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Abstract:

Design/methodology/approach: Additive manufacturing (AM) has revolutionized automotive,
biomedical and aerospace industries, among many others. AM provides design and geometric freedom,
rapid product customization and manufacturing flexibility through its layer by layer technique. However,
a very limited number of materials are printable because of rapid melting and solidification hysteresis.
Melting-solidification dynamics in powder bed fusion is usually correlated with welding, often ignoring
the intrinsic properties of the laser irradiation; unsurprisingly the printable materials are mostly the well-
known weldable materials.

Purpose: The consolidation process and morphology evolution in ceramics-based additive manufacturing
are still not well understood. As a way to better understand the ceramic Selective Laser Sintering (SLS) a
dynamic three-dimensional computational model was developed to forecast thermal behavior of
hydroxyapatite (HA) bioceramic.

Findings: The consolidation mechanism of HA was identified during its processing in a ceramic SLS
device, then the effect of the laser energy density (LED) was studied to see how it affects the processing
window. Premature sintering and sintering regimes were revealed and elaborated in detail. The full
consolidation beyond sintering was also revealed along with its interaction to baseplate.

Originality/value: These findings provide important insight into the consolidation mechanism of
Hydroxyapatite ceramics which will be the cornerstone for extending the range of materials in laser
powder bed fusion of ceramics.

Keywords: Hydroxyapatite; Powder bed selective laser process; Powder bed fusion; Laser energy
Density; Ceramic laser-powder bed fusion;



Abbreviation list

AM Additive manufacturing

CFD Computational fluid dynamics

HA Hydroxyapatite

HD Hatch distance

LED Laser energy density

L-PBF Laser-powder bed fusion

LP Power of the Laser

LS Scanning speed of the Laser

LT Layer Thickness

MP Multi-physics

PBSLP Powder bed selective laser process
PSD Powder Size Distribution

SEM Scanning Electon Microscopy

SLS Selective Laser Sintering

Symbols

v Profile of the velocity

P Applied pressure

M Viscosity of the material

g Gravity function of the material

a Coefficient of thermal expansion of the material
1] Density of the material

b Enthalpy of the material

k Heat conductivity of the material

Ve Metal volume fraction inside the cell
Vg=0 Cell within the mech is free of the fluid
Vp=1, Cell within the mech is fully fluid

w Width of melt pool



P Beam power

nis Absorptivity

P Density

C, Heat capacity

74 Scanning velocity

T, Melting temperature

T, Room temperature specifies preheating level
AH, Accumulated heat of vaporization

Gas constant
T, Saturation temperature

Temperature of the flow

A Powder bed’s beam absorption

Ry Laser radius

v The scanning rate of the laser

(x0, ¥o) Initial location of the laser beam center’s
Ry, Radius of the beam

h, Coefficient of convective heat transfer
9evap Heat transfer due to evaporation

oo Stefan—Boltzmann constant

€ Measure of emissivity

Wy Evaporation rate.

m Mass flow rate

| Area

1. Introduction

Additive manufacturing (AM) has revolutionized many industries, including construction[1], [2],
biomedical [3], aerospace and to achieve design flexibility and shortened time to market [4]-[6]. Laser
powder bed fusion (L-PBF) is an AM process for making parts and freeform objects in which the
production layer is selectively consolidated by a high-energy laser beam following powder deposition [7],
[8]. L-PBF can achieve upto 96 % density and superior mechanical characteristics for alloys in which



powder particles are melted together [9], [10]. L-PBF has an exceptional heating and cooling cycle rate,
resulting in non-equilibrium conditions; novel microstructures as well as material phases are often
produced throughout the process [11].

The thermal and mechanical properties of advanced ceramics make them appropriate for a wide range
of sectors, including aviation, medicinal devices, semiconductor production, and power generation. As a
consequence, it is evident that AM technology has to be improved to manufacture complex forms
comprised of sophisticated ceramic materials [12]—[16]. It is commonly known that the L-PBF of alloys or
metals operate on the same criterion as weldings [9] — for example nucleation theory or undercooling
have also been employed to generate high-strength metal components [17]-[19]. However, this is not
the case in ceramics where thermal cracking makes it very difficult to use melting as a preferable printing
method [20], [21]. The phenomenon that occurs during the densification of ceramics produced with a
laser source hasn't been well investigated [22]-[25]. Some materials may undergo compositional
changes prior to sintering/melting (sintering is defined as solid state diffusion rather than partial melting
[24]), and both processes can occur as a consequence of increased temperature [24]. To avoid misusing
the preceding terminology to define the approach, the term powder bed selective laser process (PBSLP)
was recently suggested [16], [26].

