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ARTICLE INTFO ABSTRACT
Article history: Selective laser sintering (SLS) is a novel additive manufacturing technique that has been
Received 29 May 2024 recently applied to the sintering of powdered materials. In this work, radiation with laser
Accepted 16 September 2024 was applied to a ceramic oxide powder blend to develop semi-transparent ceramic spheres.
Available online 25 September 2024 The powders bed consisted of different ceramics oxides which were irradiated with a con-
tinuous CO, laser (A = 10.6 um) with a power density of 155 W/cm?, at both; static (punctually
Keywords: radiated) and non-static (dynamic) conditions. X-ray diffraction confirmed the presence of
Selective laser sintering silicate phases, “gehlenite type”. Punctually radiated samples show semi-spheres with a
Ceramic oxides completely sintered surface without visible cracks, however there were aggregates that did
Ceramics spheres not fuse in the matrix. On the contrary, the use of dynamic radiation decreased the number
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of aggregates in the ceramic spheres, and a homogeneous sintered surface was obtained.
Raman spectra show the introduction of the ceramic oxides into the silica matrix when the
powder blend is punctually radiated with laser, while the dynamic parameters aid the crys-
tallization of the silica matrix. Therefore, laser sintering using a continuous laser source with
non-static radiation is a better alternative to produce semi-transparent ceramic spheres
from a ceramic oxide powder bed with greater densification and better optical properties in
transmittance-reflectance.
© 2024 The Authors. Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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Sinterizacién selectiva por laser
Oxidos ceramicos

Esferas ceramicas

Sintesis y caracterizacion de esferas de gehlenita semitransparente
obtenidas por sinterizacion selectiva de laser

RESUMEN

La sinterizacién selectiva por laser (SSL) es una novedosa técnica de fabricacién aditiva que
se ha aplicado en sinterizacién de materiales. En este trabajo se aplic6é una radiacién laser
a una mezcla de polvos de 6xido cerdmico para desarrollar esferas semitransparentes. El
lecho de polvos estuvo formado por diferentes 6xidos ceramicos, los cuales fueron radi-
ados con un laser continuo de CO, (\=10.6 um) con densidad de potencia de 155 W/cm?,
tanto en condiciones de radiacién puntual y dindmica. La difraccién de rayos X confirmé
la presencia de fases de silicato «tipo gehlenita». Las muestras puntualmente radiadas con
laser mostraron semiesferas con una superficie completamente sinterizada sin grietas, con
agregados que no fusionaron en la matriz. El uso de una radiacién dindmica disminuyé el
numero de agregados en las esferas ceramicas con una superficie sinterizada homogénea.
Asi mismo, la espectroscopia Raman mostrd la introduccién de los éxidos ceramicos en
la matriz de silice cuando los polvos fueron radiados puntualmente con el laser, mientras
que la radiacién dinamica ayudé a la cristalizacién de la matriz de silice. Por lo tanto, la
sinterizacién laser que utiliza una radiacién dindmica es una mejor alternativa para pro-
ducir esferas ceramicas semitransparentes desde polvos de 6xidos ceramicos obteniendo

densificacién y mejores propiedades épticas en transmitancia-reflectancia.
© 2024 Los Autores. Publicado por Elsevier Espana, S.L.U. en nombre de SECV. Este es un
articulo Open Access bajo la CC BY-NC-ND licencia (http://creativecommons.org/licencias/
by-nc-nd/4.0/).

Introduction

melting point, and subsequent cooling, formation of cracks
can be produced due to the difference in thermal expansion
coefficients of the in situ generated phases, and low or no

Selective laser sintering (SLS) is a prototyping process capa-
ble of manufacturing fully functional parts of objects, mainly
with small complex forms, high precision workpiece contours
and specific surface finishes, which are hardly obtained by
other processes [1,2]. This method has been recently employed
due to its suitability to process almost any material: metals,
polymers and ceramics, using short processing times during
sintering and conforming of materials, and it can be imple-
mented at ambient pressure and room temperature [1,2]. In
SLS, generally, a CO, or Nd:YAG laser are used to form a com-
plete component from powdered materials, where in some
cases intermediate binders are used [3,4]. In both types of
lasers, parameters such as power, scanning speed, and expo-
sure time, play an important role during the sintering of a
material. Laser power controls the energy available for the pro-
cess, while scanning speed doses the transfer of energy to the
powder bed by unit area; together, regulate the length, width
and thickness of the irradiated zone [5].

