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Abstract

Implants made of ceramics, and more particularly of calcium phosphates
(hydroxyapatite: HA, mainly), promoting intimate contact with natural bone are nowadays
merging. Addition of copper ions in bio-ceramics is expected to increase the biological
compatibilities of bone graft substitutes. Previous works have shown that copper-doped
hydroxyapatite (Cu-doped HA) ceramics can be prepared by solid-state sintering between HA
and CuO powder mixtures at about 1100°C; but, copper-substituted HA was found to be
metastable leading to apatitic grains and Cu-rich grain boundaries during the sintering
process. Ultra-rapid sintering is so needed. Selective laser sintering (SLS) is an additive
manufacturing process that possesses the advantage to be based on ultra-fast sintering process

under laser irradiation. SLS being used in literature for the application of laser on polymer-
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ceramic or poymer-metal composites the proper term all along the paper is Ceramic Powder
Bed Laser Sintering (CPBLS). To achieve densification of Cu-doped HA ceramics from
CPBLS process, one should control the composition/morphology/structure of the powder bed
as well as three other important CPBLS parameters: (i) the applied energy from the laser
beam, (ii) the laser power and the laser scanning speed, (iii) the distance between two
successive lased lines. In this paper, the impact of all the main CPBLS parameters controlling
the sintering of dip-coated Cu-doped HA layers on glass substrates is carefully investigated.
Possibility of the creation of thin consolidated Cu-doped HA ceramic patterns, using the ultra-

fast CPBLS process, is finally shown.
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1. Introduction

Besides conventional shaping processes, the development of 3D printing has favoured
the production of complex pieces/devices in small series while reducing production time since
some steps such as the manufacture of moulds are no longer necessary. The evolution of
digital modelling and simulation tools allows the production of complex shapes whether at the
geometric or hierarchical level. Indeed, objects with cavities, inclusions or honeycomb-like
structures can be easily printed [1-7]. Many additive manufacturing techniques have thus
emerged depending on the type of material used and the intended application. All these
techniques are based on the same manufacturing principle: the shaping of a three-dimensional
part by a stack of successive layers, each of which undergoes a two-dimensional structuring.
In the biomedical field, especially in bone reconstruction, additive manufacturing has grown
considerably in recent years [8-13]. Indeed, it offers the possibility of reconstructing damaged
areas thanks to the design of personalized parts with a complex architecture, adapted to the

patient's morphology [14]. Implants made of ceramics, and more particularly of calcium
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phosphates (hydroxyapatite: HA, mainly), promote intimate contact with natural bone. Their
shaping by additive manufacturing is mainly done by stereolithography, which is the most
widespread and popular technique today for designing ceramic parts [15-16]. This technique
makes it possible to manufacture complex shaped parts with a resolution of the order of 10
microns via the laser light curing of a ceramic suspension. But after shaping, sintering
(conventional conditions) is necessary in order to consolidate the final ceramic part, which
can represent an important limitation for various applications. In another process: indirect
selective laser sintering process, a polymer is typically used with the ceramic powder as
binder. On hydroxyapatite compounds, most of the works are focused on the manufacture of
HA-polymer composites in which the amount of HA constitutes a minor part. Among the
biocompatible polymers used, mention may be made of polyetheretherketone (PEEK) [17,
18], polyamides [19, 20] or polycaprolactone (PCL) [21, 22]. Only few papers reported works
on “direct selective laser sintering of bio-ceramics” (what is called herein CPBLS process),
and less again on HA-based compounds. From CPBLS, 3D devices of complex shape can be
sintered directly from a powder bed (coated using scrapers or rollers) or a powder film
(produced by tape casting or dip coating), without additives. The selective laser sintering
process consists of selectively sintering the particles of a powder bed (metal, ceramic,
polymer, glass) using an infrared laser beam. The two main types of lasers used are the CO;
laser with a radiation of 10.6 um wavelength and the Nd: YAG laser, 1.06 um wavelength.
Irradiation of the powder by the laser beam, at a temperature below its melting point,
thermally activates the diffusion of the atoms causing the formation of bridges at the interface
between adjacent particles (local sintering phenomenon). Hence, direct laser sintering consists
of consolidating the bed of powders by diffusion of the atoms like in the conventional solid-
state route. In a recent study, Shuai et al. investigated the selective laser sintering of nano-