One major challenge for the application of direct SLS into most of the ceramics is the poor absorption
(close to 3-4% for oxide ceramics) of energy from fiber lasers, having wavelengths between 1030 and
1070 nm. While metals have absorption values between 60-80 percent [27]. The high young's modulus,
low tensile, and large thermal expansion coefficient of most ceramic materials make them resistant to
thermal shocks [16], [24], [28].

To obtain high densities and defect-free components, previous ceramic SLS experiments focused
primarily on developing new ways for optimizing the laser-powder interaction. Laser absorptivity
improvement through the addition of additives [20], [29], pre-heating systems [16], [30]-[32], and
specific powder formulations with eutectic ceramics (i.e. Al,03/GdAIO3/ZrO,) [33] are effective ways that
may be used in combination.

The morphology of additively manufactured materials is strongly influenced by the size and geometry of
the irradiated zone. [34], [35]. When working with SLS, it is difficult to accurately measure the size and
shape of the irradiated zone under the beam [35], [36]. Some light alloys have been characterised by
using tungsten nanoparticles as markers under synchrotron x-ray facilities [34]-[36] among others [37].
Due to their nature of absorpting the x-rays ceramics are impossible to directly characterise in-situ.
Therefore, the consolidation or shaping mechanism of ceramics has not been revealed clearly [38].
Melting-consolidationsolidification as well as sintering have already been studied for conventional
processes [39], but not for AM [40] and more specifically SLS [24].

HA is an important ceramic material for biomedical applications [24], [41]-[44]. The production of
calcium phosphate scaffolds through SLS has been largely studied [24] for orthopedic implants. Scientists
have used three basic SLS techniques to shape HA bioceramic particles. The first technique involves filling
polymer materials with HA [45], [46]. Laser irradiation melts the polymer in the powder feedstock [47],
[48], creating a polymer/ceramic composite scaffolds. Since these polymers are not eliminated following
SLS, implantation might influence their characteristics or tissue regeneration [49]. A second technique
uses a similar mix of polymer/ceramic components to create green body scaffolds. After pyrolysis and
sintering, the bioceramic scaffold is free of the polymer [50].



The third strategy for SLS, is to increase the laser absorption of HA powder and use it directly, without
the need of polymer [44]. In a prior research, within this context, a development of calcium phosphate
powdered feedstock by the inclusion of varying quantities of graphite as an absorption additive was
accomplished, and the powder was optimized [26]. Hydroxyapatite (HA) powder feedstocks were
examined in a SLS process at various printing parameters to see how the energy density of each powder
affected its printing [20]. However, the understanding of the narrow processing window still needs to be
disclosed.

In this study, the underlying shaping mechanism in SLS of HA was studied. A method for tracking shaping
behavior across the entire regime in SLS was developed using DEM and FVM. A high-intensity laser was
used to create HA single tracks on an HA-coated substrate. For single track creation, a comprehensive
investigation was carried out investigating the function of LED. Geometry, morphology, consolidation of
single tracks produced at different LED values were thoroughly investigated. SLS shaping thermal
behavior was also simulated using a finite volume method-based model and confirmed by experiments.
We uncovered the consolidation mechanism and observed the driving factors as well as the fundamental
processes throughout the consolidation domain.

2. Materials and Methods
2.1. Powder

The particle size distribution (PSD) for HA powder (Urodelia SA Company, Saint-Lys, France, product
reference 206.93.003) was obtained by laser diffraction in suspension, performed in a Mastersizer MS
3000 (Malvern Panalytical®). Refractive indexes: 1.63 and 1.33 for particles and water, respectively. A
complete powder flow evaluation of the present HA powder was performed in a previous work [26].
Four different static and dynamic flowability methods were used for the analysis of the following
properties: Angle of repose (31 + 12), Hausner ratio (1.12 + 0.02), flow rate through an orifice (275 + 22
kg.h1), and flow factor coefficient (16 + 2). The results indicated that the powder flowability was suitable
for its use in any powder bed fusion process, considering it a free flowing powder. It was mainly
attributed to the particle spherical shape and size distribution.

