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Abstract

This study presents a fast and simple method for digital ceramic coloration using
inkjet printing, eliminating the need for traditional precalcined pigments. This
innovative approach represents a breakthrough in ceramic decoration technol-
ogy, and introduces a previously unexplored methodology. In this work, CoAl,O,
spinel, a pigment commonly used in industrial contexts, is synthesized through
laser zone melting (LZM) by applying pulsed laser radiation at 1064 nm. A
standardized methodology to optimize pigment quality is developed, based on
laser parameters such as pulse width, frequency, speed, power, and line spac-
ing. Scanning electron microscopy (SEM) is used to determine the optimal laser
conditions for obtaining a continuous, defect-free coating, showing that the
embedded particles on the surface exhibit a nearly spherical morphology with
diameters below 100 nm. The sample with the highest surface quality is fur-
ther analyzed structurally and optically. X-ray diffraction (XRD) confirms the
presence of a pure spinel phase without secondary phases, along with a vitre-
ous phase due to pigment embedding. Fourier-transform infrared spectroscopy
(FTIR) and Raman spectroscopy reveal the characteristic vibrational bands of a
normal spinel structure. The intense blue color is confirmed by strong absorp-
tion at 560 nm in ultraviolet-visible (UV-Vis) spectroscopy, as well as b* and
Ab* values of 29 and 1.58, respectively, compared to the traditional pigment. This
synthesis approach significantly enhances digital ceramic coloration compared
to other methods evaluated in this study, offering a scalable, flexible, and more
efficient alternative suitable for industrial-scale production.
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1 | INTRODUCTION

Cobalt aluminate (CoAl,0,) is a well-known pigment in
the ceramic industry because of its bright blue color and its
excellent stability in varying light and weather conditions.!
These pigments, known as spinels, have a crystalline struc-
ture in which cobalt ions (Co?*) are located in tetrahedral
sites and aluminum ions (AI**) in octahedral positions.”*
Because of its outstanding optical and physical properties,
CoAl,0, is a popular choice for many industrial appli-
cations, especially in ceramics, where its color and heat
resistance are highly valued.*

CoAl,0, pigments have traditionally been synthesized
through solid-state reactions,” a method in which the par-
ticle size of the precursors has a significant impact on
the final result. This approach has limitations, such as
uneven particle size distribution, high levels of impurities,
and the need for extremely high temperatures, typically
above 1200°C for 120 min. These conditions not only
increase energy consumption but can also negatively affect
the optical performance of the pigment. The influence
of particle size in these processes has been widely docu-
mented in the following studies®®: Wet chemical methods
have been developed in response to these challenges.
For example, in one study,’ blue pigments were synthe-
sized by aerosol pyrolysis at 600°C, followed by annealing
at 1100°C, a lower temperature than in the traditional
solid-state method. Another example reduced calcina-
tion times and temperatures, synthesizing blue pigment
at 1200°C in 60 min.* More recently, microwave-assisted
solid-state reactions have been explored,'” achieving spinel
structures at 750°C with a short calcination time of just
15 min. These techniques enable the production of pig-
ments with finer particle sizes and higher purity levels,
resulting in better optical and physical properties. Despite
these breakthroughs, the adoption of these methods in
the ceramic industry remains limited due to the signifi-
cant changes they would require in established industrial
processes.

At the same time, the emergence of digital decoration
techniques such as inkjet printing has transformed pig-
ment application in ceramics.!! Inkjet printing allows a
precise and efficient deposition of pigments onto ceramic
substrates. This contactless method uses extremely fine
nozzles (ranging from 40 to 100 pm in diameter) to
spray ceramic inks containing finely dispersed pigments,
enabling the creation of high-resolution detailed images
or decorations.'>'* However, preparing pigments for these
inks presents a significant challenge, as the intensive
grinding required to adjust particle size for the printheads
can reduce color performance and alter the pigments’
physical behavior."®

New strategies must be developed to address the chal-
lenges of energy consumption, product quality, and carbon
footprint reduction in pigment synthesis and application.
A promising technology for revolutionizing the ceramic
pigment industry is laser zone melting (LZM). While its
use in this domain is relatively recent, the application of
laser radiation in solid-state synthesis has been studied for
several decades.'*

An early application of laser radiation in the growth of
single crystals can be traced back to 1989, when it was
used to synthesize rare-earth oxyorthosilicates and hexag-
onal oxyapatites from polycrystalline precursors.”® This
process employs the photothermal energy from a pulsed
laser to drive solid-state reactions, avoiding the need for
high temperatures and extensive grinding. Ceramic com-
pounds were subsequently crystallized in situ as coatings
using laser radiation.'® In one study, neodymium alu-
minate coatings were developed using this technology,
permitting precise control of parameters including irra-
diance, pulse width, frequency, spatial overlap (SO), and
scanning speed, all of which directly affect the quality and
uniformity of the resulting pigment."”

