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Palabras clave:
Procesamiento por laser
Ceramica

Fusién selectiva por laser
Mecanizado por laser
Oxidos eutécticos

Celdas de 6xido sélido
Emisores selectivos

Procesamiento con laser de materiales para aplicaciones energéticas en
dispositivos electroquimicos y de alta temperatura

RESUMEN

El ldser es una potente herramienta para el procesamiento de materiales, incorporada ya
en muchos procesos industriales y procedimientos de laboratorio. En este trabajo nos ocu-
pamos del procesamiento laser aplicado a la investigacién y desarrollo de ceramicas para
celdas electroquimicas y otras ceramicas de 6xido de alta temperatura para aplicaciones
energéticas. La solidificacién de monocristales o composites de 6xidos relevantes se puede
realizar mediante el método de zona flotante asistida por laser, proporcionando muestras
para investigacion basica estructural, de propiedades mecanicas o funcionales, asi como
conocimiento sobre su fabricacién mediante procesos de fusién. La fusién selectiva por laser
de estos éxidos cerdmicos es una tecnologia muy prometedora, cuyo desarrollo es todavia
incipiente. Se presentan ejemplos exitosos de fusion por laser de superficie de compuestos
eutécticos de dxidos. Las tecnologias sustractivas de procesamiento de ceramicas con laser
(corte, taladrado, estructuracién, limpieza, etc.) estdn mas desarrolladas, y la investigacién
se dirige hacia la optimizacién de procedimientos, aumento de resolucién y eficiencia y la
investigacién de los efectos del tratamiento laser sobre el rendimiento funcional. Diferen-
tes procesos laser de los componentes de celda de 6xido sélido disminuyen las pérdidas
6hmicas, de concentracién y de activacién. El manuscrito describe el estado actual de las
tecnologias aplicadas a éxidos y materiales compuestos presentes en dispositivos electro-
quimicos de 6xidos sélidos (SOFC, SOEC y baterias) y emisores selectivos para aplicaciones
termofotovoltaicas, con énfasis en los ultimos logros del equipo.

© 2021 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Lasers are ubiquitous tools in nowadays manufacturing tech-
nologies [1]. Their ample application range resides in their
unique combination of versatility and automation capabili-
ties. Alaser beam is a coherent electromagnetic radiation that
with optical elements can be delivered to the place where the
processing is to be carried out through the air, the vacuum
or appropriate robust optical fibres. If required, it can also
be sharply focused in volumes of the order of some pm?3.
There are lasers with wavelengths from the far infrared (FIR)
to the ultraviolet (UV) range of the spectrum, continuous wave
(CW) or pulsed with pulse duration from milliseconds to fem-
toseconds, and delivering average powers from pW to kW.
Monochromaticity, coherence length and modal composition
can also be chosen to adapt to the intended application [2].

When the laser light reaches the material it is absorbed,
exciting the electronic and phonon subsystems in most of the
material processing procedures through multiphoton, high
order processes. In the end this produces a fast local tempe-
rature rise that can heat, melt or vaporize the material. The
vapour will also interact with the incoming laser radiation
and other chemical or mechanical effects come also together.
The laser operation regime and the material properties deter-
mine which are the dominant processes taking place, and so
one speaks of heating, melting or ablation, as the processing
mechanisms.

Technologically, one of the mostinteresting aspects of laser
processing is that it allows the total automation and flexibility
of production processes, owing to, above all, its ability to be

controlled in its fundamental parameters (speed, size and
shape of beam, energy per pulse and power) and the require-
ment of minimal material handling. This allows a very precise
control of the depth, the extension and also the evolution of
the temperature in the region affected by the laser irradiation,
which can also be monitored. This excellent adaptability offers
procedures of materials surface processing with high added
value and in a respectful way with the environment, as itis a
chemically clean process. No chemicals or massive waste pro-
ducts are generated when laser treating materials. All these
properties have an impact in material processing applications
as they translate into high processing rates and low costs.
One example of the versatility and environmental friendli-
ness of lasers can be found in their application in the cleaning
of materials of cultural interest [3]. Decontamination techni-
ques have been based on the direct application of chemical
products, different forms of washing, and mechanical clea-
ning processes [4,5]. However, in addition to cleaning, these
techniques cause a significant environmental impact and pose
arisk to the health of the operator, as well as generally causing
significant variations in the composition and structure of the
treated surfaces. Avoiding these drawbacks, laser cleaning can
be used to eliminate corrosion patina on metals [6], organic
paints on granites or weathering dirt on ancient brick masonry
such as Mudéjar Architectonic Art [7], which encompass a
variety of compositions. This last application combines the
challenge of cleaning with the application to massive surfaces.
This also requires working on the development of combined
systems and laser characterization cleaning stations for the
conservation of large monumental surfaces that allow a real
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-time analysis of the surface to determine the degree of
cleaning carried out and when the process should stop.
Lasers have today very diverse applications in materials
processing and are widely incorporated into industry [1]. They
have been developed and researched for ceramic processing
too. In the present work we will review its present use and
perspectives in the processing of the ceramics involved in
oxide electrochemical devices and other high temperature
oxide composites for energy. We will discuss its use in several
processing of ceramics for energy from our own experience.

Melting and solidification

Solidification of oxides and composite materials. The LFZ
method

Single crystals or strongly textured materials are required in
many applications, as high quality semiconductors in pho-
tovoltaics, for optical applications or complex oxides such as
for example thermoelectric ceramics for energy harvesting [8].
Other times crystals are required to perform basic research
on materials of technological relevance [9-12]. There are well
established procedures for crystal growth for research as well
as for industrial processes [13]. The crystallization processes
are quite complex as they involve different phases (solid crys-
tal, melt or solution and vapour phases), heat and material
transport in different length scales as well as thermome-
chanical constrains. Different procedures are appropriate for
different compounds and crystal sizes. In the present section,
we are focused on the use of lasers to assist the solidification
of materials from a melt. The laser is then used to heat the
material, if possible with minimal or controlled evaporation,
up to melting, which followed by a controlled cooling process
gives rise to single crystals, glasses or composites, as required.

The laser floating zone (LFZ) solidification method is a
directional solidification process that relies on melting a
small volume of material using a laser as the heating source
[14]. It is also termed laser heated pedestal growth (LHPG). It
is equivalent to solidification in an arc-image furnace in the
sense that both methods use light as the energy source for
heating and that the melt is held by surface tension forces.
An image of the light source is formed on the material to melt
using appropriate optical elements. Fig. 1 shows the experi-
mental layout at our laboratory [15]. It consists of a CW CO,
semi-sealed laser of 600 W (Electronic Engineering, Firenze,
Blade 600, » =10.6 pm), an in-house built growth chamber with
gold coated metal mirrors for beam focussing and two vertical
axes for the rod displacement. Both axes have independent
rotation and translation movement. The beam is annularly
shaped with the help of a reflaxicon, focused on the lower end
of a sintered rod of material, the feedstock. A drop of molten
material is formed, a seed on which the solidification is to start
is pushed into the hot volume until a liquid bridge between
the precursor and seed is established. The solidification takes
place by pulling the seed out the hot region at the same time
that the feedstock is pushed into the hot volume, maintaining
a constant molten volume. This small molten volume is held
in place by surface tension, whereby stable solidification is
possible when appropriate ratios in the melt length, diameter
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Fig. 1 - Experimental layout of the LFZ system for crystal
growth.

and travelling rate, liquid viscosity and surface tension are
established. Large thermal gradients (close to 10°K/m) are
produced at the solid-liquid interface [16].

