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Interaction of Lasers of Various Types
with Alloys Based on Ni and Ti

Commonly implemented nickel and titanium alloys are nowadays alloyed
with many new elements. Obtained in this way, new Ti-alloys are of great
practical significance in aircraft industry, while Ni-alloys are important in
energetic and nuclear technique.

Selected alloys of titanium and nickel have been treated in vacuum by
various thermo-mechanical regimes. Most of the samples have been
exposed to laser beams in the air, at the atmospheric pressure, while some
of the samples have been treated in vacuum conditions.Laser-induced
modifications of the samples microstructures have been analyzed by
various methods of investigation, which include optical- and electron-
microscopy (SEM).

The heating up of the selected Ni- and Ti-alloys to the melting point, in
selected regimes of laser operation, has been simulated by contemporary
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1. INTRODUCTION

Nickel- and titanium-based materials could be classified
for contemporary processing methods according to their
magnetic properties, density, mechanical, thermal and
other characteristics. Titanium is a material difficult to
process, due to its high melting and boiling points. As
for the nickel, a usual constraint in the processing of the
nickel-based materials is to preserve the magnetic
properties of the material, which assumes small HAZ
(heat-affecting zone).

Chosen alloys did originate from the base material
(Ti or Ni) by its alloying with specific inclusions thus
changing its characteristics, which broadens the area of
implementation. In that way, Ti-based alloys are of
great interest to aircraft engineering and vehicle
industry, while Ni-alloys are important for the electrical
energy production, including all particular key
construction parts in thermo- and hydro-power plants.
Laser-based methods, contrary to the “classical”,
recommend themselves for the processing of these —
otherwise hard-to-process materials, because, according
to their thermal properties they are more appropriate for
the processing than aluminium or copper [1-9].
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numerical methods.
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In this work, selected Ti-based alloys and Ni-based
alloys have been experimentally treated with laser
beams. For selected specific modes of laser operation,
the interaction has been simulated for the temperature
range between the room temperature and the melting
point temperature. The analysis for other shapes of laser
pulses could be performed by including the
corresponding functions representing the pulse shape.

2. EXPERIMENT
2.1 Samples

Samples are Ni- and Ti-based alloys: Inconel 718 and
IMI 318.6-4 [10-14]. Besides mentioned alloys, we
treated elemental Ni and Ti samples. Some of the
samples were of extreme purity and some of them are
commercially available. Few of the specimens have
“non laser” welded parts.

2.2 Exposition to laser beams

Nickel, titanium, and their alloys are exposed to
various laser beams in the air and vacuum
environments [3]. The lasers have been in the visible
and infrared (IR) regimes, i.e. ruby, Nd*:YAG and
CO; in free-generation and Q-switch regimes. The
pulses lengths were from ns to ms, with different
shapes. The pulse energies were from several mJ up to
J. The lasers operated in both single- and multi-modes,
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and the samples have been exposed to single or multi-
pulse beams. Most of the expositions have been
performed under appropriate beam focusing and
normal incidence. Most of the laser beams were
polarized [15-20].

3. RESULTS

The samples are analyzed visually by optical and SEM
microscopes. The results are presented in Figures 1, 2,
3,4,5and 6.

The stripe-like samples No. 1 (with non-laser
welded point) and No. 2 (without welding place) are
analyzed. Two groups of damages are clearly expressed:
three punctual damages in a row and two damages of
larger sizes in the shape of irregular rectangle (square).
It could be observed by naked eye as well as by
stereoscopic microscope.

3.1 Sample 1

By analyzing on metallographic microscope with higher
magnification (50X) on sample 1, it is shown that all
damages are punctual of irregular circular shape of
expressed topography. In the centre of the central part
the shape of the material indicates melting and
solidification in that zone. Colour change, at the edge of
the damage area of the basic material, indicates a
thermal front effect. In addition, in that area, zones of
irregular shape can also be identified and they point out
to oxidation processes near the damage. Damages in the
form of irregular rectangles (squares) at these
magnifications were shown to be an array of dark points
in stripe configuration.