sized hydroxyapatite particles: sintered parts built with 300 um thick layers could be designed



using a laser beam with a diameter of 4 um and a power of 50 W. The low speeds used,
ranging from 50 to 300 mm.min™, made it possible to increase the laser-material interaction
time and therefore to promote the diffusion of atoms. In the two studies conducted by Shuai et
al. [23, 24], the influences of energy density (2 - 5 J.mm™) and beam power (between 2 and
10 W) on the sintering efficiency of HA nano-powder were studied. Besides the
composition/morphology/structure of the powder, four very important laser parameters
control the CPBLS process of ceramics as HA.

(i) Influence of applied energy. During the manufacturing, if the applied energy is too
low, the consolidation between the particles and the different layers will be insufficient,
causing the creation of pores and delamination of the layers. Increasing the energy applied
increases the final density of the parts. A denser and more mechanically resistant structure is
then obtained [25, 26]. However, at very high energies, the amplification of the thermal
gradient induces greater stresses within the material, which can lead to the formation of cracks
and curving phenomena [27]. Nevertheless, it has been proved that samples irradiated with the
same energy density but with distinct power / speed pairs present a different microstructure
affecting the density and the final mechanical properties of the part [28, 29]. The energy
applied to a line (J.mm™) or to a volume (J.mm™) is actually proportional to the power of the
laser beam and inversely proportional to the laser scanning speed. To take into account only
the applied energy is then insufficient for a deep control of CPBLS process.

(i) Influence of laser power and laser scanning speed. With increasing power and/or
decreasing scanning speed, the transferred energy to the matter from the laser is increased
[30-32]. Laser sintering is in particular more efficient at low speeds. Indeed, the decrease of
the scanning speed increases the time of laser-matter interaction and therefore the energy
absorbed by the powder bed is more homogeneous. Conversely, at too high scanning speeds,

the laser / material interaction time becomes insufficient to consolidate properly the particles



[13, 33]. The laser power-speed couple must therefore be optimized as a function of the
desired final properties [34, 35].

(iii) Influence of the thickness of the powder bed. The thickness of the powder bed (or
layer) plays an essential role in the geometric precision and density of the final product. In
fact, when the laser scans the bed of powder, the energy of the laser is absorbed by a thin
layer of particles inducing a high temperature within the particles on the surface, as explained
above. The lower the thermal conductivity of the material, the more difficult the heat
generated during the laser-material interaction is to transfer to the bottom limit of the powder
bed, especially for a thick layer. To ensure better consolidation of the 3D part, the thickness of
the layer must be reduced so that the laser penetrates also a part of the previous one, thus
promoting sintering between adjacent layers [26]. When the layers are thinner, the partial
fusion of the particles is more homogeneous within the bed of powders which allows the
improvement of the geometric precision, the reduction of the surface roughness and the
increase of the relative density of the final piece [25, 26, 36, 37]. The sintering of thin layers
also minimizes the temperature gradient and the volume shrinkage of the powder bed, thus
reducing the stresses within the material and so crack appearing.

(iv) Influence of the distance between 2 lased lines. Influence of the distance between
two lines on the microstructure of the sintered part is similar to that of the thickness of a layer:
reducing the spacing between the beads improves geometric precision, decreases surface
roughness and increases the rate of densification of the parts and therefore their mechanical
resistance [35, 26, 31, 37]. In fact, the greater the distance between two lines, the more the
successive sintered beads move apart, forming a part of high porosity. On the other hand,
when the distance is short enough for the lines to overlap, the laser beam irradiates the current
bead but also the previous one, partially. The matter transport, which then takes place between

the adjacent lines, promotes their adhesion and the consolidation of the part. In addition, the



partial overlap of the beads makes it possible to compensate the Gaussian dispersion of the
laser radiation intensities along the axis of the bead and the thermal conductivity profiles
within the material which causes a temperature gradient which decreases from the centre to
the outside of the lased line.

