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Abstract: Titanium and its composites are widely used in implants of bones and teeth. Besides mechanical properties also
surface characteristics are very important in these biomaterials. Very important are properties such as surface topography,
roughness, chemistry, and surface energy, wettability, and Ti oxides or Ti nitride layers thickness. The concentrated solar
power was used successfully to nitride Ti Grade 2 and powder metallurgical Ti prepared from hydrogenated dehydrogenated
Ti powder. The nitriding experiments were performed under nitrogen atmosphere at different temperatures and time in
SF40 (40kW horizontal solar furnace) at PSA, Spain. Concentrated solar energy has been shown to be an economical
alternative to conventional gas nitriding techniques in electric furnaces, CVD, PVD, plasma nitriding, or laser treatments. It
significantly shortens the heating time (heating rates 100 K/min), it creates a continuous § - TiN and € - Ti2N nitride layer
on all surfaces of the samples and optimum nitriding is 5 minutes at 900°C. It has been observed that the solar process
represents a significant reduction of the heating time to several minutes (up to 5 minutes at temperature range 500-1000
°C), a clean and non-polluting high-temperature process. The formation of continuous and homogeneous surface layers
of TiN, Ti,N and their mixture according to the nitriding temperature was investigated using X-ray diffraction and electron
microscopy. Laser surface treatment is of great significance in modifying surface morphology and surface and near-surface
region microstructures. Effects of laser treatment parameters on machined surface morphology, surface roughness and
chemistry are analysed in this study and discussed from the point of view of application in dental implantology. The current
advances of our research group in application of laser-treated powder metallurgy prepared Ti-based materials are analysed
and discussed.
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1. Introduction terns (texture) with texture elements smaller than 100

Titanium (Ti) and titanium alloys are more and more
being used in various applications from aviation to bio-
medicine due to their excellent strength, high melting
point, low density, high strength-to-weight ratio, excel-
lent corrosion resistance, high fracture toughness, good
heat transfer properties and biocompatibility [1, 2]. As
biomedical implants, they are used in orthopaedic and
dental fields, as bone plating, hard tissue replacements
and screws [3—6]. Some surface micro-morphology mod-
ification technologies are used to improve biocompati-
bility and enhance osseointegration of the titanium im-
plants. Osseointegration - the structural linkage made at
the contact point where the human bone and the surface
of an implant meet is supported by the implant surface
porosity, surface roughness or by regular surface pat-

mm [7,8]. These structures may be fabricated by different
technologies, such as sintering, sandblasting [9], chemi-
cal etching [10], plasma spraying [11], electrical discharge
machining [12], electron beam texturing etc., including
laser beam micro-machining [13-16] and solar nitriding
[17].

Titanium-based metal matrix composites represent a
new generation of biomaterials with superior properties
and cost-effective production methods compared to con-
ventional metallurgical methods. A great effort to devel-
op this kind of material through different manufacturing
processes in order to optimize their structure, mechan-
ical properties and surface treatment could be found
in many studies [18-31]. In addition to all the research,
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there are many questions regarding the optimal surface
morphology that have not yet been answered. Ti pow-
der metallurgy (PM) is a cost-effective method of direct
production of complex 3D Ti parts [32]. Thanks to this
the authors decided to study laser micromachining of Ti
— graphite composite samples, prepared by pioneering
modified warm compaction PM method. In this study,
the effect of laser energy on the morphology, roughness
and chemistry of the machined surface was investigated
and evaluated and discussed in terms of application in
dental implantology. Moreover, in this study, samples of
Cp Ti Grade 2 and pure PM Ti samples were gas nitrided
using concentrated solar energy under nitrogen gas flow.

2. Experimental

The modified warm compaction method for producing
of Ti and Ti composites was developed by Balog et al. for
the dental [20, 33, 34] and by Sugar et al. for biomedical
applications [35-37]. The Ti powder/ Ti composites were
pre-compacted by cold isostatic pressing (CIP) at 200
MPa. Then CIP blanks were put into the sleeves (contain-
ers made from Cu,/Al) - wall thickness of 3 mm, diameter
of 30 mm. Then they were instantly pressed by uniaxial
vacuum hot pressing (VHP) at 500 MPa, vacuum of 8 Pa,
at 470 °C. CIPs and also sleeves were fully consolidated
by direct extrusion (DE) into rod bars with a diameter of
6 mm using a flat face die (reduction ratio 16:1, ram speed
of 10 mm.s™). The extrusion temperature range was 450
- 500°C. Achieved theoretical density of HDH Ti powder
were above 99%.

