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Effect of pulse laser treatment at different process variables
on mechanical behavior of carbon nanotubes

electrophoretically deposited on titanium alloy
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Purpose: Titanium and its alloys are widely used as biomaterials for long-term implants, but they are usually surface-modified due to
their weak bioactivity and wear resistance. Laser processing was used to modify the surface layer, and elemental carbon was a compo-
nent of the deposited coatings. This research aims to use a combination of both methods based on preliminary electrophoretic deposition
of multi-wall carbon nanotubes (MWNCTs) followed by pulse laser treatment. Carbon nanotubes were chosen due to their mechanical
and chemical stability as well as their tubular shape, resulting in enhanced mechanical properties of laser-modified layers. Methods: The
pulse laser power and laser scanning speed were defined as variable process parameters. The microstructure, roughness Ra, nanohardness H,
Young’s modulus E, and indent depth values were measured, and the H /E, H 3/E 2, and relative changes of all these values in comparison
to MWCNTs-coated and non-coated surfaces, were calculated. Results: The obtained results show that the best mechanical properties of
MWCNTs-coated and laser-treated specimens are obtained at a laser power of 900 W and laser feed of 6 mm/s. The observed relations
can be explained considering processes occurring on the surface such as deposition of carbon nanotubes, melting and re-crystallization of
the surface layer, formation and possible partial decomposition of titanium carbides, and associated changes in local chemical composi-
tion, phase composition, and a level of residual stresses beneath the surface. Conclusions: The developed process can substitute the time
and money-consuming carbonization of titanium and its alloys.
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1. Introduction

The commonly used Ti-based materials include tita-
nium of technical purity, Ti6Al4V, Ti6Al7Nb, and
seldom Ti13Nb13Zr alloy, the last now especially
promising for medicine because of its safe chemical
composition, high biocompatibility, Young’s modulus
approaching a value for a cortical bone, and moderate
mechanical properties.

Titanium and its alloys are often subjected to sur-
face modification to improve their hardness, fatigue
and corrosion fatigue limits, wear and fretting resis-
tance, corrosion resistance in aggressive solutions, and
to enhance several biological properties such as bioac-

tivity and antibacterial efficiency. The usually applied
techniques include mechanical hardening, chemical treat-
ment, oxidation, ion plasma implantation, electropho-
retic deposition, spark plasma sintering, plasma spraying
of coatings and rapidly developed laser treatment [16],
[23], [27]. Among different coatings deposited on tita-
nium surfaces and on other metallic materials, the car-
bon nanotubes were several times deposited on tita-
nium [12], [24], Ti6Al4V [8], [15] and Ti13Nb13Zr
alloy [26].

The laser treatment of metals is a very common sur-
face modification technique [1], [18] used to change
the surface topography, the microstructure within the
remelted zone, and the phase and chemical composition
of the subsurface zone. They can affect hydrophilicity,

______________________________

* Corresponding author: Beata Majkowska-Marzec, Gdańsk University of Technology, Faculty of Mechanical Engineering and Ship Tech-
nology, Department of Biomaterials Technology, ul. Narutowicza 11/12, 80-233 Gdańsk, Poland. E-mail: beata.majkowska@pg.edu.pl

Received: August 8th, 2023
Accepted for publication: October 13th, 2023



B. MAJKOWSKA-MARZEC et al.158

bioactivity, and adhesion of other layers. The laser
treatment was already used for titanium and its alloys
for different purposes. Selective laser melting was often
applied to obtain the titanium scaffolds [37]. Laser
cladding is likely the most popular among laser modi-
fications of titanium alloys, used for the fabrication of
the composite coating of TiC and Ni alloy [5], [35],
and Ti-Al-Nb-2Mn alloys on TiAl intermetallic [32].
The laser shock peening is quite often useful for modifi-
cation of Ti6Al4V alloy, with or without a protective
layer [25], [39], or for Ti6Al4V samples with micro-
dimple arrays in contact with foil [9].