The combination of the appropriate parameters would a priori make it possible to
modulate the final microstructure of the 3D part such as its geometric precision, its surface
roughness and its porosity. However, improving one of these properties can sometimes come
at the expense of another, so a compromise must be addressed depending on the application.

In this paper, in order to evaluate the impact of the four main laser parameters, which
control the CPBLS process, we focused on dip-coating layers (from thin to thick films) of
HA-based compounds dip-coated from ethanol suspension on glass substrates. Preliminary
CPBLS tests were applied to HA thick films to roughly determine the set of appropriate laser
parameters and the HA powder heat-treatment conditions. One can note that copper-doped
compounds are studied since copper leads to control the absorptivity of the powder at the laser
wavelength (essential parameter to convert efficiently laser energy into heat) and copper,
known for its angiogenic properties, may improve the biological response of HA ceramics in

view of their use as biomedical implants [38, 39].

2. Experimental

2.1. HA Powder preparation

Raw HA was synthesized by co-precipitation. The protocol consisted of adding, at a
controlled rate and a constant pH (regulated thanks to ammonia: NH,OH, Fisher Scientific), a
phosphate solution (di-ammonium hydrogen-phosphate: (NH4),HPO,, Fisher Scientific) to a
calcium solution (obtained from dissolution of calcium nitrate: Ca(NO3),,4H,0, Sigma-

Aldrich). The quantities of the reagents were calculated to obtain a molar ratio Ca/P = 10/6.



The synthesis conditions set were a pH=8.5 with a bath temperature maintained at 85°C. The
synthesis was performed under argon gas flow during a maturation period to 5 hours. The as-
prepared precipitate was then centrifuged and washed with distilled water before being dried
in an oven at 100°C. The dried powder was calcined at 600°C for 1 h (10°C.min™ ramp) to
remove reaction by-products such as nitrates. Next, a quantity of copper (II) oxide CuO
(Alpha Aesar) was mixed to the HA powder to get a copper concentration of 5 mol%, i.e. to
get the chemical composition formula Ca;oCus(PO4)s(OH)15005. The HA-CuO powder
mixture was attrition milled to reduce particle size and further promote solid-state reaction.
Attrition was performed in a 100 mL Teflon bowl in the presence of approximately 50 mL of
distilled water, 1 wt% Darvan CN dispersant and 75 g yttrium-stabilized zirconia balls of 1
mm diameter. Attrition speed of 800 rpm was applied for 3 hours. The suspension was then
oven dried at 100°C, and with the obtained powder, 10 mm diameter pellets were die pressed
by applying a uniaxial pressure of 100 MPa. Finally, the pellets were calcined (ramp
10°C.min™) for 1 hour at 1100°C to obtain a pure Cu-doped HA phase [40].
2.2. HA Film preparation

In order to study the impact of Cu-doped HA film thickness on laser sintering,
controlled thickness layers were developed by the dip-coating technique. This method
consists of immersing a substrate, a glass slide, in a ceramic suspension and removing it at a
fixed speed to control the thickness of the deposit. The increase of withdrawal rate of the
substrate leads to an increase of the wettability forces to the detriment of the gravity forces on
the suspension and therefore makes it possible to increase the film thickness deposited on the
glass substrate.

The ceramic suspension is produced by adding 30 wt% of Cu-doped HA powder
functionalized with 2 wt% of dispersant (Beycostat C213) to ethanol. The thin film is

deposited at a withdrawal speed of 400 mm.min™. At this speed, corresponding practically to



the maximum speed of the device, a film of a few microns thick (<5 um) is obtained. To
increase the total thickness of the thin layer, several successive layers (2, 6 and 12) are
deposited on the glass substrate. Between each deposition, the substrate is placed in an oven at
100°C for about 1 min to ensure the drying of the layer just deposited.

2.3. HA film laser sintering

The CPBLS experiments have been conducted using a laser system especially
designed according to the laboratory specifications by ES Laser (ES17-355). Laser is
equipped with IPG Photonics ytterbium fiber laser (YLM-400-AC*Y11) at a monochromatic
wavelength of 1.07 um, and a galvanometric mirrors scanner (ScanLab - Hurry scan 20). This
equipment has maximum and minimum operating power 400 W and 40 W, respectively. Its
focal length was 199 mm and could be adjusted in 100 um increments. The spot size is 50 um
and the maximum lased surface is 75x75 mmZ.