Bulk commercial CP Ti Grade 2 (CP Ti Gr2) material was
used for gas nitriding in solar furnace (Bibus Metals AG,
Germany). It was 1 mm thick sheet cut into 15 x 10 mm
rectangles in as received state (no cleaning or polishing
of sample surface takes place). Other material was PM
prepared bulk compact made from (Fig. 1) HDH Ti pow-
der (below 150 mm, purity 99.4 %, Kimet Special Met-
al Precision Casting Co., Ltd., Hengshui, China) using
warm compaction [33]. PM pieces from used tensile test
samples with M5 threads and machined inner holes were
used for nitriding. The theoretical density of used PM
Ti samples was 99.13 %, elastic modulus 94.5 GPa, yield
stressR |, 541 MPa, ultimate tensile strength of 687 MPa
and elongation to fracture of 4.08 %. O, N and H content
is 0.207 wt.%, 0.010 wt.% and 0.026 wt. %, respectively.

SF5 vertical solar furnace [38] at Plataforma Solar de Al-
meria, Spain was used for solar nitriding experiments.
SF5 solar furnace works in a vertical axis — optical axis
of heliostat and parabolic concentrator is vertically
aligned. The main advantage of this is that the focus area
is arranged in a horizontal plane; therefore, the samples
could be freely placed and no fixation is needed. The
PM Ti sample was positioned on Mo plate (200 x 200 x
0.7 mm) and both of them on ZrO, plate (400 x 400 x
3 mm). Conversely, the CP Ti Gr 2 sheets were placed
directly on ZrO,. The samples were nitride in spheri-
cal vacuum chamber of a 5L Duran borosilicate sphere,
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which is closed at the bottom by a cooled flange secured
by an O-ring and a clamp. Pfeiffer turbomolecular pump
is used to evacuate the chamber. The sample was posi-
tioned so that it was at the optimal focus distance. The
size of the sunspot was approximately 50 mm. During
experiments, the chamber primary evacuated (the vacu-
um of 0.8 Pa) and then nitrogen gas flow (400 l/h, pres-
sure of 3 bar, technical purity) was used.

The thermocouple placed at bottom of Mo plate for PM
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Figure 1. Characteristic shape of powders: HDH titanium powders: up
left - Ti powder below 30 mm, up right - Ti powder below 150 mm,
and bottom - graphite flakes below 16 mm. [36]
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Ti samples and directly at bottom of CP Ti Gr 2 sheets
was used to control the temperature. A constant heating/
cooling rate of 100 K/min was used during the experi-
ments. Complex PM samples were nitrided at 600 °C for
30 seconds, at 750 °C for 30 seconds and 5 min. A set of
CP Ti Gr 2 sheets were nitrided for 1 and 5 min at 700,
800, 900 and 1000 °C, respectively.

Further, Ti MMC experimental samples were prepared
from HDH titanium powder (particle size below 30 mm,
Kimet Special Metal Precision Casting Co., Ltd., Heng-
shui, China) and 15.0 vol. % of graphite flakes (Fig. 1).
Ti powder shows a typical fragmented angular shape.
Graphite flakes (purity of 99.9%) have particle size of
16 mm with and aspect ratio of 10. Powder mixture was
CIPed at 200 MPa and then compacted by hot vacuum
pressing at 450 °C under 500 MPa [36]. Density of the
samples was determined by weighing and volume mea-
surement in the range of 4.10-4.15 g.cm™. Then the po-
rosity was calculated using theoretical density 4.23 g.cm’
3:2.44% + 0.15%. Finally, the cylinders with a diameter of
24 mm and a height of 5 mm were cut. The cylinders were
encapsulated using copper-based ProbeMet conductive
mounting. Then, their surfaces were ground with 1200
grit sandpapers to be prepared for laser beam microma-
chining.

Lasertec 80 Shape (DMG MORI GmbH, Miinchen, Ger-
many) machining equipment is based on 1064 nm wave-
length nanosecond fibre Y-doped laser. Six 6 x 6 mm
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Figure 2. Laser beam micromachining motion strategy. (a) scheme
of pulses overlaps, where D is diameter of laser spots, D, lateral pulse
distance, D, is transverse pulse distance, O, lateral overlap and O, is
transverse overlap; (b) scheme of ablated layers creation. [36]
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square surfaces were ablated by combining different val-
ues of pulse energy (Ep), lateral pulse distance (D,) and
different lateral pulse overlaps (O, ) (Fig. 2). The result was
different thermal energy density. Constant pulse dura-
tion 120 ns and 50 pm laser spot diameter (D) were used
during all experiments. As shows Fig. 2 bi-directional
traces layout — “cross-hatching strategy” was employed.

