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Fabrication of Micro/Nano-textured Titanium Alloy Implant

Surface and Its Influence on Hydroxyapatite Coatings
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Abstract: We put forward a protocol combining laser treatment and acid etching to obtain multiscale
micro/nano-texture surfaces of titanium alloy implant. Firstly, the operational parameters of the laser were
optimized to obtain an optimum current. Secondly, the laser with the optimum operational parameters was used
to fabricate micro pits. Thirdly, multiple acid etching was used to clean the clinkers of micro pits and generate
submicron and nanoscale structures. Finally, the bioactivity of the samples was measured in a simulated
body fluid. The results showed that the micropits with a diameter of 150 um and depth of 50 um were built
successfully with the optimized working current of 13 A. In addition, submicron and nanoscale structures, with
0.5-2 pm microgrooves and 10-20 nm nanopits, were superimposed on micro pits surface by multiple acid
etching. There was thick and dense HA coating only observed on the multiscale micro/nano-textured surface
compared with polished and micro-textured surface. This indicated that the multiscale micro/nano-texture
surface showed better ability toward HA formation, which increased the bioactivity of implants.
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1 Introduction

The healing process, which follows the surgical
implantation of dental and bone fixtures in the human
body, determines the final outcome of a surgery.
Rejection reactions appear after implantation because of
poor bio and mechanical compatibilities of traditional
implants. Sometimes, the implants may be ejected from
the body. Therefore, improving the contact between the
implant and tissue is a key factor influencing the success
of the surgery!. Among the many factors influencing
osseointegration, surface topography has been most
widely studied”. Compared to the smooth and machined
surfaces, implants with micro/nano-textures have shown
higher success rates"’. In vitro and in vivo studies have
shown the advantage of micro/nano-textures, which in
addition to enhancing the cell growth, cell adhesion,
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cell migration, and proliferation, also improved the
bone deposition and contact between the bone and
implant*®’. In addition, some studies have shown that
implants with micro-nano-textured surfaces possess
stronger interfacial bonding strengths'”, increasing
the stability of the implants in the body. Currently, the
main processing methods used on implant surfaces
are abrasive blasting', photolithography", titanium
plasma spraying!®') 114,
Traditional chemical, physical, and mechanical methods
can generate rough surfaces; however, these methods

and chemical treatmen etc.

cannot be used to obtain a specific morphology in the
specified area. We believe that laser treatments can
overcome this limitation.

Laser treatment is a new method to generate
three-dimensional features in the micro-nano scale,
which can be used to process complex surface
topographies'”’. Some studies have proven that lasers
can be used to generate microgrooves and micro
pits!"*"” Kurella and Dahotre described the advantages
of laser machining on the microstructure. For instance,
the laser can remove material quickly, cleanly,
selectivity, and generate complex microstructures on
the surfaces, when a single wavelength of short pulses
is used”™”.
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In this paper, we reported the first study of
bioactive surface micro/nano-textures on the titanium
alloy surface produced by a combination of laser
treatment and acid etching. First, the laser machining
parameters were optimized and then, micro pits
were produced on the surface using the laser. The
laser clinkers were cleaned and nanostructures were
generated on the micro pits by acid etching. Bio-
mineralisation testing was carried out to investigate
the bioactivity of the samples with different surface
structures. The surface morphology, structure, and
components of the samples were studied by various
surface analytical techniques.

2 Experimental

2.1 Materials and pre-treatment

Titanium alloy (Ti6Al14V) flat plates with
dimensions of 10 mm X 10 mm X 1.5 mm were used
in the experiments. The samples were polished by
mechanical grinding and polishing, and further cleaned
with acetone and water.
2.2 Optimization of the laser parameters

The sample surface was fabricated using
an yttrium aluminium garnet (YAG) laser with a
wavelength of 1064 nm and a spot diameter of 30um.
The electric current is one of the main influencing
factors and the machining precision is controlled
by changing power and energy. The samples were
fabricated by laser machining using the single factor
analysis method with different currents (/ = 10, 11,
11.3, 11.5, 11.8, 12, 12.5, 13, 14, and 15 A). The
optimized parameters were used to generate micro pits
on the surface of the titanium alloy.
2.3 Multiple acid etching

Multiple acid etching was used to clean the laser
clinkers and generate the submicron and nanoscale
structures. The samples were first treated with a
solution containing 0.09 mol/L HNO, and 0.11 mol/
L HF at room temperature for 10 min. The samples
were then treated with a solution containing 4.5 mol/
L H,SO, and 2.9 mol/L HCI at 80 C for 25 min and
subsequently, quickly cleaned with water. Then, the
samples were treated with a solution of 98% H,SO, and
30% H,0, in a volume ratio of 1:1 at room temperature
for 90 min. Finally, the samples were washed with
distilled water.
2.4 Surface characterization and analysis

The surface morphology of the samples machined
by the laser was analysed with a scanning electron
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microscope (SEM) and digital microscope. The surface
elemental composition was determined by energy
dispersive spectrometry (EDS).
2.5 Bioactivity estimation

The bioactivity of the samples was examined
in a simulated body fluid (SBF) using Kokubo’s
recipe”'’. The samples were divided into three groups:
polished (P), micro-nano-textured (MN), and micro
pits (M). The samples belonging to the three groups
were immersed in 30 mL of SBF in an Eppendorf tube
and the pH value was adjusted to 7.4 at 37 C. After
soaking in the SBF for 15 days, the samples were
gently washed with distilled water and dried in air.