Laser sintering machine was controlled by SamLight® software which allows the
modulation of the laser power (as a % of maximum power), scanning speed (in mm.s™) and
focal length (m). The required pattern was also directly drawn from software possibilities.

2.4. Characterization techniques

X-ray diffraction patterns were recorded on a Philips X’Pert MPD apparatus equipped
with a copper K, anticathode (40 kV, 40 mA). Diffraction patterns were collected from 8 to
80° in 20 with a 0.017° step scan and a counting time of 59 s.

Chemical mapping using energy dispersive X-ray spectroscopy (EDS) in scanning
transmission electron microscopy (STEM) was performed on a TEM equipped with a field
emission gun: JEM 2100F (JEOL, 200 kV) coupled with energy X-ray spectrometer.

UV-Vis-NIR diffuse absorbance spectra were recorded at room temperature from 200
to 800 nm with a step of 1 nm and a band length of 2 nm on a Cary 17 spectrophotometer

using an integration sphere. Halon polymer (ChemIndustry) was used as white reference for



the blank. A mathematic treatment of the obtained spectra allowed the determination of the
L*a*b* space colorimetric parameters, with L the luminosity, a* the green to red axis and b*
the blue to yellow axis.

The morphology of the as-prepared particles was observed thanks to a Leica DMI
3000 M inverted microscope using a Leica SFL 100 diode enabling an excitation at 365 nm
and the fluorescence collection recorded with a Leica MC 120 HD camera. Microscope
objective N PLAN EPI 10x, NA 0.25 was used. For microstructural analyses, SEM
investigations were performed using a TESCAN Vega Il SBH microscope or JEOL JSM-
6700F. The film thickness was measured from SEM cross section views or by the Dektak 150
Surface Profiler (Veeco), allowing the plot of surface profiles thanks to a stylus with a tip

radius of 12.5 um and a resolution of 0.8 um.

3. Results and discussion

3.1. First CPBLS experiments on thick films constituted by CuO — HA powder mixture

The first series of sintering experiments by the CPBLS process were carried out on
compacted pellets. Based on previous work in the literature showing the possibility to perform
the selective laser sintering of a power bed constituted mainly by a white matrix (zirconia)
using a dispersion of carbon grains strongly absorbing at the laser wavelength [40, 41], we
hoped to reproduce this effect. Since the CuO crystallites were black particles (and so hot-
spots) dispersed into the white HA matrix, we chose to perform these first experiments on
mixtures of HA powder (hydroxyapatite) and CuO powder (5 mol% CuO — 95 mol% HA)
blended in an agate mortar.. Reactive sintering between copper oxide and HA was expected
by localized heating of the copper oxide grains inducing Cu®* cations diffusion within the
surrounding HA crystals, hence leading to the appearance of the Cu-doped HA compound.

Several rounds of irradiation were performed on the pellet surfaces, changing the power and



speed parameters of the laser. Based on the linear energy (J.m™) brought to the material by the
laser (laser power / laser speed), the experiments can be grouped into three batches: low
energy irradiations (series a), irradiations of intermediate linear energy (series b), irradiations
of high linear energy (series c). Images from light microscopy (Figure 1.al, b1, c1, c2) and
scanning electron microscopy (Figure 1.a2, a3, b2, b3, c3) are grouped below. The high
linear energies cause an excessively high temperature increase, with the formation of bubbles,
characteristic of the fusion of the irradiated zones, associated with the presence of cracks.