The most relevant, specific characteristics of this soli-
dification procedure is the absence of crucible in contact
with the melt, the possibility of large thermal gradients at
the solid-liquid interphase, thereby allowing relatively fast
solidification rates staying within the coupled eutectic soli-
dification range, and the possibility of processing from the
melt materials with high melting temperatures with relatively
low energy consumption. It uses a seed to start the solidi-
fication, so it allows the use of oriented crystalline seeds to
promote specific crystal orientations or glass seeds to hinder
crystallization. Moreover, it is simple to control the processing
atmosphere, and systems to work under relative pressure [17]
or with other intervening fields (such as electric fields) have
also been designed and tested. These external fields can drive
the distribution of the chemical elements in the liquid and
solid [18], or help to manage the flow in the melt [19]. The
technique is well suited for the solidification of crystal fibres
for industrial production and for research [20-22].

Large thermal gradients set up during growth and across
the melt give rise to strong buoyancy, thermosolutal and
Marangoni convection currents which have an impact on
the solute distribution. Forced convection is often used to
homogenize the heating or to compensate convection at the
solidifying interface. Local overheating of the melt can also
accelerate volatilization of components in some cases. The
thermal gradients in the solidified crystal can also generate
cracking that has to be conveniently managed for successful
growth [23,24]. Computer simulations have helped to unders-
tand and harness the contribution of each technical parameter
to the solidification process [25].

Oxides for electrochemical energy applications

The technique has been used in many research laborato-
ries to produce different materials. In a recent compilation
by F. Rey-Garcia et al. [8] one can find how LFZ has been
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used for solidification of many complex oxides. The techni-
que [26] has allowed G.F. de la Fuente and coworkers from
the INMA to study the physics of the transport properties of
textured polycrystalline rods or fibres for technological appli-
cations (high temperature superconductors or thermoelectric
oxides) over the last 20 years. If we restrict to oxides which
are relevant for electrochemical devices, we have to move to
ion or mixed conductors. High temperature electrolytes such
as yttria stabilized zirconia (YSZ) can also be solidified from
a melt. YSZ is the reference and state of the art solid elec-
trolyte in solid oxide fuel cells and solid oxide electrolysers
operating at high temperatures (above 700 °C), because ithas a
quite good ionic conductivity, wide electrolytic domain, exce-
llent mechanical properties and mature state of technological
development. YSZ single crystals are industrially produced
at large scale using the skull-melting method and have uses
based on its excellent optical and mechanical properties. At
lower volumes of material and for research purposes, Prof.
E.E. Lomonova and colleagues in Moscow, using solidification
in a cold-crucible, have pursued recently a thorough research
of optical properties (namely lasing), stability of solid solu-
tions and ionic conductivity [27,28]. The latter complement the
broad knowledge reached by the research community using
skull melting produced crystals and ceramic (polycrystalline)
materials as research samples. The LFZ procedure is also sui-
table for the solidification of stabilized zirconia, and so it was
used to solidify fibres up to 200 pm diameter or rods up to
2mm diameter of Er,03 stabilized ZrO, to supply samples for
fundamental mechanical characterization [29,30] or to fabri-
cate samples of YSZ doped with different optically active ions
for spectroscopic studies [31].The optical properties of YSZ
doped with many optically active ions have also been studied
over the years, with emphasis on lasing, spectroscopic probes
of the defect structure or of the probes to monitor the oxy-
gen activity [32,33]. Recently, using on-purpose LFZ solidified
Terbium doped YSZ crystals, we have identified the redox cou-
ple Tb**/Tb3*, candidate for oxygen activity monitoring in the
high oxygen partial pressure side that might develop in SOEC
devices upon operation conditions [34].

Other electrolytes were also grown by the LFZ method.
Proton conducting oxides, such as doped BaCeOs, SrCeOs,
SrZrOs, SrTiO3 or Sr3CaNb,0g were solidified for the purpose
of studying their structural, mechanical and ion conducting
properties [35-37]. The materials showed a textured, cellular
microstructure with grains composed of the main phase
(sometimes with nanodomains) and intergrain boundary
areas. The conductivity was consistent with the values
obtained in ceramic samples. Lithium ion conductors of
Lay/3_4LisxTiO3 (LLTO) type with perovskite structure were
also solidified using the LFZ method [38]. LagsLig5TiO3 is a
complex system to solidify because of lithium volatilization
and phase segregation. The grown material consisted of long
single-crystal grains of a major perovskite phase, although
with lithium content lower than the nominal one, surrounded
by rutile-TiO, precipitates and eutectic regions formed by a
lithium-rich LLTO perovskite plus a LixTiyO, oxide. Recently,
Maruyama et al. [39] achieved solidification of a single phase
Lay/3_4LisxTiOs with an IR heating image furnace and using
the travelling solvent floating zone method, and obtained
5mm diameter, 37 mm long crystals.

The LFZ technique has been applied to the production of
mixed oxides of the systems CeOx/ZrO, (CZO) and PrOx/ZrO,
(PZO), to investigate them as oxygen storage compounds in
three-way-catalysts. In these systems, the high temperatures
inherent to the LFZ technique allow exploring regions of the
phase diagrams just below the melting temperatures, which
are difficult to attain by other techniques. At those tempe-
ratures a complex interplay occurs between order/disorder
processes and redox effects of the mixed-valent cerium and
praseodymium cations. The feasibility of controlling parame-
ters such as atmosphere (pO;) and cooling rate has enabled
to establish the correlation between the degree of cation orde-
ring and the processing atmosphere in the CZO system [40]. In
the PZO system we have studied the stability of the pyrochlore
phase as a function of the cation and oxygen stoichiometry in
different processing atmospheres [41].

Another class of ceramic materials produced by solidifi-
cation, and particularly by laser assisted solidification, are
directionally solidified eutectic ceramics (DSECs). The interest
in those started in the seventies decade of the 20th century,
mainly because of their excellent mechanical properties. They
surpassed the mechanical performance of conventional cera-
mics due to their homogenous and fine microstructure, with
clean interphase boundaries; and the one of the single crystals
owing to their composite nature (two or three different pha-
ses present). Several good reviews exist on the subject [42,23],
dealing with the solidification mechanisms and procedures
[43], with the relationship between mechanical properties and
microstructure [23,44] or related to specific applications or
properties [45,46]. In parallel, and with the advancement of
computational capabilities, many phase equilibrium diagrams
of the relevant components have been calculated [47,48]. More
recently, great interest has also been devoted to ultrahigh-
temperature ceramics which, often formulated at a eutectic
composition, can also be fabricated by melting procedures [49].

Already very early, the microstructure of the solidified
eutectics inspired the imagination to harness functional pro-
perties of the materials [50]. More recently, properties of
eutectic ceramics as biomaterials [51], metamaterials [52-54],
scintillators [55], waveguide plates [56], infrared windows
[57], superconductors [12] or anodes in photoelectrochemi-
cal reactors [58] rely on the specific microstructure and
microstructural size of the eutectic; others such as white
light emitters [59] or thermal emitters [60] take also bene-
fit of the excellent mechanical properties. The functionalities
involved in the materials for energy applications hold pre-
eminent interest today. It is worth to remind that the LFZ
method imposes a sharp thermal gradient at the solid liquid
interface (of the order of 10°K/mm), a requirement for the
coupled solidification of eutectics at large solidification rates,
and thus producing homogeneous microstructures with sub-
micrometre phase size, not attainable by other solidification
methods.

