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Abstract Titanium and its alloys (Ti6Al4V) have been
widely used in the biomedical field; nevertheless, they
should be subject to specific surface treatments, before
being implanted, in order to improve bio-integration.
Although laser processing is a useful technique for this
purpose, different aspects of the basic mechanisms of this
process are still in progress, with special emphasis on the
modeling structure formation on the irradiated surface. For
this research, the finite element method was used to study
the generation of a macrostructure on the Ti6Al4V surface
using a Nd:YAG laser. The temperature profiles, estimated
during the extremely high heating and cooling rates caused
by the output power of the laser beam, allowed us to
analyze, among other things, the melting depth and the heat
affected zone, in order to optimize the process. Moreover,
the experimental results (SEM data) were positively com-
pared with the numerical model, and a relationship of the
crater profile formation (depth to width ratio) was
determined.

1 Introduction

The widespread use of titanium (T1) and its alloys (mainly the
aluminum and vanadium alloy, Ti6Al4V) in the biomedical
field fulfills many of the requirements of implantology:
biocompatibility and osseointegration, biofunctionality
(adequate mechanical properties), corrosion resistance,
processability and availability. Nowadays, together with
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stainless steels and cobalt-chromium alloys, they are used to
produce dental, maxillofacial, orthopedic, cardiac, cardio-
vascular and otorhinolaryngological implants [1, 2].

It is interesting to note that, in many cases, the pro-
duction of the implant causes surface modifications as a
result of the processes of laminating, machining, casting or
forging. These changes do not occur evenly over all the
material. Under these conditions, the surface is not suitable
for medical applications, especially when there is direct
contact with the implant tissue. That is why it is necessary
to apply surface treatments in order to achieve a uniform
finish. Furthermore, in most cases, it is necessary to apply
surface treatments to generate specific properties which
optimize the function of the medical device in question by
obtaining a functional surface. Thus, the surface modifi-
cation of an implant is defined as the process of changing
the properties that appear naturally in the material by
rendering them more desirable for implantation. This
modification may consist in changing the hydrophobic
surface to hydrophilic material in order to create a more
biocompatible surface for a medical device. Surface mod-
ification is an extremely broad term that includes both
methods for performing chemical changes on biomaterials
(such as coatings or oxide growth) and methods for mod-
ifying the surface topography (in the case of texturing or
sanding) [2-5].

The topography can be defined as the set of natural or
artificial specific geometric features of a surface. In bio-
materials, it is important to consider two basic topographic
features, namely texture and roughness. The former
encompasses the natural or deliberately arranged configu-
rations of the surface (for example, pores, grooves, valleys,
hills or patterns). There is a wide range of techniques to
achieve this [6]. In recent years, the laser processing of
surfaces for biomedical applications has grown in
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importance [7, 8]. Although laser processing is a useful
technique for this purpose, different aspects of the basic
mechanisms of this process are still in progress, with spe-
cial emphasis on the modeling structure formation on the
irradiated surface.

The macrostructure generation with lasers on the
Ti6Al4V surface requires the application and absorption of
high energy densities during a very short interaction time
(nanoseconds range), and involves many complex physical
phenomena in the material such as electronic, chemical
and/or thermal processes. The thermal effects play the
main role heating the material, and it can be expressed
mathematically by the heat conduction differential equa-
tion (HCDE) [9-13]; thus, the numerical methods are a
valuable tool for the optimization of surface topographic
modifications, since it provides the temperature field and it
allowed us the fine-tuning of the experimental conditions,
among other things, the maximum melting depth (MMD),
maximum boiling depth (MBD) and the HAZ, in order to
optimize the process.

2 Experimental procedure

Samples consisted of Ti6Al4V disks 6 mm in diameter and
2 mm thick. The surface was macro structured using an
RSM 20E Nd:YAG marking laser (A = 1,064 nm,
7=10ns, 20 kHz, ® = 6.19 ] cm_2, spot beam diameter
of 60 um). These parameters were chosen based on pre-
vious studies by other authors [14-16]. The irradiation
took place under atmospheric pressure with normal beam
incidence without focusing lens. Scanning electron
microscopy (JEOL JSM-6700 f) was used to study the
macrostructure, as is presented in Fig. la. Figure 1b pre-
sents the irradiation pattern for each crater; 200 pm in
length was irradiated in both x and y direction with
10 mm/s processing speed, involving 400 laser pulses for
each direction.