The CNTs were subjected to some laser-enhanced
processes. They were included in several composites
as the 316L stainless steel manufactured together
with CNTs by laser-assisted additive manufacturing
[36], composite powders with CNTs applied for laser
printing of electronics [29], the CNTs-SiC reinforced
aluminum fabricated by laser melting injection [33]
and composite coatings of polymers and SWCNTs
for cardiovascular implants [11]. Nanocomposites
of MWCNTs decorated with ZnO nanoparticles were
prepared by Nd:YAG laser [2], MWCNTs decorated
with SnO2 nanoparticles for photocatalytic applications
by pulsed laser ablation [4]. For coatings, the Ti3O5

nanofilm was formed on CNTs by pulse laser deposi-
tion for improvement of the electrochemical behavior
[30], oxide layers containing carbon nanotubes on Al
alloy [31], and laser beam lithography of carbon nano-
tube arrays became useful in the manufacturing of field
electron emitters [13]. The laser-induced surface pat-
terns were obtained based on the transfer of thermal
energy at the interface between the carbon nanotubes
and the polymer [8].

Even if the carbon nanotubes have been used for
different purposes in the processes of surface laser
treatment or welding or fabrication of composite ma-
terials, the idea of a two-stage process, i.e., (i) deposi-
tion of CNT-coating subsequently followed by (ii) its
remelting and solidification, has never been presented
except for several our previous investigations [21],
[22]. The concept is that the laser treatment can cause
the melting of the surface layer, and diffusion of carbon
atoms at elevated temperatures, in liquid, and adjacent
solid areas, resulting, among others, in the appearance
of titanium carbides. Such a process should result in
the improvement of surface mechanical properties
significantly dependent on laser energy density which

determines the solid–to–liquid transformation kinetics,
diffusion kinetics, and carbides` precipitation kinetics.
In effect, this process is similar to the carbonization of
titanium materials. The advantage of our novel tech-
nique over carbonization is in a much shorter time and
has fewer expenses. Besides, the possibility to design
and obtain the surface-modified titanium exactly for
the demanded purpose, according to several adjusted
parameters such as overall laser power, pulse power,
time, frequency, and scanning overpassing percentage,
is another advantage. The present research proposes
an improvement of surface properties, in particular
hardness and Young’s modulus, comprising the elec-
trophoretic deposition of multi-wall carbon nanotubes
(MWCNTs) on the Ti13Zr13Nb alloy, followed by
pulse laser treatment at moderate laser surface restruc-
turing. The research hypothesis sounds that the opti-
mal values of pulse laser power and laser scan rate can
change the microstructure of the surface layer deter-
mined by the specific laser influence resulting in the
highly plausible mechanical characteristics of the
surface.

2. Materials and methods

The chemical composition of the base material,
Ti13Nb13Zr alloy, based on a certificate of the deliv-
ering company (Xi’an SAITE Metal Materials Devel-
opment Co., Ltd., Xi’an, China) is given in Table 1.

To acquire suitable roughness and remove surface
imperfections, the samples were polished using SiC sand-
papers of grades 220, 500, and 800 (Struers Comp.,
Poland). Grinding was carried out by wet method with
a metallographic grinder-polisher (Saphir 330, ATM
GmbH, Germany). Then the specimens were washed
in tap water, dried in an air stream, washed with ace-
tone for 120 s, rinsed with distilled water, etched in
5% hydrofluoric acid for 30 s, and again rinsed with
distilled water.

To prepare the coating, multiwall carbon nanotu-
bes (3D-Nano, Krakow, Poland) were functionalized
according to [20], resulting in achieving the suspen-
sion of 0.31 wt. % CNTs in water. Then, the obtained
suspension was diluted with 40 mL of distilled water
to get a concentration of CNTs of about 0.16 wt. %,
which gave the best results based on our latest tests.

Table 1. Chemical composition of the Ti13Nb13Zr alloy, wt. %

Element C Fe Nb Zr O S H N Ti
Content, wt. % 0.035 0.085 13.18 13.49 0.078 <0.001 0.055 0.019 73.06
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Obtained suspensions were subjected to ultrasonic ho-
mogenization for 30 min to separate the CNTs, before
the electrophoretic deposition process. Functionalization
of CNTs makes the process of their deposition by
EPD faster and easier.