Eutectic ion and mixed conductors: electrolytes and

electrodes

The good mechanical properties of DS eutectic composites
have prompted the study of their ion or mixed conducting
properties, mainly in the ones that contain doped zirco-
nia. Some examples are YSZ-Al,03, MgSZ-MgO, CaSZ-CaZrOs
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Fig. 2 — Sketch of an oxide ion conducting solid oxide fuel cell showing the different species conduction to and from the
triple phase boundaries at the electrodes. Graphic design by Adrian Robles-Férnandez,

or YSZ-Mullite [61-63]. In contrast with composites produ-
ced by traditional ceramic methods, the solidified eutectics
have much less proportion of grain boundaries, so that their
contribution to resistivity will be smaller. Moreover, the direc-
tionality of the microstructure will contribute to optimize the
connectivity of the conducting phase. On the contrary, the
constraints of the eutectic composition with limited phase
content of conducting phase and the limitations to modu-
late its doping content work against reaching conductivity
values comparable to the best single phase electrolyte cera-
mics. As a result, the highest conductivity at 1000K among
the above composites is the one of YSZ (with 9mol% Y,03)-
Aly03, 2x1073S/cm [64], close to one order of magnitude
smaller than that of 8YSZ (ZrO, with 8 mol% Y,03). Attempts
to minimize the shortcomings have been made by solidifying
off-eutectic compositions richer in the conducting phase [65]
or by doping [62]. Primary dendrites of the excess phase form,
with severe modification of the resultant composite micros-
tructure. Increase in conductivity over the eutectic by a factor
of 2.6 has been achieved in ZrO, rich 3YZ(3 mol% Y,03 doped
Zr0O,)-Al,03 composites solidified by LFZ under specific condi-
tions. In other eutectics such as YSZ-BaZrO3 and CaSZ (Calcia
stabilized ZrO,)-NiO both component phases are electrical
conductors. Adjacent to ion conducting stabilized zirconia,
NiO shows electronic hole conduction and doped BaZrOs eit-
her hole or proton conduction, depending on the equilibrium
atmosphere and temperature. Unfortunately the amount of Y
doping in BaZrO3 phase that could be achieved by LFZ proces-
sing was limited [66]. The influence of a large hetero-interface
density in a rather aligned microstructure was also studied on
ZrO, containing eutectics, as large interface densities result
naturally at solidification at high pulling rates. Samples with
ZrO; (3mol% Y,03) platelet thickness down to 70 nm were pre-
pared, which encompassed a cell microstructure. No evidence
of interface enhanced or depressed conductivity was observed
[65].

Composite materials combining both ion and electron con-
ducting phases are the basis of many applications such as, for
example, electrodes in different electrochemical devices (fuel

cells, electrolysers, gas sensors, membranes, etc.). In the case
of solid oxide fuel cells (SOFC) or electrolysers (SOEC), besi-
des the percolation of both electrical species, the presence of
a network of interconnected pores is necessary in order to
allow the flow of gas (oxygen or fuel depending on the type
of electrode: cathode or anode) to the so-called triple phase
boundaries (TPB) where the reactions take place (Fig. 2). In
order to obtain a high number of these active TPB, the nature
and stability of the microstructure of the material is crucial
[67]. Different strategies have been explored in the literature
in order to increase the number of TPB by reducing the average
particle size of atleast one of the phases [68,69]. However, high
operation temperatures above 700 °C often lead to microstruc-
tural evolution processes limiting long-term stability. In the
case of the most commonly used SOFC anodes containing Ni
particles in combination with YSZ or gadolinium-doped ceria
(GDCQ), the cell degradation is mainly dictated by the sintering
of said nickel particles and the associated decrease of TPB [70].
Since Ni particles provide the catalytic properties to the elec-
trode, the decrease of its active surface will be detrimental
for the overall performance. Besides, undesired oxidation of
Ni particles to NiO (or Ni(OH); in operation under high steam
concentration) and their subsequent expansion may result in
irreversible and fatal cracks in the electrode.

Lamellar electrodes produced by reduction of textured
YSZ-based eutectics obtained from the melt have been
proposed as an alternative to the traditional fuel electrodes
[71] (Fig. 3). The eutectic CaSZ-NiO or CaSZ-Ni;_xCoxO had
been solidified using an optical image furnace by Dhalenne
and Revcolevschi [72,73]. It consists of around 30vol% of
CaSZ and NiO or Nij;_xCoxO solid solution [71]. We have
obtained eutectic microstructures consisting of alternating
YSZ and NiO (CoO) oxide lamellae with interlamellar spacing
around 1pm by LFZ methods. Subsequent reduction of the
eutectic materials in 5%H,/Ar atmosphere at temperatures
above 600°C allows the transformation of NiO (CoO) to Ni
(Co), yielding a ~42% porous metallic phase where the pore
network improves the fuel flow to the TPB. The metallic phase
acts as the electron conducting path in the electrode, with
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Fig. 3 - SEM image of a YSZ-NiO eutectic ceramic grown at
100 mm/h, after reduction at 600 °C for 10 h under 5%H,.
The bright phase is Ni, the grey one corresponds to YSZ,
and the darkest one is porosity.

lower ohmic resistances than equivalent isotropic composi-
tes. Meanwhile, the diffusion of the oxide ions takes place
preferentially along the YSZ phase with activation energies
somewhat larger than those for pure YSZ, owing to the doping
with the transition metal. The so prepared textured electrodes
present various advantages such as their high temperature
microstructural stability, since Ni particles grain growth is
hindered due to the low-energy interfaces formed between
the metallic Ni or Co particles and the YSZ lamellae [74-76].
Aiming to enhance the electro-catalytic activity of the ano-
des through the extension of the reaction sites beyond the
surface of the metallic phase, equivalent lamellar eutectic
materials have been developed based on CeO; and GDC ins-
tead of YSZ [77,78]. An advantage of such electrodes is that
they could be used in combination with GDC electrolytes,
allowing lower operation temperatures than their YSZ coun-
terparts. This decrease in operation temperature has always
been targeted in order to increase the stability and durabi-
lity of these SOEC devices [79]. While stabilized ZrO,—NiO
gave rise always to a lamellar eutectic microstructure, at
all pulling rates, in CoO—CeO;, a microstructural cross-over
under specific solidification conditions was observed [80]. The
microstructure was rod-like at low puling rates (10 mm/h),
associated to a change in the overall solidified composition
that took place during solidification. Selective evaporation and
migration into the melt (segregation) are pointed out as res-
ponsible for this behaviour. Both, evaporation and migration
can be enhanced by relatively large thermal gradients in the

melt and the large free-surface-to-volume ratio of the melt in
the solidification by LFZ.

Since eutectic materials have a high density of interfaces,
whose nature appears relevant to their performance, a tho-
rough study of the crystallographic orientation relationships
and interfaces was made in this family. The most common
orientation relationship found for the mentioned NiO—YSZ,
NiO—CeO;, NiO—GDC, CoO—YSZ, CoO—CeO; and CoO—GDC
eutectics is given by (1 1 1)TMO//(0 0 1)IC,TMO being the tran-
sition metal oxide and IC the ionic conductor. Eutectic growth
is ruled by minimization of the interfacial energy, therefore,
this interface corresponds to the best match between ionic
charges and the maximum overlapping of reciprocal lattices
of both phases forming the interphase [81,82]. Upon reduc-
tion to form TM/IC cermets, different orientation relationships
have been observed [83], with either topotactic transformation
from the TMO to the TM, or reorientation to create epitaxial
interfaces of the metal with the exposed surfaces of the IC.
In all cases it appears that these newly created surfaces are
very stable. In the specific case of materials for SOEC, it is also
important to study the possible segregation effects of dopants
towards these interfaces and their effects on the functional
properties. Recently it has been shown how the relaxation of
the lattice and charge mismatch is achieved through segre-
gation of the dopant to the interphase (Gd in the GDC-CoO
system) [84]. Kelvin probe force microscopy experiments point
towards enhanced interfacial ionic conductivity probably due
to the higher disorder of the interfacial oxygen plane.

