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Creation of TiN paths on titanium alloy OT4-1 by

the use of a laser beam
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TiN paths have been created on the surface of the titanium alloy OT4-1 by the use of a laser
beam. The results of investigations of structure, phase composition, microhardness and

surface roughness of the created TiN paths are given in the paper. The paths created in the
work are inhomogenous two-phase mixtures of TiN and a-Ti, in which the TiN phase with
strong (200) texture is predominant over the other phase and presents a dendritic structure.
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1. Introduction

Different methods and techniques [ 1] are available for
modification of metal surface and, in particular, to
create titanium carbides or nitrides on its surface
[2, 3]. Laser modification of the surface of bulk tita-
nium samples in an appropriate atmosphere presents
another possibility. Recently many papers have been
devoted to TiN creation by the use of CO, lasers
[4-6]. The method is characteristic in that the time
necessary for TiN creation is relatively short and,
moreover, that the surface modification is well localiz-
ed and accompanied by a liquid phase which
precludes distortions of the laser-treated samples.
Additionally, the created layers are considerably
thicker than those obtained by the use of many other
methods.

The principal objective of the work was to create
single or multiple TiN paths on the surface of the
OT4-1 titanium alloy by the use of CO, laser radi-
ation operating in nitrogen atmosphere at normal
pressure.

2. Experimental procedure

Samples 4 mm thick were cut from a sheet of titanium
grade OT4-1 (alloyed with approximately 1.5 wt % Al
and 1.3 wt% Mn). The samples were mounted onto
a plane stage so that the flat specimen surface (of
roughness parameter, R, = 0.79 um) was normal to
incident CO, laser radiation used for local heating of
the sample. The laser was working in continuous
mode at the wavelength, A = 10.6 um, 1 kW power,
beam diameter 0.36 mm and beam defocusing,
Af ~ 2.5mm. The stage was heated with the specimen
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moving uniformly in a plane perpendicular to incident
radiation so that the laser beam was moving along
straight lines on the specimen surface. The laser beam
moved with three different velocities v; = 0.042 ms™?,
v, =0.066ms™ ! and v; =0.10ms~'. If one takes
into account that the exposure time 7 = v/d, where
v and d denote the linear velocity of the laser beam and
its diameter, respectively, the effective times of heating
for the three velocities are equal to 8.5x 10 °s,
54x1073s, and 3.6 x1073s, respectively, and the
estimated power density Q ~ 10'° Wm ™2 When op-
erating with the laser beam, a nitrogen flow through
a nozzle collinear to the beam was employed and the
linear velocity of the gas flow at the outlet of the
nozzle was 20 ms ™ !. To obtain broad bands, multiple
parallel paths were created so that the overlap of any
two adjacent paths was equal to 30%. The morpho-
logy and structure of those bands were examined by
optical microscopy, scanning electron microscopy
(SEM) (Tesla 300) and X-ray analysis (Siemens pow-
der diffractometer D-500). Independently the Vickers
microhardness and the surface roughness of the bands
have been measured using a Zwick 3212 hardness
tester with a diamond pyramid at a load of 0.5 N (for
microhardness) and using a Hommel tester T 1500G
profilometer (for the roughness parameter, R,).

3. Results and discussion

3.1. Morphology

The colour of the surface of single paths as well as of
the broad bands was yellow (typical for a TiN phase)
and presented a characteristic rippled structure. At the
same time the roughness parameter, R,, of the surface
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increased to 0.90 um. In the broad bands, numerous
lateral cracks linking adjacent paths were observed
(generally in the direction normal to the paths). The
width of those cracks was approximately 5Sum and
their frequency was about two cracks per millimetre.
Other cracks, narrower than the former cracks, were
oriented parallel to the paths and linked wide lateral
cracks (Fig. 1). The density of the cracks did not
depend on the velocity of linear motion of the speci-
men. In [4, 5] it was suggested that the cracks are due
to excess nitrogen in the molten metal. The constant
density of cracks in the present work can be explained
if one takes into account that the nitrogen flow rate
was always the same in the experiment.

