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This study aims to design ceramic scaffolds for precise bone reconstruction using Powder Bed Laser Sintering
(PBLS) to create cohesive Cu-doped HAp ribbons from a single lasered line on a thin powder bed atop a silicate
lime substrate. Depending on laser parameters, two ribbon types—delaminated (CDR) or anchored (CAR)—are
produced, both exhibiting surface density gradients from the center to the edges. Microscale analysis reveals

surface density gradients in both ribbon types, extending from center to edge. CDRs also show depth-wise density
variations, resulting in mechanical stresses that cause detachment and curling. In CARs, intense local heating and
thermal conductivity cause a temperature rise beyond the irradiated area. The substrate acts as a thermal barrier,
concentrating heat at the film-substrate interface and ensuring ribbon adhesion. Cracks propagate perpendicular
to isothermal lines, enabling controlled crack patterning.

1. Introduction

Bone tissue continuously regenerates, repairing fractures naturally.
However, severe injuries may require bone grafts. Ceramic implants,
especially calcium phosphates, are popular in bone regeneration due to
their biocompatibility, osseointegration, and osteoconduction [1,2].
These porous implants facilitate new bone tissue growth.

Hydroxyapatite (HAp), Ca;o(PO4)¢(OH),, is the primary inorganic
component in bone (~60 wt%) and dental enamel (90 wt%). Its nano-
metric form exhibits excellent biocompatibility and osteoconduction
[3-5]. HAp’s hexagonal structure allows for various ion substitutions of
ca’t, p°t, PO%’ or OH™ ions, enhancing its versatility for biomedical
applications. HAp’s ion substitution capacity allows modification of
biological responses [6]. Naturally occurring elements in the body, like
silicon, copper, and iron, can be incorporated into the HAp structure [7].
Incorporating elements like copper into HAp can enhance antibacterial
properties, stimulate blood vessel growth, and accelerate bone regen-
eration [8]. This improves the mechanical integrity and antibacterial
efficacy of biomedical coatings [9,10].

Bone substitutes must match the patient’s anatomy and mimic bone
architecture. Additive manufacturing (AM) enables the creation of
customized [11-16], complex structures tailored to the patient’s
morphology, making it increasingly valuable in biomedical applications
[17-24]. Optimal bone reconstruction scaffolds feature a woodpile
design with overlapping rods, spaced about half a millimeter apart, and
arranged in perpendicular layers. Mastering the production of
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elementary “ribbon” structures is crucial for creating woodpile-like
scaffolds. These designs promote neovascularization and optimize
bone growth [4]. Additive manufacturing enables complex structures
that overcome limitations of traditional methods [25].

Powder bed laser sintering (PBLS), also named powder bed fusion
[25], is one of AM technique that is showing real interest, particularly in
the medical field [26]. However, manufacturing ceramics scaffolds
using the selective laser sintering technique is a challenge due to their
high melting point, their absence or low plasticity and their poor resis-
tance to thermal shock. In addition, ceramics have low absorptivity in
the visible and near infrared [25,27]. In order to achieve powder bed
laser sintering, it therefore appears necessary to optimize the material
and laser parameters [28].

Depending on the shaped materials, two laser sintering methods are
used [29]. On the one hand, the indirect method including a base ma-
terial consisting of the ceramic phase mixed with a sacrificial polymer
binder. Due to the lower melting point than the ceramic phase, the
polymer binder melts and binds the ceramic particles together under
laser beam to form a cohesive part [30-33]. In general, as with stereo-
lithography, post-processing techniques are used to remove the polymer
binder and then densify the ceramic by solid state sintering. The polymer
can sometimes also be retained within the final part, depending on the
specifications imposed. Among the biocompatible polymers used are
polyetheretherketone (PEEK) [34,35], polyamides [36,37] and poly-
caprolactone (PCL) [38,39].

