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Abstract

Commercially pure (CP) titanium was subjected to cw-COz2 laser surface treatment. The
treatment was carried out using a side-by-side dual laser beam. The initial and surface treated
materials were subjected to structural and microstructural examination. It was found that the
microstructure in the laser treated zone changed from an a-phase present in the non-remelted
material to martensite o’ as a consequence of the very high rates of cooling. An increase
in the diffraction reflections originating from the (101) titanium plane was observed in the
remelted sample. Despite the fact the laser treatment was conducted in a protective gas shield,
limited oxidation occurring due to the high reactivity of titanium was observed. Analysis of
the remelting parameters in connection with the macroscopic evaluation and microstructural
changes in the surface layer allowed the relationships facilitating the shaping of the melting
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zone geometry, as well as the scope of microstructural changes to be determined.
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1. Introduction

Titanium and its alloys have unique mechani-
cal and physicochemical properties that make them
useful in the wide range of applications in modern
technology, aeronautics, and the automotive indus-
try. Titanium is a light metal whose specific gravity
is 4.54gcm™3. Pure titanium melts at 1670°C. The
strength of titanium can be compared to that of steel
with its density amounting to merely 60 % of that of
steel [1]. Titanium is resistant to salt, polluted wa-
ter, and corrosion in both acidic and alkaline environ-
ments. The strength properties of titanium strongly
depend on its purity. Because of that, the admixtures
of other elements such as oxygen, nitrogen, and car-
bon considerably change its properties. Titanium is
highly reactive; heating it in air leads to the creation
of oxides and nitrides on its surface. Despite the ex-
ceptional properties of titanium that make it one of
the most promising and innovative metal materials,
its application is limited due to its low hardness and
poor tribological properties such as poor abrasive wear
resistance and high coefficient of friction. To improve
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its mechanical properties, the titanium surface is of-
ten modified. The surface modification technologies
include mechanical or thermal treatments, thermal
spraying, sol-gel, chemical and electrochemical treat-
ment, ion implantation, and surface alloying [1-5]. In-
creasingly more frequently titanium and its alloys are
subjected to laser surface treatment. The laser modi-
fication is generally carried out using Nd:YAG lasers
[6, 7] or COy lasers [8, 9]. Laser surface treatment
is one of the most innovative and effective methods
of surface treatment of a wide range of engineering
materials [10-15]. The application of a laser beam
causes the microstructure of the treated material to be
formed in the conditions of a high-temperature gradi-
ent and a very short process duration. Such induced
changes may lead to obtaining a material having prop-
erties that cannot be achieved with classical heat or
thermo-chemical treatment methods. Another advan-
tage of laser surface treatment over conventional heat
treatment is its capability to localize treatment on
a selected part of a surface, leaving the other parts
unaffected [10]. In the case of pure titanium or tita-
nium alloys, studies have focused on the microstruc-
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Table 1. Titanium remelting process parameters

No. Laser power, P Scan rate, V;, Argon blow-in rate Helium blow-in rate
(W) (mmin~*") in the side nozzle in the central nozzle
(dm® min™1) (dm® min™)

1 500 0.50 20 12
2 500 0.35 20 12
3 500 0.20 20 12
4 500 0.10 20 12
5 1000 0.50 20 12
6 1000 0.35 20 12
7 1500 0.20 20 12
8 1500 0.50 20 12

