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Abstract

Surface laser treatments of commercially pure titanium plates (CP-Ti grade 4) were
performed in air using a Nd:YAG laser source of short pulse duration about 5 ns.
Attention is drawn to the following laser-processing parameters: laser-power interaction
time and surface of the irradiated zone. The morphology, structure and chemical
composition of the formed layers were analyzed by different characterization techniques
providing physico-chemical and structure information.

The objective of this research was to study the influence of laser fluence on the
composition of the CP-Ti grade 4. Additionally, it was pretended to evaluate the surface
modification of obtained layers.

The electrochemical response of modified surface in Ringer’s physiological solutions at
varying pH values was studied. Fretting test has been investigated in order to study the
tribological behavior of the laser treated surface.

Results showed that the laser treatments induce the insertion of light elements such as
02 and N».

Laser surface processing shifted the corrosion potential of CP-Ti grade 4 towards the
noble side, as compared to the untreated one. After fretting tests, it was found that the
steady friction coefficient was similar for all the layers, and quite lower than that
measured for the untreated CP-Ti.

Keywords: Titanium, Nd:YAG laser, surface modification, oxynitrides, corrosion,
fretting.

Introduction
Titanium and its alloys have gained acceptance over the years in automobile,
aerospace, marine, medicine, chemical and energy industries [1-4]. The corrosion
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resistance in physiological solutions which model human body fluid is one of the
basic criteria to choose that material as an implant.

Titanium-based alloys possess an attractive combination of low density,
moderately high strength and good aqueous corrosion resistance for industrial
and technological applications [5].

Laser as a source of heat has been successfully employed to modify the
microstructure and/or composition of the near surface region of a component, to
improve wear corrosion and oxidation resistance of commercial metals [6]. This
technique has many advantages, as it allows rapid melting, intermixing and
solidification in the alloyed zone, confined to a relatively shallow depth from the
surface, within a very short interaction time [5].

Laser treatments are powerful tools for improving the mechanical, chemical and
optical properties of metals and alloys. Both laser surface melting (LSM) and
laser surface alloying (LSA) of structural materials have brought improvement in
the corrosion and tribological properties of the latter.

The surface of titanium targets can be modified by a variety of laser treatments
carried out in air. Colors, going from yellow to purple, blue or green, were
obtained as a function of the imposed laser fluence. Different compounds are
likely to be formed: oxides, which may be used for tribological purposes [7] or
for coloring [8], and nitrides, for their hardening properties. It was shown that the
surface state of a material is strongly influenced by the laser treatment
parameters: oxygen insertion during laser irradiation of the titanium surface is
mainly influenced by the repetition rate, while nitrogen insertion is controlled by
laser fluence [9-11].

From an applicative point of view, it is of particular interest to obtain, in a simple
process, titanium oxynitrides, at mixed phases, which combine the stability of
titanium oxides and the hardness of titanium nitrides. It is worth noting that the
roughness is sensitive to pulse duration. It was shown that the layers obtained
with short pulse (5 ns) have lower roughness than the layers obtained with a
longer one (35 ns) [12]. Moreover, with constant pulse duration, an increase in
the laser fluence induces an increase in the roughness.

In this work, we analyzed the influence of the laser fluence value, varying from 8
Jem™? to 14 J cm™, on the composition of the CP-Ti grade 4, and we compared
the surface of the obtained layers with that of the untreated CP-Ti grade 4.

Experimental detail

Laser treatments of CP-Ti plates

Commercially pure titanium (grade 4) samples of dimensions 15 mm x 10 mm x
1. 2 mm were used. Prior to laser treatment, the sample surface was mechanically
polished, in order to remove the contaminants and the surface oxide layer, and to
obtain a reference surface with very low roughness (Ra < 0.4 pm).