The direct method sinters or fuses ceramic material without a
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sacrificial binder to achieve the desired shape. Post-processing may be
used for further densification. In 2007, Bertrand et al. [40] demon-
strated PBLS could produce coherent zirconia parts, but with inadequate
density and mechanical properties. Shuai et al. [41-43] recently
demonstrated direct laser sintering of nanometric HAp using a CO2
laser. By optimizing laser parameters, they successfully created objects
from nano-HAp powder. However, the mechanical properties of these
parts remain significantly inferior to conventionally sintered ceramics.

To enhance direct ceramic sintering, absorption doping ions can be
added to improve laser absorption. These ions, selected for high ab-
sorptivity at the laser wavelength, can also be biocompatible, biode-
gradable, soluble, or heat-degradable [29]. Anastasiou et al. [44] found
that pure HAp showed no sintering or phase changes during laser
interaction, while iron-doped HAp exhibited characteristics of a sintered
material, as revealed by X-ray diffraction analysis.

In our previous publications [45,46], we studied the laser sintering of
copper-doped HAp. Copper was used for antibacterial and angiogenic
properties. Integrating the Cu™ ions into the HAp matrix modifies the
material’s absorption properties (with pink coloration) at the laser
wavelength (Fig. 1a). The powder obtained was then finely ground to
obtain micrometric particles (Fig. 1b). Films of controlled thickness are
obtained by dip-coating (Fig. 1¢). Laser sintering is then used to produce
partially sintered ribbons of material as a function of specific laser
power/scanning speed/focusing regimes. A deeper investigation at the
micrometer scale would allow a finer experimental assessment of the
thermal processes that occur within the powder bed and the impact of
different parameters (laser or materials).

The combination of laser parameters (power, scanning speed, and
focusing) controls the energy delivered to the material. Detailed inves-
tigation of these parameters provided insights into the effects of lasering
on Cu-doped HAp films, including crack formation and layer delami-
nation, resulting from high temperatures and steep temperature gradi-
ents [46]. Laser power and scanning speed are interdependent
parameters that determine the energy transferred to the powder bed.
Lower scanning speeds typically result in better material cohesion and
denser structures [25]. While low scanning speeds improve cohesion,
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excessively slow speeds can cause overheating, leading to imperfections
and reduced functionality [47]. Laser power modulation produces
similar effects to speed adjustment, but with a greater impact on density
and mechanical properties, as demonstrated by Beal et al [48].

Focal length is another crucial laser parameter for controlling sin-
tering [49,50]. Defocusing the laser reduces peak temperatures and
thermal gradient steepness [51] while increasing spot diameter, result-
ing in more homogeneous sintering near the beam spot. We recently
showed that defocusing reduces thermal gradients by increasing lasering
time as the spot diameter grows [52]. Combined with low speed, it ex-
tends laser-powder contact time, helping moderate thermal gradients
and reduce cracks [53]. Defocusing is thus a key parameter for con-
trolling beam intensity during material interaction [54].

Previous tests [45] demonstrated that cohesive Cu-doped HAp rib-
bons, similar in size to alveolar bone trabeculae, could be formed by
direct laser sintering using specific parameters (Fig. 1d,f,e). This study
aims to understand and control the thermal gradients that enable ribbon
formation. This study examines how Cu-doped HAp properties (film
absorption coefficient and thickness) and laser parameters (power,
focusing, and writing speed) affect temperature distribution in and
around the irradiated area, including post-irradiation evolution. This
understanding is crucial for developing scaffolds for biomedical
applications.