3 Results and discussion

3.1 Laser treatment and parameter optim-

ization

The microstructures obtained on the titanium alloy
surface after the laser treatment are clearly observed in
Fig.1. Figs.1(a)-1(d) show the changes in the surface
topography obtained using different laser electric
currents. Colour changes occurred on the surface only
when the current was 10 A (Fig.1(a)). With increasing
current (11A-13A), the material removal and depth of
the micro pits increased (Figs.1(b)-1(d)).
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Fig.1 Digital images of Ti6Al4V surfaces obtained with
different laser currents of (a) 10 A, (b) 11 A, (c) 12 A,
and (d) 13 A

As the heat affected zone diffused into the sample,
a deeper weld crater appeared. Because the thermal
conductivity of Ti6Al4V is low, with increasing energy,
the weld crater absorbs a significant amount of heat,
although this heat is dissipated slowly. Hence, the
weld crater temperature increased sharply to reach the
boiling point of the material. Then, the material began
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to degenerate into a gaseous powder and generated a
plasma. Subsequently, the boiling splash of material
began to appear on the surface and micro pits with good
morphology were generated, which was accompanied
by ablation of the surface. After the laser treatment was
ceased, recrystallization occurred on the surface and the
microstructure also changed significantly, as shown in
Figs.1(c) and 1(d). The relationship between the depth
of the micro pits and current is shown in Fig.2.
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Fig.2 Variation of the micro pits depth with current
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As shown in Fig.2, the micro pit depth increased
with increasing current. However, when the current
was greater than 13A, the depth increase slowed down.
This can be attributed to two factors. First, the low
heat conductivity coefficient generates a large amount
of energy, which gathers in the weld crater and is
not conducted to the deeper portions of the material.
In addition, the small and focused processing area
leads to the formation of a powder and the plasma
generated by the prior pulse cannot be discharged from
the pits before the next pulse arrives. This leads to
cinder remains in the micro pits. Also, excess energy
accumulation causes serious burn damages and destroys
the performance of the material. Hence, the current
value should not be excessively large. Considering
the morphology and depth of the micro pits and the
influence of energy on the material, we think 13 A is
the optimum current.

ig.3 SEM images of Ti6A14V surfaces after laser treatment

Fig.3 shows the characteristics of the micro pits
produced by using the optimized laser parameters.
On the inner surface and the edges of the pits, laser
clinkers were distributed randomly. The diameter of the
laser clinker ranged widely from 1 to 10 um.
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3.2 Fabrication of micro-nanostructures

Fig.4 SEM images of the Ti6Al4V surfaces after multiple
acid etching

Multiple acid etching was used to clean the
clinker and generate submicron and nanoscale
structures. Fig.4 shows the SEM images of the surface
after laser processing and acid etching. As shown in
Figs.4(a) and 4(b), the diameter of the micro pits array
is about 150 pm and the separation is 20 um. The depth
of the micro pits, as examined by a digital microscope,
was about 50 um. The clinkers were cleared and
microstructures consisting of rectangular grooves and
ridges were produced in the titanium alloy (Fig.4(c)).
The width of the grooves and ridges varied between
0.5 um and 2 um. As shown in Fig.4(d), a cluster of
multiscale nanopits with diameters in the range of 10-
20 nm were distributed on the micro pits.

Micron topography is conducive to early implant
osseointegration*". Nano and submicron topography
can directly regulate the cellular response to the
material®**!. The micro/nano-textures are considered
as surface modifications, which can improve the
bioactivity of the titanium implant. These structures
have been studied by some researchers both in vitro
and in vivo®. It has previously been demonstrated
that micro/nano-textures have an effect on bone
formation, accelerating the regeneration of bone tissue
and improving the mechanical binding force™”. In the
present study, the micro pits with diameter of 150 um
and the depth of 50 pm were created by laser processing.
The submicron and nanoscale structures with 0.5-2 pm
microgrooves and 10-20 nm nanopits were distributed
on the micro pits surfaces. This type of multiscale
micro/nano-texture features clearly show the potential
to improve the mechanical and biocompatibilities of
the material.