The laser treatments were performed in air, using a Nd:YAG Q-switched laser
(Quantel Brilliant B model), with a wavelength of y = 1.064 um, which generates
a pulse duration of 11 = 5 ns, at a repetition rate of f = 10 Hz. The laser beam was
focused on the sample mounted on a numerically controlled X-Y table. The
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amount of laser radiation absorbed onto a material depends on the absorption
coefficient of that material, and it can vary due to parameters such as temperature
of the work piece and surface roughness [13].

The focused laser with a diameter of about 1.6 mm was moved over the titanium
substrate surface with a velocity (v) going from 100 to 165 mm s, to form
parallel straight lines. The laser fluence per pulse, Fip (Jcm™), can be calculated
by the following relation:

Fp=P/Af (1)

where P, is the average laser power (in W), A is the laser spot area (in cm?) and f
is the repetition rate (in s™!).

The distance, d, between adjacent lines, was varied from 0.15 to 0.27 mm, by
changing the mean laser fluence per pulse, Fip, and the number of impacts, np;
layers of various colors were formed on the target surface.

The cumulated laser fluence, Fi (in Jem2), corresponding to the total energy per
surface unit, can be calculated by the following equation:

Electrochemical tests

For electrochemical studies, coupons of 10 mm x 10 mm x 2 mm were cut from
the laser treated plates. The specimens were then washed in distilled water,
followed by ultrasonic cleaning in acetone for 30 min. These tests were carried
out in the Ringer’s physiological solutions at pH= 4.0 and 9.0, which simulate
the severe conditions from the human bio fluid, in the case of surgery (acid
values) or inflammations and infections (alkaline values) [14-18]. This was done
to evaluate the effect of pH on laser treated specimens. The Ringer’s solution
was prepared by adding 9.0 g/L NaCl, 0.17 g/L. CaCly, 0.14 g/L KCI and 2.0 g/L.
NaHCO3 (grade chemicals) to distilled water. The pH of the solutions was
maintained by adding the requisite amount of NaOH or HCI [19]. The solution
during polarization tests was maintained at 37 + 2 °C, to simulate the body
temperature. Measurements in the Ringer’s solution were conducted under a
nitrogen atmosphere. A standard three-electrode cell was wused for
electrochemical tests. The laser treated sample was set as working electrode,
while a saturated calomel electrode (SCE) and a platinum wire were used as
reference electrode and counter electrode, respectively. The polarization
experiments were carried out by scanning the specimens (towards noble
potentials) at 1.0 mV/s from — 200 mV, with respect to open circuit potentials
(OCP), and reversing the scan from transpassive potential. The tests were
repeated twice for each specimen. The experiments were performed with an
EG&G Potentiostat/Galvanostat (Princeton Applied Research) Model 273A,
driven by powersuite software.

Fretting test preparation

Fretting tests were done at room temperature, without lubrication. The contact
geometry was a cylinder on a plane. The sample after immersion for 1500 h in
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Ringer’s solutions was fixed on a rigid frame, whereas the cylinder (bearing
steel) was connected to the piston of a tensile-compressive servo-hydraulic
equipment moving at an imposed displacement (D = + 90 um) and chosen
frequency (f = 20 Hz). F, was the normal load, and it was continuously recorded
during the tests and applied via a loading rectangle (Fn =18 + 2 N), leading to a
contact pressure of 120 £ 10 MPa. The tangential load (F;) was continuously
recorded as a function of the relative displacement (D). This recording led to the
plot of Fi- D curves all throughout the test [20]. The friction coefficient, u, was
determined from the following relation:

F.=p F, 3)

The fretting tests were carried out at a constant average contact pressure of 130
MPa. The cylinder was fabricated from 100 Cre steel, with a hardness of HRC
60.

The measured force, F; and the displacement amplitude were acquired and
processed by specific software. Fretting tests were done with a finite number of
cycles varying from 3.10° to 2.10* cycles.

In this work, we analyzed the evolution of the friction coefficient, p, as a
function of the number of cycles, N.