3.2. Structure

Some examples of diffractograms characteristic for
the broad bands are given in Fig. 2. One can see that
at least two phases are present: o-Ti and 8-TiN (with

Figure 1 Lateral cracks on the surface of TiN paths. (Magnification,
200x.)
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a predominant amount of that latter). The grains of
the 6-TiN phase demonstrate a strong (200) texture,
the diffraction peaks being broader and the parameter,
a, of the elementary cell smaller than those of standard
TiN phase (according to [9]). Those differences can be
explained if one takes into account that at least some
of the positions of nitrogen atoms in the elementary
cells can be occupied by oxygen [10] which decreases
cell dimensions; broadening of the peaks can be due to
local differences of the chemical composition in the
molten zone as well as to the appearance of micro-
stresses when rapidly cooling a multiphase alloy. In-
sertion of oxygen atoms into elementary cells should
be linked to their penetration from the surrounding
atmosphere when using a nitrogen flow, as well as
from a thin TiO, layer on the surface of untreated
primary titanium sheet used for the samples. The
other phase which remains in the molten zone, o-Ti,
demonstrate rather (101) texture; however, in that
case the (101) peak is shifted to smaller diffraction
angle in comparison with that of the standard (Fig. 2).
That displacement could be due to interstitial nitrogen
(or eventually oxygen) atoms as well as to compressive
stresses tangent to the path’s surface and normal to its
axis. Another phase, Ti,N, which could be taken into
consideration from the Ti—N equilibrium diagram was
not observed (if one neglects the small peak in the
vicinity of 20 &~ 46° in Fig. 2 which coincides with the
position of the (10 1) peak of that phase). The absence
of the Ti,N phase can be explained if one takes into
account that the structure obtained in the cooling of
the molten zone is far from equilibrium, the cooling
rate estimated for the conditions given in Section 2 is
of the order 10°~10° K s™* which is too high for the
Ti,N phase to be formed when cooling the molten
zone [6]. One should bear in mind, however, that the
penetration depth (into a bulk titanium sample) of the
X-ray Co Ka radiation used in the experiment for the
diffraction angle 26 in the range 40-60° does not
exceed 10 um, which is much less than the total thick-
ness of the molten zone (see Section 3.3).

(200)7;y

e N1

(10 1)y

Substrate OT4-1

20 (CoKa)

Figure 2 Diffraction patterns for two different TiN bands in comparison with that for the untreated surface of the OT4-1 alloy. E o-Ti [7];

|, TiN Oshornit [8].
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Figure 3 Vickers microhardness of the laser beam-treated material
at different depths from the surface: (a) in the central region of
a treated path; (b) in the zone of overlap of adjacent paths.
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Figure 4 Variations in Vickers microhardness in the direction par-
allel to the surface at two different depths, 40 and 80 pm, from the
surface.

3.3. Microhardness

The results of microhardness measurements on
polished sections perpendicular to the paths’ axes are
given in Figs 3 and 4. In Fig. 3 the microhardness at
different depths is presented (one curve for the central
region of the path and the other for the zone of overlap
of adjacent paths). In Fig. 4 the results of the measure-
ments in the direction parallel to the path’s surface are
given at two different depths, 40 and 80 pm. The
highest measured values of the vickers microhardness
was 2600 HV 0.05, which corresponded to that for the
stoichiometric TiN phase [11], the other values being
much less, from 1600HV 0.05 down to the lowest
value of 400 HV 0.05. The latter low microhardness
(which was also measured near the path’s surface)

Figure 5 Scanning electron micrograph of a polished section nor-
mal to the direction of the path. The section was etched in with
a 1:1:3 solution of a hydrofluoric and nitric acids in glycerine.
Dendrites in the vicinity of the path’s surface can be seen. (Magnifi-
cation, 1200 x.)

could be due to too low as nitrogen concentration in
the TiN phase as well as to other phases (such as o-Ti)
present in the region under consideration. The great
variability of the microhardness measurements can
also be linked to local chemical changes and to local
changes in phase composition of the molten zone.
According to the conditions given in Section 2, the
density of the power delivered to the path’s surface
was less than that necessary to boil titanium; in that
case the mixing in the molten zone arises mostly
because of temperature gradients of the surface ten-
sion coefficient.

3.4. Metallurgy

SEM examinations demonstrate that dendrites are
present in the molten zone. The dendrites which are
present in the region near to the path’s surface have
axes perpendicular to it (Fig. 5), whereas the axes of
dendrites which are present far inside the molten zone
are randomly distributed. That latter proves that there
is a mixing in the zone molten by the laser beam
(probably due to convection as a result of surface
tension forces).