3.2 Sample 2

The analyses are the same as well as recording as for
sample No. 1. The degree of oxidation of the damage is
higher than for the sample No. 1. The formation and
view are the same as for sample 1. The point-like
damages are approximately of circular shape but the
diameter can not be seen clearly. The melting of the
material in the central part of the damage is induced, but
the topography is of smaller expression than in the
sample 1. In the case of square-like damage, the point-
like damages in stripe configuration were not observed.
The surface is like ionic etched. In the Figure 1 is
presented sample with weld. Figures 2, 3 and 4 present
samples without welds.

3.3 Tisamples

In the Figures 5 and 6 Ti samples exposed to ruby laser
in vacuum and under atmospheric pressure are shown

[3]
4. MATHEMATICAL MODEL OF INTERACTION

4.1 Theory

The case of the laser interaction with a thin plate
specimen is considered. The assumption is that the
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Figure 2. Micrograph of the Ni-alloy damage by TEA CO,
laser, Spot 2; 120 pulses; Eyer puise = 85 mJ; 200X

Figure 3. Micrograph of the Ni-alloy damage by TEA CO,
laser, Spot 1; Pilot pulses; Eper puse = 85 mJ; 200X

Figure 4. Micrograph of the Ni-alloy damage by TEA CO,
laser, Spot 3; 300 pulses; Eper puise = 120 mJ; 400X
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Figure 5. SEM micrograph of Ti-exposition in vacuum; Egyse
= 2.6 J; Ruby laser [3]

Figure 6. SEM micrograph of Ti-exposition in ambient
atmosphere; Epuse = 2.6 J; Ruby laser

thickness of plate specimens is smaller than other
dimensions of the specimen and the diameter of laser
beam. Under these circumstances edge thermal effects
could be neglected. Due to axial symmetry of the
considered problem the cylindrical coordinate system
was chosen (Fig. 7). The second assumption is that
laser-material interaction is modelled by thermal model,
i.e. we consider only heating of the material up to the
melting point. The absorption of laser radiation was
assumed to occur in a thin surface layer on the upper
side of the specimen. According to these
approximations, the effects of the incident laser beam
on the material were represented by a thermal flux on
the upper side of the material.

[0
Z

¢

Figure 7. Geometry of the sample

The laser beam intensity was approximated by a
product of two functions g(r) and ¢(f), which gives
spatial and temporal dependence of laser beam intensity,
respectively. We assumed that thermal and optical
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parameters of the material do not depend on temperature
in the temperature range of interest for this analysis, too.
The thermal losses, corresponding to the heath transfer
from rear surface of the material, were taken into
account. According to these considerations, the heating
of plate specimens could be described by the following
partial differential equations (PDF) with corresponding
boundary and initial conditions:
10T (z,r,1)
a ot
orT
—A—=Ap(t)-q(r), z=0
T to(0)-a(r)
T
—/16— =al, z=h
Oz
T (z, r, 0) =0

T(z,0,6)=0
(>0, 0<z<h, 0<r 1)

= AT (z,r,1)

where: 4 — coefficient of thermal conductivity, a = A/pc,
¢ — specific heat, p — material density, a — heat transfer
coefficient which determines the rate of heat losses, 4 —
plate thickness, 4 — absorption coefficient of the
material and T is the difference between the interior
domain and the ambient temperatures.

In case of Gaussian profile, the spatial distribution of
the laser beam intensity can be expressed by the
following relation:

2
q(r)=1Io -exp(iJ )

Tef

where 2*r is effective diameter of the laser beam, /; is
the laser radiation intensity in the beam centre.