High temperature membranes

Mixed conduction, either present in the same compound or
owned by a composite material consisting of appropriate com-
plementary phases, can afford membrane applications for
selective gas permeation. In a recent research an innovative
application of eutectics has been proposed. The natural orde-
ring of these systems is exploited to produce a porous matrix
that, after infiltration with molten carbonates and under a dif-
ference in CO; partial pressure as driving force, allows the
CO; transport. Carbonate anions migrate through the liquid
with compensating oxide ions migrating through the ion con-
ducting solid oxide. The porous material is obtained from
the eutectic bycrystal of Mg stabilized zirconia—MgO by selec-
tive dissolution of the minority phase. ZrO,—MgO eutectics
are known to form coupled fibrous like microstructures, as
predicted by the minimum of interface energy criteria, since
its solidification by the Bridgman method in molybdenum
crucibles [85,86]. The component phases are highly refrac-
tory, with melting points around 2700°C and 2800°C, while
the eutectic temperature is around 2100°C, and the solidi-
fication at atmospheric pressure is straightforward. Coupled
fibrilar microstructure can be achieved by LFZ at pulling rates
below 25 mm/h [87]. Fibre (MgO) dissolution results in a porous
ion conducting matrix with highly dense, well aligned para-
llel pores of very uniform diameter, all aspects facilitating
permeation. Infiltrating this porous structure with a ternary
eutectic mixture of Li, Na and K carbonates as molten salt,
a high CO, permeability of 1.41 x 10~ molm~'s~?Pa~! has
been obtained at 815°C [88]. These are permeability values
similar to the ones observed in membranes based on other
better conducting ceramics produced by more conventional
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ceramic preparative methods. The specific microstructure
that results from the directional solidification appears to be
essential to achieve the high permeation.

High temperature ceramics for thermophotovoltaic emitters
Another property of thermomechanically resistant oxide
eutectics that has been studied is their performance as
selective thermal emitters for applications in thermophoto-
voltaic devices. Thermophotovoltaic generators rely on a hot
radiator, emitting in the near infrared, to pump a photovoltaic
cell to generate electricity [89-91]. The heat would come
either from waste heat of from other available sources. The
task of the appropriate thermal emitter is to avoid emission
at wavelengths longer than the ones that can be used by the
photocell, as well as very energetic ones, so as not to waste the
available energy. This excess energy would heat the system
above optimum operating temperatures. Rare earth oxides or
transition metal doped oxide thick coatings or felts were ini-
tially tested [92-95]. When the directionally solidified oxides
demonstrated excellent mechanical properties, eutectics that
contained rare earth oxides as components or others doped
with transition metal ions were proposed for this application.
The laser floating zone method here provides again suitable
samples for testing, but also for the eventual fabrication of
the emitter coupled to a device, as the thin rod shape will
support rather fast heating and cooling cycles to which it
might be submitted upon use. Added to that, the same confi-
guration (namely heating of a small sample volume by laser
irradiation) was used by P.B. Oliete and colleagues to measure
the selective emission without contamination from radiation
from other sources, as the nearby materials were much
cooler (at room temperature). Selective thermal emission
has been measured in Al,03—RE;O3 (RE=rare earth) [96,97],
Al,03—RE;03—Zr0O; [98], MgO—MgSZ:TM (TM =transition
metal) [87] or MgO—MgAl,04:TM (in preparation). Several
interesting results were found: rare earth containing eutectics
show much more selective emission than transition metal
ion doped ones, matching the sharp RE3* absorption bands
which show small broadening and shifting with temperature;
the selectivity is sharper for RE concentrations far below 100%
in the eutectic; ZrO; in the Al,03—RE;03—ZrO; or MgO—ZrO,
eutectics introduces a broad emission band which makes the
composite a worse candidate when compared with a eutectic
without the defective ZrO, phase; and the selectivity of TM
doped eutectics degrades strongly for very moderate TM ion
concentrations.

Selective laser melting

In the preceding section we have reported on a number of
materials that were solidified by the LFZ method. Eutec-
tics with coupled growth at relatively fast solidification rates
(small-sized microstructure) require the LFZ technique to be
solidified. In other examples, the solidified material reacts
with the surrounding atmosphere (selective evaporation or
change in oxygen content) so that the phase distribution
across the solidified samples might be specific for the pro-
cedure. Therefore, the knowledge gained by the solidification
of these materials by LFZ is very helpful to find conditions
for other procedures that involve melting. In selective laser

melting a small volume of the material is molten (the melt
pool), adjacent to an unmelted substrate or supporting stage
and travels along the piece to generate a new layer or region
of the material, solidified, adhered to the substrate. The pro-
cedure can proceed by melting new layers on the material
already processed (with new powder addition), or be used to
melt selectively specific areas of the surface for sealing or
texturing (surface laser melting), polishing (decrease rough-
ness), welding, marking (involving melting) or coating. Lasers
are well suited for these selective melting procedures as they
are widely available and are easier to incorporate in indus-
try than other radiations. They can also be focused into small
volumes, down to 30 um with near infrared lasers [99] allo-
wing processing resolution. As such, selective laser melting is
one specific technique of additive manufacturing (AM) [100],
which is well established in the processing of polymers or
metals, but not yet for ceramic processing. Many reviews can
be found in the literature [101-104], updating the state-of-the
art of additive manufacturing by selective laser processing at
each moment, since its invention in the late 1980s. Today, it is
a very active field in industrial development, deployment and
research activity, based on the potentialities to achieve final
processed parts in one (or very few) steps, customized and
with low raw material and energy consumption. Moreover, it
can afford the processing of complex shaped pieces not pos-
sible by other procedures. The overall procedure of selective
laser sintering/melting encompasses a computer controlled
laser beam that deposits localized energy at precise locations
and rates on a plane, and a procedure to add new material to
the processing area. Techniques differ mainly in the way to
add new material to the previous layer, and the process that
takes place in the matter as a consequence of its interaction
with the laser beam. The directed radiation (the laser beam)
can heat to promote sintering (with or without partial melting,
as in selective laser sintering, SLS), directly melt the material
(as in selective laser melting, SLM, directed energy deposi-
tion, DED, or laser engineering net shaping, LENS) or generate
consolidation by other processes such as polymerization of a
photoresin (as in stereolithography).

Surface laser melting of an already consolidated object is
easier than additive manufacturing by laser melting since
there is no need to renew the material to process and the
balling risk of added loose powder particles is eliminated.
However, both involve melting and solidification processes
and fast temperature variations. The surface laser melting of
ceramics, in essence equivalent to Zone Melting, is sketched
in Fig. 4. The material to treat is located on the processing
stage in the processing area, where the laser beam is scan-
ned. Preheating the sample is often needed, and this can be
done by locating the processing area inside a furnace [105]
(with access windows for the processing laser, visualization
and thermal cameras), a hot plate [106] or heating by anot-
her means [107,108]. Protective gases are fed to the processing
area. CO; (A =10.6 pm) or NIR lasers (high power diode, Nd:YAG
o0 Nd:YVOs3 at A=1.07 pm) are commonly used, either CW or
pulsed with long pulse duration. The laser beam will scan the
sample surface describing an established pattern at a defi-
ned scan rate and hatch space (distance between consecutive
lines). A melt pool will be formed, which will travel on the
sample surface with the laser beam, generating a resolidified
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scanned laser beam

Fig. 4 - Sketch of the surface laser melting procedure as used presently at our laboratory. In the example the laser energy is
scanned on the sample, equivalently to a line of uniform intensity along the Y direction, and travels at a predefined traverse
speed along the X direction. The concept is similar to other surface laser melting equipment, as referred to in the text.

layer. In the case of a linearly scanned laser beam (as in the
figure along the Y direction) the movement in the other direc-
tion (X) can also be provided by an independent translation
table. The laser-line can be shaped with optical means, pro-
moted by laser construction (e.g. linear diode stacks) or be an
effective one produced by scanning a static line repetitively on
the surface with the rate appropriate to the thermal properties
of the material to be processed. In this case, the solidification
direction will be contained in the XZ plane all along the pro-
cessing, and the solidification rate will be determined by the
traverse speed of the translation table.