As mentioned in the introduction, fiber laser absorptance of HA powder was improved by mixing it with
TIMREX® KS 44 Graphite (G) by Imerys, following a previous work procedure [26]. Carbon graphite-based
filleracts as a near-infrared absorptance additive that improves the powders' laser-material interactions.
Powder blends at different concentrations were prepared by pouring the powders in a controlled
proportion (with 0.5 kg in total) in a mixing jar, to mechanically blend them using a Turbula shaker mixer
at 42 rpm for 1 h.

2.2. Powder Modelling

The HA powder generation process was modeled. Figure 1 a) shows the spray dried HA powder (details
have been provided in section 2.1) particles, while the particle size distribution has been shown in (b).
The physical powder particles have been simulated in decent estimate to the scanning electron
microscope (SEM) imaging and PSD. Figure (c) shows the particle obtained from simulation. The particle
sizes were confirmed to be in agreement with the experimental calculations, and they matched D10,
D50, and D90, respectively.
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Figure 1 a) SEM image of the HA powder particles, b) Particle Size Distribution (PSD) and c) Discrete
Element Modelling of the same PSD.

The FS DEM from Flow Science, USA, was utilized to represent HA powder throughout this study. Rather
than treating the layer of powder as a uniform plate, a layer of powder was produced utilizing discrete
microparticles. The powder bed layer thickness is 100 um. A 100 pum layer was also deposited in the DEM
model. The layer of the powder had a packing density of 65% while keeping the voids on the outer/free
surface inside the block, then a 90% after eliminating them.

2.3. Modeling of Thermophysical Properties

HA powder was produced via wet-chemical coprecipitation, milling, and spray-drying process to confer it
the spherical shape. The investigations made use of a HA powder that had a form that was primarily
spherical in nature. with a 300% powder compression produced by the roller after powder bed settling
and before laser scanning.

Temperature dependent physical properties in the CFD analysis HA were used from the literature.

SLS process involves rapid consolidation as well as solidification, which affects all of the thermo-physical
properties associated.

2.4. Numerical model

A CFD approach was introduced, and implemented using discrete element modelling (DEM) and volume
of fluid methods (FVM), using subprocesses. For clarity, the several factors and generalizations are
considered in the investigation: (1) the consolidation throughout the field of consolidating domain is
incompressible Newtonian; (2) the mass change due to ceramic evaporation is often neglected. .



In (i), (i), and (iii), the preceding equations are then solved for energy conservation, momentum, and,
mass continuity in that order [51]:

i. Z+@E V= —%Vﬁ + uV2V + g1 — (T — Tpn)1g[1 -
a(T — Tm)]

o Oh | o 1o,
ii. E+(v-V)h—p(V kVT)

Wherein v represents the velocity, 4 denotes viscosity, P indicates pressure, a indicates coefficient of
thermal expansion, h indicates specific enthalpy, g represents gravity function, p indicates density, and k
is thermal conductivity.

The volume of fluid (VOF) model makes advantage of the free surface to glean data [51], [52]. The VOF
approach may be expressed as an equation (iv):

Vg

V. Yy

+V@-Ve)=0

where Vi represents the metal HA volume fraction contained inside the cell. If Vg=1, It demonstrates
that the cell is completely fluid, while V=0 shows that the cell is no longer filled with liquid. Quantities in
the middle demonstrate the presence of a free surface across the mesh.

The difference in consolidation domain could be attributable to a number of factors, including thermo-
physical properties. Because the The Rosenthal technique is dereived from the heat equation & neglects
convection, evaporation, and Marangoni effect, the corresponding term in Eq. (v) for consolidation
domain diameter obtained from Rosenthal equation is used to reflect the role of temperature
dependent properties for consolidation domain difference [51] in heat conduction:

8 Pn
V. w = —_— #
e pCpV(Ty,—To)

Where P is beam power, n denotes absorptivity, p denotes density, (), indicates thermal capacity , V
indicates scanning speed , T,,, represents the melting point , whereas T, represents the amount of pre-
heating .The Rosenthal solution is generated by assuming physical properties temperature independent
and the temperature dependent conductivity is utilized to evaluate consolidation domain size.