In some materials, such as ceramics make SLS a challeng-
ing, since when the pieces are heated up in some case to

plasticity [6], due to this the energy used to bond ceramic pow-
ders must be controlled to achieve a sintered piece with good
thermal, mechanical, chemical, and physical properties.

Furthermore, sintering of pieces containing refractory
oxide powders is achieved, in general, by solid-state diffusion,
if there is no binding phase; besides, sufficient exposure time
is required to achieve desired densities [7].

In SLS, the required laser energy in each sample is based
primarily on: (a) the composition of the mixed powder (char-
acteristics and properties) and (b) the wavelength at which
each material can absorb radiation, i.e. optical properties play
an important role, and this parameter can be analyzed with
the penetration depth of the incident light and is determined
by the transmittance and absorbance of the powder blend
[8,9]. When SLS is implemented to produce parts from pow-
ders of the same type, the process is called direct sintering
and when mixtures of different powders are processed, it is
known as indirect sintering. In the latter case, one of the pow-
ders acts as a wetting phase and helps to bind the grains
with a higher melting point, obtaining densified pieces. The
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use of additives as binders, organic or inorganic, aids the
sintering process to achieve also densified pieces and the
desired properties. In the context of transparent ceramics,
the use of additives could compromise the transparency of
the material due to the increment of pores upon decompo-
sition of the additives, especially organic compounds such
as resins, plasticizers, and dispersants [10]. In this sense,
transparent ceramics are polycrystalline refractory materials
with some light transmittance, which emerged as candidates
to replace single crystals; these materials are used in dif-
ferent applications, such as transparent sapphire or Al;03
armors resistant against projectiles, laser hosts, electromag-
netic windows, smartphone screens, biomedical materials,
among others. Furthermore, these materials are characterized
by their high thermal resistance, high hardness, resistance
to corrosion, optical transparency, and can be used under
extreme conditions. Transparent ceramics have been obtained
by different techniques, such as: high-pressure (HP) sintering,
high isostatic pressure (HIP) sintering [11], via aqueous gel-
casting and vacuum sintering [12], microwave sintering [13],
conventional sintering [14], spark plasma sintering [15,16],
solid-state reaction and flame synthesis [17]. With these tech-
niques, transparent ceramics with different compositions
have been studied, including simple oxides, sesquioxides,
complex oxides and aluminum oxynitride, such as Al,03 [18],
7109y [19], Y,03 [20], Luy,03 [21], MgO, Y3A15012, MgA1204, alu-
minum oxynitride, among others.

General processing of transparent ceramics consists
of synthesis of precursor powder, compacting, calcina-
tion/sintering and post-treatment (annealing, machining
and polishing). There have been recent works related to
the manufacturing of ceramic transparent ceramics, such
as, Yamazaki et al. where they studied a transparent Cr#*
doped gehlenite (CayAl,SiO;) glass-ceramics for broadband
amplifier showing a broad-band emission of 1.1-1.4 pm with
higher intensity than in the corresponding as-quenched glass
[22]. In others works, gehlenite has been used as a host matrix
for lanthanides, transition metals and rare-earth. Specifically,
it has been studied by adding Ce3*, Eu?*, Bi3*, these dopants
have provided long-lasting phosphoresce and can be used as:
tunable solid laser materials [23], such as single component
luminophore emitting warm white light in the production
of white LEDs [24], or like photoluminescence emissions in
different spectral regions [25]. Recently, Ni-doped gehlen-
ite glass microspheres have been proposed for their good
magnetic properties. In this research Majerové et al., studied
the magnetic behavior of the samples both for glass micro-
spheres and crystalline samples, diamagnetic, paramagnetic
and ferromagnetic components could be observed depending
on whether Ni-doping is used or not, as well as depending on
temperature and applied magnetic field values [17].

In general, until now the addition of second phases in
gehlenite has been studied and its properties have improved,
but so far have not focused on the manufacturing method or
on the improvement of obtaining this transparent ceramic.
SLS technique has not been yet employed to obtain semi-
transparent ceramic spheres made of gehlenite, which con-
siders short production times, economy and it is not polluting.