To process white ceramics (such as Al,O3 or ZrO,), which
are poor absorbers of the NIR radiation at RT, absorption
enhancing additives have been sometimes added. Ester et al.
added Mn or Co oxides to Al,03 based eutectic ceramics [109],
and L. Ferrage et al. mixed carbonaceous slurries with the cera-
mic oxide [110]. The parameters that define the processing
are laser power, beam size, laser scan rate (exposure time and
point distance) and hatch space or table traverse velocity when
itis the case [99]. The optimum scanning rate is a compromise
of productivity, control of microcracking and desired micros-
tructure (texture and phase size). Fast solidification rates of
eutectic composites, as the ones used by H. Huang [111] and
D. Wu [112] in LENS of ZrO,—Y,03—Al,03 composites produce
colony microstructrures with submicrometer interspacings,
and the repetitive layering causes a banded microstructure.

The brittleness of ceramics has been one main drawback to
develop AM or surface treatment procedures with direct mel-
ting, and the need to add non-localized heat to prevent cracks
was recognized and tested. Wilkes and colleagues [113,114]
designed and patented an apparatus that added a homoge-
nized defocused CO; laser beam that heated the processing
area up to 1600 °C, and included also preheating of the powder
reservoir. Moreover, they processed a eutectic mixture of ZrO,
and Al,03 which is tougher than either Al,03 or zirconia. This

allowed them to consolidate complex shapes of Al,03—ZrO,
ceramics by additive manufacturing SLS/M. Previously, resear-
chers of surface laser melting processes in ceramics had
also added preheating in a furnace [115], proven that eutec-
tic Al,03—ZrO; ceramics were suitable composites for laser
surface melting [116], and tested other ways of preheating dif-
ferent ceramics. FH. Stott and colleagues combined a flame or
another laser to assist the laser processing [107,108]. Others
used specifically built furnaces to preheat the ceramics [105].
In particular, for ZrO,(3molY,03)—Al,03 40 x 40 mm? surface
areas were successfully resolidified free from cracks at tra-
velling rates of 1000 mm/h and with 1200°C preheating in a
continuous furnace [117].

In Fig. 5 we give the temperature profile measured by
thermal imaging at 632 nm the surface-melting (steady state)
of a piece of ZrO, (3mol%Y,03)—Al,03 eutectic. Sintered
pellets preheated at 980°C were processed with a line-
shaped high power diode laser (A=922nm) [118]. From these
measurements, the thermal gradient before and behind the
melt pool are determined. The gradient at the solidifying
solid-liquid interface diminishes as the solidification rate
increases because traverse speed and thermal transport
towards the cooler parts of the material compete. It ranged
from 3 x 10° K/m at a traverse speed of 2880 mm/h to an extra-
polated value of 7.5 x 10° K/mm at very low traverse speeds
[119]. These are solidification gradients similar to the ones
measured in LFZ solidification. From these values, the hea-
ting and cooling rates are determined for the different traverse
speeds. As seen in the figure, the cooling rate tends to saturate
as the traverse speed increases.

Most of the research on selective laser melting of ceramics
for AM has been done with ceramic biomaterials or structural
materials. There are very few works in the literature devoted
to selective laser sintering/melting applied to materials for
energy. Zirconia is an exception given its broad range of
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Fig. 5 - Left: temperature map of a ZrO, (3 mol%Y,03)-Al,03 eutectic plate (7.5 mm wide) at processing with a laser line,
1mm wide, linear power P =105 W/cm, traverse speed = 1440 mm/h, preheating =980 °C, which gives a 510 pm depth
remelted layer. Positive Y values are pristine non melted areas, negative Y values are processed areas. The contour line
between yellow (the brighter band in gray scale) and orange corresponds to the melting temperature of the material. Right:
Maximum heating and cooling rates of the solid at the surface at different traverse speeds, adapted from [118].

applications, also as bioceramic or structural ceramic. In the
field of conventional lithium batteries with liquid electrolyte,
selective laser sintering techniques have been used to obtain
cathodes with 3D structures with increased power density.
Manufacturing electrodes with high energy and power densi-
ties simultaneously is challenging as their requirements are
in competition. To increase the energy density, it is necessary
to resort to thick electrodes that increase the mass per unit
volume. In contrast, high volumetric power densities require
large surface area electrodes to allow high speed capability.
The 3D structuring of the electrode offers a balance between
both requirements. Thus, SLS has been used with nickel
cobalt and aluminium oxide cathodes LiNigggC0g.15Alp.0502
in which the laser beam selectively consolidates regions
of a powder bed of the material layer by layer until the
three-dimensional structure is built [120]. Laser technology
has also been used to carry out electrode crystallization,
especially in micro-battery architectures with thin cathodes.
Conventional anneals at high temperatures and long times
restrict the choice of materials for current collectors and
substrates, in addition to causing the loss of lithium in the
cathode material. The use of lasers then allows one to carry
out processes where the high temperature is restricted to
local areas and short times. This technique has been used to
carry out, among others, surface anneals of LiMn, 04 cathodes
to control cubic spinel crystallization, a process that is very
sensitive to both synthesis temperatures and the Li/Mn ratio
[121]. Regarding the new generation of solid-state batteries,
recent studies explore the ability of laser technology to sinter
ionic conductors that act as electrolytes [122].

Selective laser processing for SOCs

There have been several trials to process zirconia by selec-
tive laser processing, and difficulties have been encountered
in selective laser sintering or melting procedures. Ferrage [123]
reports consolidated parts with simple geometry with up to
96% density, consisting of textured material. Verga [124] shows

complex shaped parts made out of alumina toughened zirco-
nia with mm size features and moderate fracture strengths.
These methods seem promising to manufacture scaffolds
and structured patterns, useful for example to support SOC
structures or electrodes. For fully dense, thin layers of YSZ,
successful results have been obtained by stereolithography.
For example, Pesce et al. [125] used a commercial ceramic
3D printer equipped with a UV semiconductor laser (around
0.5 W) to selectively cure a ceramic loaded slurry that contai-
ned photocurable resin. The layering step was 25 um, a good
enough resolution to print high aspect ratio corrugated YSZ
electrolyte, with the associated decrease in ASR of the SOFC
cells. The process, though, requires long post-processing steps
to eliminate the organic content and sinter without defects.
Ruiz-Morales et al. [126] review the AM procedures used for
the manufacture of SOC devices. Up to date the most success-
ful trials to get dense YSZ layers have been stereolithography
or ink-jet printing on cermet substrates.

Composites withstand better the large thermal stresses
inherent to selective laser melting. As NiO-stabilized ZrO,
composites with the eutectic composition are appropriate for
fuel electrodes in SOFCs or other catalytic processes, they
have been processed by surface laser melting and explored
as electrodes in those cells. NIR or FIR wavelength lasers are
equally well suited to the processing of this material, as NiO
absorbs effectively enough the NIR radiation. As observed for
the Al,03 based eutectics [116,127], the thick (several 100 pm)
solidified layer possesses a graded microstructural size and
alignment, following the shape of the solid-liquid boundary
(melt pool), with finer interspacing at the external surface (see
Fig. 6). These features respond to the thermal transport (hea-
ting and dissipation) processes, which include absorption of
thelaserlight at the outermost layer hit by the laser beam, heat
transport in the melt aided by convection currents and heat
dissipation by radiation and thermal conduction towards the
solid substrate. At low traverse speeds, also the composition
of the resolidified layer is graded [128], as a result of composi-
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Fig. 6 — (a) SEM image of a cross section in the longitudinal direction of a CaSZ-NiO laser surface melted piece. The
superposed line indicates the approximate shape of the solid-liquid interface (solidification front), which determines the
alignment of the microstructure [127]; (b) SEM image of a cross section in the transverse direction of a hypo-eutectic
YSZ-NiO composite processed with traverse speed of 60 mm/h [128]; (c) diagram showing the surface laser melting
procedure used to generate the layer shown in d [130]; (d) (transverse cross section) of a laser-processed tube, after
thermochemical reduction and acid etching to remove metallic Ni.