Further investigations have explored other applications
of laser technology, including the growth of eutectic
crystals of Er’*-doped ZrO,-CaO, resulting in alter-
nating layers of calcia-stabilized zirconia (CaSZ) and
CaZrO; crystals.”> Additionally, coatings based on MTiO5-
type perovskites (where M is Ca, Sr, or Ba) with
dielectric properties have been developed, and layers
of rare-earth and aluminum oxides have been studied
on Al Oz substrates, using powder mixtures of rare-
earth oxides and Al,0;."® These solid-state processes
have yielded well-integrated and mechanically stable coat-
ings. Lasers can also control reaction atmospheres dur-
ing solid-state synthesis. In another study,' a method
was developed for the rapid synthesis of highly lumi-
nescent, long-lasting phosphors based on SrAl,0, doped
with Eu?* and Dy3*. High-power CO, laser irradia-
tion achieved sufficiently high temperatures to synthesize
these materials in a single step at atmospheric pressure,
using mixtures of SrCO;, Al,O3, Eu,03, and Dy,05 as
precursors.

Laser technology offers significant advantages for pig-
ment production, particularly in the context of LZM. This
technique permits selective heating and melting of pow-
der particles, providing precise control over the material’s
properties and structure. Localized melting of particles is
achieved by focusing the laser energy on specific areas.
The use of pulsed lasers also enables efficient energy trans-
fer and precise control of reaction conditions, reducing
energy consumption and improving the homogeneity of
the pigments produced.™*
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The objective of this study is to develop a CoAl,O4
blue pigment, widely used for digital coloration in the
ceramic industry, using LZM as a scalable synthesis tool.
To achieve this, a standardized methodology is established
to analyze how various laser parameters influence pig-
ment quality, specifically examining the effects of pulse
duration, pulse repetition frequency, scanning speed, line
spacing (hatching), and laser power on pigment prop-
erties. The synthesized pigment is also characterized
using multiple techniques to assess its properties: scan-
ning electron microscopy (SEM) for surface morphology,
energy-dispersive spectroscopy (EDS) for elemental com-
position, X-ray diffraction (XRD) for crystalline phases,
Fourier-transform infrared spectroscopy (FTIR) for chem-
ical bonds, Raman spectroscopy for molecular vibrations,
ultraviolet-visible (UV-Vis) absorption for light absorp-
tion, and CIE Lab colorimetry for color properties.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials and methods

The materials used to prepare the photothermally acti-
vated cobalt inks included cobalt oxide (IIT) (Co,0s5; 98%
purity), aluminum oxide (IIT) (Al,O5; 98% purity), both
from Merck, ceramic frit (the chemical analyses by X-ray
fluorescence [XRF], structural analyses by XRD analy-
sis, and thermal analyses by hot stage microscopy [HSM]
are presented in Figure 1), branched polyethyleneimine
(C,HsN; 97% purity, Thermo Scientific Chemicals) with a
medium molecular weight of My, ~25 000 to form a very
stable cross-linked polymer with the metal.’ Finally, high
purity isopropanol (C3HgO; 99% purity, Merck) was used
as the solvent.

The frit used in the ink was structurally charac-
terized by XRD, carried out with a Bruker-AXS (D4
Endeavor) instrument within the 26 (°) range of 10-100,
using Cu Ka radiation (4 = 1.54050 A) and a scan-
ning speed of 0.5° 26/min. The chemical composition
was determined by XRF analysis using a Bruker S4 Pio-
neer model wavelength-dispersive XRF spectrometer. The
characteristic viscosity points of the frit were measured
using a hot stage microscope (TA Instruments Under
Waters GmbH, ODP868) with a heating rate of 15°C per
min.

The microstructural characterization of the pigmented
layers obtained after laser treatment under various con-
ditions was performed using a JEOL 7001F model field
emission-scanning electron microscope (FE-SEM). An
energy-dispersive X-ray spectrometer (EDX) attached to
the aforementioned electron microscope was used to
confirm the presence of Co and Al on the surface.

The sample obtained under the most optimal condi-
tions was further characterized using a Fourier-transform
infrared spectrometer (FT-IR-6200, JASCO), which
enabled the measurement of molecular vibrational tran-
sitions within a wavenumber range of 7500-375 cm™,
with a maximum resolution of 0.25 cm~!. An NRS-3100
model dispersive Raman spectrometer (JASCO) was
equipped with an optical microscope and an air-cooled
CCD detector, allowing Raman transition measurements
in the range of 100-4000 cm~! with a resolution of 4 cm 1,
using two excitation laser sources at 633 and 785 nm.
Lastly, a UV-Vis spectrophotometer manufactured by
JASCO (model U-560) was used within a wavelength
range of 300-800 nm, at a speed of 400 nm/min with
an interval of 1 nm. Using this spectrophotometer, the
absorption spectrum and the Lab chromatic coordinates
were obtained.

A Raycus RFL-P120MX model pulsed fiber laser was
used to crystallize the deposited precursor. The laser emits
at a fundamental wavelength of 1064 nm. It is based on
a fiber resonator that employs master oscillator power
amplification (MOPA) technology. This type of laser is
notable for its versatility in dynamically adjusting the pulse
width, ranging from 10 to 350 ns, and offering a modulable
power range from 10 to 120 W, with a peak power of <15 kW.
The pulse repetition frequencies can be adjusted between 1
and 1000 kHz. The diagram in Figure 2 shows the appara-
tus employed to carry out the experiments described in this
study. It includes a fiber laser resonator (1), a galvanome-
ter scanner with two mirrors that deflect the beam in the
x and y direction (2), a conventional lens with a 160 mm
focal length which determines the working distance and
field (>25 cm?), as well as the beam displacement speed
(10-3000 mm/s). The diameter of the focused beam was
determined as 54 um (1/¢) using the method reported by
Liu.?!