Incorporating the impacts of both recoil pressure and vapor suppression on the consolidation domain
scale [51], each recoil pressure might be computed using Eq. (vi):



vi. Po=4-exp{B(1-2)}

in which the coefficient A =pP,, BE[0.54,0.56] and P, is the pressure in the atmosphere; the secondary
coefficient B may be determined using the following formula: B=4H,/RT,, AH, was its vaporization heat.
The gas constant is given here by R. and Ty, is the temperature of saturation ; T is now the temperature
determined by solving the aforementioned equations [51].

The energy density of the laser has a Gaussian dispersion [51]. The laser moves at a steady scanning rate
throughout scan, and the ED of the beam may be described by the equation (vii):

vii. _ ulex [ o ve- xO)2+(y 3’0)2]
where A represents the beam absorbance of the powder particles, p reflects beam power, R, represents

the laser's radius, v is the scanning rate. (xg, V) is the original position of the laser beam center. The
laser radius, Ry, is is 100 um (same as 200 pm spot diameter which was used in the experiment).

Radiation and convection are solved for the free surface, nonetheless evaporation is considered with the
consolidatiing surface [51]. So the energy equation that exists primarily on the surface of its
consolidating surfaces may be written as an expression (viii):

aT
VIII. Pri q—hc(Tl_Tol)_O'OS(T‘L_T(;L)_Qevap

where h, is the convective heat transfer coefficient, T, is the surrounding temperature , The Stefan
Boltzmann constant is expressed as o, € is a measurement for emissivity [51]. eyqp is the heat transfer
caused by evaporation, and it may be expressed by the equation (ix):

iX. Gevap = Woly = exp(2.52 + 6.121 — 18836T —
0.5logT)L,

2.5. Configuration for modelling, material properties, and experimental parameters

The said theoretical framework was primarily used to simulate the HA powder production process. Its
powder bed layer thickness is fixed at 100 um (same as the experimental layer thickness). In this study,
the implicit technique was employed to help solve convection, heat transport, and surface tension.
Thermal properties for HA were used from the literature [53], [54]. Simulation domain which has been
used is 1000 um (length) x 600 um (width) x 200 um (height) in line with the experimental spot size of
the laser.

Physical Properties Value
Viscosity (g/cm/s) 2.61545 e?
Fluid Volumetric Thermal Expansion Coefficient (1/K) 2.03368 e
Specific Heat (@ 298.15 K) erg/g/K) 5.42 e*0®
Reference Temperature (K) 1.08315 e*®
Liquidus Temperature (K) 1.08315 e*®




Solidus Temperature (K) 1.02315 e*®
Latent Heat of Fusion (erg/g) 3.42538 e*°
Specific Heat (@ 2073.15 K) erg/g/K) 2.34 e
Thermal Conductivity (erg/cm/s/K) 4.68000 e*%
Solid Volumetric Thermal Expansion Coefficient (1/K) 2.03368 e
Shear Modulus (dyne/cm?) 3.4t
Bulk Modulus (dyne/cm?) 7.959 et
Coefficient Of Solidification (Drag dyne/cm?) 1.0 e*®
Saturation Temperature (K) 3.0e"3
Density (g/cm?) 3.08
Compressibility (cm?/dyne) 1.0e?0
Electric Conductivity (sCoul?-s/g/cm?3) 5.45498 e*1®
Thermal Conductivity (erg/cm/s/K) 1.0983 e*®
Elastic Modulus (dyne/cm?) 1e*t?
Poisson Ratio (Unitless ratio) 41178 e

2.6. Experimental procedure

Single track SLS experiments were also performed to validate the simulation model. It was created using
a 3D Systems ProX® DMP 200, a fiber laser source (continuous functioning, single-mode, output at the
collimator power of 300 W) with a wavelength of around 1070 nm. A 3 cm downwards laser defocus of
the focal plane was used. The beam's diameter has remained steady during each single track. The laser
power and speed were varied to control the amount of energy emitted while all other process
parameters were kept constant. For the single track experiments, laser power four different powers
were varied from 30, 36, 42, and 48W while the laser speed was kept constant at 25 mm/s. Some printed
specimen have been shown in Figure 2.