The electrophoretic deposition (EPD) technique was
applied to obtain the coatings under a voltage of 20 V
(DC power source by the MCP/SPN110-01C, Shang-
hai MCP Corp., Shanghai, China) and deposition time
of 30 s, at ambient temperature. As the anode, the
Ti13Nb13Zr substrate was used, and stainless steel
served as a counter electrode. The electrodes were put
into liquid, parallel to each other, 10 mm apart. The
freshly produced coatings remained in the ambient air
for 24 h before the tests started.

Prepared samples were laser modified using the
Nd:YAG pulse laser (TruLaser Station 5004, TRUMPF,
Germany) emits a beam with a wavelength of 1064 nm
under a shielding argon gas with the parameters shown
in Table 2. In the applied designation of the sample
(Table 2), TNZ means the Ti13Nb13Zr alloy only pol-
ished, CNT means the sample polished and deposited
with CNTs, L the sample polished and laser-treated,
CL the sample polished, deposited with CNTs and
laser processed. The numeric symbols mean: number
before a dash means the laser pulse power expressed
in hundreds of watts, and that after the dash is the
laser scanning speed in mm/s.

Table 2. Designations of the samples
and corresponding process parameters of their laser processing

Sample’s
designation

Presence of
CNTs coating

Power of the
laser pulse [W]

Laser scanning
speed [mm/s]

TNZ –
CNT + – –

L7-3 –
CL7-3 + 3

L7-6 –
CL7-6 +

700
6

*L8-3 –
*CL8-3 + 3
*L8-6 –
*CL8-6 +

800
6

L9-3 –
CL9-3 + 3
*L9-6 –
*CL9-6 +

900
6

L20-3 –
CL20-3 + 3

L20-6 –
CL20-6 +

2000
6

The applied experimental plan was designed to
estimate the effects of the following input variables:

the presence or absence of the CNTs layer, the laser
power, and the laser scan rate (scanning speed). The
output variables included roughness, indent depth,
(nano)hardness, Young’s modulus, and two calcu-
lated mechanical indices, H/E, and H3/E2.

The surface and cross-sections of the modified sam-
ples were examined using both an optical microscope
(Olympus UC 50, Hamburg, Germany) and a scanning
electron microscope (SEM) (JEOL JSM-7800 F, Tokyo,
Japan). The thickness of the laser-treated surface layer
was determined from the analysis of cross-section
images.

To identify the phases appearing in the modified
samples, X-ray diffraction (XRD) analysis was em-
ployed with a Phillips X’Pert Pro instrument (Almelo,
the Netherlands). This method utilized a diffractome-
ter with Cu-Kα radiation (λ = 0.1554 nm) within the
10–90 range of 2θ. The roughness Ra measurement
was performed at a distance of 4 mm using a pro-
filograph Hommel Etamic Waveline (JENOPTIK, Ger-
many). Each value of the roughness Ra is an arithmetic
mean from three measurements with standard deviation
(SD) calculated.

Nanoindentation tests were performed using the
NanoTest™ Vantage (Micro Materials, Great Britain)
equipped with a Berkovich pyramidal diamond. For
each specimen, twenty-five (5 × 5) measurements
were made at the highest applied force of 50 mN,
the loading and unloading times of 20 s, and the
dwell period at the highest load of 10 s. The dis-
tances between the subsequent indents equaled to
20 μm. Based on the Oliver and Pharr approach, the
indent depth, the hardness (H), and the reduced
Young’s modulus (Er) were determined. When esti-
mating real elastic modulus (E), the Poisson’s ratio
values of 0.25 for CNTs coating and 0.36 for Ti alloy
were implied.

3. Results

Several surface images of (i) a native material,
(ii) CNTs coated, and several (iii) laser-treated, and
(iv) CNTs-coated and laser-treated surface views are
shown in Fig. 1.