Fig. 1 a SEM micrograph of
the macrostructure consisting of
a regular pattern of craters; and
b irradiation pattern used on
each crater consisting of two
perpendicular series of laser
lines inside the circle
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3 Numerical simulation

The superficial modification and the thermal distribution
induced by the laser irradiation are approached with FEM
by using the ANSYS® (13.0) code [17-20] and by solving
the HCDE as follows:
p(T)C(T)OT (r,t)/0t = Vk(T)VT(r,t)] for T,<T<T,
OH(T)/0t =V [k(T)VT(r,t)] for T>T,
(1)

The model contemplates the dependence of the temperature
on the thermal properties of the Ti6Al4V: the density p (g/
cm3), the thermal conductivity k (W/cm2K) and the specific
heat C (J/gK) [21-27]. The phase changes are considered
by the enthalpy H (J/em®):

/ o(TC(TAT' + h(T — Tpy) Ly + h(T — Tp)L,

T, if T, <T<T,

H(T) =

if T, <T<Ty ifT>T,

(2)

where & is the Heaviside function, the T,,,(K) are the
melting/boiling temperatures and L,,,(J/g) is the melting/
evaporation heat. As boundary conditions, the initial tem-
perature, 7(r, 0) = 300 K, is considered in the whole
volume, and the heat flux impinges in the normal direction
to the target surface.

This heat flux provided by the laser source is defined by
the initial beam intensity I(r, £) which incorporates the
main laser beam parameters as the energy density F(J/cm?)
with a Gaussian-like distribution and the pulse length t(ns);
the optical parameters are also included:

1(r,t) = A(0,)Q[F,f ()] exp [—2;» / (2055)2}
X exp [—gL] (1 (- 5)”“/(4‘1’))} (3)

where A = 1 — R(0; n, k) is the absorptivity, R(0;, n, k) is
the reflectivity [21, 28], 0; is the laser beam incidence angle
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and n, k are the components of the complex refraction
index; f{t) is a pulse length dependent function, r is the
radial coordinate, S is the radius of the laser spot, ¢ is the
absorption coefficient of the Ti6Al4V target and ¢ is
the average angle between the crater and the initial incident
beam axis. Other parameters are related to the first stages
of the laser ablation process. As is well known, when the
target material reaches the vaporization temperature, par-
ticles have been observed to leave the surface by generat-
ing a hot plasma cloud (plume) [28], which is visible in the
majority of the processes. In the present case, as evidenced
in the SEM micrograph (Fig. 1), the laser interaction with
the surface produced a crater, resulting from the ablation
of the Ti6Al4 V. Thus, the energy density absorbed on
the crater wall is also taken into account by means of the
plasma absorption during the multiple reflections [29].
The fraction of the energy density which is absorbed when
the beam crosses a length in the plasma is given by the Beer—
Lambert law: 1 — e ~*%; where ¢, is the plasma attenuation
coefficient and L is the average path of the laser beam into the
plasma before it reaches the crater wall. Authors have
reported different ¢ values, i.e., the inverse Bremsstrahlung
mechanism is used for CO, laser melting, and the average ¢
valueis 100 m™! [30]; for the Nd: YAG laser attenuation, the
Rayleigh scattering mechanism was applied [31], and an
attenuation coefficient of 7 m~' was reported [32]. Due to
the multiple reflections that occur inside the crater, the laser
beam is absorbed by the plasma. Thus, attenuation in the
plasma over the melted surface and attenuation due to the
multiple reflections have been taken into account in this

Fig. 2 a Representative scheme (a)
of a very high overlapping
degree on a single spot area in
both directions; b On the total
irradiated area, it is possible to
observe that with four laser

Laser pulse direction

pulses, with the spot center
located in x = 0, 60, 120 and
180 pm, it would be enough to
cover an area of 200 pm in
diameter; and ¢ Hypothesis to
implement the numerical model.
The estimated parameters are
the following: the maximum
surface width for the MP and for
the TT (AMP and ATT,
respectively) and the HAZ in its
liquid phase and the f-phase
(solid) (HAZ-MP and HAZ-TT,

study, and a value of 100 m~! was considered for the

calculations. The calculations incorporate the average
number of reflections before the appearance of the crater,
giving the 1 + (n/4¢) parameter (Eq. 3) a value of 6 [29].

4 Results and discussion

The numerical analyses were carried out under the same
conditions as the experimental procedure. The laser sup-
plied 2 pulses/um in both x- and y-directions, investing a
time of ~5 x 10% ns between two consecutive pulses.
This means a very high overlapping degree on a single spot
area in both directions, as depicted in Fig. 2a. As shown in
Fig. 2b, around 360 laser pulses, from x = 0 pm to
x = 180 pm, cover the whole irradiated area (the same was
applied to the y-coordinate). The simulations were carried
out covering 5 pum, as presented in Table 1. As the room
temperature is reached between two consecutive pulses
during the cooling, all simulations were conducted using
the initial temperature 7(r,0).