tural and technological aspects of surface remelting
and changes in the properties of the modified mate-
rial. For example, Sun et al. [16] investigated the effect
of Nd-YAG laser surface remelting on the corrosion
resistance of pure titanium. The results showed that
the pitting corrosion resistance and pitting potential of
a titanium remelted surface increased significantly in
comparison with the non-remelted material. This im-
provement was attributed to microstructural changes
caused by the rapid solidification that occurs during
laser surface remelting. In turn, in work [17], the ef-
fects of the shielding gas flow rate on the nitrogen and
oxygen concentrations and Vickers hardness of YAG
laser melted pure titanium were investigated. It was
found that the remelted region has a uniform dislo-
cation structure consisting of mostly 8-Ti and a very
small amount of o-Ti. It was also found that when
the shielding gas flow rate decreased, the oxygen and
nitrogen concentrations of the laser melted zone and
the average hardness also increased. Ciganovic et al.
[9] analysed the interaction of a nanosecond TEA CO4
laser with a titanium implant surface in various gas
atmospheres, and they found that the reported laser
fluence and gas ambiences can effectively be applied
to enhance the titanium implant roughness and cre-
ate titanium oxides and nitrides on a strictly local-
ized surface area. In turn, the main aim of work [18]
was to investigate the effect of laser surface treatment
on the mechanical properties of cast titanium and to
compare them with those of the Co-Cr alloy. The cast
titanium specimen surfaces were laser-treated using
a dental Nd:YAG laser machine. It was found that
laser treatments of cast titanium decreased the brit-
tle subsurface hardness induced by titanium casting
and significantly improved the mechanical properties
of cast titanium by improving the surface integrity of
the cast surface contamination. In work [7] Poulon-
Quintin et al. investigated the effect of Nd:YAG laser
surface treatment of cast titanium on the microstruc-
ture and mechanical properties and they found signifi-
cant enhancement of the mechanical properties, while
a higher tensile strength and higher values of elastic

modulus of titanium were also obtained. Can Huang et
al. [19] analysed the microstructural evolution of pure
titanium treated by a Nd:YAG laser under different
processing parameters and observed three distinctly
different types of microstructure from the surface to
the substrate in Ti samples, namely phase transfor-
mation and solidification microstructure in the melt-
ing zone, insufficient grain recrystallization with resid-
ual martensitic plates in the heat-affected zone, and a
fully recrystallized microstructure in the base metal.
The authors showed that the material in the melting
zone had the highest hardness, while the material in
the heat affected zone had the lowest hardness value
due to the insufficiently recrystallized grains.

In this study, surface remelting treatment of pure
titanium was carried out using a cw-CQOs side-by-side
dual laser beam. The structure and microstructure
of the remelted surface layer were analysed and dis-
cussed.

2. Material and experimental procedure

Commercially pure titanium flat plates with the di-
mensions 55 mm X 30 mm X 10 mm were used in the
experiment. The purity of the titanium was 99.6 %
(ASTM Grade 2). The plates were mechanically pol-
ished, and afterwards, the surfaces of the samples
were chemically cleaned with acetone before treatment
to eliminate surface contamination. The laser surface
treatment was carried out using a Trumpf Lasercell
laser machine equipped with a TLF 3.8 kW CO5 gas
laser with continuous operating characteristics. The ti-
tanium surface was treated with a laser power ranging
from 500 to 1500 W and a scan rate ranging from 0.1
to 0.5 mmin—"'. The parameters of the surface treat-
ment are given in Table 1. In the laser treatment of
the titanium surface layer, a double beam focusing
technique was used to obtain two laser beams focused
on two different points of the melted material. The
laser beam splitting effect was obtained using a spe-
cial mirror. Mutual alignment of the beams, the abil-
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Fig. 1. Dual laser beam titanium remelting process.

ity to change the distance between the foci and the
power of individual beams allowed greater control of
both the geometry of the remelting zone and the na-
ture and extent of microstructural changes induced in
the melted material. A Twistlas bifocal mirror with
the focal length of 270 mm was used in the exper-
iment. The mirror enables one to obtain two laser
beams focused on two different points of the metal
being remelted. The treatment was conducted with
a dual laser beam in the s-b-s (side-by-side) configu-
ration. The distance between the adjacent beams was
0.7 mm. The titanium remelting process and geometry
of the dual laser beam are illustrated in Fig. 1. Argon
was used as a shielding gas, and the blow-in rate was
20 dm?® min~! from the side nozzles. Helium was sup-
plied by the central nozzle, and the blow-in rate was
12 dm?3 min~—!. Titanium shows high chemical affinity
at higher temperatures, especially to oxygen and ni-
trogen and that is why it was necessary to use the
shielding gas. The argon blast was also maintained af-
ter completing the remelting to safeguard the liquid
pool and cooling material against the interaction of
the ambient atmosphere. In the case of titanium and
its alloys, the oxidability decreases only below 650 °C.
The track dimensions and the effects of laser process-
ing on the titanium plate microstructure were regu-
lated by both the scanning rate and laser power. Ex-
emplary macroscopic effects of remelting are shown in
Fig. 2.