Therefore, in the present work, selective laser sintering
technique was applied to a blend of ceramic oxide powders

(Si03, Zn0O, Mg0, Na, 0, Li, 0, Al,03 and CaO) to develop a semi-
transparent ceramic with spherical shape, without using any
additives, hence the effects of SLS on the crystalline struc-
ture, morphology, transmittance, chemical composition and
thermal distribution on the sample were investigated.

Materials and methods
Selective laser sintering of powder blend

The preparation of the samples to be investigated starts with
weighing all ingredients. Waste or raw materials from the
ceramic industry in the northeastern Mexico region were
used for all the prepared formulations. The starting mate-
rials include nepheline, spodumene, dolomite, zinc oxide,
alumina and calcium oxide. All raw materials were mixed and
ground in a planetary ball mill at 250rpm for 30 min using
five ZrO; balls with 30mm of diameter. The powder mate-
rials obtained in this way have the following composition:
(Si0; =54 wt.%, Al,03=19wt.%, CaO=11wt.%, ZnO=6wt.%,
MgO=4wt.%, NapO=3wt.%, K,0=1wt.%, Li,0=1wt.% and
L.0I=1% wt.). Particle size measurement was carried out
using a particle size analyzer from Microtrac Mod. S3500 (PA,
Unites States).

Fig. 1 shows the starting powders (raw material), which
have an irregular morphology, and their corresponding par-
ticle size distribution. The percentiles of the distribution are
shown in Fig. 1, and the mean size of the particles of the raw
material was 21.84 pm.

The ceramic oxides were chosen to develop the SACZMNKL
system as follows: gehlenite is one of the most important crys-
talline phases in CaO-MgO-Al,03-SiO, based glass ceramic.
Gehlenite crystals have received attention due to their excel-
lent optical and magnetic properties according to recent
research [17,26]. As known, glass ceramic materials contain-
ing gehlenite crystals can be prepared using a mixture of
oxides by the selective laser sintering (SLS) technique. How-
ever, given the relatively complex elemental composition,
it becomes particularly important to develop a nucleating
agent that can singly induce the precipitation of gehlenite
crystals. MgO can be one of these nucleating agents that
promotes gehlenite crystals. Additionally, the modification of
Ca0O-MgO-Al,03-Si0; based glass properties can occurs by
adding halides or oxides of alkali, alkaline earth, and transi-
tion metals in the glass network [27]. Therefore, the structural
network is altered by doping them with other elements’
traces, namely alkali metals (Li+) which boost their ionic con-
ductivity and make them useful for solid-state technology
[28-34]. Furthermore, elements such as Na and K have been
used to lower melting point and achieve the desired phase
(gehlenite).

On the other hand, zinc oxide (ZnO) is a compound semi-
conductor (belonging to the IIb-VI family of compounds) with
a large exciton binding energy that makes it valuable for var-
ious optoelectronic applications such as optical sensors and
light emitter, solar cells, etc. [35]. Other area of great inter-
est is the application of ZnO as a transparent conducting
oxide (TCO) for solar cells. ZnO is added to the formulation
to improve the optical properties of gehlenite.
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Fig. 1 - SEM micrograph of the raw material with grain size and particle size distribution.
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Fig. 2 - Selective laser sintering process. (a) Powder bed punctually radiated, (b) powder bed radiated by dynamic motion
with 1-1.2mm/s and 1-2 mm/s and (c) parameters used in the sintering process.

In this sense, the SACZMNKL system was studied so that
every element aids in the optical properties, in lowering the
melting point to crystallize the desired phase, to resist abrupt
temperature changes generated after laser radiation, since
these materials are considered as high temperature refractory
[36].

The powder mixture was irradiated with a CO, laser
(A=10.6 pm) with a spot size of 100 pm, at a power of 60W,
and power density of 155 W/cm?.

Tests were carried out in static and non-static laser radia-
tion (dynamic mode). Fig. 2 depicts the laser sintering process
carried out in this research. For the static mode, direct and
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Table 1 - Experimental conditions for the different samples.