3.5. Numerical estimations
The results of the experiments prove that melting of
the thin layer of titanium alloy OT4-1 during laser
beam irradiation in a nitrogen atmosphere is accom-
panied by penetration of nitrogen atoms interstitially
into o-Ti phase as well as by chemical reactions pro-
ducing the 8-TiN phase; these compose a two-phase
material very different from the initial alloy. In further
discussion it will be shown that the parameters of the
molten zone in the experiment are near to those de-
duced from a particular model of laser beam interac-
tion with metallic specimen.

The power of the electromagnetic radiation ab-
sorbed by metallic target depends essentially on the
chemical composition and roughness of the substrate.
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The absorbtion “depth”, [, in a metal such as titanium
is approximately 1 x 10”771 x 10~ ® m [12]; therefore
one can say that in the experiments performed in the
work the condition d > 1, where d denotes the laser
beam diameter, was fulfilled.

On the other hand it is well known that determina-
tion of the temperature distribution in a sample sub-
jected to laser irradiation by means of solution of the
thermal conductivity equation is a very complicated
task and the solution has a numerical form. However,
assuming that the thermal coefficients do not depend
on the temperature, the solution is relatively simple if
one makes use of the Green function method [12].
One can obtain an even simpler expression for the
temperature distribution on making some qualitative
assumptions and estimating only the thickness, h, of
the molten zone by use of the formula given in [3] :

h = 2(at)'? In (Mz W) 1)

KT,

where a = K/pc denotes thermal diffusivity of the ma-
terial under consideration, K its thermal conductivity,
p the density, ¢ the specific heat, o the effective absorb-
tion coefficient and T, the melting point of the material.
The effective absorption coefficient, o, in Equation 1
can be estimated by making use of the highest linear
velocity of the liquid—solid interface [14]:

Um = 0Q(A + pcTy) ™! @

where A is the heat of fusion of the material.

The highest linear velocity of the liquid—solid inter-
face was estimated on the assumption that the time of
its displacement is approximately equal to the heating
time, Tt (which is quite reasonable if one takes into
account that at the rather high power density used in
the experiment the time necessary for the surface tem-
perature to change from the ambient temperature to
the melting temperature is negligible in comparison
with the total heating time, t). Having measured the
mean experimental values of the melting depths (210,
178 and 152 um) for three different heating times t, the
corresponding velocities were v) =0.024 ms™ !,
02 =0.033ms ! and v =0.043ms ! and could be
used in Equation 2 to estimate the absorbtion coeffic-
ient, . Making use of the obtained o values as well as
of the other values known for the alloy OT4-1
(A=15x109Tm™ 3 T,=1940K, p ~ 4500 kgm >,
c=841JKg 'K 'andK =163 Wm 'K ![15,16])
the following melting depths were calculated: h; =
236 um, h, = 213 um and h; = 182 um, which corres-
pond well to the real values of the penetration depths
for different laser beam velocities.

4. Conclusions

1. Continuous-mode CO, laser beam surface
melting of titanium alloys in a nitrogen atmosphere at
normal pressure seems to be an effective method for
the creation of hard, narrow or broad bands or single
paths on the surface of those alloys.

2. The surface of the created paths or bands has
a characteristic rippled morphology and different (lat-
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eral and longitudinal) cracks are present in it; the
thickness of the molten zones in the paths is dependent
on the linear velocity of movement of the laser beam.

3. Two phases have been identified in the surface
region of the paths by means of X-ray analysis: o-Ti
and 8-TiN, the volume fraction of the latter being
predominant and the majority of (200) planes in its
crystallites being parallel to the paths’ surfaces. This
statement does not preclude the fact that other phases,
e.g., Ti,N or titanium oxides, could also be present in
that surface region but in rather a low volume frac-
tion, or even in a greater volume fraction but at
greater depth.

4. The Vickers microhardness of the paths changes
in the range from approximately 2600 HV 0.05 on the
path’s surface down to about 400 HV 0.05 deep inside
the molten region.

5. The melting depths estimated from numerical
calculations in the frameworks of a simple theory by
Vedenov and Gladusch [13] correspond well to those
obtained from direct measurements.
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