Using Laplace and Haenkel transformations
temperature distribution inside specimens, under above
circumstances, for the case of Dirac’s inductions i.e. for
() = o(f), where J(¢)-Dirac function and Gaussian
profile of laser beam can be expressed by the following
relation [20]:

r2

2AR)a e r02+4at
nAh r02 +4at

o At Cos(l—zj+ahsin(1—zj Y,
3 h L
T (ah+2)sin(pa, )+ Ay cos py
>0, 0<z<h, t>0 3)

T(;(Z,I",t):

where all symbols have the same meaning like ones in
(1). The constants wu, are given as solution of
transcendental equation by the following relation:

ha
Mttty =—— )
A
For top head profile of laser beam temperature
distributions Ty (z,r,f) can be expressed in a similar way
by the next relations:
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where J; and J, are Bessel's functions of first kind,
respectively, 2*r, — diameter of beam and P, — effective
power of beam i.e. Py = Iy*Ses, Serr — effective area of
laser beam and S.¢; = 7’7

Specially, the temperature distributions 7 along z
axis versus time for » = 0 (centre of beam) and » = r can
be expressed by the following relations:

24Ra
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2
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n=1
I
_e 4at
r>0, 0<z<h, t>0 (6)

where [, is modified Bessel’s functions of first kind.
The temperature difference distribution inside the
material for arbitrary temporal distribution of the laser
beam intensity is obtained using the convolution
integral given by the relation:

t
T(z,r,t):j¢(t—r)T5(z,r,r)dr. (7
0

4.2 Numerical results

The distribution of temperature difference inside Ti- and
Ni-alloys specimen obtained according to the (3) and (7)
for TEMy, mode of laser beam during one laser pulse
only, is given in Figures 8, 9, 10 and 11. The Gaussian
profile of beam is taken into account.

Some data about power distribution of TEM,y mode
are: wavelength 10.6 pm, total pulse length 1.88 us,
pulse width FWHM'121 ns, pulse energy 85 ml,
average pulse power P, = 45.213 kW, repetition rate n
=2.2 Hz, T=454.5 ms, etc.
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The numerical is performed for the constants, some
of which are presented in Table 1.

Table 1. Thermodynamical constants

Alloy c [J/kgK] T [°C] p [kg/m’] |coef. abs.
Ni-alloy 435 1260 — 1336 8190 0.059

Ti-alloy 550 1680 4460 0.06
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Figure 8. Temperature distribution for TEM,, mode in
centre of beam for Ni-alloy
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Figure 9. Temperature distribution for TEMy, mode in
centre of beam for Ti-alloy

The temperature distribution is obtained by
convolution of the pulse response and temporal
distribution of incident intensity according to (7).

In Figures 8 and 9 the distribution of temperature
difference inside Ti- and Ni-alloy specimens obtained
according to (6) and (7) for multimode laser working
regime, and the top-head profile of beam was supposed.
The calculations can be performed in a similar way for
specific laser pulse: here is the simulation for pulse
shape of CO, laser [16-18]. The respective power
distribution for multimode working regime is shown.

5. DISCUSSION AND CONCLUSION

The theoretical relationship between crater and
diameter of laser damage in various dynamical regimes
are sometimes very distant from experimental results, so
improvement of existing models is always needed. Ni-
and Ti-alloys have very different physical properties
and it seems to be very obvious that the respective
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Figure 10. Temperature distribution for multimode regime
in centre of beam for Ni-alloy
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Figure 11. Temperature distribution for multimode regime
in centre of beam for Ti-alloy

temperature distributions claim these variations. It
seems that as materials with higher thermal conductivity
have some kind of higher thermal “inertion” i.e. the
cooling and heating is slower than for material of lower
thermal conductivity.

Among other applications the laser was successfully
applied for the radioactive decontamination process of
metal surface.

Damages provoked on Ni- and Ti-based alloys show
complex structures, having in mind that for multimode
or single mode regimes there are various shapes and
surfaces according to lasing regimes. It seems that
multimode structure and laser intensity could be
analyzed by investigating damage processes (depth
profiling and material ejections). The shape of damages
is complex in multimode and almost circular in
monomode lasing regime.