Lg)mu_ &g

Figure 2 a), b) and c) shows printed specimens mainly composed of HA calcium phosphate phase.



Powder and single track scanning electron micrographs were acquired using an FEI ESEM QuantaTM 450
FEG, an environmental scanning electron microscope (ESEM) equipped with a large field detector (LFD)
under low vacuum (LowVac) condition but without prior metallisation of the sample's surfaces. The
images were processed using Imagel software [55]. It was necessary to apply a small layer of silver to the
surfaces of the ceramic powder before using a SEM LEO 435 VP (Leica®) connected with a Ge detector
(Imix-PC, PGT) in order to study the morphology and composition of the powder.

3. Results and discussion

3.1. Premature Sintering

Figure 3 a) shows the simulation domain, while the sintered zone (irradiated by laser) is shown in Figure
3 b) after magnification. Due to the low energy density, the powder particles are hardly sintered. The
laser irradiation time has been marked in Figure 3 b) at 0.01s, 0.02s, and 0.032s. The laser energy density
is very low for the powder to be sintered, and the interaction between the particles is also negligible.

—05

¥ v
0.01s 0.02s 0.032s

Figure 3 Premature sintering simulation with the a) laser irradiated powder bed and the b) magnified
laser sintered powder zone.

Figures 4 a), b), and c) show the changed state during laser irradiation of the powder bed in the single
track at 0.005, 0.0302, and 0.0492 seconds respectively, where the scale bar is showing that the red
color is fully liquid state and blue is fully solid-state. It shows that there has been sintering on the powder
particles but hardly any interparticle interaction to form a consistent track due to the low energy density.

Figures 4 d), e), and f) show the solid and semisolid (semisolid is the physical term for something whose
state lies between a solid and a liquid) fraction under laser irradiation of the powder bed in the single
track at 0.005, 0.0302, and 0.0492 seconds respectively, where the scale bar is showing that the red
color corresponds to fully solid fraction and blue to fully liquid fraction. It shows that there has been



sintering only during the laser irradiation on the powder particles, but it could not retain the state after
the laser passed from there.

Figures 4 g), h), and i) show the temperature gradient during and after laser irradiation of the powder
bed in the single track at 0.005, 0.0302, and 0.0492 seconds, where the scale bar is showing that the red
color corresponds to the highest temperature while blue to room temperature. Due to the Gaussian
beam nature of the laser, the highest temperature is retained in the middle of the laser, the temperature
rises very rapidly during the laser and falls very rapidly after the irradiation as shown in Figure 4 i).
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Figure 4 a), b) and c) shows the premature sintering state, d), e) and f) shows the solid fraction, g), h)
and i) shows the temperature gradient, at 0.0055, 0.0302 and 0.0492 seconds respectively.

3.2. Sintering

Figure 5 a) shows the cross section of the powder particles with the state of the powder under laser
where the scale bar shows 1 as fully solid and 0 as fully non-solid state on the very small region. Figure 5
b) shows the cross section of the powder particles with the temperature gradient under laser where the
scale bar shows red as highest temperature and blue as the lowest temperature. While Figure 5 c) shows
the top view of the sintered region and the sintered powder has been extracted in Figure 5 d) where the
depth of the powder has also been shown in the figure which is around 54 micron. Which is the reason it
can not stick to the baseplate since the layer thickness is around 100 microns. The scale bar in Figure 5 c)
and d) is showing the interaction of the powder with laser where red color depicts full interaction and
blue means no interaction at all, while the white color is showing the boundary. Similarly, Figure 5 e)
shows the top view of the sintered region, and the sintered powder has been extracted in 8f where the
temperature gradient can be clearly seen. The depth of the powder has also been shown in the Figure 5
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Figure 5 Sintering mode a) solid fraction, b) temperature gradient, cross sections; Sintering c) top view,
d) sintered powder only; temperature gradient e) full, and f) sintered powder only.