Some examples of microstructures examined on the
cross-sections for (i) several laser-treated, and (ii) CNTs-
-coated and laser-treated surface views, obtained by
light microscope and SEM. As demonstrated by views
of the cross-sections in Figure 2, the thickness of each
laser-melted layer is indicated by a dashed line, and its
value is provided in Table 3.
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Fig. 1. Surface images of Ti13Nb13Zr alloy
before laser treatment (TNZ), with CNTs coating (CNT),
and several laser-treated (L9-3, L20-6), and CNTs-coated

and laser treated (CL9-3, CL20-6).
Scanning electron microscope SEM (TNZ and CNT)

and light microscope LM (rest of the sample)

Fig. 2. Microstructures on cross-sections
for several laser-treated, and CNTs-coated

and laser-treated surface views of Ti13Nb13Zr alloy.
Light microscope LM

XRD spectra for ground native material, which is
Ti13Nb13Zr alloy (TNZ), L9-3 and L20-6 – for laser-
treated material, CL9-3, and CL20-6 – for laser-treated
material with a previously applied coating of carbon
nanotubes, are presented in Fig. 4.

Fig. 3. Microstructures on cross-sections
for several laser-treated, and CNTs-coated

and laser-treated surface views of Ti13Nb13Zr alloy.
Scanning electron microscope SEM

Table 3. The mean thickness and the corresponding
standard deviation of laser-modified layers

Sample Thickness ± SD [µm]
L9-3 88 ± 9

CL9-3 107 ± 25
L20-6 318 ± 36

CL20-6 384 ± 28

Fig. 4. XRD spectra of Ti13Nb13Zr alloy for: TNZ, L9-3
and L20-6 – samples after laser treatment, CL9-3

and CL20-6 – samples with CNTs coating after laser treatment
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Table 4. The roughness of investigated samples for different process parameters

Designation
of samples

Presence
of CNTs coating

Power of the
laser pulse [W]

Laser feed
rate [mm/s]

Roughness
[µm]

TNZ – – – 0.23 ± 0.02
L7-3 – 1.67 ± 0.01
CL7-3 +

3
2.04 ± 0.03

L7-6 – 1.92 ± 0.02
CL7-6 +

700
6

1.97 ± 0.01
L9-3 – 0.87 ± 0.02
CL9-3 +

900 3
4.41 ± 0.04

L20-3 – 1.73 ± 0.02
CL20-3 +

3
0.79 ± 0.01

L20-6 – 1.67 ± 0.02
CL20-6 +

2000
6

1.40 ± 0.01

Fig. 5. Surface roughness of Ti13Nb13Zr alloy after laser treatment in different parameters
with and without CNTs coatings

Table 5. Mechanical parameters of samples for different process parameters

Designation
of samples

Presence
of CNTs coating

Laser pulse
power [W]

Laser feed
rate [mm/s]

Nanohardness
(H) [GPa]

Young”s modulus
(E) [GPa]

TNZ – 20.62 ± 14.20 279.09 ± 134.39
CNT +

– –
0.35 ± 0.18 26.56 ± 8.03

L7-3 – 41.61 ± 11.83 370.71 ± 85.38
CL7-3 +

3
52.73 ± 10.98 395.01 ± 69.82

L7-6 – 46.82 ± 13.57 398.7 ± 99.22
CL7-6 +

700
6

34.25 ± 14.98 334.65 ± 123.43
L9-3 – 43.18 ± 19.92 350.91 ± 101.52
CL9-3 +

900 3
56.18 ± 21.08 405.35 ± 119.44

L20-3 – 52.13 ± 12,13 342.54 ± 94.12
CL20-3 +

3
56.4 ± 11.42 359.18 ± 51.47

L20-6 – 65.48 ± 15.04 383.43 ± 84.12
CL20-6 +

2000
6

55.19 ± 18.17 387.1 ± 111.89
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The results of the present roughness measurements
are demonstrated in Table 4. Similar results together
with previous Ra values [21] obtained at 800 W, at 3 and
6 mm/s, and 900 W, at 6 mm/s, for laser power and
scanning speed, respectively, are shown in Fig. 5.