The intermediate energies lead to a color change of the irradiated area with speckled
appearance in optical microscopy (Figure 1.b1). The initially black CuO grains have reacted
to the heat effect induced by laser beam, then turned as purple large areoles with the local
diffusion into HA matrix. Hence, copper grains behaved like hot spots, leading to Cu®*ions
diffusion into HA matrix and the appearance of the purple coloration, which is associated with
Cu-doped HA compounds. One of the solutions to solve this speckled appearance issue would
be to pre-anneal the pellets in order to homogenize the copper distribution into the HA matrix.
Figure 1.b3 shows that without this pre-treatment, only a partial sintering can be reached.
Nonetheless, intermediate energy lasing seems adequate for the consolidation of the HA,
Indeed, the zones lased under intermediate linear energy only present a porosity of about 20%
(estimation by image processing) with a continuous network of particles having formed, with
clearly visible inter necks on the SEM images, whereas the green film porosity was around
50-60%). However, despite several attempts to optimize both the chemical composition
(CuO/HA concentration ratio) or power/speed of the laser, crack propagations could not be
avoided. These cracks then form, all along the laser line (Figure 1.b2), a series of scales of
around one hundred microns in diameter (in correlation with the diameter of the irradiation

spot of 50 microns for a laser whose adjustment and focusing is perfect).
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For the lowest linear energies the reactive sintering is not very advanced, no sintering
neck is detectable, and the CuO grains are still present. Moreover, cracks are always

detectable, especially in Figure 1.c2.

Figure 1. Optical images or SEM top views on CuO-HA thick films after CPBLS process
applied with various energy ranges (a) high energy; b) intermediate energies and c) low

energies

Thus, in the case of selective laser sintering, the reaction between HA and CuO cannot
take place simultaneously with sintering, unlike by conventional sintering [40]. The
inhomogeneity of heating between the black grains of CuO and the white hydroxyapatite
leads even for the most adequate powers to the appearance of cracks while the distribution of
copper is not yet homogeneous. The use of copper-doped HA as starting material on which
reactive sintering has already been carried out seems mandatory. The target is to perform a

preliminary homogeneous incorporation of the copper element into the matrix in order to
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achieve the preparation of a monophasic Cu-doped HA pink powder (i.e. with copper being
introduced with oxidation state + 1) [38, 40, 41].

Furthermore, these experiments show that on compacted powder pellets, the
appearance of cracks seems to be difficult to avoid and can constitute a major lock. To
increase the chances of success in terms of densification without appearance of cracks under
laser irradiation, experiments on thin layers, opening the possibility to tune the laser
amplitude effect with the film thickness were carried out. Indeed, on the one hand, the thin
layer deposition could give a more elastic character to HA ceramics and on the other hand, the
adhesion with the substrate could limit the appearance of cracks.

The thermal pre-treatment was optimized by coupling structural (XRD), colorimetric (UV-
visible-NIR spectroscopy) and chemical (EDS mapping) characterizations (Figure 2).

While the HA-CuO initial mixture (95 mol% - 5 mol%) exhibits broad HA peaks
reflecting the nanometric character of the starting HA powder obtained by coprecipitation
with addition of CuO peaks, the diffractograms obtained after annealing for 4 hours at 1100°C
show the presence of a single phase of hydroxyapatite (Cu-doped HA). In addition, EDX
maps show that the distribution of copper in the bulk of the HA grains is homogeneous.
Finally, while the HA-CuO precursor mixtures exhibit a grey coloration (the HA matrix being
a white compound and cupric oxide being black) the Cu-doped HA phase exhibits a pink
coloration, characteristic of the incorporation of copper in the monovalent state of oxidation

in insertion sites of the HAP structure [38, 40].
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Figure 2. X-ray diffraction patterns of the CuO-HA raw powder mixture (bottom) and the Cu-
doped HA powder (top) obtained after the annealing treatment at 1100°C (the star indicates
the main CuO diffraction peak). Photograph and L*, a*, b* colorimetric parameters
associated to the raw mixture and the annealed power. STEM EDS mapping showing the

homogeneous cationic distribution (Ca, P, Cu) in the Cu-doped HA phase.