2.2 | Preparation and optimization of ink
The CoAl,0, ink was formulated using 0.13 g of Co,0;
and 0.11 g of Al,O3, representing 27 wt.% and 22 wt.%,
respectively. Additionally, 0.24 g of ceramic frit was incor-
porated, making up 50 wt.%, acting as a vitrifying agent to
integrate the pigment into the ceramic substrate. Figure 3
shows a flowchart of the ink preparation process. In the
first step, the solid phase representing 40 wt.% of the com-
position is dispersed in 60 wt.% isopropyl alcohol (IPA),
which serves as solvent. One drop of polyethylenimine
(PEI) is then added for each milliliter of IPA to form a
very stable cross-linked polymer with the metal, modifying
the decomposition mechanism of the precursor and adjust-
ing the viscosity of the suspension.?>?* In the second step,
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FIGURE 1

Characterization of the ceramic frit used; (A) Structural analysis by X-ray diffraction (XRD), (B) Chemical analysis by X-ray

fluorescence (XRF), (C) Thermal analysis by hot stage microscopy (HSM).
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FIGURE 2 Schematic representation of the LASER marking
apparatus used in this study, identifying its main components.

a blasé is used to apply the resulting viscous ink onto a
ceramic substrate coated with a glaze of the same frit com-
position. In the third step, the deposited ink is dried under
an infrared lamp for 10 min. Finally, in the fourth step,
the prepared layer is crystallized using laser irradiation, as
detailed in the section below.

2.3 | Methodology for fine-tuning laser
parameters

The methodology for optimizing the laser treatment of
CoAl,0, pigment is shown in Figure 4. This methodology
primarily consists of studying three key variables: pulse
width (Figure 4A), pulse repetition frequency (Figure 4B),
and scanning speed (Figure 4C), in addition to power.
When analyzing each variable, a matrix of eight columns
and five rows is printed on a sample, resulting in 40 differ-
ent treatment conditions in which only two variables are
compared at a time.

Figure 5 shows the irradiance and SO values analyzed in
the methodology described in the figure above. Figure 5A
examines how the layer develops as a function of irradi-
ance, and can be varied in two main ways: by adjusting
the power levels from 6 to 36 W, and by changing the
pulse duration from 50 to 350 ns. The minimum irradi-
ance occurs at a combination of 50 ns and 6 W, while
the maximum irradiance is observed at 350 ns and 36 W.
All the experiments are conducted at a constant repeti-
tion frequency of 1000 kHz to ensure precise control over
the influence of each parameter on the final outcome.
Figure 5B illustrates the variation of irradiance by adjust-
ing different power levels from 6 to 36 W at various pulse
repetition frequencies ranging from 100 to 1000 kHz. The
pulse width is kept constant at 50 ns to ensure that the tests
are conducted in a comparable manner. Finally, Figure 5C
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FIGURE 4 Methodology to optimize laser conditions: (A) power versus pulse width, (B) power versus frequency, (C) frequency versus

scanning speed.

represents the variation of SO between pulses when vary-
ing the repetition frequencies from 100 to 1000 kHz and
different beam scanning speeds, ranging from “slow”
(250 mm/s) to “fast” (5000 mm/s). In this study, the param-
eters were kept constant at a power of 19 W, a pulse width
of 50 ns, and a line spacing of 1 um to ensure comparability
and facilitate drawing conclusions.

Only the overlap between pulses was considered when
calculating the SO, while the overlap between lines was
kept constant. The percentage of overlap between laser
pulses is calculated using the formula in Equation (1)
where the length (L) is measured in millimeters (mm), and
the spot diameter (@giameter) 1S measured in millimeters
(mm).

% Spacial overlap = <1 - x 100 (1)

Pdiameter >

The length (L) is defined as shown below in Equa-
tion (2). Beam scanning speed (v), measured in millimeters
per second (mmy/s), refers to how quickly the laser moves
across the material. The pulse period (w,yise) and pulse
duration (7,yise) are temporal characteristics of the laser
pulse, measured in seconds (s). The pulse period represents
the total duration of a pulse cycle, while the pulse width
indicates the duration of the laser emission.

L=v X (a’pulse - Tpulse) ()

The pulse period (wpyise) is determined by Equation (3)
where it is equal to the inverse of the frequency (Fpyse):

1
Wpulse = F (3

pulse

These relationships enable calculation of the overlap,
considering the scanning speed, laser spot size, and tempo-
ral characteristics of the pulse. A higher percentage of SO
indicates greater heat accumulation. Determining the opti-
mal overlap to ensure heat homogeneity on the surface and
consequently the continuity and uniformity of the layer is
therefore crucial.

3 | RESULTS AND DISCUSSIONS

3.1 | Study of pigment formed in situ and
its nanostructural features with electron
microscopy

Figure 6 presents five surface micrographs illustrating
the effects of different laser treatment power levels on
a coating.’**® The first micrograph corresponds to the
untreated coating, while the other four show the results
of applying powers of 6 W, 12 W, 19 W, and 36 W, respec-
tively. The laser pulse parameters, such as duration (50 ns)
and frequency (1000 kHz), were kept constant in all
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Modification of irradiance through pulse duration and laser power
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FIGURE 5

Left: Parameter graph; Right: Treated sample. (A) Irradiance variation with power and pulse duration; (B) Irradiance

variation with power and frequency; (C) Spatial overlap modulation with scanning speed and frequency.

cases. The calculated irradiances for each power level
were 5.24 MW/cm?2, 10.50 MW/cm?, 16.80 MW/cm?, and
31.50 MW/cm?, respectively.”* Due to the rapid nature
of the laser treatment process (which occurs with pulse
durations of 50 ns, as specified), direct temperature mea-
surement is challenging. The temperature is therefore
estimated indirectly through the behavior of the frit, such
as changes in its viscosity and the transition to the molten
phase.”’