2. Experimental
2.1. Powder preparation

A quantity of copper oxide (II) was mixed to the HAp powder (Sigma-
Aldrich) to obtain a copper concentration x = 0.1 in the formula
CajoCux(PO4)602x(OH)(2.2x). The HAp-CuO powder mixture was
crushed by attrition 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 h. The suspension was dried

| S (b) (c)
—
ball
liquid |
[ ‘ ‘l ‘ | Cu*-HAP |

Fig. 1. Process of fabrication of ceramic ribbons. (a) The X-ray diffraction pattern and the pink color of the Cu-doped HAp powder obtained from synthesis route
describes elsewhere [45], (b) attrition process of the powder predisposed in ethanol suspension in zirconia balls & jar, (c) dip-coating on glass substrate of the attrited
suspension, (d) high-powder lasing of the Cu-doped HAp films, (e) photographs and (f) SEM micrographs of the HAp ribbons.
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in an oven at 100 °C. The resulting powder were pressed into pellets of
10 mm diameter by applying a uniaxial pressure of 100 MPa. Finally, the
pellets were calcined (ramp 10 °C/min) for 1 h at a temperature of
1100 °C to obtain a pure Cu'-doped HA phase [46,47].

2.2. Thin films preparation

The resulting pellets from powder synthesis were firstly re-crushed in
a 100 mL Teflon bowl in the presence of approximately 50 mL of
ethanol, 2 wt% Beycostat C213 dispersant and 75 g of yttrium-stabilized
zirconia balls, with an attrition speed of 800 rpm for 6 h. After separa-
tion from the zirconia balls, the suspension contained 30 wt% of Cu-
doped HA powder and was then used for film deposition by dip-
coating. The dip-coating method was used to coat a silicate glass sub-
strate with a drawing speed of 400 mm/min. 5 successive layers were
deposited, with a drying step of the as-prepared film at 100 °C for 15 sec
between each coating step, to obtain 12 pm film thickness.

2.3. Powder and film characterization

Powder or film X-ray diffraction (XRD) patterns were recorded on a
PANalitycal X’pert PRO MPD diffractometer in Bragg-Brentano 6-0 ge-
ometry equipped with a secondary monochromator and X’Celerator
multi-strip detector. Each measurement was made within an angular
range of 20 = 8-80° a 0.017°-step scan rate and a counting time of 59 s.
The Cu-Ko radiation was generated at 45 kV and 40 mA (A = 0.15418
nm).

The UV-visible-NIR powder absorption spectra were measured with
a double-beam spectrophotometer (CARY 5000 UV-vis-NIR) over the
250-2500 nm spectral region.

SEM investigations were performed using a JEOL JSM-67 in electron
back-scattering mode.

2.4. Powder bed laser sintering facilities

The laser machine used for the experimentation was a continuous
ytterbium fiber laser with an emission wavelength of 1.070 pm, which
has been especially designed according to the laboratory specifications
by ES Laser (ES17-355). This equipment has a focal distance of 199 mm,
a spot size @ = 40 um and its maximum and minimum operating power
is 400 W and 40 W respectively. Experiments were carried out in air,
using thin films on glass substrates as samples on a fixed sample stage.
The 3 modulating parameters used in the experiments are the power
(expressed as a % of maximum power), the scanning speed (in m/s) and
the focus height (in mm). The defocusing was performed by moving the
laser backwards in relation to the surface of the sample, i.e. with a focus
point at a z distance above the surface of the material.
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2.5. Numerical simulation equations

The numerical solution of the 2D transient heat equation has been
achieved using the FlexPDE Multiphysics Finite Element solver (FlexPDE
Lite v7.16, https://www.pdesolutions.com), details of which are re-
ported elsewhere [46]. The modelling approach is focused on heat
transfer from the laser to the film and from the film to its environment. It
does not consider single particles but treats instead the powder film as a
continuum with homogenized properties. Moreover, since the film
thickness d is much smaller than the other dimensions, it is chosen to
restrict the model to a 2D depth-averaged model.

3. Results and discussions
3.1. Preliminary studies

The first experiments were carried out on Cu*-doped HAp films with
a perfectly focused laser, power set at 40 W for variable lasering speeds
(Fig. 2).