The present results of nanohardness and Young’s
modulus measurements are demonstrated in Table 5.
Similar results together with several earlier ones [21]

obtained at 800 W at 3 and 6 mm/s, and at 900 W,
at 6 mm/s, for laser power and scanning speed, respec-
tively, are shown in Figs. 6 and 7.

In Table 6, the present results of measured indent
depth, and values of two ratios, mainly H/E and H3/E2,

important for an assessment of resistance to elastic
and plastic deformations based on (nano)hardness
and Young’s modulus values, are demonstrated.

Fig. 6. Nanohardness of Ti13Nb13Zr alloy after laser treatment in different parameters
with and without CNTs coatings

(relationships between pulse laser power, scanning speed and hardness)

Fig. 7. Young’s modulus values of Ti13Nb13Zr alloy laser-treated at different parameters,
in a presence or absence of CNTs coating

(relationships between pulse laser power, scanning speed and Young’s modulus)
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The calculated values of both ratios, also for 800 W
at 3 and 6 mm/s and 900 W, at 6 mm/s are pre-
sented, for laser power and scanning speed, respec-
tively, which have been obtained in earlier work
[21] are show in Figs. 8 and 9.

The fundamental aim of this research is to estab-
lish whether the deposition of CNTs coating can in-
fluence the mechanical behavior within the surface
layer. The relative changes in measured parameters,
CNTs-deposited and laser-processed (no index) com-

pared to those only laser-treated (index LT) are dem-
onstrated in Table 7. It can be seen that the carbon
nanotubes certainly increase the roughness at 900 W
of laser power, increase the hardness at the same
energy, and have a small or negligible (taking into ac-
count the high SDs values) effect on Young’s modulus,
for which only at 900 W the more significant effect
can be observed. However, the increase in both plas-
tic and elastic work is the highest at 900 W and the
highest scanning speed.

Table 6. Maximum indent depth and fracture toughness measures, H/E and H3/E2

Designation
of samples

Presence
of CNTs
coating

Power
of the laser pulse

[W]

Laser feed
rate

[mm/s]

Maximum
indent depth [nm]

H/E
[–]

H3/E2

[GPa]

TNZ – 441.38 ± 197.49 0.074 0.113
CNT +

– –
2818.1 ± 402.03 0.013 0.00006

L7-3 – 268.98 ± 46.79 0.112 0.523
CL7-3 +

3
242.56 ± 26.41 0.133 0.936

L7-6 – 253.17 ± 38.32 0.117 0.641
CL7-6 +

700
6

340.06 ± 159.62 0.103 0.359
L9-3 – 290.31 ± 93.15 0.123 0.654
CL9-3 +

900 3
245.08 ± 47.94 0.139 1.082

L20-3 – 268.21 ± 79.35 0.152 1.207
CL20-3 +

3
245.93 ± 24.87 0.157 1.39

L20-6 – 249.54 ± 80.29 0.171 1.909
CL20-6 +

2000
6

247.55 ± 44.27 0.143 1.176

Fig. 8. The effect of pulse laser power on the H/E ratio for two applied laser feed values,
with or without CNTs coating
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4. Discussion

In Figure 1, we can observe the path of laser tracks
(for laser-modified samples), which corresponds to
the direction of the laser head’s movement. Surface
melting and rapid solidification result in what is re-
ferred to as laser structuring, associated with a change
in surface roughness. No cracks are observed in the
resulting surface layers (Figs. 1 and 2). The adhesion
of the carbon coating to the titanium substrate has
been previously examined [20], confirming its suitabil-
ity for use in titanium implants. Large surface irregu-
larities and a zonal character of the laser-modified
layer are also visible (Fig. 3).

The samples were tested by X-ray diffraction (XRD)
(Fig. 4) analysis to demonstrate the presence of tita-
nium carbides in the near-surface zone after electro-
phoretic deposition of the carbon coating, also visible
in the form of dendrites in Fig. 3 (CL9-3).