Sample Time of radiation Power density Description

SI-10 10s 155 W/cm? Static mode

SI-30 30s 155 W/cm? Static mode

Cl1-1.2 110s 155 W/cm? Dynamic mode: 1 and 1.2 mm/s
Cl1-2 90s 155 W/cm? Dynamic mode: 1 and 2 mm/s

punctual laser irradiation was carried out in two different
samples at 10 and 30s, respectively (see Fig. 2(a)). For radi-
ation on non-static radiation (dynamic mode), two scanning
speed combinations were used on 60 mm long powder bed.
The combinations were 1-1.2 and 1-2mm/s (see Fig. 2(b)).
With 1-1.2 mm/s, it was considered that first the laser passed
through the blend of SACZMNKL at 1 mm per second and then
the laser returned irradiating the same trajectory at a speed
of 1.2 mm/s. With 1-2 mm/s, means that the laser advanced at
1mm/s to return through the same area at 2mmy/s. In both
radiation modes, spheres were created, due to the energy
deposited by the laser in the powder bed.

Laser irradiation in both cases was performed under ambi-
ent pressure and temperature. Fig. 2(c) shows the parameters
used for the radiation carried out on the powder bed. Exper-
imental conditions of the laser irradiation of samples are
summarized in Table 1.

Characterization

The crystalline structure of the samples was studied by per-
forming XRD analysis using an Empyrean diffractometer from
PANalytical (Malvern, UK). Morphology of the samples was
observed through a scanning electron microscope SEM-FEI
Nova 200 NanoSEM from FEI Company (Oregon, United states).
Furthermore, chemical composition analysis was carried out
using Raman spectroscopy. Raman spectra were collected by a
Raman spectrophotometer LABram HR Evolution from Horiba
(Kyoto, Japan), using a wavelength of 532 nm.

Thermal simulation

In order to evaluate the temperature distribution generated
during the powder synthesis process, a simulation was carried
out using the transient state finite element method using the
ANSYS software (PA, United states). First, the powder bed was
drawn, with dimensions of 60mm in length, 8 mm in width
and 1 mm in thickness, which was deposited on an aluminum
base with dimensions of 70 mm in length, 10 mm in width and
10mm high (see inset in Fig. 2(a)).

The density, thermal conductivity and specific heat were
considered, in proportions of the oxides according to their
participation percentages.

Results and discussion
Thermal analysis generated by the laser
The simulation consisted in applying a linear displacement of

the energy beam on the powder bed (outward trajectory), at
a constant speed of 1 mm/s, covering 60 mm. Subsequently, a

second linear movement was applied in the opposite direction
(return trajectory), at a speed of 1.2mm/s.

Fig. 3(a)—(c) shows the temperature distribution at 1, 60, and
110s respectively, that is, at the beginning and at the end of
the first path (outward trajectory), and at the end of the second
path (return trajectory). Fig. 3(d) shows the temperature dissi-
pation on the powder bed after 40s of completing the return
trajectory. The behavior of the resulting temperatures, of the
total route is graphically presented in Fig. 3(e).

Fig. 3(f) is the in situ temperature measurement with a ther-
mographic camera when the laser was irradiating the powder
bed. This measurement was performed to verify the analysis
carried out in ANSYS. In dynamic movement, it was observed
that from the first seconds, the radiation increased the tem-
perature, and in ANSYS, 1291.6°C was obtained at 3.3s and
1311.2°C was obtained with 8.8s (see Fig. 3(e)), while with
the thermographic camera it was evident that 1326.1°C was
reached at 3.52s and 1350°C was reached at 8.9s (see inset
in Fig. 3(f)). In both cases the temperatures obtained are close
with an average variation of 37 °C.

Likewise, it was observed that in the outward trajectory,
there were average temperatures of 1345 °C, and in the return
trajectory the average temperatures were 1487 °C, this agrees
with the thermographic photo shown in Fig. 3(e), correspond-
ing to the return trajectory in the radiation point, which shows
a temperature close to 1443°C.

Crystalline structure

The X-ray diffraction patterns in Fig. 4 of the raw mate-
rial sample (mixed mechanical powder from (SACZMNKL))
show characteristic peaks of zinc oxide (ZnO, PDF #96-
230-0113), silicon oxide (SiO2, PDF# 00-033-1161), aluminum
oxide (Al,03, PDF# 96-230-0449), calcium aluminium silicate
(CaAl,(SiO)4, PDF #00-003-0559), calcium hydroxide (Ca(OH),,
PDF# 00-044-1481) and anorthoclase (Al4Si;pNaj ¢K1 3032, PDF#
96-900-0857).