Metallographic samples were prepared by a stan-
dard metallographic procedure. The specimens were
cut transversely to the laser track. Next, the track
cross-section specimens were ground and polished
with a diamond paste. Then the polished specimens
were chemically etched in a solution of HNO3 and HF
in HQO

The EDS method was used to evaluate the chem-
ical composition of selected micro-areas in the tita-
nium samples. The remelted surface, the core of the

Fig. 2. Titanium surface after laser processing using side-
by-side dual laser beam; treatment parameters: V, =
0.5mmin~!, P = 1500 W.

material as well as micro-areas located in three places
within the remelted zone at different distances from
the surface, i.e. in the subsurface zone, in the central
part and the lower part of the penetration zone were
subjected to analysis.

The microstructure was investigated by light mi-
croscopy (Olympus GX41) and scanning electron mi-
croscopy (JEOL JSM-6610LV). The phase composi-
tion of the samples was determined by X-ray diffrac-
tion with a Seifert XRD-3003 diffractometer (Rich.
Seifert & Co, Hamburg) using filtered CoKa radia-
tion (A = 0.17902nm) operated at 30 kV and 40 mA.
The used exposure time was 186 min, and the analysed
spectra were taken from the 260 range of 20°-90°.

3. Results and discussion

3.1. Effect of laser processing parameters on
remelted zone dimensions

The carried out micro- and macrostructural stud-
ies showed that controlling the treatment parameters
enables shaping of the material remelting zone geom-
etry arbitrarily. The dimensions of the remelting zone
were the result of the applied remelting parameters; an
increase in laser power or reduction in the scan rate re-
sulted in a dimensional increase in the remelting zone.
Figure 3 presents exemplary relationships between the
remelting parameters and dimensions of the remelted
zone.
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Fig. 3. The relation between remelted zone dimensions and
scan rate (a), and laser power (b).

Within the adopted treatment parameters, the ob-
tained remelting depth was of the order of 0.2—0.7 mm.
The width of the remelting zone was in the range of
0.7-1.9 mm. The largest dimensions for both the depth
and width of the remelting zone were recorded for the
band remelted at the scan rate V, = 0.2m min~! and
laser power P = 1500 W. In this case, the remelt-
ing depth amounted to 0.7 mm. The smallest depth
amounting to almost 0.2 mm was noted for the power
of 500 W and a scan rate of 0.5 mmin—!. The anal-
ysis showed that doubling the laser speed made the
remelting zone width smaller by about 25 % and its
depth reduced by about 30 %. In turn, doubling the
laser beam power results in an increase in the band-
width by about 50 %, and depth by almost 260 %.
The tests showed high dimensional repeatability of the
remelting results obtained after an s-b-s dual beam
was used.

50 um
x300 50um —
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Fig. 4. The microstructure of untreated specimen, light
microscope, cross-section, etched.

3.2. Macro- and microstructure

The titanium samples were examined before and
after laser treatment. The investigations using both
light microscopy and electron scanning microscopy re-
vealed a single-phase microstructure typical for tita-
nium with equiaxed, recrystallized grains of alpha ti-
tanium. The average size of a-Ti grains was about
60 pm. This microstructure is shown in Fig. 4. The
non-remelted material was homogeneous, without any
microstructural defects.

Within the adopted remelting parameters no ad-
verse changes (e.g. loss of material, loss band continu-
ity, etc.) in the surface geometry were found. The ob-
served changes were typical of samples remelted with
lasers or other highly concentrated heat sources.
Among some particularly characteristic features ob-
served in the first phase of the microstructural tests
were the effects of the crystallization arranged radially
from the path axis towards the remelting borderline.
This arrangement corresponded to the displacement of
the crystallization front. The surface morphologies of
the laser-treated titanium samples are shown in Fig. 5.

The structure fracture analysis did not reveal any
presence of structural defects such as microcracks or
delamination on the remelted interface. However, a
small number of gas bubbles in the subsurface layer
was found. Characteristic gas bubble cavities can also
be observed on the band surface (Fig. 5a). The mor-
phology of titanium observed in the central part of the
remelted pass is shown in Fig. 5b.