Regarding the results, 3 speed ranges could be identified. Firstly, at
fast speeds (higher than of 40 mm/s), the films are only slightly affected
by the laser. The energies transmitted by the radiation-matter interac-
tion to the powder beds are then too low. The temperatures reached do
not allow consolidation of the lasered line. Secondly, at very low speeds
(below 10 mm/s), the lasered lines are clearly visible, with a slightly
different coloration to the non-lased parts. These lines show a certain
transparency (transmission turbidity), whereas the non-lased film is
perfectly opaque. This semi-transparency reflects the high densification
of the lasered lines under the effect of advanced sintering, made possible
by the high energy transfer from the radiation to the powder bed.
However, the lines remain anchored to the substrate. Finally, for an
intermediate speed range, the lasered segments peel away from the
substrate, partially rolling up on themselves to form curved, mechani-
cally cohesive ribbons that can be handled as a single unit. These ribbons
are therefore enough sintered to have consolidated the powder bed into
a ceramic object. A more detailed study of the effects of scanning speed
around the speed ranges, established that the limiting speeds for
obtaining debonded ribbons ranged from s = 15 mm/s to 40 mm/s
(Fig. 2b,2¢). For a well-targeted range of laser parameters, it is possible
to obtain cohesive ribbons that are independent of the substrate. As
previously evidenced, the lines obtained at lower scanning speeds,
having received more energy and therefore greater consolidation,
remain anchored to the substrate. One of the first studies undertaken in
these intermediate and low speed ranges was to vary the laser’s focus in
order to control the width of the lasered lines. By modifying the focus,
not only the surface power at the laser spot, but also the spatial distri-
bution of temperature gradients and the time taken for a point on the
film to pass through the laser (and therefore the temporal temperature
gradients) are all affected.

As the laser beam has a Gaussian spatial distribution, the radius of

Fig. 2. Powder bed fusion process on the Cu-doped HAP thin films with (a) laser speed from 8 to 50 mm/sec!, (b) and (c) laser speed from 10 to 40 mm/sec’.
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the sport size is conventionally W, which is defined as the point where
the irradiance is 1/e? (13.5 %) of its maximum value [52]. Beam focus is
governed on our experimental setup as the height z (in mm) of the laser
source taken with respect to the reference height (z = 0 mm/@ spot = 40
um) for optimized focus on the surface of the powder bed. As shown in
Fig. 3, the 2w, diameter of the laser sport on the surface of the powder
bed increases from 100.0 pm for z = 0 (@ spot = 40 um) to 350 pm about
for z = 4 mm (@ spot = 140 pm).

Spatial thermal gradients are greatly affected by focusing. The tem-
perature (relative temperature over the room temperature) on a line
perpendicular to the lasered line passing through the beam spot can be
simulated using FlexPDE thermal modelling software [46]. The tem-
perature curves obtained for various défocalisation heights are shown in
Fig. 3c. At the centre of the lasered line, the temperature reached is as
approximately halved between z = 0/% spot = 40 um and z = 4 mm/&
spot = 140 pym, and halved again between z = 4/@ spot = 140 ym mm
and z = 12 mm/@ spot = 400 pum. The greater spread of the irradiation
spot, with an increase in the height of the laser source, means that at a
distance of 200 pm from the centre of the line, the temperature reached
is twice as high for z = 12 mm/@ spot = 400 pm as for z = 4 mm/@ spot
= 140 um (the temperature at this distance from the centre of the lasered
line remains the room temperature).

Then, studies in this publication focuses on structural analyses of the
effects of irradiation of a powder bed on the surface of lasered lines,
whether they are detached as cohesive ceramic delaminated ribbons
(CDR) or remain anchored to the substrate and named ceramic anchored
ribbons (CAR). Lastly, we’ll take a look at the density gradients “in
depth”, based on cross-sectional views of objects obtained after laser
heating.

3.2. Effects of irradiation on surface

3.2.1. Ceramic delaminated ribbons (CDR)

The four CDRs from two different defocusing heights (z = 0/@ spot
=40 pm and z = 6 mm/@ spot = 200 um) and for two scanning speeds of
15 and 40 mm/s are compared (Fig. 4) using SEM micrographs.