The motion strategy of the laser beam micromachining
is following: Fig. 2a - scheme of pulses overlaps, D laser
spots diameter, D, lateral pulse distance, D transverse
pulse distance, O, lateral overlap and O, is transverse
overlap; Fig. 2b shows the scheme of two ablated layers
creation in Ar gas flow rate of 10 I/min. The transverse
pulse overlap (O,) is of 80%.

After the experiments the samples were prepared for
microstructure observations. Microstructure of sam-
ples was observed at PSA's Materials Lab using Leica
DMI 5000 Minverted digital microscope and at IMMS
SAS using scanning electron microscope JEOL 7600F,
equipped with a Schottky thermal-emission cathode
(thermal FEG - W-coated ZrO2) as well as energy and
wavelength spectrometers from Oxford Instruments.
X-ray diffraction (XRD) patterns were measurement us-
ing a Brucker D8 diffractometer (Brucker, Billerica, MA,
US) - Cu-Kow X-rays of wavelength A = 1.5406 A was used
to verify phases transformations for the 20 range 15° -
105° and step 0.05°".

3. Results and Discussion

3.1. Gas nitriding in Solar furnace

The results confirmed that the concentrated solar power
can be employed for nitriding of titanium thus diminish-
ing CO2 footprint and overall energy consumption. The
nitride layer created in solar furnace was continuous and
covers all surfaces of complex 3D product. PM Ti sam-
ples threads and holes were nitrided successfully (Fig. 3).

During creation of the nitride layers, beneath of them sol-
id solution of o-Ti(N) is continually created and growth
due the diffusion of nitrogen into titanium base material.
Therefore, it was necessary to estimate optimal time and
temperature for the nitridation at solar furnace and it was
done on CP Ti Gr2 samples (Fig. 4). It was observed that
with increasing temperature and/or time of gas nitriding
the thickness of nitride layer increases. For example, for
CP Ti Gr 2 samples gas nitrided in solar furnace for 1
minute at 900°C and 1000°C the 15 mm thick nitride lay-
ers increased up to 50 mm, respectively. Anyway, pores
could be observed prepared layers. This could be caused
by volumetric changes during phase transformations be-
tween 8 — TiN and ¢ - Ti,N nitrides inside the layer.

In general, nitride formation involves the adsorption of
nitrogen on the metal surface. Furthermore, the nitrogen
concentration profiles in the metal will be controlled by
diffusion laws and temperature. The diffusion occurs in
a polycrystalline Ti substrate mostly along grain bound-

https://doi.org/10.26701/ems.1206422 @



Surface treatment of Tiand Ti composites using concentrating solar power and laser

Figure 3. PMTi nitrided sample coloured in yellow after using of
concentrated solar power -left, and PM Ti sample microstructure
after nitridation at 750 °C for 5 minutes: thread and the hole (light
microscopy) - right

aries. This lowers the activation barrier and increases
nitrogen diffusion coefficient. The formation of nitrides
first occurs on the surface of the substrate, because in
this position the minimum nitrogen content of 33% is
simply reached. After that, the hexagonal crystal lattice
of titanium changes towards the FCC lattice of titanium
nitride (NaCl-type crystal) [39].

Nitrided layer is composed of Ti,N and TiN, followed by
diffusion zone - an interstitial solution of nitrogen in o or
p titanium phases depending on temperature and com-
position. X-ray analysis showed that on the surface of
the investigated Ti samples both 6 - TiN and ¢ - Ti,N are
present. As X-ray penetration depth is relatively small for
bulk materials, a-Ti peaks were not observed. It can be
concluded, that the thickness of nitrides layer is over 20
mm (see Fig. 5).