Due to the high energy generated within the ZrO, ball
mill, the in situ formation of anorthite (CaAl(SiO)s and
anorthoclase phase (Al4Si;pNageKq3032) occurred, whose
components match the starting powders used. Detected
planes (1-13) and (—2-43), which diffract in 28.77° and
36.5° coincide with standard anorthite (PDF 00-003-0559). Fur-
thermore, planes (020), (—221), (220), (131), (041), (—241),
(-241), (060), and (062), which diffract in 13.63°, 25.58°,
27.45°, 30.10°, 30.84°, 35.16°, 41.74°, and 46.7°, correspond to
standard anorthoclase (PDF 96-900-0857) (see Fig. 4).

The mineralogy of the sphere powders was characterized
by X-ray diffraction (XRD). Fig. 5 shows the diffraction pat-
terns of the irradiated samples with static (SI-10 and SI-30)
and dynamic mode (CI 1-1.2 and CI 1-2) by SLS.



26 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 64 (2025)21-32

\:
B

1402 | 720
1116 ms
m ms

mi

829
L 658
542

399
255

Comparison of temperatures between ANSYS and thermographic camera.\

ey
16
2715
MA

$ 10N 0 O 50 60 T0 % % 140 110 120 130 140 19
Time (5)

Fig. 3 - Simulation of temperatures on the powder bed using ANSYS software, irradiated in (a) 1s, (b) 60s, (c) 110s, (d)
temperature dissipated after 40, (e) temperatures reached during the radiation of both trajectories, and (f) analysis of
temperatures carried out with a thermographic camera.

AlLSi:Nay 7K 13042
¥ Ca(OH),
® CaAL(SIO),
* ALO,
® SiO,
¢ ZnO
kK

Raw material

¥ PDF # 00-044-1481

@ PDF # 00-003.0559

ISOOIP
1.13) kl1o0)
slol!
o2
(110)
ulll

i

1 PR
Y PDF # 96-230-0449

( & s a

2! = o

® PDF # 00-033-1161

Intensity (a.u.)

(10-3)

PDF # 96.900.0857

1
o

E
211
3

101)

!

21

02
[
e
(220)

13))
240)

Mestanaidh s vadnsed, sdie

R ~ "~ e PDF #96.230.0113
) | =1 P R
M 1 M 1 M 1

40 50 60 70 80 90
2 0 (degree)

3

100y f=041)
&3
=
Fo60)
|
s
b
K
3

20

100y

o

10 20 3

Fig. 4 - XRD analysis of the raw material.



BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 64 (2025)21-32 27

Cl-1-2

o o

* ALO,
® $i0,

+ Gehlenitd
1 x

ary
=
<
N
)
Z
=
»
=
)
= ° v
= + ° b o
ré A ~
= = R - ° 501
5 2| s & 2 PDF # 96.901-2601
| = =_Taa g N o " X ‘s _am
gg a g El'g. $85 25883233 3 g Z+PDF 969006114
o N | T IS [ TO IR SR P T i 2 PRy 2 " N P an
g 2 2 z d = S 2 J PDF # 96-100-0018]
=3 S =l a 5 = a8 .

014}

10 20 30 40

¥ PDF # 96-101.0988,

60 70 80 90

2 0 (degree)

Fig. 5 - XRD analysis of the irradiated samples with static (SI-10 and SI-30) and dynamic mode (CI 1-1.2 and CI 1-2) by SLS.

The powders of the spheres obtained by radiation static
(10s and 30s) were mineralogically analyzed. In all samples,
the formation of gehlenite (1593 °C, CasAls 12Si1.9014 PDF#96-
900-6114) was evident.