3.2. CPBLS process on Cu-doped HA thin films

The Cu-doped HA film prepared from dip-coating were characterized from electronic
microscopy. Cross-sections views (SEM) of the 3 final films obtained using 2, 6 and 12
successive coatings (Figure 3a) have been realized in order to determine their thickness.
Thickness evolution versus the number of successive coatings is plotted (Figure 3b). Thin
films 5, 13 and 30 um thick are thus obtained. The increase of film thickness is proportional

to the number of successive deposits (linear evolution).
13



N
o
1

Thickness (um)
S

04 ; ; ;
0 5 10 15

Number of layers (um)

Figure 3. SEM cross section views of Cu-doped HA thin films issued for 2, 6 and 12

successive layer coatings and their associated thickness

First, the optimum process CPBLS parameters for each of the three thin films are
determined. 0.5 cm long beads (laser lines) at different laser powers and scanning speeds are
performed. Powers of 40, 60 and 80 W are studied as well as scanning speeds ranging from 10
up to 250 mm.s. The optical microscopy images of the CPBLS beads, for the films with an
intermediate thickness of 13 um, are shown in Figure 4. The change in colour of the film
surfaces from a strong violet coloration to a lighter coloration (desaturated) attests to the
passage of the laser. This change in colour has been attributed to a higher light scattering
coefficient of the irradiated areas, which can be caused by a change in the surface roughness

of the films or in the size of the pores (scattering centres) during laser sintering.
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Figure 4. Optical microscope images on the film surfaces after CPBLS process using
different set of laser parameters. The two images framed in blue are from two films submitted

to a same laser linear energy.

Among the parameters used, the power-speed pair of parameters for which a
“continuous” laser line is observed, i.e. minimizing the delamination, melting or cracking
phenomena, is the one combining the highest speed and the lowest power, that is to say for the
lowest linear energy: 40 W - 250 mm.s™* (linear energy E = 0.16 J.mm™). The application of
higher energy causes the central area of the bead to melt, starting to reveal a vitreous phase in
its centre. Another very interesting lesson is that the process performed using the same linear
energy but with a couple of different speed - power parameters (couples 40 W — 50 mm.s™

and 80 W - 100 mm.s™) leads to different results, in particular the width of the material line
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marked by the laser can be changed drastically. Thus, the linear energy received from the
laser by the Cu-doped HA film does not appear to be a sufficient parameter to be fully
discriminating (relevant) and therefore cannot be the only one to be taken into account with a
view to optimizing the process. The two laser parameters: laser speed and laser power have to
be studied separately.

Comparing the three films prepared with different thicknesses (5, 13 and 30 um), the
width of the detectable lased line well depends on both the following three parameters: the
scanning speed, the laser power and the film thickness. To illustrate the problematic
complexity, the observed lased line width was thus plotted as a function of the scanning speed
for the three different film thicknesses at a power of 60 W (Figure 5a) and as a function of
the scanning speed for the three experimented laser powers on films with the intermediate
thickness (13 um thick) (Figure 5b). Line widths were averaged from 5 measurements taken
on a single line. The line width evolution curve obeys a power law of the form y = a x x”
(with a > 300 and b < 0) associated to a very large and sudden increase of width below a
"critical” speed of approximately 50-100 um. One can note that with the aim to produce dense
parts by CPBLS, optimal conditions are reached while partial overlap takes place between the
successive lased lines. The extreme sensitivity of the lased line width to the different
parameters (laser speed, laser power, film thickness) forces the operator to adapt the line
interspace for each single set of parameters. Also, very interestingly, the intensity of the
impact of the film thickness on the CPBLS effects is about the same order of magnitude than
the one of the laser power. It can be posed that the film thickness is linked to the lased line
width when the film thickness is lower than the shape of the potential heated volume in depth,
limiting hence the efficient laser power transferred to the HA material (substrate no absorbs

laser wavelength). So it can be deduced from these experiments that from the possibility to
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well control the film thickness using dip-coating process, a focus on the impact of the film
thickness has to be managed.

These results show the importance of the Cu-doped HA film thickness on the sintering
reaction advancement. In the next step, it was decided to “draw” square-shaped patterns from
successive and contiguous lased lines, i.e. using for each single set of parameters a hatching
space (hs) between two successive lines adjusted to the width of the line previously

determined, in order to avoid areas undergoing "double" heating.
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Figure 5. Lased line width evolution versus the laser scanning speed for a fixed laser powder
value: 60 W (a) or for a fixed film thickness: 13 zm (b).