Figs.5(a) and 5(b) show the EDS profiles of the
surface before and after acid etching. Carbon and
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oxygen were additional elements found on the surface
after laser machining. After acid etching, C was
removed completely, as shown in Fig.5(b).
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Fig.5 EDS profiles of the Ti6A14V surfaces after (a) laser
treatment and (b) acid etching

Because these clinkers have a weak adhesion with
the material, their dislodgement from the implant after
surgery leads to seriously toxic side-effects, such as cell
toxicity, irritation, sensitization, and carcinogenicity*".
Therefore, clinkers must be cleared to ensure the
safety of the implant. As shown in Fig.5(a), carbon
and oxygen peaks could be clearly seen in the EDS
profiles of the clinker. The carbon content was 4.92%,
markedly higher than the normal content encountered
in Ti6Al4V (< 0.08%). This can be attributed to the
reaction of the molten Ti6A14V with carbon dioxide,
which generates pollutants containing carbon during the
laser treatment. The increase in oxygen is because the
high energy of the laser increased the internal energy
of the titanium alloy, which activates titanium atoms,
facilitating reaction with oxygen. Consequently, TiO,,
Ti,Os, T1,0, and TiO were generated on the surface.

As shown in Fig.4(a), all the clinkers were
removed. In addition, the EDS analysis of the surface
showed the absence of carbon and only a small amount
of oxygen was present on the surface (Fig.5(b)). The
contents of the other three elements Ti, Al, and V
were in agreement with the substrate elements. The
elemental analyses obtained from the EDS profiles
indicate the absence of clinker pollutants on the
surface. The presence of a small amount of oxygen on
the surface can be explained by the reaction between Ti
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and H,0,. It has been reported that titanium could react
with H,0, to form titania gel””. Fabrication of a titania
gel coating is considered to be a potential method to
improve the bioactivity of titanium implants™”.
3.3 Bioactivity analysis

The sample surfaces soaked in SBF for 15 days
were analysed. The results indicate the absence of
hydroxyapatite (HA) coating on the M and P group
samples (Figs.6(a) and 6(b)). Meanwhile as shown in
Fig.6(c), a significant amount of HA coating can be
seen in the SEM image of the MN samples. Fig.6(d)
shows the SEM image of the HA granule under a

higher magnification.

: & 10 um ;
Fig.6 SEM images of samples soaked in SBF for 15 days with

(a) polished, (b) micro pits, (c¢) and (d) micro/nano-
textured surfaces
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Fig.7 EDS profile of the HA granule

The porous particles shown in Figs.6(c) and 6(d)
are similar to the morphology of HA. EDS analysis
showed that the main elements of the HA granule
were Ca, P, and O, as shown in Fig.7. The Ca/P atomic
ratio was 1.636, which is close to the ratio in HA
(1.6). Considering that the generation of other calcium
phosphorus compounds and impurities is inevitable, the
coating on the samples of group MN can be confirmed
to be HA. In addition, the HA coating is thick and
dense inside the micro pits, demonstrating that the
micro pits are more conducive to the nucleation and
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growth of HA.

The multiscale micro/nano-texture in addition to
increasing the specific surface area, was also beneficial
to the aggregation of PO,’”, Ca®’, OH™, and HPO,”~
, etc®. This increased the ionic concentration around
the surface and when the calcium phosphate ion
concentration in the microenvironment reached the
nucleation threshold, an HA nucleus was generated on
the samples. Once a stable nucleus forms, it absorbs
various ions and grows, leading to the formation of a
HA coating on the surface™. HA is usually composed
of acicular, bar, or worm-like nanoparticles, as shown in
Fig.6(d). The HA coating is thick and dense inside the
submicron and nano pits because a three-dimensional
morphology is beneficial to HA for its further growth
and mechanical stability””. Further, the micro pits with
a diameter of 150 pm and nanostructures with size
in the range of 10-20 nm provide space for new bone
tissue in-growth and osteoblast adhesion"". Therefore,
the new proposed method to create multiscale micro/
nano-textures on the Ti6Al4V surface is ideal for the
bioactive modification of implants.

4 Conclusions

a)The effect of laser current on micro pits
topography was analysed. Excessively low working
current failed to generate micro-features on the surface
and excessively large current caused serious surface
ablation. The optimized working current was 13 A.

b)The clinkers generated by laser was cleaned
completely by multiple acid etching. And submicron
and nanoscale structures were superimposed on micro
pits surface.

¢)The multiscale micro/nano-textured surfaces
with micro pits and submicron and nanoscale structures
on the titanium alloy surface were obtained by laser
treatment and acid etching. The diameter of the pits was
about 150 pm and the depth was 50 um. The submicron
and nanoscale structures of 0.5-2 um microgrooves and
10-20 nm nanopits were distributed on the micro pits
surfaces.

d)There was thick and dense HA coating only
observed on the multiscale micro/nano-textured surface
compared with polished and micro-textured surface.
This indicated that the multiscale micro/nano-texture
surface showed better ability for HA formation, which
increased the bioactivity of implants.
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