Figure 6 a) shows the simulation domain, while the magnified laser sintered powder zone has been
shown in Figure 6 b). Due to the low energy density, the powder particles are sintered to the maximum
of 80-micron depth. The mechanism behind this formation can be better explained by looking at the
physics behind the process shown in the next figure. The laser irradiation time has been marked in Figure
6 b) at 0.01s, 0.02s, and 0.032s. The laser energy density is low but higher than the premature sintering.
The sintering depth has been increased upto 80 micron but still not enough for the 100 micron layer to

be fully consolidated on the base plate.
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Figure 6 a) Laser irradiated powder bed and b) magnified laser sintered powder zone.

Figure 7 a) shows cumulative evaporated mass. The irradiation time is shown from 0 to 0.032s. The
particles are being sintered when there is nominal evaporation along with it. When the irradiation of the
laser starts at Os the temperature rises up and after a brief interval the evaporation starts as pointed out
in red circle. After 0.032s the irradiation has stopped. Figure 7 c) shows that when the irradiation starts
the cooling rate increases, cooling rate continues to increase with the temperature increase (or the time
of laser irradiation) even after irradiation (at 0.032s the irradiation has stopped) and normalizes itself
with the surrounding temperature by the heat addition as pointed out in red circle. Figure 7 d) shows the
temperature gradient. When the laser is irradiating the gradient keeps increasing the temperature
gradient. However , there is a slight delay in the temperature gradient rise when the laser starts at 0.0s
as pointed out by red circle. The ratio between the temperature gradient and cooling rate has been
presented in Figure 7 b). The cooling rate is very slow because the irradiation area is receiving heat
continuously from the adjacent area being irradiated, however, when the evaporation occurs it
experiences a rapid cooling. Similarly, when the laser irradiation is stopped it also experiences a rapid
cooling.
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Figure 7 a) cumulative evaporated mass, b) temperature gradient G and cooling rate ratio c) cooling rate
R, and d) temperature gradient

Figure 8 a) shows laser movement in x direction, while Figure 8 b) shows average and minimum
temperature of the domain. The laser irradiation time is directly proportional to the average
temperature increase in the process and it shows that the time of the laser irradiation increases the
average temperature of the domain. Figure 8 c) shows cumulative mass of the consolidated powder
which also keeps increasing with the irradiation. Figure 8 d) shows the total volume of the un-
consolidated powder.



a) Jaser’X Coordinste -Average and Minimum Temperatures

b) 335
0.14 330
£ 0.12 g 320
S 0.11 s
2 041 5 35
£ 0.9 £ 310
W
E 0.8 - = 305
g £
o 0.7 £ 300
0.6 205
0.5 | 290 — S o o e ——
0.0 0.01 0.02 0.03 0.4 005 0.06 0 001 002 003 004 005 0.06
t (s) t(s)
c) 4 -Melt Region Mass 1 2.22015 -Solidified Volume of Fluid
3.5 d) 22201
3 2.2005
5025 2.2000
&2 £ 2.21995 |
4 -’
2 1.5 £ 2.21990 |
= 5
1] = 2.21985 |
=
0.5 | 2.21980 |
0 —————L,_ 221975
g W o8 e (5)0-04 0.05  0.06 = 0 001 002 003, (s)o.o4 0.05 0.06

Figure 8 a) laser movement in x direction, b) average and minimum temperature of the domain, c)
cumulative mass of the consolidated powder, and d) total volume of the un-consolidated powder.

Figure 9 reveals velocity-vectors during sintering and their interaction with the baseplate,
corresponding at a), Os b), 0.0055s c), 0.0150s d), 0.0220s e), 0.0302s. The velocity-vectors depict the
direction of the velocity at any point under the laser.

As the laser is sintering the particles it also pushes consolidation domain downwards, the newly heated
HA fuse partially with the baseplate. Same can be observed in throughout the irradiation in Figure 9 c), d)
and e).



Time: 302s

Figure 9 Velocity-vectors during sintering of the cross section at a) Os, b) 0.0055s, c) 0.0150s, d) 0.0220s,
and e) 0.0302s.