Square-shaped patterns by succession of parallel and adjacent laser lines are thus

produced at a power of 40 W. Firstly, two laser tests to design sintered square patterns, for the
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films which are 13 and 30 um thick, were carried out respectively at a speed of 250 and 750
mm.s™ and with a spacing between the beads of 60 and 40 um, respectively. The SEM images
of the square patterns (sintered areas) confirm the previous optical microscopy results
obtained on films submitted to the sintering along a single lased line, namely that the
irradiation of the material by the laser causes formation of delaminated chips of material
superficial parts (Figure 6). For films of such thicknesses, sintering a two-dimensional

pattern, as expected, does not solve the chipping problem.

Figure 6. SEM micrographs (top view) of square patterns drawn from laser irradiation on
thick films (for the film with thickness = 13 um, the laser parameters are fixed such as v =

250 mm.s™, hs = 60 zm and for the film with thickness = 30 mm, v = 750 mm.s™, hs = 40 xm)

For a 5 um thick film, i.e. the film leading to the most original and interesting results,
the SL was carried out at speeds of 5, 10 and 30 mm.s™, at a power of 40 W. The hatching
space between the laser lines was set at 80 um regardless of the scanning speed, as this width
remains roughly around 80 um over this speed range.

For speeds of 5 and 10 mm.s™, continuous square patterns of white coloring compared
to the non-lased parts of the film are observed whereas threads (ribbons) form and peel off the
substrate using laser scanning speed equal to 30 mm.s™ (Figure 7). SEM images were taken
on each of the samples as well as on a non-sintered zone. At minimum speed, the layer is

uniform, no melting or cracking phenomenon is observed while at a speed of 10 mm.s™,
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cracks begin to appear to finally form ribbons corresponding to each laser line at a speed of 30
mm.s™. Irradiating the material at a very low rate could thus help to attenuate the thermal
gradient and promote more diffuse stress relaxation along the lased line. On the contrary,
despite a lower linear energy, laser sintering for higher scanning speed induces thermal
gradients and therefore greater stresses, and causes the separation of each lased parts (with

ribbon shapes) independently of each other.

Figure 7. SEM micrographs (top view) of square patterns drawn from laser irradiation on the

film with thickness = 5 zm, modifying the laser scanning speed between 5 and 30 mm.s™.

The mechanical cohesion of the ribbons obtained at a speed of 30 mm.s™ (these
ribbons are easily handled after their separation) suggests that the sintered areas (square
patterns) at lower speed (therefore at higher energy) also have acquired a certain mechanical

cohesion. Indeed, the thermal gradients could be minimized for these low speeds, allowing a
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reorganization of the sintered material without micro-cracking. Using these low laser
scanning speeds, the energy received by the material being greater, the average temperatures
reached during the lasing can be higher. The progress of the sintering is therefore greater at
low speeds. Nevertheless, the SEM images at high magnifications do not reflect a progress in
the sintering visible for the lased areas compared to the unlased-lased areas: absence of
clearly identified sintering necks, reduction of porosity. However, the observation of ribbons
peeling off for fast scanning speeds, suggests that the irradiation of the material by the laser
beam could have allowed the consolidation of the powder bed thanks to the development of
necks between the particles corresponding to the first step of the sintering process.

The ribbons obtained at high laser speed were subjected to post-sintering using high
temperature treatment. Annealing of the ribbons, which had detached from the substrate
during CPBLS, was carried out at 1300°C for 1 h. This additional heat treatment allows the
sintering process to continue. Indeed, the SEM images of the annealed ribbons (Figure 8)
show the formation of visible grain boundaries between the particles and shrinkage in the
width of the tape of about 10% is also noted. Also, X-ray diffraction analysis, to check the
maintaining of the Cu-doped HA phase during the CPBLS process and the post-annealing
sintering was performed. All diffraction peaks are well indexed to the hydroxyapatite form,
indicating the pure target phase is maintained (Figure 9). The partial densification of the tape
materials is due to the drastic thinness of these ribbons: the diameter of each Cu-doped HA
grain is nearly equal to the thickness of the ribbon; thus, the densification of such monolayer
of grains is difficult. The increase of the ribbon thickness would allow a better densification to
be achieved. Herein, the remaining porosity was evaluated at about 7% using the ImageJ
software. Some thin microcracks, possibly appearing during laser sintering or handling the
ribbons, are also observed on the surface. Thus, on layers of thinner thickness, selective laser

sintering makes it possible to ensure mechanical cohesion to the sintered areas. It could then
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be advantageously followed by a natural sintering step, which would strengthen the part

shaped and pre-sintered by CPBLS.