3.2. Laser surface treatment

In Figure 6 SEM micrographs are presented of the la-
ser machined surfaces for different energies at various
magnifications. During the experiments the main role
plays energy of laser pulse - E_ is total energy input to
the material per illuminated area calculated for one lay-
er. Usually it is energy of laser impulse times number of
pulses per layer [36]. After laser treatment, on all surfaces
the melted and then rapidly solidified layer of Ti MMC
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Figure 4. CPTi Gr2 sheets before (grey) and after (yellow) gas nitriding
at SF5 solar furnace - left. CP Ti Gr2 sample microstructure (SEM)
after nitriding in solar furnace (1 minute, 1000°C) and corresponding
thickness of TiN layer - right.
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Figure 5. CP Ti Gr2 sample X-ray analysis after nitridation in solar
furnace (1 minute, 900 °C).

https://doi.org/10.26701/ems.1206422



Jaroslav Kovécik, Stefan Emmer, José Rodriguez, Inmaculada Cafiadas, Peter Sugar, Jana Sugdrovd, Barbora Bo¢akovd, Nada Beronska

- 100 pm

Magnification

Figure 6. SEM micrographs of the laser machined surfaces in air - Ti + 15 vol.% of graphite: (a) surface S1 (total input energy per illuminated area E,
=0.5 mJ); (b) surface S2 (E, = 1 mJ); (c) surface S3 (E, = 5 mJ). Red colour indicates the areas with [36].

(15 vol.% graphite) material is visible. Depending on the
input energies three different types of surfaces were ob-
serve. The first structure type is formed by visible laser
beam paths forming square texture thanks to the used
cross-hatching strategy (Figure 6a). The second surface
type is formed by the protrusions forming a square-
shaped texture, but of small size (Figure 4b,c). EDS anal-
ysis of the laser machined indicated the presence of Ti,
C and oxygen in all analysed surfaces. Non-irradiated

{ .
Vzorka 1A 3) Vzorka 1A

Figure 7. SEM images of the surfaces of the Ti MMC (15 vol.% graph-
ite) samples laser processed in argon a) pore, ET = 0.5 mJ; b) pore
with cracks, E; = 0.5 mJ; c) re-melted cavity, E. = 5 mJ; d) pore with
re-melted raised edges E =5 mJ.
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(N) surface possesses smallest concentration of oxygen.
The oxygen concentration of laser machined surfaces in-
creased with increasing value of input radiation energy. It
was changed from 5.5 wt.% oxygen for N surface to 23.2
wt.% for maximal energy pulse. The RTG diffraction re-
sults of the laser machined surfaces showed the presence
of the titanium, titanium monoxide and Ti,O, peaks.

During machining in air (Fig. 6) a structure with more
pronounced (sharper) edges and protrusions was formed
on the surface. When machining in argon, the round-
ed edges of the solidified melt and droplets of spherical
material with the presence of cracks on the sample were
clearly visible (Fig. 7). The reason could be a different
mechanism of solidification of the material during ma-
chining in air and during the action of argon at the ma-
chining site.

Samples (Fig. 7) showed the presence of pores with an
approximate size of 1 pum. Exceptionally, there were pores
with cracks around the perimeter. The cracks could have
been initiated by a high rate of heating and subsequent
cooling, creating a high temperature gradient. On air-ma-
chined surfaces, pores were observed only in exceptional
cases, which may be due to the presence of oxide layers.
Another cause could be faster cooling and stresses in the
material due to the flow of argon to the machining site.
From the implants point of view, these cracks do not have
a negative impact on the biocompatible properties of the
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surface. Pores with these dimensions are suitable from
the point of view of biocompatibility of the material and
it is assumed that they do not affect the mechanical prop-
erties.

4. Conclusion

It was confirmed that concentrated solar power could be
free energy alternative to conventional techniques of ti-
tanium nitriding.

SF5 - 5kW vertical solar furnace at Plataforma Solar de
Almeria, Tabernas, Spain was used for nitriding of PM
titanium and CP Ti Gr2 at different temperatures. The
solar nitriding has following advantages when compared
to conventional methods: It is non-polluting high-tem-
perature clean method. It significantly shortens the heat-
ing time due to high heating rates up to 100 K/min. It
allows to create a continuous 6 - TiN and ¢ - Ti,N nitride
layer on all surfaces of the samples. Optimum nitriding
times appear to be 5 minutes at 900°C.

Laser surface machining of Ti MMC composite with
15 vol.% of graphite in air and Ar atmosphere were per-
formed with various laser pulse energy using cross-hatch-
ing strategy. The following conclusions can be drawn:

With a suitable combination of input parameters of the
laser micromachining process, it is possible to achieve
a regular texture on the composite material. The la-
ser-treated surface consists of raised ridges of molten sol-
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