Whatever the CDR studied, the micrographs show CDR with sharp
edges. Regarding the smooth shape of the thermal gradient (Fig. 3), a
critical temperature at which mechanical cohesion by grain bonding is
possible is evidenced.

Comparison of the two CDRs sets obtained with z = 0 mm/@ spot =
40 pum or using z = 6 mm/@ spot = 200 um focal height, two parameter
sets with quite same deposited energy but leading to different regimes,
shows that real control over the width of these CDRs is performed by
adjusting the distance between laser and powder bed. In agreement with
the modelling of the laser as a Gaussian beam (see Fig. 3), the CDRs with
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z = 0 mm/@ spot = 40 um are around sixty microns wide, whereas those
obtained with z = 6 mm/@ spot = 200 pm are three time as wide.
Furthermore, and especially for lasered CDRs with a laser scanning
speed: s = 15 mm/s, a density gradient from the core to the CDR edges
can be clearly distinguished, with larger grain sizes, wider sinter necks
between them and a higher total density in the centre of the CDR
compared with the edges.

We then conducted a study to obtain the widest possible CDRs, the
first action is to defocus the laser. However, the temperatures reached by
energy transfer tend to decrease as a result of the lower power density
received by the sample. To maintain well-defined CDR, the laser power
must be increased, or the scanning speed must be decreased. For
example, CDR with a width of 345 pm can be produced, while main-
taining a low power (40 W) and a defocusing height z = 8 mm/@ spot =
270 pm, and, to compensate, decrease the laser scanning speed to 10
mm/s (Fig. 5).

Higher defocusing heights were not sufficient to obtain properly
consolidated CDR. It’s worth noting that micrographs of the widest one-
piece CDR obtained already show very strong contrasts in sintering
progress between the centre and periphery of the CDR, and that signif-
icant cracks (longitudinal, i.e. parallel to the lasering line) are also
observed (Fig. 5).

3.2.2. Ceramic anchored ribbons (CAR)

In a second phase, using similar investigative methods, we concen-
trated on CAR samples obtained for scanning speeds of less than 15 mm/
s). Two focal heights z = 0 mm/@ spot = 40 um and z = 6 mm/@ spot =
200 pm were considered. Also, for these two heights, various lasing
speeds in between s = 0.6 (with a power equal to 40 W) and s = 10 mm/s
(with a bit higher power of 48 W) were compared. The SEM micrographs
of the six considered samples are reported in Fig. 6.

Observation of the various CAR samples reveals morphologies that
differ from those of the CDR. A cross-sectional SEM of the CARs all show
a densification gradient from the core to the edges of the lasered zone.
Defocusing does indeed widen the CARs with a width of around 50 pm
when z = 0/¢ spot = 40 um and around 100 pm for z = 6 mm/@ spot =
200 pm. Surprisingly, as laser scanning speed increases (particularly for
the series of 4 samples with z = 6 mm/@ spot = 200 um), the density of
the CAR obtained decreases, but the phenomenon of cracking increases.
No doubt due to the anchoring of the film to the substrate, the volume
contraction associated with sintering creates stresses that can be
released, without crack formation, when speeds (and therefore temporal
thermal gradients) remain relatively low, but produces crack propaga-
tion when speeds are higher. When defocusing is significantly increased
until the widest possible lasered CARs are obtained, and this is combined
with an increase in laser power so that the power per unit area received
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Fig. 3. Modelled temperature reached at the film surface with (a) a focalized laser beam, (b) a non-focalized laser beam (laser height position of 4 mm) and (c)
comparison of the gaussian temperature distribution at the surface of the film for 4 laser height positions (A: z = 0 mm/@ spot = 40 um; B: z = 4 mm/@ spot = 140

um; C: z = 8 mm/@ spot = 270 uym; D: z = 12 mm/@ spot = 400 um).
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Fig. 4. SEM micrographs of CDR fabricated using (a) a laser scanning-speed s = 15 mm/s and (b) s = 40 mm/s for a focal height z = 0 mm/@ spot = 40 um and laser
power P = 40 W; SEM micrographs of CDR fabricated using (c) a laser scanning-speed: s = 40 mm/s and (d) s = 60 mm/s for a focal height z = 6 mm/@ spot = 200

um and laser power P = 48 W.