With 10's, one plane (2 11) was detected at 31.43°. With 305,
two peaks were evident, the formation of one more plane (31 2)
was detected at 52.097°, corresponding to gehlenite. The kyan-
ite phase was also detected in a lower proportion. In dynamic
mode, the gehlenite phase increased with respect to the stat-
ically irradiated samples (see Fig. 5) This can be explained as
follows:

1. In the first path of the beam (1 mm/s), the energy density
of the laser acted for a longer time with greater energy
dissipation on the powder bed (since this velocity was
slower), since from 3.3s to 60s the temperatures found
were ~1300 °C to 1432 °C respectively, according to the sim-
ulation carried outin ANSYS, so that as the area of the beam
advanced, it caused sintering temperatures to formation
in situ of gehlenite between Ca, Al, Mg and Si, this agrees
with Pan et al., where they comment that gehlenite can be
obtained in the range of 1400-1450°C [37].

2. On the return trajectory, a heat treatment was carried
out on the spheres, with sample 1-1.2 mm/s (lower return
speed) it was observed that the kyanite peaks decreased
(AlSiOs), attributing that with this speed a longer radia-
tion time was obtained, causing the kyanite to transform
into gehlenite. Also, in this radiation the raw material dust
superficially adhered to the spheres in the first radiation
path caused the in situ formation of gehlenite.

In sample 1-2mm/s, due to the faster return velocity,
higher amounts of kyanite phase were observed.

The heat dispersion had greater relevance with lower scan
rates, due to the synthesis reaction for the formation of

gehlenite (with 1-1.2 (lower return speed)). The results agreed
with those reported by Sofia et al. [38], regarding that the most
significant heat dissipation is by bed conduction and that the
thermal dispersion can be reduced through an increase of the
laser scanning speed.

While in the samples obtained in static radiation mode,
only presented the beginning structural rearrangement for
obtaining gehlenite. With this mode of radiation, only elon-
gated semi-spheres were obtained (sometimes shapeless, see
Fig. 6).

Morphology

Fig. 6 corresponds to image of the starting powders and of the
studied spheres under dynamic (CI 1-2 and CI 1-1.2) and static
(SI-10 and SI-30) radiation. Furthermore, using a higher mag-
nification, the presence of the glassy phase and its distribution
in the laser-irradiated spheres can be observed. The EDX anal-
ysis corresponds to the elements present in the raw material.
Using a lower scanning speed (CI 1-1.2), it was observed larger
diameter spheres (~2 mm); and when a higher scanning speed
was used (CI 1-2), smaller diameters (~1.5 mm) were obtained.

Scanning electron microscopy was used to visualize the
morphology of the samples. Fig. 7(a)-(d) shows the morphol-
ogy of the punctually irradiated samples (SI-10 and SI-30).
The punctually irradiated samples have formed a completely
homogeneous surface, with no visible cracks. However, there
are visible contrast areas and roughness in the surface, which
is due to material that did not sintered with the glass matrix.
SI-10 has more aggregates on the surface, yet their size is
smaller than those on the surface of sample SI-30.

On the other hand, Fig. 7(e)-(h) corresponds to the laser-
irradiated samples with dynamic mode (CI 1-1.2 and CI 1-2).
Both samples show completely sintered surfaces, without
cracks or contrast areas. Fig. 7(e)—(h) shows clearly that con-
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1.574 mm

Fig. 6 - Raw material and spheres obtained under static and dynamic radiation. Glassy phase distribution in the spheres

obtained under dynamic radiation.

tinuous laser radiation diminishes surface roughness on the
sintered materials. Some aggregates can be seen on the sin-
tered surfaces of CI 1-1.2 and CI 1-2, with sizes smaller than
5 wm. The greater number of aggregates on the surface of sam-
ple CI 1-2 may be due to the higher speed, which may not allow
for sufficient laser-powder interaction time, thus limiting the
energy transfer to completely fuse the powders into the glass
matrix.

Energy-dispersive X-ray spectroscopy (EDX) was carried out
to identify the elemental composition in some areas of the
samples. The semiquantitative analysis of the elemental com-
position of the samples in wt.% is reported in the table in Fig. 7.
For punctually irradiated samples, SI-10 and SI-30, the matrix
exhibits the predominant presence of Si, Al and Ca. In sam-
ple SI-10, there are rod-like and spherical-like aggregates on
the surface. Rod-like aggregates show a similar composition to
the matrix, while EDX detected greater Ca, Mg, and Zn signals
in spherical aggregates. The aggregates on sample SI-30 have
crystal-like and spherical-like aggregates. Crystal-like compo-
sition resembles their matrix of the sample SI-30, with a high
intensity of Si, Al and Ca signals. Conversely, spherical aggre-
gates on sample SI-30 were mainly composed of Zn, Si, Al, and
Ca.