Figure 8. SEM micrographs of one Cu-doped HA ribbon obtained from CPBLS on the 5 gm
thick film using a scanning speed equal to 30 mm.s™ and after post-annealing treatment at

1300°C during lhour.
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Figure 9. X-ray diffraction pattern recorded on a set of consolidated ribbons from the post-
annealing treatment at 1300°C (the peak’s indexation considering hydroxyapatite

crystallographic network, with space group P63/m space group is joined).
Irradiation of the material at a very slow rate allows the formation of necks between
the particles and minimizes the thermal gradient along the bead thus preventing cracking of

the powder bed.
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Reducing the thickness of the films leads to better behavior under laser irradiation.
This should rather come from a decrease in the energy received by the film (due to a film
thickness then less than the depth of penetration of the electromagnetic radiation) than from
an increase in the elastic properties of the film. This lowering of the received energy allowed
us to explore much lower scanning speeds, a key parameter to allow the relaxation of the
stresses generated by the start of sintering created under laser. As a result, the production of a
pre-sintered film by CPBLS, without cracking phenomenon, was demonstrated on thin film
with 5 pm thickness at a power of 40 W and a speed of 5 mm.s™ (hs = 80 um)

Moreover, we have shown that the CPBLS technique could allow the creation of self-
supported ribbons (with 5 um thickness, 100 um width and few mm length) easy to
manipulate and which can be post-sintered thanks to the mechanical strength conferred by the
neck well visible between grains produced during the CPBLS process. Only ribbons with a
width of around one hundred pm and a thickness of 5 um have been produced here but, with a
light adaptation of the protocol, lasing self-supporting ribbons of more complex geometry can

be manufactured as shown in the Figure 10.

5,377 mm

Figure 10. Hlustration of a radial pattern ribbon nest obtained with laser scanning speed of

220 mm.s™ and laser power of 40 W on a 10 zm thick Cu-doped HAP film.
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4. Conclusion

This paper showed deep and transversal work from the powder synthesis to the
ceramic shaping thanks to an original direct selective laser sintering process on copper-doped
hydroxyapatite (Cu-doped HA) thin films. Cu-doped HA material was investigated because of
its potentiality to be used as bone substitute with angiogenic properties enhanced from copper
insertion. Furthermore, copper, as chromophore cation absorbing partly the laser wavelength
allows heating from laser irradiation.

HA powder was obtained from co-precipitation process mixing calcium and phosphate
precursors at a controlled pH. Then, CuO — HA mixtures were submitted to optimized
attrition step before a calcination at 1100°C allowing the obtaining of a violet-colored Cu-
doped HA powder, monophasic and with sub-micron crystallite size. This powder was
formulated to obtain suspension ready to be dip-coated on glass substrates to obtain thin
layers with tunable thickness from the number of successive coatings.

Selective Laser Sintering process, was performed on Cu-doped HA layers with
different thickness, varying the laser power, the laser scanning speed and the interspace
between two lased lines. The success of the ceramic laser sintering: presence or absence of
cracks, delamination, mechanical consolidation of the films, but also the control of the lased
area (lased line width especially) is shown to strongly depend on the appropriateness of the
setting process parameters. As brand new result in regard of the few former studies on
ceramic powder laser sintering in literature, it has been shown that the creation of self-
supported ribbons (few mm thick and few mm length) can be easily produced. These ribbons
are flexible and rollable and can also be post-sintered at high temperatures (1300°C) to be
consolidated (hardened). These last experiments, which can be extended to other refractory
ionic compounds, open a new window in different ceramic applications: for instance, winding

these as-prepared ceramic threads as source of flexible HA ceramic for biomedical
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application. Also, for the ceramic film remaining on the substrate, the possibility of taking off
patterns of accurate shapes created, “tailor made”, from the additional manufacturing

software, can prove to be a more than interesting alternative to lithography.
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