Ultra-fast cooling normally leads to substantial
changes in the microstructure, manifesting strong re-
finement of the microstructure and alternation of the
morphology of the initial phases. The microscopic in-
vestigation of titanium after laser treatment revealed
considerable changes in the titanium microstructure
in relation to its state before the treatment. Figure 6
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surface (a), the morphology of Ti in the central part of the
remelted pass (b).

shows an example of a single-track cross-section of
the laser-treated zone. In the surface layer, the pres-
ence of a fine o’ martensite microstructure was found.
Martensite is a nonequilibrium supersaturated alpha-
type structure produced by diffusionless (martensitic)
transformation of the beta [20]. The o’ form has a
hexagonal crystal structure and can be formed only by
quenching [20]. It is worth adding that the o marten-
site possesses high hardness, but relatively low duc-
tility and toughness. The martensitic microstructure
was observed in all the analysed samples.

Regarding the laser processing parameters used,
no significant differences were found in the morphol-
ogy or degree of refinement of the martensitic phase.
The morphology and degree of martensite refinement
depend on the material cooling rate [21]. The lath-
type martensite is reported to occur for cooling rates
above 103 K s~! [22], while even higher rates of cool-
ing (10°-10% K s~!) may produce a finer lath-type o’
martensite or a fine acicular martensitic morphology
[23]. In all the analysed samples the acicular marten-
sitic phase was dominant.

SElI 20KV WD11mm 5544

Fig. 6. Microstructures of CP-Ti after laser surface treat-
ment at a laser power of 500 W and a scan rate of
0.35 m min™*, light microscopy (a), SEM (b).

It is worth noting that no pores or microcracks
were seen at the interface between the remelted layer
and the substrate, but some open pores were observed
on the surface.

The nature of material fracture constitutes one of
the criteria of the initial quality assessment of the
material, its homogeneity and purity, susceptibility to
cracking /breaking, mechanical properties, etc. This is
why it was decided to carry out fractographic inves-
tigations. These investigations were conducted on the
samples after being laser treated, and the SEM analy-
sis included both the remelted part and remelted core
of the material. As expected, the investigation of the
fracture of the remelted area revealed a clearly differ-
ent morphology when compared to the fracture in the
non-remelted part. In the remelted part, the dominat-
ing feature of cleavage fracture with the poorly devel-
oped surface geometry, characteristic for this type of
fracture was found (Fig. 7).

Along with an increasing distance from the remel-
ted surface, an increasing proportion of the morphol-
ogy of ductile fracture type, or mixed fracture but with
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Fig. 7. Microstructure of fracture in remelted (a) and un-

treated (b) zones; treatment parameters: P = 1000 W,

V, = 0.5 m min~ .

the predominance of the elements of ductile fracture
morphology was observed. The increasing proportion
of the ductile fracture, along with an increasing dis-
tance from the surface, is a natural consequence of the
reduced cooling of the material. The well-developed
surface with numerous cavities and convexities cre-
ated during the plastic strain of the material con-
stituted the special structural effects observed in the
non-remelted part.

3.3. Phase composition

Pure titanium is polymorphic, above 882°C the ti-
tanium occurs in the form of a body-centred cubic
(bce) S-phase, while below 882°C a hexagonally close-
packed (hcp) a-phase with a ¢/a ratio of 1.587 oc-
curs. At 882°C hcp a-titanium undergoes an allotropic
transformation to a bcc [-phase which remains sta-
ble to the melting temperature, i.e. 1670°C. The
— « transformation is reversible. Under conditions of
extremely high cooling both qualitative and quanti-
tative changes in the structure of each material are
taking place. As a consequence, some non-equilibrium

phases and structures may come into being, and the-
oretically, even diffusion-nucleation processes may be
blocked which ends with the material becoming amor-
phous. Thus, in the case of non-equilibrium cooling
conditions, a 8 — o/ martensitic transformation may
occur in the case of titanium. The phase composition
tests performed on the non-treated titanium revealed
the presence of clear peaks from the a-Ti hcp crys-
talline phase with (002) and (101) orientation typi-
cal for this phase prevailing. The titanium diffraction
peaks corresponded with hexagonal close-packed (hcp)
Ti (JCPDS Card No. 89-3725). In the case of the mate-
rial subjected to surface remelting treatment, a slight
shift in reflections from the crystallographic planes
of titanium to higher values of the diffraction angle
was found, which proves the presence of the h.c.p. o/
martensitic phase in the analysed material resulting
from the 8 — o phase transformation and caused
by extremely high cooling of the material. A similar
effect was observed, among others, in [24]. What is
more, in the laser-treated titanium the presence of
diffraction reflections originating from the TiOy ox-
ide phases was revealed. The presence of the oxide
phase indicates that contrary to the initial assessments
made in the microscopic investigations, the gas pro-
tection applied during the process of laser treatment
was not sufficiently effective, and it needs to be im-
proved in subsequent tests. No diffraction reflections
originating from titanium nitride were observed in the
tested samples. A comparative analysis of the diffrac-
tion records for the laser-treated samples and their
equivalents but without any treatment allowed us to
observe an abnormal enhancement of the reflections
from certain lattice planes in the remelted samples.
Particularly, a clear increase in the diffraction reflec-
tions originating from the crystallographic plane (101)
was observed. The laser surface treatment makes the
material structure and microstructure to be shaped
under extremely non-equilibrium conditions. As a con-
sequence of this, the changes in the primary crystal-
lographic orientation of the material can be observed.
The diffraction patterns of titanium before and after
laser treatment are presented in Fig. 8.