On the other hand, samples irradiated in dynamic mode,
CI 1-1.2 and CI 1-2, show similar elemental composition to
the punctually irradiated samples (SI-10 and SI-30), in which
Si, Al and Ca dominate the spectrum. However, the signal
strength of Al and Ca appear higher in the dynamic mode,
which results in a higher elemental composition percentage
for these elements. This agrees with the XRD analysis (Fig. 5),
where a higher percentage of the gehlenite phase was detected
in dynamic mode, compared to the static mode.

Sample CI 1-1.2 exhibits spherical-like aggregates on the
sintered surface. These aggregates have traces of Si, Al, and
Ca. Calcium has the highest elemental composition on the
aggregates, followed by silicon and aluminium. However, the
elemental composition of Si varies between the aggregates,
then having Si-rich and Si-poor zones. In general, it is observed
that sample CI 1-1.2 obtained homogeneous surfaces with
completely sintered areas and a lower concentration of aggre-
gates.

Sample CI 1-2 shows flake-like and spherical-like aggre-
gates. EDS has detected traces of Si, Ca, Al, and Zn in flake-like
aggregates, while spherical aggregates are composed of Ca, Si
and Al In both types of aggregates, calcium has the greatest
elemental composition, followed by Si, Al and Zn.

Raman spectroscopy

Raman spectra of the punctually and dynamically irradi-
ated materials are exhibited in Fig. 8(a). Sample SI-10 does
not show many changes with respect to the raw material.
The spectrum recorded for this sample consisted mainly
of broad bands with low intensity, which means that the
ceramic material resembles a glassy system, and that the
laser exposure time may not be sufficient to induce crys-
tallization of the system. On the other hand, Sample SI-30
shows broad peaks in the high frequency region, centered
at 828, 950, 1073 and 1171cm~!. The appearance of these
broad bands shows that the laser sintering procedure has
the capability of working near the glass transition temper-
ature, where the broad bands in the region 1000-1200 cm~!
increase in intensity and width forming a unique band [39].
Peaks in this region are associated to the vibrations of the
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Fig. 7 - SEM micrographs of irradiated samples, (a and b) punctually with 10s, (c and d) punctually with 30s, (e and f)
irradiated with a speed of 1-1.2mm/s, and (g and h) samples irradiated with a speed of 1-2 mm/s. On the right of the figure
is EDX point semiquantitative analysis performed on different parts of the irradiated samples.

Si-O and Si-O-Si linkages, with structural units Q°([SiO4]*~
at 850cm™1), Q'([Si,07]%~ at 880cm™1), Q%([SiO3]*~ between
950 and 1000 cm—1), Q3([Siy04]?~ at 1050cm~1) and Q*([SiO,]
at 1150 cm™1) [40]. The peaks are slightly redshifted due to the
presence of high amounts of Al,03 in the powder mixture [41].
The main structural units acting on the sample are Q3 and
Q?, thus the glass matrix is polymerized in chains and sheets
[42]. The broad peak centered at 828cm~! could be associ-
ated to the symmetric Si-O-Al stretching (830-850 cm™?), the
symmetric Al-O~ stretching (790-800 cm~1) and the Q° struc-
tural unit (850-880 cm~1) [39]. This peak appears from the laser
sintering process, since it does not appear on the Raman spec-
trum for the raw material and confirms the incorporation of
tetrahedral [AlO4]>~ units into the glass matrix, which act as
network formers [43]. The sharp peak at 710cm~! could be
associated with the Si-O-Si symmetric stretching [44]. The

band near 545cm~! with the band near 589cm™! could be
indicatives of sodium-containing silicates, these bands form
a single band in Al,0s3-free mixtures. This separation is due
to the presence of Al-O-Al bridges [45-47]. Furthermore, the
presence of alkali metal and alkali earth cations, such as Li'*,
Nal*, Mg?* and Ca?*, is confirmed with the peaks in the range
200-500 cm~1, which are assigned to the broken Si-O~ bonds
that are typical of their action as network modifiers, and to the
increment of the intensity in the peak 1073 cm~? [48] and the
broadness of the band at 950 cm~!, which is due to the stabi-
lization of the glassy network though charge compensation of
the Al structural units [39].