Structural characterization

Optical and scanning electron microscopy (equipped with an EDS microprobe)
studies were done with a JEOL JSM 6400F, typically working at 20 KeV. The
phases which were present on the surface of the treated sample were analyzed by
X-ray diffraction using the Ko (Cu) radiation, with angles that varied from 0.5°-
8°, in order to control the average depth penetration of the X-ray radiation in the
substrate.

Results and discussion

Morphology and composition of the treated layers

When the laser fluence is high enough, melting and superheating of the liquid are
possible. The existence of a thin molten pool during the laser treatment was
confirmed by the SEM observation of the layers surface (Fig. 1), showing
projections lengthened by droplets, and some cracks. Cross-sectional
observations show that the depth affected by the laser treatment was of about 2
um. By varying the cumulated laser fluence, layers of various colors were
formed on the target surface. The laser treated conditions used in this work led to
small quantities of ejected material around the treated zone. We attributed this to
recoil pressure generated by the ejection of matter at the heart of the impact
where the laser intensity was the greatest. So, the molten metal was pushed back
on the sides of the impact.

The EDS analysis of cross-sections shows that there was no nitrogen and oxygen
at about 3 um below the surface.
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The chemical composition of the treated layers was also not really uniform
(Fig.1).

Figure 1. SEM top view of a sample (60 pm) obtained with laser fluence F; = 400Jcm™.

It has been shown that the laser surface treatment induced the insertion of light
elements such as oxygen (O) and nitrogen (N) in the treated layer, which all had
a role in the forming phases. Table 1 summarizes the chemical composition of
the treated layers.

Table 1. Chemical composition of the treated layer.
Elements (at %)
Spectrum N 0 Ti Total

Spectrum 1 9.33 15.35 75.32

Spectrum 2 9.56 19.36 71.08 100.00
Spectrum 3 10.52 29.80 59.68

Max. 10.52 29.80 75.32 100.00
Min. 9.33 15.35 59.68 100.00

The laser fluence was varied from 8 to 14 Jem™, and the color of the layers
changed to yellow for low laser fluencies below 9 J cm™, and to blue and purple
for higher fluencies above 10 J cm™. Moreover, the morphology, the structure
and the chemical compositions of the layers were also modified. The insertion
of nitrogen and oxygen seemed to vary as a function of the laser fluence. The
nitrogen and oxygen amount increased with a higher laser fluence (Table 2).

By increasing the laser fluence, the oxygen amount increased from around
35.16 at.% up to 40.20 at.%, which corresponds to the growth of stoichiometric
titanium dioxide (TiOz). For higher laser fluence values, the content in nitrogen
(N) and oxygen (O) slightly increased, up to about 20.21 at.% for a laser fluence
of 8 to 14 J/cm?. The insertion of nitrogen (N) and oxygen (O) increased with the
fluence laser.

Table 2. Laser treatment conditions and color of the layers analyzed in this work.
Specimens LSA1 LSA2 1LSA3

Pi (W) 1 2 2.5-2.90
Fip (J cm?) 8 10 11-14
Color Yellow Blue Purple
Elements

N (at.%) 14.05 19.90 20.21
O (at.%) 35.16 40.10 40.20
Ti (at.%) 50.79 40.00 39.59
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Pi (W) is the average laser power and Fip (J cm™) is the laser fluence per pulse.
A detailed study of the surface of the samples by 3D microscopy (Alicona-
Infinite Focus) revealed that the spatial distribution of the color was not really
uniform (Fig. 2).

Treated surfaces images were created with the Alicona Company. 3 D view
(Fig. 3) illustrates the general morphology and surface topography of the treated
sample obtained with 8.5 J/cm?. The treated surfaces are characterized by linear,
parallel scares due to laser scanning. The distance between two consecutive
scanning lines (100 um) corresponds to the laser beam diameter. The evolution in
surface roughness confirms that the target surface has been heated to the liquid
phase. The roughness measurements of the surface layer have been carried out.
The value of the surface roughness was 2.04 nm.