The sintering movement for the consolidation domain from above the surface are shown in Figure 10 a)
to b) under laser irradiation. Ceramics as HA, are insulators of heat which is the reason heat is not
propagated very fast unlike metallic alloys [20], [24], [56]. Heat is accumulated and propagates slower

which also contributes to the thermal cracks shown in Figure 10 a) to d). A tiny flow pattern under the
irradiating laser can be observed.
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Figure 10 Heat accumulation during sintering with velocity-vectors top-view of single track at a) 0.0055,
b) 0.0180s, c) 0.0302s, and d) 0.055s.

Figure 11 reveals heat accumulation in the cross sectional image, referringing to a), 0 b), 0.0055 c),
0.0180s d), 0.0302 ), 0.055 s, with velocity-vectors of the flow surrounding the consolidation region and
is shown by color gradient A temperature profile is formed as the laser travels to irradiate the powder.
HA is not good conductor of heat so the heat is accumulated as the laser moves which results in slower
propagation of heat, unlike alloys [20], [24], [56]. Surface tension is often higher at the laser irradiating
end (warm) than at the back (cold) in materials other than HA. Nonetheless, in ceramics like HA due to
the low conductivity, it is dissipated from both ends and slowly accumulated to the middle.
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Figure 11 Heat accumulation with velocity-vectors of the cross section at a) Os, b) 0.0055s, c) 0.0180s, d)
0.0302s, and e) 0.055s.

The density change with velocity-vectors Figure 12 depicts the views from the top. When seen from
above, arrows in the consolidation domain normally trace their motions backward, although the particles
influence this behavior (to be heated, tiny particles need lower ED and big particles require greater ED).
They start to sinter and fuse with each other with the irradiation.
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Figure 12 Top-view density change with velocity-vectors at a) 0.0055s, b) 0.01s, c¢) 0.022s, and d) 0.055
us.

Figure 13 reveals temperature propagation with velocity-vectors of the movement within the
consolidation domain, where the temperature of the powder bed in cross sectional view can be seen as a
gradation of hue. The different images correspond to a) Os, b) 0.0055s, c) 0.0180s, d) 0.0302s, and e)
0.055s.
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Figure 13 Temperature propagation with velocity-vectors of the cross section at a) Os, b) 0.0055s, c)

0.0180s, d) 0.0302s, e) 0.055s.

The particle flow patterns of particles during the sintering of powder are seen from the top in Figure 14.
From above, arrows trace their movements and are affected by the particles due to the already
mentioned differences in ED required to heat particles of different sizes. A particle motion is therefore
created with circulation flowing in opposing directions depending on the sphericity of the powder, as

seen in Figure 14.
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Figure 14 Top-view of stream traces during sintering at a) 0.0055s, b) 0.015s, c) 10.025s, and d) 0.0302s.




3.3. Consolidation, and Consolidation + Baseplate Consolidation

In Figure 15 the density cut off has been used, where the lowest density and the highest temperature
material has been cut off from the simulation domain. It shows the material and base plate interaction,
how the powder is fusing together with the base plate.

a) Direction ,»*
Laser ..

*

*

Low density Cut off
Material Cut Low Density

Basepfate
Interaction

Figure 15 Base plate interaction at a), 0.001 b), 0.0055 c), 0.0180s d), 0.0202 e), 0.300 s f), 0.310s

Figure 16 reveals the solid and liquid fractions. The consolidation starts with the laser irradiation that can
be seen from Figure 16 a), then the corresponding temperature field from Figure 16 e). The consolidation
domain starts to grow as the heat accumulation increases in Figure 16 b) and the corresponding
temperature field in Figure 16 f). As the consolidation domain keeps progressing it inconsistently
interacts with the layer down below. The consolidated region exceeds the powder boundary and
consolidates the baseplate in Figure 16 b) and c). After the irradiation is complete it keeps the
morphology of the track as shown in Figure 16 d) and h).
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Figure 16 Solid and consolidated fraction within the cross section at a) 0.002s, b) 0.021s, c) 0.032s, and d)
0.063s. Temperature propagation within the cross section at e) 0.002s, f) 0.021s, g) 0.032s, and h)
0.063s.