The micrographs reveal that at powers of 6 and 12 W,
the frit does not fully soften or vitrify in a homogeneous
and continuous manner. This is because the irradiances
of 5.24 MW/cm? and 10.50 MW/cm? are insufficient to
reduce the frit’s viscosity to the point of allowing its transi-
tion to a fluid liquid state. According to HSM analysis, this
transition occurs at a temperature of 1188°C, which is not
reached at these power levels. When the power is increased
to 19 W, a continuous layer is observed on the surface, with
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FIGURE 7 Scanning electron microscopy (SEM) micrographs studying layers obtained at different pulse widths.

the presence of CoAl,O, pigment crystals, indicating that
the optimal power level has been achieved. The stretch-
ing of the layer suggests that the frit has melted, exceeding
1188°C. However, when the power is further increased to
36 W, the surface shows significant cracking due to ther-
momechanical stresses generated during rapid cooling, as
evidenced in the rightmost SEM micrograph.?>?

Figure 7 shows SEM micrographs of coatings treated
at different pulse durations. As we already know that
the optimal power is 19 W, as mentioned in the previ-
ous section, the power and frequency are kept constant
at 1000 kHz, and pulse widths of 50, 150, 250, and 350 ns
are studied. The calculated irradiances are 16.8, 5.59, 3.36,
and 2.40 MW/cm?, respectively.® The SO level has been
kept constant in this series of samples. However, the tem-
poral overlap has increased as the pulse width has been
increased. Between 50 and 350 ns, the temporal overlap has
changed according to the duration between pulses, from
0.95 X 107° s to 0.65 X 10~° s, respectively. This translates
to greater molten layer volume at 350 ns, which allows for
liquid-state diffusion of the different pigment elements for
nucleation and subsequent crystallization during slower
cooling than at 50 ns.”®

Moreover, at 50 ns pulse durations, the pigment is not
completely embedded in the glass matrix, as observed
via XRD. However, as the pulse duration increases, the

laser’s off-time decreases, increasing the molten vol-
ume and the interaction time between precursors and
the liquid phase of the system. This leads to the for-
mation of a pigment with a smaller particle size that
is embedded within the glass, and not observable by
XRD.

Figure 8 examines the effect of the repetition frequency,
and in this case, samples treated at 100, 200, 600, and
1000 kHz. As we already know that the optimal power
is 19 W and 50 ns, these parameters are kept constant,
and irradiances of 167.80, 83.88, 27.96, and 16.80 MW/cm?
are calculated. This parameter influences the amount of
accumulated heat and affects the SO of the pulses, which
determines the continuity of the layer.”* The percentage
of SO is indicated in the micrographs, and is 64.26%,
82.79%, 95.12%, and 97.59% from the lowest to the highest
frequency.

At 100 kHz, the accumulated heat is minimal com-
pared to higher frequencies, resulting in a longer cooling
time between pulses. Additionally, at low frequencies,
a sufficiently cohesive melting is not achieved due to
laser ablation phenomena including fusion, evaporation,
sublimation, shock waves that break the grains.”’ This
phenomenon results in a heterogeneous layer as the
precursors exhibit different levels of stability under the
intense laser irradiance of 167.8 MW/cm?. Furthermore,
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this effect is exacerbated due to low SO, which is 64.26%,
resulting in areas with little heat accumulation.

As the frequency increases, the layer begins to become
more continuous because at higher frequencies, there is a
greater accumulation of pulses per unit time, resulting in
more uniform treatment with fewer areas of low heat accu-
mulation. The overlap at 1000 kHz is 92.96% and generates
a continuous surface as observed in the last micrograph of
Figure 8.

Figure 9 examines the influence of scanning speed on
the resulting layer. The scanning speeds studied are 500,
1000, 2000, and 4000 mm/s. In this case, the scanning
speed is considered not to affect the spot size, thus not
affecting the irradiance, and in this series of micrographs,
the irradiance is therefore constant at 16.8 MW/cm?. When
the surface is treated at 500 mm/s, the SO is 99.12%, mean-
ing a successive accumulation of heat that exceeds the
necessary level for the fusion of the precursors.’’ This
leads to ablation phenomena of the frit, resulting in sur-
faces with defects as observed in the first micrograph.
However, when the speed is increased to 1000 mm/s, the
overlap decreases to 98.24%, generating a continuous sur-
face without defects. If the speed is increased to 2000 and
4000 mm/s, the result is similar, with overlaps of 96.48%

Scanning electron microscopy (SEM) micrographs analyzing layers formed at different beam scanning speeds.

and 92.96%, respectively. In this case, the pulses are spaced
further apart spatially, and the heat accumulation is lower,
leading to a thinner molten layer and a lower degree of
uniformity in the melting.