Raman spectra of samples irradiated in dynamic mode (CI
1-1.2 and CI 1-2) are shown in Fig. 8(b). These spectra show
that the material has been crystallized during the laser sin-
tering process, since we obtain higher intensities than in the
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Fig. 8 - (a) Raman spectra for statically irradiated samples.
(b) Raman spectra for samples irradiated in dynamic mode.

punctually irradiated samples and greater signal-to-noise
ratio. In the high frequency region, 800-1200 cm !, there are
some peaks at 927, 947, 956, and 1086cm™!. The peak cen-
tered at 927 cm™1 is related to the vibration Q! structural unit,
while peaks in the range of 956-1000cm~! are assigned to
the vibrations of Q? structural units. The peak at 1086cm™?
is associated with the vibration of Q3 structural unit, which
is the most prominent peak and thus the matrix is polymer-
ized mainly in a sheet form. Peaks between 600 and 800 cm™—!
are associated to the vibrations of T-O-T bridges (T =Si, Al)
[49]. It is not possible to find out the incorporation of the other
ceramic oxides into the glassy network due to the high inten-
sities of the peaks associated with silica and alumina. One
possible explanation for this is that during the laser sinter-
ing process, the laser power density was sufficient to melt
SiO, completely, incorporate Al** cations into the network and
encapsulate the other ceramic powders inside the manufac-
tured ceramic part.

Optical properties

The optical properties of three significant samples: powders
mix (SACZMNKL) and samples irradiated by dynamic mode
(1-1.2 and 1-2mmy/s) were analyzed using UV-visible spec-
troscopy, the results of which are shown in Fig. 9.

Fig. 9 shows that the UV zone (200-380 nm) had the lowest
reflectance values across the board for all studied instances. In
the case of powders, reflectance values began to increase from
380 nm, and in the visible spectrum zone (400 and 800 nm) the
highest value was 70% reflectance at 700nm. In the case of

— 1 = 1.2 mm/s

— 1 =2 mm/s

Rofloctance (%)
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Fig. 9 - UV-vis spectra of powders and irradiated samples
by dynamic mode at 1-1.2 and 1-2 mm/s.

samples in dynamic mode values varied from 52 to 66% R and
64 to 67% R for 1-2 and 1-1.2 mm/s, in the SEM analysis these
specimens show a more homogeneous morphology compared
to the samples with static radiation.

Likewise, it can be observed that in the visible zone an
opposite trend occurred between the raw material and the
samples in dynamic mode, while the raw materials increased
their R, both samples in dynamic mode decreased their R. In
the visible zone visible, specifically from 640nm to 800nm
for sample 1-1.2, the lowest reflectance was obtained, which
varied from 70 to 64%.

In general, semi-transparent characteristics were obtained
for the samples irradiated in dynamic mode because the syn-
thesis of the spheres caused by laser energy favors the growth
of gehlenite crystals. Other ceramic glasses with crystalline
and amorphous phases present a behavior comparable to this
one [50,51].

Conclusions

Selective laser sintering was applied to the SACZMNKL
oxide mixture using a CO, laser (10.6 um), both static and
dynamic mode. XRD shows the induction of crystalline
phases of interest, such as gehlenite and kyanite, via laser
irradiation. Punctually irradiated samples show aggregates
on the surface, suggesting that laser interaction time with
the mixture was not sufficient to bind every component
into the silica matrix, whereas dynamic laser irradiation has
sufficient energy to form a homogenous surface with no
cracks and fewer aggregates. Raman spectra confirmed the
polymerization of the silica matrix and the incorporation
of aluminium atoms into the network. The mechanism of
the laser sintering process of the mixture (SACZMNKL) was
carried out by the addition of the ceramic oxides into a silica
matrix, through the sintering process of SiO; due to sufficient
laser irradiation. Moreover, the thermal properties of the laser
sintered ceramic samples show that the material has ther-
mal stability, and that selective laser sintering achieves the
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crystallization of the phases of interest, when adequate expo-
sure times are selected. Non-static radiation (dynamic mode)
has shown overall better results, in comparison with punc-
tually irradiated samples. Optimum properties were obtained
with laser irradiation conditions of sample CI 1-1.2 mm/s.
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