ICMCB =CNRS

Fig. 6. SEM micrographs of CAR using (a) a laser scanning-speed s = 0.6 mm/s and (b) s = 2 mm/s for a focal height z = 0 mm/@ spot = 40 pm and laser power P =
40 W; and using (c¢) s = 7 mm/s (d) s = 8 mm/s, (e) s = 9 mm/s, (f) = 10 mm/s for a focal height z = 6 mm/@ spot = 200 um and laser power P = 48 W.

by the lasered zones remains of the same order, anchored but cracked
CARs with a highly reproducible and distinctive morphology can be
obtained (Fig. 7). This morphology, which presents a succession of
“petals”, has already been observed in the literature on Zr-based metallic
glasses subjected to the laser application [55]. However, this article
suffers from proposing petals “upside down” compared to ours, i.e. the
orientation of the petals is proposed as reversed with respect to the laser
scanning direction compared to what is observed on our ceramic films.
The origin of these differences may lie in the large differences between

metallic materials and a ceramic as HAp. More broadly, patterning a
ceramic alloy, glass or oxide surface has a variety of applications,
including the creation of physical coloration [56,57], cytocompatibility
[58] or even control of surface wettability [59].

Basing on the temperature gradient which can be stimulated thanks
to FlexPDE software (Fig. 8a) it appears clearly that the crack propa-
gation follows a route perpendicular to the isotherm lines, i.e. parallel to
the temperature gradients (Fig. 8b). Following this idea, an attempt of
schematization of the petal patterning is proposed (Fig. 8c).
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Fig. 7. (a) SEM micrographs of chipped CARs using (a) a laser scanning-speed s = 10 mm/s and (b) a scanning-speed s = 15 mm/s for a focal height z = 14 mm/@
spot = 470 ym and laser power P = 88 W (pictures from upper level). Six different chipped CARs (with a focus on two of them) using different scanning speeds and/or
powers with focal height z = 14 mm/@ spot = 470 um showing the regularity of the chipped patterns.

The schematic diagram of the vein-like structures forming the petal
patterns is shown at different times versus laser propagation. Two basic
ideas were integrated for creating the patterning scheme: (i) once the
crack has appeared, its propagation follows a route parallel to the
thermal gradients leading to arch-shaped crack lines; (ii) the constant
periodic length between two successive cracks is in close relation to the
constrains which cannot be elastically released and so, from the arch
shape of the cracks, primary (as large black lines), secondary (dark blue
lines) and even tertiary (pale blue lines) networks of cracks concomi-
tantly appear.

The final studies in this publication focuses on analysing the effects
of irradiating a powder bed through the thickness of the lasered lines
(through depth), in order to explain in particular why CDRs are observed
detached from the substrate, or CARs remain on the substrate.

3.3. Effects of irradiation in depth

3.3.1. Ceramic delaminated ribbons (CDR)

Cross-sections of CDR obtained with various laser scanning speeds
are reported in Fig. 9.

In all cases, deep sintering progresses in such a way that the upper
part of the CDR (surface subjected to laser irradiation) is very dense

(with a columnar morphology) compared to the lower part of the CDR
(initially bonded to the glass substrate). In other words, there is a strong
density gradient between the top and bottom surfaces of CDR. Hence,
the origin of the mechanical stresses producing delaminated and curled
CDR becomes clear. It should also be noted that as laser scanning speed
increases (associated with a reduction in the energy received by the
film), lasered line become less dense overall, and therefore logically
thicker. Using the “Mie Scatterring” software [60], it is interesting to
simulate the laser absorption depth within the powder films in order to
explain the strong density gradient observed (Fig. 10).