Fig. 4 represents the three dimensional view of the surface roughness
corresponding to the above treated surface. The obtained profile shows a
centered part more hollowed out than the peripheral one. This difference can be
attributed to the heterogeneous distribution of the laser energy in the treated
surface.
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Figure 4. Profile obtained with a 3 D optical microscope for the treated surface.

XRD analysis
An XRD (0-20) analysis shows that the substrate, which had not been irradiated,
appeared to be titanium under stress resulting from electrochemical polishing.

The XRD pattern of non-irradiated Ti shows peaks only corresponding to the
a-Ti phase (Fig. 5).
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Figure 5. XRD spectrum of non-irradeated Ti.

The competition between Oz and N> explains the evolution composition of the
layers during laser treatments. This evolution indicates that the laser fluence
controlled the layers morphology and the phase’s formation.

An XRD pattern of the sample obtained, with a laser fluence Fi = 350 J c¢cm™
(Fig. 6), denotes peaks corresponding to an hexagonal phase:

TizO (fiche JCPDS 76-1644); titanium oxide (TiO) (fiche JCPDS 08-0117),
titanium (Ti) and titanium nitride (TiNo.6); and phase with cubic symmetry (face
centered cubic phase) TiN (fiche JCDPS 38-1420).
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Figure 6. XRD pattern of the sample obtained with a laser fluence F; = 350 Jem™.

The X-ray diffraction patterns of the target surface show the presence of various
phases.

According to the titanium/oxygen phase equilibrium diagram, several phases can
be obtained during the thermal treatment [21].

TiN seemed to be present only when the material surface was vaporized at
extremely high temperatures [22-23]. The intense laser irradiation heated and
melted the titanium surface and the plasma formed on the top of the surface,
resulting in the dissociation of nitrogen and in diffusion into the melt. After laser
irradiation, solidification began, and different TiN developed with different
counts of nitrogen (N). The layers can be considered as gradient layers formed by
TiN, TiN+TiNo2s and o-Ti+N. It is worth noting that nitrogen was inserted in
significant quantity in melt titanium with a plasma plume above it, which excites
and even dissociates the nitrogen molecules, as well as the ablated Ti. Also, gas-
atoms were ionized, whereas the very reactive oxygen in the air directly
combined with titanium, either on the target, or immediately on contact with the
titanium vapor present in the plasma plume.

The target was therefore submitted to a very abrupt heating and cooling rate of
about 3.10° Ks'!, leading to non-equilibrium phenomena. Layers were
distinguished by their color and also by their roughness.

Electrochemical characterization

Open circuit potential was employed to investigate the corrosion performance of
(CP-Ti grade 4) after laser modification. The corrosion current density (icorr) Was
determined from the intersection of the respective anodic and cathodic Tafel
slopes.

The corrosion resistance of biomedical grade metallic implants, such as titanium
and its alloys, is a very important issue in the biomaterials field. These implants
are in incessant contact with the physiological fluid, which is rich in chloride
ions able to promote metal oxidation. In order to evaluate the behavior of the
laser treated specimens in a physiological medium, experiments of corrosion
were performed in the Ringer’s solution. Polarization measurements were carried
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out in order to gain knowledge regarding the kinetics of the cathodic and anodic
reactions.

Fig. 7 shows the corrosion potentials (Ecorr) as a function of time for untreated
and treated CP-Ti grade 4 in the Ringer’s solutions of pH (a) 9.0 and (b) 4.0,
which were compared as a control. The electrochemical reactions at the metal-
electrolyte interface varied with time. The Ecor initially increased until the
passive film reached its limiting protective capacity, after which it stabilized. It
can be also observed that the value of the Ecor for the untreated CP-Ti grade 4
was more negative than that of the treated CP-Ti grade 4 in both Ringer’s
solutions of pH= 9.0 and 4.0.
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Figure 7. Corrosion potential. Variation of time of untreated and treated CP-Ti grade 4
in Ringer’s solutions of pH (a) 9.0 and (b) 4.0.