Figure 10 again shows how the SO between lines affects
the resulting layer. Unlike the previous case, this time
the SO due to the separation between scanning lines is
examined, with samples with separations of 10, 5, 1, and
0.7 um. Considering that the diameter of the focused spot
is 54 um, according to Liu’s theory, overlaps of 81.48%,
85.18%, 98.14%, and 98.70% respectively are calculated.®!
With an overlap of 81.48%, the micrograph shows that
there are areas of the surface that do not receive constant
or complete irradiation. With greater separation between
the scanning lines, not all areas of the surface receive the
same amount of laser energy. This leads to less energy
accumulation in certain areas, resulting in a discontinu-
ous layer, with poorly covered areas, defects, or even areas
with insufficient pigment fusion. However, as the sepa-
ration is reduced, the layer improves until an overlap of
98.14% is reached, at which point the most optimal layer is
obtained. The energy distribution is much more balanced
with this level of overlap, favoring the creation of a uniform
and continuous layer without voids or defects. When the
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separation is reduced to 700 nm and the overlap increased
to 98.70%, the accumulated heat causes excessive fusion
of the superficial material, creating a structure in a liquid
state that remains at a high temperature for too long.>* This
results in the crystals becoming embedded in the glassy
matrix.

The micrograph presented in Figure 11 shows the most
optimized sample obtained under specific laser treatment
conditions, including a power of 19 W, a pulse duration
of 50 ns, a frequency of 1000 kHz, a scanning speed
of 1000 mmy/s, and a line separation of 1 um. These
conditions maximize the treatment’s effectiveness, result-
ing in a ceramic surface that exhibits a homogeneous
distribution of spherical and uniform pigment particles,
suggesting a controlled synthesis process. Figure 11A
shows the spherical morphology of CoAl,0, spinel parti-
cles are intrinsically related to the pulsed laser treatment
characteristics.*®> During the process, the laser generates
high-energy pulses that cause rapid heating and cooling
of the material. This localized heating creates ideal con-
ditions for the nucleation and growth of particles. In this
environment, particles tend to adopt spherical shapes due
to the minimization of surface energy, which favors more
stable configurations.>* Additionally, the relatively short
pulse duration of 50 ns allows energy to be efficiently
transferred to the material without causing significant
overheating, which could lead to greater agglomeration or
deformation of the particles. The frequency of 1000 kHz
and the scanning speed of 1000 mm/s ensure that the treat-
ment is applied uniformly, contributing to the formation of
consistently sized particles.

The particle size, analyzed using Image] software, is
approximately 45 nm on average, with a distribution rang-
ing from 20 to 90 nm, as shown in the graph in Figure 11B.
This size distribution is crucial, as greater homogeneity in
particle size contributes to a high-quality surface finish. In
this synthesis method, the particle size must be measured
in situ on the surface because unlike conventional methods
that crystallize the powder before application, this tech-

Scanning electron microscopy (SEM) micrographs studying layers obtained at different scanning line separations.

nique induces crystallization directly on the surface. As
a result, particle formation and growth occur in place,
making surface characterization essential for accurately
determining the material’s final properties.®

For this measurement, ImageJ was used with images
from Figure 11A. First, the scale was calibrated using a
known reference, and image processing techniques were
applied to segment the particles and enhance detection.
The “Analyze particles” tool was then used to measure
parameters such as particle diameter and area. Finally, the
data were statistically analyzed to determine the size dis-
tribution and its impact on the material’s properties. This
approach allows for a precise evaluation of the morphology
and homogeneity of the surface-formed particles, provid-
ing key information for optimizing the synthesis process
and improving the optical and mechanical characteristics
of the final ceramic material."®

Figure 11C presents an EDS spectrum confirming the
presence of Co and Al, key elements of the CoAl,O,
structure, with atomic percentages (%A) of 4.05% and
5.64%, respectively, which are indicative values. Addition-
ally, other elements such as Mg, Si, K, Ca, and Zn are
detected, which are part of the glass matrix used in the syn-
thesis, also analyzed by XRF in Figure 1B. The Pt content
observed in the spectrum is due to the platinum coat-
ing applied to the sample to improve the quality of the
images in SEM, preventing charge accumulation on the
sample surface and facilitating clearer visualization of its
structure.

Figure 12 contains two significant images. Figure 12A
shows a backscattered electron SEM micrograph of the
optimal sample, designed to emphasize compositional
variations more clearly. In this micrograph, the cross-
section of the sintered layer is visible, with an approximate
thickness of 12.80 yum.

Figure 12B presents the EDS line scanning profile
analysis, which provides a measure of the concentration
of silicon (Si), cobalt (Co), and aluminum (Al) in the
layer. The analysis reveals that the concentration of
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FIGURE 11 Field emission-scanning electron microscope

(FE-SEM) microscopy analysis of the surface: (A) Micrograph of the
CoAlL, 0, sample after laser treatment; (B) Histogram of the mean
particle size distribution; (C) Energy-dispersive spectroscopy (EDS)
spectrum.

these elements, expressed as weight percentages, exhibits
a gradual variation. The Si content in the substrate is
approximately 21%, but it decreases to 9% within the layer,
as the layer is composed of frit containing Si along with
Co and Al precursors. Cobalt (Co), absent in the ceramic
substrate, appears in the treated area of the layer (around
7 um), where its concentration increases, reaching 15% by
weight. Aluminum (Al), already present in the ceramic
substrate, shows an increased concentration in the treated
region of the layer. This compositional profile confirms
the gradual variation in the concentrations of Si, Co,
and Al throughout the sintered layer, consistent with the
observations from the SEM micrograph in Figure 12A.