As can be seen in Table 4 and Fig. 5, for only la-
ser-processed samples, roughness is always much
higher than for bare metal and is not significantly influ-
enced by laser power, except 900 W at which rough-
ness becomes twice lower than for the others, for
6 mm/s of scanning speed. For CNTs-coated and la-
ser-treated alloy, the relation is more complex with
minimum and maximum roughness observed at middle
pulse laser power. Such observations can be satisfacto-
rily explained. Namely, at low laser power, or high

Fig, 9. The effect of pulse laser power on the H3/E2 ratio for two applied laser feed values,
with or without CNTs coating

Table 7. Relative changes of measured parameters

Laser
power
[W]

Laser beam
feed

[mm/s]

(Ra – RaLT)/RaLT
[%]

(H – HLT)/HLT
[%]

(E – ELT)/ELT
[%]

(H/E) – (HLT/ELT)/
(HLT/ELT)

[%]

(H3/E2) – (H3
LT/E 2

LT)/
(H 3

LT/E 2
LT)

[%]
3 22.2 26.7 6.6 18.7 79.0

7000
6 2.6 –26.8 –16.1 –11.9 –44.0
3* –19.2 15.4 –10.7 29 92.7

8000
6* –16.5 35.2 –10.7 50.4 210
3 407 30.1 15.5 13.0 65.4

9000
6* 344 102 18.2 70.8 492
3 –54,3 8.2 4.8 3.2 15.1

20000
6 –16.2 –15.7 0.9 –16.4 –38.4

* values calculated based on previous results [21].



Effect of pulse laser treatment at different process variables on mechanical behavior of carbon nanotubes… 165

scan rate, the sub-wavelength laser-induced periodic
surface structures can appear [10]. On the contrary, at
high laser power or low laser scanning speed, micro-
cracks can initiate. The reported surface roughness has
ranged between 143 nm and 326 nm, well below here
observed values. However, under the effect of laser
treatment, well-defined pits with hierarchic organiza-
tion can be found on the surface, and these micro and
nanoscale imperfections are induced by two proc-
esses, the re-solidification of the liquid metal, and the
re-deposition of plasma plume [14]. The obtained re-
sults prove that in these tests such non-equilibrium
processes are either very intensive, or temperature gra-
dients are high, or quenching is particularly fast, or all
these effects appear simultaneously.

It can be observed that surface hardness is higher for
each surface-modified sample compared to that of bare
metal (Table 5 and Fig. 6). The high standard devia-
tions, even for only laser-treated samples, can be attrib-
uted to presumably high nonuniformity of the surface
layer, following the surface melting process, diffusion
of alloying elements in liquid melt, and rapid solidifi-
cation resulted in the important stochastic movement
of atoms under concentration, temperature and stress
gradients, and gravitation force. For CNTs coated and
laser-treated alloy, a significant increase in surface
hardness was already observed and attributed to the
microstructural change within the layer influenced by
laser energy, such as the appearance of a layer of
β-phase beneath the surface, the laser beam interaction
with the titanium in plasma conditions, and the ap-
pearance of flower-like microstructural feature [6].
For the carbon-coated titanium irradiated with the
Nd:YAG laser, the carbide coating was primarily af-
fected by the scanning speed, and the hardness of the
laser-modified samples occurred even 6 times higher
than that of titanium [3]. In our research, such im-
provement is also observed, but the increase is dis-
tinctly lower, presumably because of CNTs used as
a coating. Also, Young’s modulus increases after any
surface processing compared to the substrate. For
CNTs-coated and laser-treated alloy, its value is the
highest for pulse laser power of 900 W and 2000 W,
again at higher scanning speed. The surface layer is
then significantly hardened and strengthened at applied
conditions.

