case of nan-
osecond pulses, the thermal effects are domi-
nant., Regarding ultra-short laser interaction,
the fs laser pulses produced sharper damage
compared to the ps pulses. The obtained crater
shapes are quite different. The fs laser beam
gave the conical cross section, contrary to the ps
laser beam producing a semispherical shape.

The interaction of ultra-short, as well as
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