Refractive index and average particle size of the Cu-doped powder as
well as the porosity percentage are the three parameters to input for this
modelling calculation. The powder bed density is defined to 50 %, the
two other parameters were adjusted. Calculations were made for a single
wavelength of 1070 nm (the laser source wavelength). Regarding
Fig. 10a, the refractive index, mainly controlled by its imaginary part
related to the absorption coefficient, which we varied from 10 to 30 %
with regard to the diffuse reflection spectra of our powders [46,47], has
a very limited impact on the penetration depth profiles of the laser beam
in HAp films. On the other hand, particle size (which in our case is about
half a micron) has a significant impact (Fig. 10b). In any case, it’s clear
that with the size of the HAp grains in our films, and considering films
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simplified scheme of the temperature levels with temperature gradients. (c) Decomposition in different schemes associated to different advancements of the laser
scanning explaining the formation of the surface petal patterns (tj, t; and tp are arbitrary times).

around twenty microns thick, the laser beam has a penetration profile
that fades significantly between the front and back surfaces of the films.
The Mie scattering limitation of the laser beam within the films is
therefore at the origin of the strong surface-core temperature gradient of
the HAp films. Thermal gradient leads to the density gradients observed
in depth of films, and thus to the detachment of CDRs due to the me-
chanical stresses then produced.

3.3.2. Ceramic anchored ribbons (CAR)

Then SEM cross-section views on various CARs are reported in
Fig. 11. On CARs are produced thanks to higher irradiation energy, it
could be supposed that the temperature has been raised to sufficiently
high values at the surface for the entire film thickness to be highly
densified by thermal conductivity. In fact, the bonding of the films to the
substrate can be explained by welding caused by a sharp rise in tem-
perature at the film/substrate interface. There is some evidence of this,
but the phenomenon observed is more complex. CARs are obtained
when the entire film thickness is not perfectly densified. It appears that
cross-sectional views of the films show a sandwich morphology, with a
distinctly dense upper part, a more porous intermediate layer, and a
lower part “bonded” to the substrate that is once again denser. Films
obtained with parameters at the boundary between obtaining CARs and
CDRs, show the beginning of film detachment with absence of densifi-
cation at the interface, demonstrating the switchable character of this
set of parameters. Film adhesion is related to a sufficient temperature
rise at the film/substrate interface to cause co-sintering of film and
substrate at this interface. However, the existence of a more porous in-
termediate layer seems to demonstrate that beyond thermal conduction
causing a monotonically decreasing gradient between the top surface
and the film/substrate interface, a wall effect allowing an accumulation
of energy at this interface seems to occur. FlexPDE software was used to
model this wall effect (Fig. 12). Firstly, as our FlexPDE simulations here
are only able to give the surface temperatures of an irradiated film
(working in 2 dimensions), we arranged to meet our phenomenological
observation by simulating laser irradiation on a two-phase material with
an interface orthogonal to the surface of the composite material created.

The parameters required for the simulation, characterizing the glass
phase and the Cu-doped HAp phase, were implemented in line with our
Cu-doped HAp layers deposited on an amorphous silicate slide (in terms
of heat capacity, absorption coefficient, thermal conductivity, etc.). The
temperature levels predicted using thermal simulation show very clearly
that the creation of an interface close to the lasered line (the interface
was positioned at 50 and 100 pm from the lasered line of passage, with
coordinate Y = 0, Fig. 12b and c¢)) produce a very strong wall effect,
leading to highly asymmetrical temperature levels perpendicular to the
lasered line. Temperatures on the side with the interface created are
much higher than those on the side without (for the same distance from
the center of the lasered line). The result is evidenced for an interface
located at a distance of 50 pm. The effects fade rapidly and is already
very softened for a distance of 100 pm.