tion gradients and the convection currents built-in in the melt.
These surface laser processed plates have been coated with
dense YSZ layers produced by vapour phase deposition [129]
and then thermochemically reduced. The result is a porous
cermet (Ni-YSZ)/dense-YSZ arrangement that mimics anode
supported SOFCs. Surface laser melting has also been applied
to porous NiO-YSZ microtubes [130]. The procedure is shown
in Fig. 6. These authors achieved a 25 pm thick remelted layer
on the outer surface of the microtubes with lamellar interp-
hase spacing around 200 nm and radial alignment. Under the
fast solidification and rotation conditions imposed, the coo-
ling of the melt appeared to be dominated by radiation and
convection. A further attempt to take advantage of this soli-
dified eutectic in SOFC was made by Cubero et al. [131]. They
prepared YSZ pellets coated with a NiO-YSZ slurry, which were
then surface laser melted with traverse speeds between 1 and
10m/s. They could achieve 20 um thick cermet layers with
fine eutectic microstructure. Tested as SOFCs, they measured
lower (around 1/2) polarization resistance than with sintered
coatings. It is difficult to control the melt depth, as this small
volume is determined by a balance between larger magnitu-
des, the laser heating power and the dissipation processes
(radiation, convection and conduction). Careful control of the
process parameters is required.

In spite of the better performance of the textured cermets
and although there are ways to get this texture on differently
shaped substrates, these approaches have not been incorpo-
rated yet into the SOFC manufacture routines. It would require
the optimization of several other steps in the manufacture of
the finished device.

Selective laser melting of other composite ceramics

The thermal shock resistance requirement of suitable selec-
tive emitters for thermophovoltaics that prompted the study
of emissive properties of solidified eutectics in the systems
Al,03—RE;03 (RE=rare earth), makes them suitable for the
additive manufacture processes based on selective laser mel-
ting, in the same way as it was recently done with Al,03—YAG
or Al,03—YAG—YSZ composites by Z. Fan [132,111]. Oliete et al.
[133] surface melted a previously dip-coated and sintered
Al,03—ME3Al;017 (ME=Er or Yb) coating on a 3mm diame-
ter Al,O3 rod (see Fig. 7b), with a similar set-up as the one
employed to texture the tubes described in the previous para-
graph, and studied its thermal emission. No preheating was
used in this case. The coating was around 125 um thick once
remelted and was well adhered to the Al,03 rod (Fig. 7c and d).
The surfaces of Al;03—Er;AlsO; composite pellets have also
been laser melted at different traverse speeds, with and wit-
hout eutectic compositions, in the frame of an investigation of
the emissivity vs. microstructure and layer thickness (Fig. 7a).
As the toughness of these composites (Al,03—ME3Al5017) is
smaller than the one of Al;03—ZrO,(Y,03) composites, a hig-
her preheating temperature had to be used, 1300°C, for up to
2 cm wide crack-free coated plate.

High preheating temperatures are also required to use sur-
face laser melting with MgSZ—MgO eutectic mixtures. Using
1350°C (preheating temperature), a CO, laser beam scanned
with a linear power density =76 W/cm and traverse speeds of
50-150 mm/h, layers around 0.5 mm thick have been solidified
on 10mm x 20mm x 2mm previously sintered plates. Fig. 8
shows a piece of the plate. The microstructure of the treated
area is given in the micrograph (same Fig. 8). Apart from slight
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Fig. 7 - Al,03—Er;Als0;, surface laser melted samples. (a) plate; (b) coating on 3 mm diameter Al,03; dense ceramic rod; (c)
SEM micrograph of coating shown on b; (d) detail of the coating-Al,03 interface. (c) and (d) from Oliete et al. [132,133].

Fig. 8 - Left: Piece of ZrO,—MgO pellet with the laser melted surface (thick sample), with rounded edges. The brownish tinge
is an optical effect of the sample microstructure. The thinner slice is the cut and polished solidified layer after acid etching.
Right: SEM micrograph of one MgO—ZrO, surface melted eutectic sample after polishing the upper surface. The bright phase
is MgSZ, the darker one is MgO. Note that the image shown corresponds to a plane parallel to the larger plate surface, at a

distance (some tens of microns) from the upper surface.

banding, it is consistent with the MgO-fibre in MgSZ matrix
microstructure that forms in directionally solidified samples.
After acid etching to eliminate MgO, using the same procedure
as in [88], the weight loss suggests that all the MgO was eli-
minated, an indication that also in this case the MgO phase is
connected to the outer surface of the material, and so will be
the porosity after etching. Laser surface melting allows pro-
ducing several cm? of porous YSZ plate material with around
30vol% pore size in the micron range. Submicron size porosity
was also found by Campana et al. [130] on acid treated Ni-YSZ
tube cermets with the surface textured by laser melting. Furt-
her studies on the pore distribution and performance of these
structures as CO, membranes are under way.

Laser machining and structuring

Traditional surface machining of ceramics includes techni-
ques such as grinding or polishing. However, using these

techniques, ceramics are extremely difficult to machine into
complex shapes with high accuracy and efficiency due to their
hardness and brittleness. On the contrary, laser ablation is
nowadays a convenient alternative. A laser beam is highly
directional, coherent and monochromatic, delivering extre-
mely high energy in a small area (down to the order of ~1 pm?3
with appropriate focusing), that may produce locally very high
temperatures (>20,000K) [134,135]. Pulsed lasers deliver tre-
mendous amounts of light power densities in a very short
interaction time (down to femtoseconds). In addition, as the
interaction area is very small, the high rates of heating and
cooling, practically not possible to attain by conventional tech-
niques, can achieve higher material removal rates in almost
any type of engineering material.

In fact, the use of lasers for machining different advanced
structural ceramics (mainly Al,O3 or ZrO,) has been demons-
trated using various types of laser (Nd:YAG, CO,, and excimer)
in both continuous or pulse mode [136,137]. For the efficient
machining of structural ceramics, pulse modes are in general
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preferred as higher temperatures are achieved, typically above
the vaporization temperature, resulting in higher material
removal rates mainly by evaporation but also by melt expul-
sion and dissociation. In any case, achieving higher material
removal along with a desired surface finish is a critical issue
to be studied and optimized in each case. Key parameters are
wavelength, power density and pulse duration of laser beam
and optical, thermal and mechanical properties of the mate-
rial to be machined. Diffraction bounds the size of the laser
beam to several microns wide. Overall, diffraction, thermal dif-
fusivity and beam dispersion limit practical laser processing
spatial resolution to more than 25 pm even for the shortest
laser wavelength available. Nevertheless, direct laser interfe-
rence patterning (DLIP) has been used to produce micron size
periodic patterns on polymers and ceramics [138], as for exam-
ple on hydroxyapatite materials. In this procedure, the laser
provides a fundamental wavelength of 1064 nm (Nd:YAG). An
applied wavelength of 355nm (or 266 nm) was obtained by
third (or fourth) harmonic generation and the laser beam was
then split into two coherent laser beams, which interfered
on the substrate surface. The interference process produces
micropatterns with periodical distances of about 10 pm [139].
This is at present the finest machining available in direct laser
processing. Generally speaking, these processes include laser
drilling, laser cutting, and laser grooving, marking or scri-
bing.