In the solution of pH = 9.0, the initial Ecor for LSA 1 was approximately -0.7
V/SCE. It rapidly increased and stabilized in the region of -0.06 V/SCE, after 30
min. Similarly, the initial Ecorr for LSA 2 was approximately -0.157 V/SCE, and
it stabilized to nearly -0.1V/SCE, after 30 min. The initial Ecorr for LSA 3 was
approximately -0.08 V/SCE, and rapidly increased to more noble potentials,
compared with the two aforementioned samples. It stabilized at the region of
0.006 V/SCE, after 30 min.

In the solution of pH= 4.0, LSA 1 and LSA 2 exhibited values between those of
LSA 3 and CP-Ti grade 4. The initial Ecorr for LSA 3 was -0.05 V/SCE, and it
rapidly increased and stabilized in the region of +0.054 V/SCE, after 30 min. CP-
Ti grade 4 exhibited the lowest initial Ecor. It showed values as low as -0.3
V/SCE, and a stabilized potential near 0.007 V/SCE.
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The polarization curves obtained for untreated and treated CP-Ti grade 4 in
Ringer’s solutions of pH (a) 9.0 and (b) 4.0 are shown in Fig. 8. Table 3
comprises the corrosion potential (Ecorr) and current density (icorr) values taken
from the corresponding Tafel's curves of Fig. 8.
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Figure 8. Potentiodynamic polarization curves of untreated and treated CP-Ti grade 4 in
Ringer’s solutions of pH (a) 9.0 and (b) 4.0.

Table 3. Corrosion potential (Ecorr) and current density (icor) determined from the
polarization curves in Fig. 8.

pH=4 pH=9
Specimens Ecorr Leorr Ecorr Leorr
(V/SCE) (uA/em?) (V/SCE) (uA/em?)
CP-Ti -0.490 1.355 -0.645 0.961
LSA 1 -0.560 0.650 -0.645 0.271
LSA2 -0.460 0.219 -0.560 0.286
LSA3 -0.639 0.206 -0.450 0.275

According to the potentiodynamic polarization curves or Tafel curves in Fig. 8,
the laser treatment caused the corrosion potential (Ecorr) of CP-Ti grade 4 to shift
towards a positive direction, in Ringer’s solutions, at pH = 4.0 and pH = 9.0.
After the laser treatment, the Ecorr for LSA 2 and LSA 3 samples became more
positive than the one for the untreated CP-Ti grade 4. The maximum shift
observed was -0.450 V/SCE in the solution of pH = 9.0, revealing that the
anticorrosion performance was superior to that of the other samples. The
optimum dose of nitrogen was observed (20.21 at.%) for the best corrosion
resistance.

The Ecor of the untreated specimen became more active with an increase in pH
values (more alkaline). This can be explained due to the variation in the redox
potential of oxygen (present in the solution) with pH values, according to the
following equation:

Y2 02+ 2H" + 2¢” —» H,0 “4)
where Nernst equation

E (V)=E° (02/H20) - 0.059 pH (5)
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is pH dependent. It is clear from this equation that the increase in pH values will
result in the more active (negative) redox potential of the oxygen-reduction that
governs the corrosion kinetics in such solutions [20].

When the current density (icorr) Was analyzed, lower values were represented by
the metallic substrates treated with laser, indicating an improvement in the
corrosion resistance, which is shown in Table 3 and Fig. 8. The formed layer
prevents somehow the diffusion of oxidative species such as H*, oxygen, and
even water, from the aqueous medium to the metallic surface. This behavior led
to a lower current density, since the availability of the components responsible
for the oxidation may have been reduced. The corrosion resistance may be
attributed to the N content in the obtained layers. The Cl ions presence in the
above system (as in the present situation), however, may disrupt the TiO> film,
consequently producing a localized solution chemistry (such as a strong acid with
a high CI" concentration) favorable for corrosion. In the lower pH solutions (pH=
4.0), such aggressive conditions may easily lead to an early break down of the
passive film, compared to the alkaline solutions.