3.4. EDS analysis

The main goal of the EDS research was to deter-
mine the variability of the chemical composition as a
function of the distance from the surface of the sam-
ple and to determine the chemical composition of the
surface of the remelted band. Titanium is a highly
reactive element. Despite the use of a gas shield dur-
ing processing, it was possible for oxygen or nitrogen
from the atmosphere to get into the remelted mate-
rial. The EDS analysis was also aimed at assessing
the effectiveness of the gas shield used in the treat-
ment. The EDS studies of the samples subjected to
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Fig. 8. Diffraction patterns of non-remelted and laser-
treated titanium.

laser treatment revealed the presence of oxygen both
on the surface of the melted band and in the laser-
modified zone. The highest oxygen content was found
on the surface of the remelted bands. The EDS investi-
gations of the remelted band surface also revealed the
presence of Si and C impurities originating from abra-
sive materials used in the preparation of the samples
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for metallographic investigations. The EDS studies of
the micro-areas located in three different locations of
the remelted zone, i.e. in the subsurface zone, in the
central part of the remelted zone and in the lower part
of this zone, showed a clear regularity, namely a de-
crease in oxygen content in the material as it moved
away from the surface, until complete disappearance
in material core. This dependence was recorded in all
the samples subjected to EDS analysis. No nitrogen
was found in any of the analysed samples, which is
worth emphasizing. The results of the EDS analysis
are presented in Table 2 and Fig. 9.

4. Conclusions

The following conclusions can be drawn from this
study:

1. Surface remelting treatment of CP-Ti using a
COs laser beam leads to the diffusionless martensitic
transformation 8 — o' and the presence of fine o’
martensite in the surface layer.

2. Using an s-b-s dual laser beam facilitates the
remelting process and provides additional tools that
are useful in shaping the treated zone.

3. The dimensions of the treated zone depend on
the treatment parameters. The adjusting the treat-

Enery keV

Fig. 9. EDS results of different micro-areas: 1 — surface, 2 — near surface, 3 — central part of the remelted zone, 4 — lower

part of the remelted zone, 5 — core. Laser processed Ti sample at laser power 1000 W and scan rate of 0.5 m min™".

1
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Table 2. Results of EDS analysis of laser processed Ti sample; treatment parameters: P = 1000 W, V;, = 0.5 m min~

1

Atomic and weight share

Analysed micro-areas Titanium Oxygen Contaminations (Si, C)
(wt.%) (at.%) (wt.%) (at.%) (wt.%) (at.%)

1. Surface 62.09 34.59 33.23 55.43 4.68 9.97

2. Subsurface zone 95.68 88.10 4.32 11.90 - -

3. Central part of remelted zone 97.88 93.92 2.12 6.08 - -

4. Lower part of remelted zone 98.31 95.11 1.69 4.89 - -

5. Core 100 100 - - - -

ment parameters allows one to modify the dimen-
sions of the material remelting zone, i.e. the depth
and width of that zone. Increasing the laser power or
reducing the scanning speed leads to an increase in
the dimensions of the remelted zone.

4. Titanium shows high reactivity at increased
temperatures. Hence the remelting treatment of tita-
nium requires special care to protect the melted mate-
rial against the influence of the ambient atmosphere.

5. Laser surface treatment is an effective and
promising solution, making it possible to induce ben-
eficial changes in the microstructure of titanium.
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