Based on data collected in Table 6, it can be seen
that the maximum indent depth is exceptionally high
only for the CNTs coating alone, which might be ex-
pected for such a loose cover. The laser treatment, fol-
lowing the CNTs deposition or not, results in a signifi-
cant decrease in the indent depth. All these values are
well below the determined remelted zone depth. The

pulse laser power does not influence the indent depth
for only laser-treated samples and any of the two
scanning speed values. A similar effect is observed
for two-stage processed samples, for which the hard-
ness increases already at 900 W. However, the stan-
dard deviations are high and such a conclusion is dis-
putable.

The H/E and H3/E2 can characterize elastic strain
to failure, and resistance to plastic deformation, or, to
some extent, fracture toughness [7], [34]. The H/E value
was distinctly the highest at 2000 W for only laser-
modified samples for both scanning speed values and
for each surface modification. The H3/E2 increased at
higher power values, 900 and 2000 W, for CNTs plus
laser-modified samples (Figs. 8 and 9). Such results
mean that the two-stage modification results in pre-
cipitation of some carbides, likely Ti2C, whose density
and dimensions become important with an increasing
power followed by the occurrence of faster melting,
faster diffusion of elements, and faster precipitation
and even growth of precipitates. The more detailed
microstructural investigations are in the course.

The performed research shows that the laser proc-
essing of the CNTs layers on the Ti13Nb13Zr alloy
has a remarkable effect at a moderate laser power.
Considering similar research, it is worth paying atten-
tion to the laser-made treatment performed in the
Ca(NO3)2 solution in which the presence of two crys-
talline layers, melted and diffusion zones, has been noted
[17]. For nitride and laser-melted surfaces, the remelted
inner zone was 10 μm thick, and the martensitic outer
zone appearing by the oxygen solid solution of oxygen
was observed [19]. In similar conditions, the values of
Young’s modulus, elastic energy, and hardness signifi-
cantly increased in the nitrided layer, followed by the
heat-assisted zone [28] as well as some biological
properties were enhanced when using a nanosecond
laser for ablation treatment [38]. The observed relation
can be then explained considering all results and pos-
sible processes occurring on the surface. Such proc-
esses occurring in the applied two-stage electrochemi-
cal-laser treatment include electrophoretic deposition
of carbon nanotubes, melting and re-crystallization of
the surface layer, formation of titanium carbides of
a size determined by a local temperature decrease rate,
and the associated change in local chemical composi-
tion, phase composition, and a level of residual stresses
beneath the surface. Among all these processes, the pre-
cipitation of titanium carbides can be key phenomenon
strongly related to energy flux. At low energy, the
temperature is sufficiently high to form stable very
small carbide phases, and at high energy following
a local temperature increase, the carbides can grow
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and coarse. Thus, at intermediate laser power and en-
ergy flux, the number and size of carbides are optimal
to reach the highest hardness and resistance to plastic
deformation, as determined from the nanoindentation
tests. The precise description and modeling of these
physical-chemical processes following by verification
of the above hypothesis based on detailed micro-
structural investigations will be performed in the
future.

5. Conclusions

The laser treatment of the Ti13Nb13Zr alloy causes
a significant increase in roughness, hardness and re-
sistance to elastic and plastic deformation described in
terms of H/E and H3/E2 ratios. The effects are similar
to those previously described for the other process
parameters and can be attributed to the re-melting of
the surface layer, rapid re-crystallization, and phase
transformations.

The laser treatment of the surface previously de-
posited with multi-wall carbon nanotubes brings out
divergent changes in the roughness and mechanical
properties of the surface layer. They are substantially
dependent on laser power and laser scanning speed.
The most spectacular is strengthening observed at 900
W of laser energy and 6 mm/s of feed rate.

The prominent mechanical behavior at the inter-
mediate laser power can be discussed in terms of tem-
perature and energy density-dependent phenomena, in
particular of the possible appearance of carbides in the
surface layer in the region of lower energy fluence,
and of the change in their growth and shape beneath
the surface in the alloy laser-treated with excessive
energy.

The proposed two-stage process is likely to sub-
stitute the carbonization of Ti and its alloys, as less
time and cost-consuming, and can become impor-
tant for all other metallic materials that have an
appropriate melting temperature and can form car-
bide phases.
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