Thus, several complex and interrelated phenomena take place
concomitantly during laser radiation of Cu-doped HAp powder films.
The transferred laser beam is spread out (Mie scattering type) but does
not penetrate the entire thickness of the film, also no interaction takes
place between the radiation and the silicate substrate. This radiation,
partially absorbed by the chromophore (copper) doping the HAp
structure, produces strong local heating, the intensity of which depends
on a number of parameters, including laser power, scanning speed and
focus. The heating is accompanied by a significant rise in film temper-
ature, well beyond the irradiated volume, due to the phenomenon of
thermal conductivity. The substrate also acts as a wall, “concentrating”
the heat at the film-substrate interface. So, depending on the energy
received, two main types of ribbons can be produced by lasering a single
centimetre-long line.

Firstly, CDRs with a dense crust on the surface, more porous below
this crust, with no sintering yet marked at the film/substrate interface
are discussed (graphical abstract, left side). For this first type of rib-
bon, the energy concentration gradient will cause the ribbon to lift off
(by curling concavely). One-dimensional, mechanically coherent (which
can be manipulated) objects can be produced with some control over
their width (via laser focusing) and thickness (via the thickness of the
lasered film). Secondly, CARs (graphical abstract, right side) typically
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Fig. 9. SEM micrographs (cross section views) of three different CDR obtained with a focal height z = 8 mm/@ spot = 270 pm, a laser power P = 40 W and laser

scanning speeds (a) s = 7 mm/s, (b) s = 8 mm/s and (¢) ¢ = 10 mm/s.
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Fig. 10. Laser transmission percentage versus transmitted medium depth for a laser beam light with 1070 nm wavelength, considering the transmission medium
made of a pack (50 % density) of spherical Cu-doped HAP particles with (a) a fixed diameter @ = 1 pm and various absorption coefficients and (b) a defined ab-

sorption coefficient « = 0.2 (20 %) and various particles diameters.

feature a sandwich-like architecture in their thickness, with a dense
surface crust, a more porous intermediate zone and a lower zone
(approaching the glassy substrate) that is denser again.

By controlling the material and laser parameters, powder bed laser
consolidation can be used to produce very finely controlled structures,
even on refractory ceramic materials with very high melting points.

4. Conclusion

Thanks to the copper ions incorporated into the hydroxyapatite
matrix and so the absorption of a high-power laser (1070 pm), Cu-doped
HAp thin powder bed deposited on a transparent silicate lime substrate
can be sintered thanks to heating from powder bed laser sintering.
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Fig. 11. SEM micrographs (cross section views) of CAR using for a focal height z = 0 mm/@ spot = 40 um and laser power P = 40 W and laser scanning speeds (a) s

= 0.6 mm/s, (b) s = 2 mm/s; (¢) s = 4 mm/s and (d) s = 6 mm/s.
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Fig. 12. Modelled surface temperatures reached during lasing (with focal height /@ spot = 0 mm /40 pm, laser power P = 40 W and s = 10 mm/s), (a) without any
wall effect, with a created infinite interface HAP-film / silicate glass parallel to the lasered line (b) at 50 pm of the lasered line center and (c) at 100 mm of the lasered

line center.

Herein, detailed investigation at the micrometer scale, combining SEM
observations and thermal modelling (using FlexPDE software) has
allowed to better understand and control the thermal processes occur-
ring in the powder bed when lasered along a centimeter line. Especially,
the impact of various laser parameters: as power, scanning speed, laser
focusing, were carefully analyzed. Two types of ceramic ribbons can be
produced: delaminated ceramic ribbons (CDR) or anchored ceramic
ribbons (CAR). SEM analysis revealed surface density gradients in both
ribbon types, with density decreasing from center to edge, but main-
taining distinct ribbon boundaries. The porous powder bed causes Mie
scattering of the laser beam, resulting in rapid intensity reduction with
increasing penetration depth. Mechanical stresses cause the detachment
and curled shape of CDRs, which are useful as building blocks for bone
scaffolds through stacking. CARs also show density gradients but feature
a sandwich structure with a low-density middle layer between two high-
density layers. The sandwich structure in CARs results from Mie scat-
tering and the thermal barrier effect at the film-substrate interface. CARs
exhibit petal-like crack networks, likely propagating perpendicular to

isothermal lines, as suggested by thermal modeling.
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