Laser machining of ceramics is recently attracting great
interest in energy related technologies that generate or con-
vert energy more efficiently, such as solar cells, fuel cells,
electrolysers, batteries or membranes. All these applications
face similar challenges - higher efficiencies, lower costs,
increased energy density and greater durability. This tech-
nology is being used widely for developing advanced solar
cells. For example, cells with efficiencies as high as 21.4%
have been fabricated by laser ablation. A Nd:YVO, laser was
used to locally ablate a rear surface SiO, thermal passivation
layer over the boron- and phosphorus-diffused regions before
applying the inter-digitized finger metallization in an Emitter
Wrap Through (EWT) solar cell [140]. In addition, lasers have
also been used to drill arrays of small holes through wafers in
the fabrication of Metal Wrap Through (MWT) and EWT back
contact solar cells.

Laser drilling

The laser drilling technique has been efficiently used in
metals and polymers [141,142], and in recent years has been
largely implemented for drilling ceramics. Several exam-
ples can be found in electrochemical energy devices. Holes
were successfully produced using ultrashort laser pulses
of 20m]J and 40fs (femtoseconds) in a Fe—22Cr mesh dip-
ped into LaNipC00403-5s (LNC), LaNipeFeg403_s (LNF) and
(Lap.gSro.2)o.95Fen.sMng 3C0g 103 (LSFMC) slurries to form alter-
native contact composites for SOFC, without influencing the
system performance [143]. Different laser systems were used
for drilling holes and also for sintering AFC (alkaline fuel
cell) components, mainly metals and polymers [144]. Mem-
brane patterning using pulsed laser micromachining was also
proposed for enhancing PEMFC performance. An increase
in performance by a factor of 3.6 was demonstrated with

very low catalyst loadings [145]. A Nd-YAG laser (pulse width
in the nanosecond range) was also used for drilling holes
with 20-32 um effective diameters in brass sheets leading
to porous supports with 1.6 and 18% porosity. The inhe-
rent properties of brass as a metal support together with
its chemical compatibility with ZIF-8 (an imidazolate-based
metal-organic framework compound) and its activation by
the laser treatment (generation of roughness and ZnO from
Zn oxidation) promoted the nucleation and crystal growth of
different micro-membranes, producing a high quality, conti-
nuous membrane with gas transport through the micropores
[146]. Laser texturing has proven to be a very useful tool to
increase the performance of lithium ion batteries (LIBs), for
example by modifying (perforating, etc.) the current collec-
tors [147] or the selective ablation of the composite materials
used as electrodes [148]. One of the main causes of decrease
in the battery potential with respect to the theoretical one
are the diffusion overpotentials in the electrodes soaked in
liquid electrolyte due to the limited diffusion of Li in mate-
rials with low porosity and high tortuosity, which generates
concentration gradients of the lithium saltin the liquid. These
gradients are even more pronounced in high-power batteries
with high electric currents. This is where appropriate structu-
ring of the electrodes comes into play, having obtained very
promising results both in the cathode compounds and in
the graphite normally used as anode in said batteries [149].
Regarding anode materials in LIBs, SnO, has interesting elec-
trochemical properties that are shadowed by the enormous
volume changes that occur during cycling, causing micros-
tructural instabilities and loss of capacity. In this case, laser
ablation makes it possible to create structure patterns in the
electrode that allow compensation for said volume expansion
[150]. Also within anode materials, microchannel perforations
improve the response of electrodes based on 2D materials such
as graphene [151]. All these examples show the efficiency of
laser drilling for different materials. However, its implemen-
tation for drilling ceramics with high accuracy and efficiency
still has challenges.

In recent years, we have successfully implemented this
technology to drill Ni-YSZ cermets, the state of the art
SOFC anode material. Ni-YSZ anodes were machined to pro-
duce micron-size channels to improve gas permeation, thus
reducing concentration polarization of SOFCs. Usually, advan-
ced ceramics are commonly machined once sintered, which
results in low efficient machining processes due to both the
high hardness and brittleness of the ceramic samples [152].
In addition, depending on the features of the laser beam,
heat transfer to surrounding areas takes place during the
laser-ceramic interaction, resulting in a heat affected zone,
HAZ, resolidified material on the surface and even the forma-
tion of microcracks. These shortcomings are usually tackled
by decreasing the pulse duration to the pico- or femtose-
cond regime or by machining with laser wavelengths in the
UV spectral range [2]. Nevertheless, a novel and highly effi-
cient approach was found by machining the ceramic anode
compacts before sintering [153,154]. Whilst laser ablation
mechanisms in the sintered ceramic were due to both optical
and thermal processes, in the green compact, an additional
mechanical ablation mechanism was also involved. The pul-
sed laser radiation at 1064nm in the nanosecond range was
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Fig. 9 — Micrographs of drillings performed in the NiO-YSZ compact substrate (a), and reduced Ni-YSZ cermet substrate (b)
[153]. Cross-section micrograph of a general view of the drills performed in a 450 pm thick NiO-YSZ compact before

sintering (c) [154].

absorbed by the organic material present in the compact,
pyrolyzing it and giving rise to a gas jet which dragged the
surrounding material. In addition, the material was removed
without significant heating of the adjacent areas, leading to
a cold ablation mechanism. As an example, Fig. 9(a) and (b)
shows the resulting drilled holes respectively in the compact
and in the cermet (sintered and thermochemically reduced
material). In addition to the higher efficiency achieved by
machining the compact before sintering, other adverse effects
are avoided, such as the great amount of redeposited metallic
debris inside the drilled hole and in the surroundings of the
processed areas when drilling the cermet.

The drilling performance rate was found to be more than
16 times larger in the unsintered compact than in the sintered
ceramic [153,154]. Further optimization of the drilling process
showed that the most suitable YSZ/NiO ratio was 30/70 in vol%
and that the highest yield, around 90,000 um? per pulse, was
found at a laser irradiance of 6.9 GW/cm?2. Furthermore, the
diameter of the drilled hole remained essentially constant at
around 10 pm, as shown in Fig. 9(c), in a 450 pm-thick NiO-YSZ
anode substrate.

Laser drilling produces precise drilled holes in ceramics
as well as single crystals. For this reason, the procedure was
chosen to prepare perforated ceramic specimens to study the
fundamentals of CO, permeation of oxide-molten carbonate
membranes [155]. Perforated pores in single crystals have allo-
wed to optically monitor the gas-liquid interface and to extract
CO;, permeation rates at very low driving forces. The techni-
que was also used to fabricate a leak-free tubular-supported
molten-salt membrane with 1000 parallel laser-drilled pores
that made possible the measurement of CO; permeation rates
without issues related to the sealing procedure.

Laser machining

In addition to concentration polarization reduction, pulse
laser machining has been also used to reduce the ohmic losses
in SOFCs [156]. For this application, yttria-stabilized zirconia
(YSZ) is the most used electrolyte in Solid Oxide Fuel Cells
because of its remarkable mechanical properties, chemical
stability, and developed synthesis and manufacture techno-
logy. Furthermore, electrolyte-supported SOFCs are preferred
in terms of robustness and resistance to thermal and redox
cycles of the cell [157]. Taking into account that the ideal
situation would be the fabrication of electrolytes thinner
than 20-50 pm, but still presenting good mechanical proper-
ties, a novel laser-assisted method to produce self-supported
thin ionic conducing membranes was developed [156,158]. For
example, honeycomb patterns were machined in 150 pm-thick
YSZ plates by using a pulsed laser source with emission at
532nm and pulse duration in the nanosecond range. Laser
machining parameters were optimized to achieve removal
rates of 0.2mm?3/s and 1785um? per pulse, typical values
for this type of sintered advanced ceramics [159,160]. Fig. 10
shows the micrograph of the fracture cross-section view of the
machined plate (a) and a detail of the bottom (b).