Thus, surface laser treatments of commercially pure titanium were a suitable
anti-corrosive technique in the physiological solution, and acted as a physical
barrier against corrosion.

Fretting results

Fig. 9 shows the variation of the friction coefficient, y, as a function of the
number of cycles, N, going up to 20000 cycles, for the samples summarized in
Table 2. For the untreated CP-Ti grade 4, the average friction coefficient, u,
increased from an initial value of 0.62 up to a value of 1.52, during the first 1200
cycles, and gradually decreased slightly and, thereafter, it was steady. This
indicates the gradual erosion of the Cp-Ti grad 4 with the progression of fretting
cycles. For the LSA 1 sample, the average friction coefficient, p, increased up to
a value of 1.24 during the first 1300 cycles, and stabilized to a value of about 1.2.
For the LSA 2 and LSA 3 samples, the friction coefficient, u, did not
significantly change with the number of fretting cycles during 1300 cycles, but
its value was two times lower than the one from CP-Ti grade 4. These results are
in agreement with those reported in ref. [24], in the case of titanium plates
thermal oxidation.

The formation of a thick oxidized layer at the surface of pure titanium (CP-Ti
grade 4) plates, by a laser treatment with a Nd:YAG pulsed laser, was found to
improve the fretting of titanium plates by reducing the fretting coefficient, u [24].
The surface treatments reduced the value of the friction coefficient of CP-Ti
grade 4. Moreover, the composition and the structure did not significantly modify
the value of the friction coefficient above 1300 fretting cycles.

Finally, the reduction in the friction coefficient can also improve the fretting
wear resistance. The reason of this improvement may be attributed to the
increased hardness, because of the increase in nitrogen (N) content in the treated
samples [25].

Fig. 10 shows the SEM images of the typical fretting wear scars generated in
untreated and treated specimens after the fretting test (20000 fretting cycles at 20
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Hz, slip amplitude of + 90 um, normal load of 18 + 2 N). All the scars were oval.
The untreated specimen showed significant evidence of wear debris formation on
one side of the wear scar. The wear debris appeared to have been adhered to the
specimen surface, probably due to the combined effects of shear and compressive
stresses imparted by the counter surface.
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Figure 9. Evolution of the friction coefficient, p, with the number of fretting cycles, N,
of Cp-Ti grade 4, before and after laser treatments.

The study of the fretting scars formed in the different samples surfaces revealed a
high resistance of LSA 3 sample to fretting wear.

Figure 10. SEM surface images of the fretting wear scars of the untreated Cp-Ti grade 4
(a), LSA 1 (b), LSA 2 (c) and LSA 3 (d) specimens after the fretting test (20000 fretting
cycles at 20 Hz, slip amplitude of + 90 um, normal load of 18 + 2 N).

Conclusions

The laser treatment of titanium CP-Ti grade 4 by pulsed laser irradiation in air,
using a Nd:YAG Q-switched laser of short pulse duration of about 5 ns, gave rise
to colored surface layers.
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The changes in the morphology, structure and chemical composition of the
treated layers were studied by SEM, EDS and X-ray diffraction (XRD). It was
shown that the laser treatment induced the insertion of light elements such as O
and N in the formed layers.

The laser surface processing shifted the corrosion potential of CP-Ti grade 4
towards the noble side, as compared to the untreated one. The best corrosion
resistance was observed for the optimum dose of nitrogen in the obtained layers.
The reduction in the friction coefficient could also improve the fretting wear
resistance. The reason of this improvement may be attributed to the increased
hardness, because of the increase in nitrogen (N) content in the treated samples.
Finally, the study of the fretting scars formed in the different samples surface
revealed a high resistance of LSA 3 sample to fretting wear.
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