Figure 17 a), b), ¢) and d) show the consolidation stream traces in 3D at a) 0.0055s, b) 0.015s, c) 0.025s
and d) 0.0302s. The consolidation mechanism has been clearly revealed, it is showing the movement of
the material from powder ad how the sintered particle fuse. As the laser heats the particles, a rapid
diffusion takes place resulting in consolidation of the track. The particles consolidate themselves with the
adjacent particles and due to the empty spaces the diffusion results in movement of the particles. At
the start at 0.0055s the particle consolidate themselves in the random order as depicted by the sintering
regime however when it gains enough heat the particle consolidation gets uniform and the consolidating
particle trace their movement in the middle of the laser spot as seen in 0.015s and 0.025s. While as the
laser irradiation shuts down at 0.0302s the consolidation movement becomes random with the rapid
dissipation of heat.
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Figure 17 Velocity-vectors of single track consolidation domain in 3D at a) 0.0055s, b) 0.015s, c¢) 0.025s
and d) 0.0302s.

Figure 18 shows the four different consolidation mechanisms occurring at different LEDs, based on the
changes of laser power from (30W to 48W) and scanning speed (25mm/s). When the LED is low the
powder layer is prematurely sintered, and the layer does not consolidate at all on the baseplate e.g. 30W
and 25mmy/s. The four consolidation regimes have been defined in the Table 1.

Table 1 comsolidation regimes and their definations

Regime Defination
Premature sintering with no baseplate interaction Particles can not be fused properly and ED is neither
enough to form a consistent track nor it can reach the

baseplate.
Sintering Particles can be hardly fused and ED is neither enough

to form a consistent track. ED is just enough for the
particles to reach the layer end.
Consolidation Particles can be fused completely and ED is enough to
form a consistent track. ED is enough for the particles
to reach the layer end.
Full consolidation with baseplate consolidation Particles can be fused completely and ED is enough to
form a consistent track. ED is enough for the particles
to reach beyond the layer end and is able to penetrate
within the base plate to resinter it with the track.
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Figure 18 SEMs showing the different consolidation mechanisms: Premature Sintering + No Baseplate
Interaction ; Premature Sintering; Consolidation; and Full Consolidation + Base Plate Consolidation

Figure 19 shows the model distribution of the consolidation point temperature reached in four single
tracks at increasing LED. Each consolidation mechanism will be discussed in detail below.
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Figure 19 Simulation for different powder consolidation mechanisms: a) premature sintering with no
baseplate interaction b) sintering c) consolidation and d) full consolidation with baseplate consolidation



4. Conclusions

The fundamental forming mechanisms in HA SLS were investigated systematically. In SLS, a mechanism
was created for monitoring shaping behaviors across the entire regimes. On a HA-coated substrate, a
high-intensity laser was employed to develop HA single tracks. A thorough examination of the
functionality of LED was performed on single track creation. The geometry, morphology, and
consolidation of single tracks generated at various LED levels were studied in depth. SLS shaping thermal
behavior were modelled and validated by tests using a finite volume method-based model. Throughout
the consolidating region, we uncovered the consolidation mechanism and studied the driving variables
as well as the basic mechanisms.

The consolidation mechanism of HA material treated by SLS was revealed. The four different
consolidation mechanisms were identified occurring at varying LED, based on the changes of laser power
from (30W to 48W) while keeping the scanning speed (25mm/s). Following conclusions can be
withdrawn:

e When LED is low the powder layer is prematurely sintered, and the layer does not consolidate at all
on the baseplate e.g. 30W and 25mm/s.

e When LED is increased the powder layer is sintered, and the layer will sinter on the baseplate e.g.
36W and 25mm/s.

e When LED is increased further the powder layer is consolidated, and the layer will consolidate on
the baseplate as well how ever thermal cracking leads to the cracks all over the track e.g. 42W and
25mm/s.When LED is increased even further beyond the consolidation regime the powder layer is
consolidated and the baseplate is also reconsolidated, however thermal cracking will increase even
further leads to the cracks all over the track. As the laser heats the particles, a rapid diffusion takes
place resulting in consolidation of the track. The particle movement during consolidation is driven
by the particles fusion or sintering with each other to form a consolidated region and it is also
dependent on the particles under laser irradaition.

The heat penetration to baselate below the powder bed is necessary for the powder-baseplate sintering
or consolidation for all regimes. Further studies on the the mechanical properties and bioactive
properties can be a step forward towards the production of 3D printed HA implants.
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