Simulation of laser material interaction for Ni- and Ti-
based alloys is performed by contemporary numerical
methods and by thermal modelling [19-22]. The
calculations are done with the assumptions that total
energy is absorbed by materials and transported according
to their thermal properties. In spite of sophisticated
possibility of numerical calculations the real material
behaviour versus definite laser beam is more complicated.
First of all, the online measurement of the coefficient of
reflection in temporal resolution could be performed only
by sophisticated measuring system consisting of two
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lasers. One of the lasers serves for evaluating the
coefficients of reflections with low intensity and the
second is an interacting one. The interesting facts could be
the number of pulses which lead to material melting, or
boiling point or other critical points.

The investigation of component in the interaction
zone will be of further interest, depending on the quality
of the alloys (EDX measurements, SIMS). The high
Nickel content is of importance. Depletion of some
component could be closely linked to the thermal
characteristic (melting, boiling points) and respective
heat of transition.

For the alloys the most interesting temperatures are
phase transition temperatures. In our experiments
almost all interesting temperatures are included, 540 °C
and 1200 °C, judging by damage view and numerical
calculations.

The most important fact is that two pictures which
can be obtained after study of materials after laser beam
expositions, and after study of the ejected material from
the sample (droplet, ions, clusters total ejected) in
references are inconsistent. This fact is a good starting
point for future studies.

The holography, Raman Brillouin spectra as well as
IR spectra, mass spectra (SIMS, MRSI) and laser
tomography could give a lot of new performances, which
have to be compared with more classical measurements
describing materials [23-32]. The effects of nonlinear
optics are present during the interactions. These provoked
effects, we can not take into account before knowing the
total interactions. This is of great importance when
dealing with fempto and atto pulses (change of
interaction models is required). Considering laser
processing, Ni and Ti are in two groups of materials, with
enough laser beam absorption performances, but, Ti is
with higher melting and boiling points.
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HNHTEPAKIIMJA PA3JIMYUTHUX TUIIOBA
JIACEPA CA JIETYPAMA BABUPAHUM HA
HUKJIY H TUTAHAJYMY

Mueca CpehkoBuh, Anhesika MusiocaB/beBuh,
Aunexcannap Kosauesuh, PagoBan I'ocnaBuh,
Mmunan Tpruuna, 3opan Pucruh, Hepenka
IBerkoBuh, Hophe Yanrpak

CaBpemeHe serype Ha 0a3u HHMKIAa UM THTaHHjyMa, ca
BehiuM OpojeM HOBUX e€JeMeHara, HMajy [IHPOKY
npuMeHy. Tako H00HjeHe HOBE JIerype THTaHHjyMmMa Cy
OJI BEITMKOT MPAKTUYHOT 3HaYaja y Ba3AyXOILUIOBCTBY, a
HOBOJIOOWjEHE JIeType HHUKJIA Y CHEPreTHIUd W
HYKJICAPHO] TEXHULIH.

VY OKBHUpY OBOI pajga Cy INpHKa3aHH pe3yJITaTu
TpeTUpama Jierypa THUTAHHWjyMa M HHUKIA CHONOBHMA
jacepa y Ba3uyxy, Ha aTMOC(EpPCKOM IPHUTHCKY, Kao U
MOjeIMHUX y30paKa y BaKyyMCKUM YCIIOBUMA.

Jobujene nacepcke Moau(HKaIMje MUKPOCTPYKTYpa
y30paka Cy aHalM3UMpaHe pasHYUTHM MeToxaMa
UCIINTHBAA, KOje YKJbY4y]y ONTHUKY U EJIEKTPOHCKY
mukpockormjy  (SEM). CaBpeMeHHM HyMEpHUYKUM
Merojama je, 3a u3a0paHe peXHMe paja Jacepa,
CHMYITHPAHO Tpejae 10 Ta4YKe TOMJbEHha oaroBapajyher
Marepujana.
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