3.2 | Structural analysis of the CoAl,O,
pigment

Figure 13 presents the diffractogram of the sample treated
with a laser under optimal conditions: 19 W power, 50 ns
pulse duration, 1000 kHz frequency, and 1000 mm/s
scanning speed. The crystalline diffraction lines of the
sample match the JPCDS reference pattern (01-082-2242)
for the spinel CoAl, Oy, identifying the crystalline phase as
belonging to the Fd-3m (227) space group.’® The diffrac-
tion lines are listed according to their Miller indices in
Figure 13, with the (311) peak being the most intense.’*
The diffractogram indicates a single-phase spinel structure
with no secondary phases. The average crystallite size was
calculated using the Scherrer equation (Equation 4), which
applies to cubic crystallites in powdered samples:*°

== @
hkl cos@

The symbol A denotes the wavelength of the X-ray
source, and in this case, 4 is equal to 1.5406 um for the Cu
source. Additionally, 6 represents the Bragg angle of the
diffraction line. The variable Dy, represents the crystallite
size, while hkl denotes the Miller index, which measures
the direction perpendicular to the planes. Furthermore,
Bri refers to the full width at half maximum (FWHM) of
the hkl plane, measured in radians. The crystallite shape
factor, denoted as K, is influenced by both instrumen-
tal and noninstrumental factors. However, the commonly
accepted numerical value for K is 0.89 for spherical shapes.
The lattice parameter was calculated based on the pri-
mary diffraction lines of the cubic spinel structure, and
specifically the (111), (220), and (311) lines.

The lattice parameters (h, k, [) for each composition were
determined using the following formula:

a=dVh2+k2+12 5)

85U80|7 SUOWILIOD BAIEa.D 8|qeol(dde aup Aq peusenob are sejoire VO ‘8sn Jo sejn. 1oy AreiqiauluO A1 LD (SUO N PUOD-PUe-SLLBI/LICO" A3 1M Ae.q|BulUO//:SdNY) SUONIPUOD Pue swie 1 8y} 8es *[6202/90/0T] Uo Ariqiauluo fe|im ezoberez aa pepsieAlun Aq 189028 /TTTT 0T/I0p/u0D A8 | M Aleiq1[puljUO SO 80//:SANY WOy pepeojumod ‘0 ‘9T6ZTSST



LAHLAHI-ATTALHAOUI ET AL.

Journal
1 American Ceramic Society

(A) (B) 24, ——Si—Co—Al
21
18
Treated $ 15
. > 124

coating 2

Ceramic 6
substrate 31
o 4

12345678 9101112
Distance (um)
FIGURE 12 Field emission-scanning electron microscope (FE-SEM) analysis of the sample section. (A) shows a micrograph of the layer

section as well as a linear scan energy-dispersive X-ray spectrometer (EDX) profile. (B) shows a graph representing the weight % of the
elements Si, Co, and Al present in the layer according to the plotted profile line.

TABLE 1 X-ray diffraction (XRD) crystal structure study of the optimized sample synthesized in situ by laser compared to literature data
of samples synthesized by other methods.

Crystallite Lattice X-ray density
Sample size (nm) parameter (A) Px (c%) Refs.
In situ laser (this study) 60.24 7.84 4.88
Solution combustion 22.60 8.10 4.42 42
Nitrate route 285.00 8.11 4.40 43
Sol-gel 27.19 8.13 4.37 44
CoAl0,: JCPDS [01-082-2242]
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FIGURE 14 Fourier-transform infrared spectroscopy (FTIR)

FIGURE 13 Diffractogram of the CoAl,0, sample obtained
after in situ laser irradiation.

where (h, k, I) are the Miller indices. The experimental
results indicate that the lattice parameters for the sam-
ple are 7.84 A. The formula used to determine the X-ray
density is: o, = 13_1\43.40,41 The relationship between the
molecular weight of the sample (p,;,), Avogadro’s number
(N), the lattice parameter (a), and the molecular weight of

spectrum of optimum sample of CoAl,0, prepared in situ by laser.

the sample determines the measured density. Table 1 pro-
vides a list of all the parameters determined using the XRD
pattern, compared with the parameters obtained in this
work.

The FTIR spectrum (Figure 14) reveals two main over-
lapping bands that correspond to the molecular vibrations
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FIGURE 15 Raman spectra of optimum CoAl,0, sample
prepared in situ by laser.

of the transition metal-oxygen bonds. In the case of
CoAl,O, the spinel’s absorption band observed between
640 and 760 cm~! is attributed to Al-O vibrations within
the octahedral AlOg4 configuration. If a band appeared at
around 800 cm™!, it would be linked to tetrahedral Al-O
vibrations (AlO,). Furthermore, the Co-O-Al interactions
exhibit frequencies at around 850 cm~!. As a normal
spinel, CoAl,0, demonstrates a preference for aluminum
ions occupying octahedral sites, while cobalt ions favor
tetrahedral sites.*

Raman spectroscopy was employed to confirm the
spinel structure. As shown in Figure 15, the analysis of
the optimal sample reveals five distinct Raman-active
peaks. In the case of spinels, the vibrational modes at
each Wyckoff position are described by specific irreducible
representations*®*7:

B Site 8a: Fy, (IR) + Fy, (R)

W Site 16d: A,, (S) + E, (S) + Fy, (S) + 2F;, (IR)

B Site 32e: Ajg (R) + Ay, (S) + Ey (S) + Eg (R) + 2F, (R)
+ F; (S) + Fy, (S) + 2F;, (IR)

where (R) and (IR) denote Raman and infrared active
vibrational modes, respectively. The other modes marked
with (S) are silent. The Raman-active modes of the
CoAl, 0, layer are therefore 3F2g — Alg — Eg. Addition-
ally, the three 3F2g modes are labeled as F2g(1), F2g(2), and
F2g(3) based on their wavenumbers.