Impedance spectroscopy characterization showed that the
Area Specific Resistance (ASR) of the laser-machined plates
was decreased by a factor of 2.8 compared to the non-
machined electrolyte. The performance of the laser-machined
electrolytes was also tested by preparing a single cell using
Ni-YSZ and LSM-YSZ as electrodes. It was observed that the
ASR . of the machined sample was smaller than for the
case of the blank sample. Moreover, the cell power densi-
ties at 750°C and 0.7V increased by a factor of more than
50% [156]. Finally, it was confirmed that a thin layer of 8YSZ
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Fig. 11 - (a) EIS analysis of the unprocessed and patterned symmetrical cells after engraving a square lattice (a =28 pm,
depth ~7 pm) at 700 °C (top) and 900 °C (bottom). (b) SEM plan-view image of the YSZ surface of a laser-machined hexagonal

arrangement (a =24 pm, depth ~22 pm).

nanoparticles coats the processed surface, and that this layer
is not detrimental to the electrochemical performance of the
membranes. On the contrary, EIS experiments showed that
the polarization resistance of LSM/YSZ cathodes deposited on
the membranes actually decreases by about 5%, in comparison
with unprocessed YSZ samples [158].

Laser structuring

Once the value of the electrolytic ohmic impedance has been
reduced, mostly using thin film electrolytes in electrode-
supported configurations, the main contribution to cell losses
is the activation polarization of the cathode, as the anode kine-
tics for H, oxidation is much faster than cathode kinetics for
O, reduction [161]. One of the main concepts to reduce the
activation polarization is to increase the electrode-electrolyte
contact surface in order to enhance the reaction rate by
means of a larger Triple Phase Boundary (TPB) length [162].
The first suggestion in this direction was probably introdu-
ced by Herbstritt et al., depositing by screen-printing large
YSZ (YSZ: Zr1_xYxOy_;) particles onto the electrolyte surface
[163]. Afterwards, other strategies have been proposed, such
as to impregnate the cathode with nanoparticles near the

interface [164,165] or to develop different types of templates
at the nanoscale with significant electrode—-electrolyte area
enlargement [166,167]. Nevertheless, nanotechnology-based
strategies usually present durability concerns associated to
coarsening of nano-assemblies and the high operation tem-
perature [168,169]. Methods based on ceramic technology,
as the first one proposed by Herbstritt et al., seem more
appropriate for large-scale applications. For instance, atmosp-
heric plasma spraying [170], imprinted micro-patterns [171]
and, more recently, microextrusion printing [172] have been
proposed to increase the surface roughness of the elec-
trolyte.

In recent years, we have addressed an innovative approach
to enlarge the electrode-electrolyte contact area incorpora-
ting a new laser-machining step to the cell fabrication, but
basically maintaining the most successful ceramic compo-
nents and methods already tested in SOFC. We engrave a
periodic pattern in the mesoscale range (10-100 wm) onto the
electrolyte or electrode surface by laser ablation. The pattern
design is defined through a Computer Assisted Design (CAD)
file that controls the laser beam, usually in the green wave-
length region (» =532 nm) and with a pulse width of 5ns. Laser
machining or structuring does not involve a significant extra
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cost in the cell fabrication. In addition, laser machining is
able to produce repeatable periodic microstructures that are
very convenient for comparing the experimental results with
model calculations obtained under periodic boundary condi-
tions.

In the first tests carried out based on this approach, as a
proof of concept [173], we engraved onto a sintered YSZ elec-
trolyte a micro-pattern consisting in a square lattice of ~7 um
deep wells and lattice parameter a=28 pm. To obtain good
electrode—electrolyte contact after sintering and avoid debin-
ding in the bottom of the well, it was necessary to assist the
sintering with low loads of about 5kPa. The low load used did
not modify the electrode microstructure. The electrochemical
characterization of laser surface modified LSM-YSZ/YSZ/LSM-
YSZ (LSM: La;_xSrxMnOs) symmetrical cells demonstrated
that the polarization resistance decreased by about 30% with
respect to the unprocessed surfaces, which roughly matched
the electrode-electrolyte contact area enlargement calculated
from optical profilometry. In addition, EIS analysis confirmed
that the polarization reduction obtained could be ascribed to
activation processes (Fig. 11a).

In a second and more ambitious test, we succeeded in
preparing surfaces with a hexagonal arrangement of ~22 um
deep wells and lattice parameters a=24 pm (Fig. 11b), resul-
ting in surface enlargement factors about 2.4 [174]. However,
this radical geometry, accessible with this technology, pre-
sents two main drawbacks. On the one hand, the thickness
of the active region, where the electrochemical reactions take
place, is about 10-15 um [175], which is of the same order of
magnitude as the depth and lattice parameter of the patter-
ned surfaces. As a consequence, the real increase in exchange
current density would be related to the increase in the active
volume region adjacent to the electrolyte, but not to the
increase in geometrical contact surface. Therefore, it was
determined that the increase in exchange current density for
the above-mentioned surface should be ~40-80%, which is
still a significant figure. On the other hand, we have veri-
fied that the conventional ceramic suspensions commonly
used for cathode deposition onto flat surfaces are not sui-
table for highly corrugated surfaces. Therefore, new ceramic
formulations with increasing solids loadings and appropriate
viscosity were prepared. The best results were obtained using
an ethanol-based formulation with 20 wt% solids loading and
a viscosity of 21 mPas at a shear rate of 10s~!. Under these
conditions we obtained a reduction by ~50% of the activa-
tion component of the polarization resistance, which matches
pretty well with the increase in the interfacial active volume.
However, the gas diffusion component increased significantly
due to excessive cathode densification. Appropriate electrode
gas diffusion was restored using a suspension formulation
with lower solids loading and higher viscosity, but the acti-
vation component decrease obtained in this manner is lower
than expected, probably because of the excessive cathode
porosity inside the wells [174]. Therefore, we are currently
working in machining shallower wells and using optimized
ceramic suspensions for depositing the cathode on this kind of
surfaces [176]. As aresult, laser machining has been confirmed
as a powerful and versatile tool for modifying the microstruc-
ture of the electrode-electrolyte contact surface, improving
the electrochemical cell performance.

Conclusions

Lasers in the processing of ceramic materials are used in many
different procedures. Some are already at the industrial level,
others still under research or development. From the review
of these technologies as used to process ceramic oxides for
two particular energy applications: electrochemical cells and
selective emitters for thermophotovoltaics, one can conclude
the following.

LFZ can be used to grow from the melt some of the oxide
materials providing samples for research of their fundamental
properties. It is particularly well suited for the solidification of
high temperature melting oxide eutectics with a broad range
of interface spacing and homogeneous (coupled) microstruc-
ture. LFZ experiments also provide knowledge about the
feasibility and conditions for melt processing.

Selective laser sintering/melting has not yet been explo-
red to process oxides for SOFCs or batteries. The technique
is still focused in other fields of ceramic processing such as
composite oxide ceramics and bioceramics, at the research
level. The much simpler related process of surface laser mel-
ting has been explored with eutectic composite materials with
functional properties and microstructural characteristics ade-
quate to high temperature electrochemical devices (SOFCs or
molten carbonate membranes). Successful plates and coatings
of a few cm? size were demonstrated and their functional
performance could already be tested in some cases. The pro-
cedure can now be judged as scalable. Composite oxides with
excellent mechanical properties such as Al,O3; based eutec-
tics, or particularly the selective emitters Al,O3—ME3Als01,
(ME =rare earth oxide) have also been successfully applied as
coatings by surface laser melting on plates or tubes. Advances
on laser melting additive manufacturing techniques of these
composites are also being made.

The subtractive processing of materials with laser (drilling,
machining or structuring) has also proven applicability in the
field. Efficient hole drilling was demonstrated for Ni-YSZ cer-
met fuel-electrode materials. Machining and structuring of the
YSZ electrolyte impact positively in the performance of SOFC
and SOEC devices. The incorporation of some of these proces-
ses in the manufacture has to compete with very advanced
device ceramic processing procedures that tend to be more
cost effective in large scale manufacture. However, significant
increase in performance or durability of the device will be
the motivation to develop the whole manufacturing process
incorporating laser processing.
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