The hypothesis to implement this numerical model
incorporated the main physical changes caused by the
temperature gradient. Thus, as is well known, the solid
phase of titanium presents different structures: the a-phase
appears below 1,158 K and, as the temperature increases,
the titanium structure changes to the f-phase. These
structural modifications were also added to our hypothesis;
these are the transition temperatures, when the o + f
structure changes to f§ structure (TT = 1,220 K), as well as
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respectively). Below the HAZ-
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Table 1 Position respect to the initial spot center (x = 0, y = 0), the
corresponding number of pulses and the key (P;) used for the first
eleven consecutive pulses of the numerical simulation

Xx(um) 0 05 10 15 20 25 30 35 40 45 50

Pulse 1 2 3 4 5 6 7 8 9 10 11
Key Pl P2 P3 P4 P5 P6 P7 P8 P9 PIO Pll

T
—l— center

(a) 3000 _A—r BP=3315K
< / = —@— 10um
< 2000 W ia —A— 30um
g' ‘ TT=1220K Y, 60um
2 1000 -
(b)_
€ 0,0~
2
£
e -0,81
[}
o
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time (s)

Fig. 3 a Evolution of the temperature on the surface as a function of
the time, for the initial spot center (P1) and at different distances from
P1; b isotherms of the MMD and MBD versus time for P1

the melting point (MP = 1,928 K) and the boiling point
(BP = 3,315 K) [26], which induces changes on the
Ti6Al4V structure, as presented in Fig. 2c. So those ele-
ments that reached the BP during the laser processing were
converted into null elements; thus, they did not participate
in the ablation process, and therefore, the crater depth (CD)
and its crater width (CW) could be estimated.

The evolution of the temperature on the surface (at
different distances from the spot center) versus time is
shown in Fig. 3a. We can see that the MP was quickly
reached (~ 1.5 ns) in the spot center, and the whole spot
area was melted at around 30 ns. The BP was also quickly
reached 3.5 ns but the spot area was only partially evap-
orated (55 pm), so it was not fully affected. Figure 3b
depicts the MMD and the MBD versus time, for the first
pulse (P1); we can see the melting and boiling depths were
reached at around 0.8 and 1.5 um, respectively. These
results and the observed HAZ profile parameters (see
Fig. 2c) are summarized in Fig. 4a. The evolution of the
CD/CW follows an exponential behavior as a function of
the position (x) from the initial spot distance to the spot
center (or number of pulses) as is shown in Fig. 4b. In this
way, it was observed that during the first pulses, the crater
in the spot center grew very quickly, but the HAZ on the
surface seemed to be constant. Thus, the formation of a
crater with conical cross section would be possible, as the
number of laser pulses increases.
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Fig. 4 a The parameters AMP, ATT, the HAZ-MP and the HAZ-TT
as a function of the initial spot position for the first eleven consecutive
laser pulses at the time where the crater on the spot center is greater
[60 ns, for the P1...P11 consecutive laser pulses (Table 1)]; b Crater
Depth/Crater Width ratio (CD/CW) as a function of the distance from
the initial spot center for PI-P11 and for 40, 80 and 120 laser pulses;
the evolution can be expressed by an exponential equation

These findings were compared to the experimental data
on the laser processing of Ti6Al4V disks (6 mm in diam-
eter and 2 mm thick) carried out under the same conditions
as the numerical analysis. Figure 5 shows SEM micro-
graphs of a typical crater formed after 320 laser pulses. The
experimental results allowed us to appreciate where the
superficial modifications appear in a temperature range
between the TT and the MP and also the cavity that clearly
appears (SPOT) on the interaction zone when the boiling
point is reached. A preliminary quantification can be per-
formed wusing these micrographs, assuming that the
CD = 190 um and the CD/CW = 0.844, based on data
obtained after 320 laser pulses. Thus, by using the equa-
tions obtained in Fig. 4, for CD = 190 pm, we find that the
spot center is located at around x = 164 um, which gives
328 laser pulses. For this number of laser pulses, we obtain
a CD/CW = 0.847, which agrees with the numerical esti-
mations. The estimated HAZ-MP zone, around 12 pum, is
clearly visible and concurs with the experimental details
(Figs. 4a, 5b).

5 Conclusions
The calculations of the temperature distribution induced by

the Nd:YAG during the macro structuration of the Ti6Al4V
surface proved to be a very useful tool for the optimization
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Fig. 5 SEM micrographs of the
crater a surface view; and

b section profile, after 320 laser
pulses

of the experimental process parameters. It was demon-
strated that the aspect ratio (CD/CW profile) follows an
exponential behavior. The numerical model is in agreement
with the experimental results obtained in similar
conditions.
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