The F2g(1) mode at 200.86 cm™! is assigned to the
translation of the Co/Al-O, tetrahedron.’* The position
of the Eg mode has been reported as having a reason-
able correlation with the cation radius at the 8a site.

542 O74 631

l '

478

Absorbance (a.u.)

Low irradiance - 2.07E13 GW/cm?
—— Optimal irradiance - 6.61E13 GW/cm?
—— Excessive irradiance - 1.24E14 GW/cm?

400 500 600 700 800
Wavelength (nm)

FIGURE 16
of the laser-treated sample at low, optimum, and high irradiances.

Ultraviolet-visible (UV-Vis) absorption spectrum

The Eg mode at 403.32 cm™! is therefore assigned to the
symmetric bending motion of the oxygen atoms within
the tetrahedron.”® The F2g(2) mode at 518.96 cm™! is
attributed to the asymmetric stretching vibration of Co/Al-
O in tetrahedral sites.*’ The literature is inconsistent
regarding the vibrational assignment of the F2g(3) mode
at 646.46 cm~!, which has been reported either as the
antisymmetric stretching mode of the tetrahedral unit or
as an asymmetric bending motion of the oxygen bound
to the tetrahedral cation.*®*° Previous studies of the
wavenumber of the Alg mode show that the octahedral
cation has a more significant effect than the tetrahedral
cation.”® This supports the assignment of the Alg mode
at 760.82 cm ™! to the Co/Al-O stretching vibration in the
octahedron.

3.3 | Optical properties analysis

Figure 16 shows the UV-Vis spectra of CoAl,0,4 pigments
prepared at high irradiances, optimal irradiances, and low
irradiances. It is well known that blue pigments can absorb
visible light in the range of 500-700 nm. In this figure, the
samples exhibit three broad bands at 542, 574, and 631 nm,
which are characteristic of the blue color in the visible
region. The absorption is attributed to electronic transi-
tions in the 3d” level of Co?* ions in tetrahedral sites. The
small bands at 406 and 478 nm are related to the green
color, which is attributed to the electronic transition of
Co** in the octahedral structure. The weakness of these
bands indicates the presence of fewer octahedral ions, and
consequently, a negligible amount of green color in favor
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FIGURE 17 Values of the b* coordinates of various pigments
obtained by different synthesis methods compared to the in situ
LASER method.

of the blue color.”! The blue Co?* tetrahedral ions are pre-
dominant. The bands at 406 and 478 nm correspond to the
ligand-to-metal charge transfer (i.e., from 0%~ to Co?*) in
the tetrahedral site. The existence of these bands is due
to the partial oxidation of Co?* ions to Co*" after ther-
mal treatment in the presence of oxygen, leading to the
formation of mixed-valence cobalt species (mainly diva-
lent ions with a small amount of trivalent ions) in the
thermally treated powders. In this figure, it is evident that
at low irradiances, the pigment also absorbs in the 300-
500 nm region, so the color is not purely blue. In contrast,
at high and optimal irradiances, absorption occurs in the
500-700 nm region, although the absorption is lower at
high irradiances.>

To analyze color, it is important to understand that it
can be represented in different color spaces, with CIELAB
being one of the most used due to its perceptual uniformity.
In this system, the L* parameter indicates lightness, rang-
ing from 0 (black) to 100 (white). The a* value represents
the color scale between green (negative) and red (positive),
while b* defines the transition between blue (negative) and
yellow (positive).”>° Figure 17 presents the b* coordinate
values of different pigments obtained through various syn-
thesis routes, comparing them with those obtained in this
study. This graph displays the b* values of pigments both
in powder form and applied to glaze. It is well known that
lower b* values correspond to a more intense blue hue. The
solid-state method produces a highly intense blue, with b*
values of —42.87 in powder and —27.42 applied to glaze.”*
In contrast, microwave-assisted calcination results in b*
values of —26.80 in powder and —9.60 applied to glaze.™

- American Ceramic Society

Alternative methods also achieve intense b* values,
with some even surpassing those obtained with tradi-
tional ceramic processes. For instance, in one study,56
synthesis via sol-gel self-combustion reached a b* value
of —43 in powder and —23.52 applied to glaze. In another
study,”’ using the sol-gel autocombustion method, a value
of —17.60 was obtained in powder and —16.64 applied to
glaze. When hydrothermal methods were used, b* values
of —10.31 were reported in one study,” and —10.91 when
the hydrothermal reaction was microwave-assisted.”® For
coprecipitation routes, b* values of —32.04 were achieved,
which fell to —33.14 when microwave calcination was
applied.®”

Finally, a b* value of —29 was obtained by applying
the pigment to the glaze using the in situ laser synthe-
sis technique described in this article. This value falls
within the range of colors achieved by other methods,
even surpassing the traditional method, which reached
—27.42. This technique offers significant advantages due to
its much more efficient synthesis conditions compared to
other approaches.

Table 2 provides a summary of the synthesis charac-
teristics of various blue pigments, organized according
to the synthesis method used, pigment type (powder or
applied to glaze), and chromatic properties. It includes
color coordinates (L, a*, b*), as well as AE and Ab* val-
ues, which permit the evaluation of deviations compared
to a traditional pigment in a vitreous matrix. Addition-
ally, the table lists the treatment temperature and time for
each methodology, along with the relevant bibliographic
citations.

The in situ laser synthesis method described in this
study stands out for its speed and efficiency, with a
treatment time of only 30 s for a 4 cm? surface. This
condition contrasts significantly with the times and tem-
peratures required by other methods presented in the
table. For instance, solid-state synthesis methods require
temperatures of 1200°C and processing times of up to
240 min, while sol-gel autocombustion techniques oper-
ate at temperatures ranging from 900 to 1250°C for at
least 60 min. Similarly, although employing lower tem-
peratures (240°C), the hydrothermal method requires
extended treatment times of up to 240 min. In com-
parison, the in situ laser synthesis method not only
drastically reduces processing times, but also eliminates
the need for high temperatures, representing a signifi-
cant advantage in terms of energy efficiency and industrial
applicability.

Moreover, the color coordinates obtained using this
technique show an acceptable deviation for industrial
applications, with values of AE =13.25 and Ab* =1.58, indi-
cating a controlled variation in hue within the established
parameters.
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TABLE 2
different methods.

Pigment
Synthesis method type L a* b*
In situ laser (this Applied to  31.43 5.76 -29

study) glaze

Solid-state Powder 44.35 —13.55 —42.87

Solid-state Applied to  37.77 —5.77 —27.42
glaze

Solid-state and Powder 49.90 —3.70 —26.80

microwave treatment

Solid-state and Applied to  37.7 —49 —9.6

microwave treatment glaze

Sol-gel Powder 54.20 16.18 —17.60

autocombustion

Sol-gel Appliedto  34.11 14.91 —16.64

autocombustion glaze

Sol-gel Powder 44.39 —8.73 —43

self-combustion

Sol-gel Applied to  46.75 —20.33 —23.52

self-combustion glaze

Hydrothermal Powder 76.99 —1.24 —10.31

Microwave Applied to  43.63 —6.21 —10.91

hydrothermal glaze

Coprecipitation and  Applied to  34.98 14.15 —33.14

microwave treatment glaze

Coprecipitation Powder 55.29 —8.57 —32.04

4 | CONCLUSIONS

The in situ laser synthesis method presented in this study
is an advanced and efficient technology for the production
of ceramic pigments in coatings, significantly overcom-
ing the efficiency limitations of traditional methods. This
approach permits exceptionally short processing times,
achieving results in just 30 s for 4 cm? surfaces at a
scanning speed of 4000 mmy/s, along with a remarkable
reduction in energy consumption.

Optimal surface results are obtained with the following
parameters: 19 W of power, 50 ns pulse duration, 1000 kHz
frequency, 4000 mm/s scanning speed, and 1 um line spac-
ing, achieving an irradiance of 16.8 MW/cm? and a fluence
of 0.84 J/cm?. These conditions facilitate the formation of
nearly spherical nanoparticles with sizes below 100 nm, as
confirmed by SEM analysis.

XRD analysis validates the formation of a single
CoAl, 0, phase without secondary phases, and also reveals
the embedding of the pigment in the vitreous matrix.
EDS spectroscopy confirms the incorporation of the pig-
ment into the matrix, detecting the presence of Co
and Al, as well as other elements typical of frits such

Comparative table of color coordinates, temperatures, and synthesis times of pigments with CoAl,O, structure synthesized by

Treatment Treatment

AE Ab* temperature (°C) time (min) Refs.
13.25 1.58 —_ 0.50 -
18.51 15.45 1200 240 54
- - 1200 240 54
12.32 0.62 1200 120 55
17.84 17.82 1200 120 55
29.12 9.82 900 120 57
23.61 10.78 900 120 57
17.18 15.58 1250 60 56
17.55 3.9 1250 60 56
43.03 17.11 240 120 58
17.52 16.51 240 240 59
20.91 5.72 970 40 60
18.33 4.62 1000 120 61

as Mg, Si, K, Ca, and Zn. Raman spectroscopy and
FTIR further confirm the formation of a normal spinel
structure.

In terms of color, the resulting blue tones show a b*
coordinate value of —29, comparable to pigments synthe-
sized conventionally at 1200°C for 120 min, which show
a value of —27.42, with a Ab* of 1.58. This demonstrates
that the laser synthesis achieves a color quality compara-
ble to traditional methods, but with a much more efficient
process.

The morphological, structural, and optical proper-
ties obtained confirm that the laser method is a viable
alternative for industrial pigment production, offering
advantages in speed, energy efficiency, and consistent
quality. It aligns with key Sustainable Development Goals
(SDGs), including SDG 9 (Industry, Innovation, and
Infrastructure), SDG 7 (Affordable and Clean Energy),
SDG 12 (Responsible Consumption and Production),
and SDG 13 (Climate Action), by improving efficiency,
reducing energy use, and promoting sustainable practices.
This approach lays the groundwork for future research
and industrial applications in laser-based pigment
production.
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