
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 7 ) 1e1 0
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Characterization of laser-processed thin ceramic
membranes for electrolyte-supported solid oxide
fuel cells
J.A. Cebollero, R. Lahoz, M.A. Laguna-Bercero, J.I. Pe~na, A. Larrea*,
V.M. Orera

Instituto de Ciencia de Materiales de Arag�on, U. Zaragoza-CSIC, C/ Marı́a de Luna 3, E-50.018 Zaragoza, Spain
a r t i c l e i n f o

Article history:

Received 14 October 2016

Received in revised form

20 December 2016

Accepted 22 December 2016

Available online xxx

Keywords:

SOFC

Solid electrolytes

Laser machining

Self-supporting ceramic membranes
* Corresponding author.
E-mail address: alarrea@unizar.es (A. Lar

http://dx.doi.org/10.1016/j.ijhydene.2016.12.1
0360-3199/© 2017 Hydrogen Energy Publicati

Please cite this article in press as: Ceboller
supported solid oxide fuel cells, Internation
a b s t r a c t

By laser machining we have prepared thin and self-supported yttria stabilized zirconia

(YSZ) electrolytes that can be used in electrolyte-supported solid oxide fuel cells for

reducing the operation temperature. The membranes, which are supported by thicker

areas of the same material, have an active area of ~20 mm in thickness and up to 8 mm in

diameter. Buckling limits the maximum size of the thin areas to below 1 mm, the overall

effective active area being formed by multiple thin areas bounded by ribs. Electron Back-

scattering Diffraction experiments determined that there are not significant strains inside

the membranes and that the heat-affected zone is confined to a shallow layer of ~1e2 mm.

The bending strength of the membranes decreases by ~26% as a result of the surface

microcracking produced by the laser machining. The membranes have a roughness of

~2.5 mm and are coated by a layer of nanoparticles produced by the laser ablation. This

coating and small roughness is not detrimental for the cathodic polarization of the cells.

Conversely, the cathode polarization resistance decreases ~5% in the 650e850 �C temper-

ature range.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solid oxide fuel cells (SOFC) can transformhydrogen intowork

with high efficiency and no emission of contaminants or

sound [1]. Moreover, the heat generated inside the cell can be

used for fuel reforming, allowing SOFC devices to also use

hydrocarbons as fuel. Thus, they can take advantage of the

current natural gas distribution network. In addition they are

very suitable for portable applications, because they can use

commercially available liquid fuels. The commercialization of
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small portable units for mobile electronic devices based on

microtubular SOFC technology [2] is about to begin [3].

The electrolyte of the SOFC is an ionic conducting mem-

brane, the standard material being the yttria-stabilized zir-

conium oxide (YSZ). YSZ is a pure oxygen ion conductor that

presents good conductivity values at temperatures above

800 �C [4], as well as good mechanical and thermal stability.

However, material demand for SOFC components is quite

stringent due to the high operation temperature. Thus,

lowering the operation temperature improves the long-term

stability of the cell and permits the reduction in price of the
evier Ltd. All rights reserved.

ion of laser-processed thin ceramic membranes for electrolyte-
ergy (2017), http://dx.doi.org/10.1016/j.ijhydene.2016.12.112

mailto:alarrea@unizar.es
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2016.12.112
http://dx.doi.org/10.1016/j.ijhydene.2016.12.112
http://dx.doi.org/10.1016/j.ijhydene.2016.12.112


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e1 02
stack by allowing the use of cheaper materials for the rest of

the cell components. Accordingly, thin electrolytes are

deposited by different techniques (conventional ceramic

techniques such as dip-coating or spray-painting [2], as well

as Physical Vapor Deposition techniques, for example sput-

tering or Pulsed Laser Deposition [5]) over one of the elec-

trodes, which act as structural support for the cell [6]. Typical

electrolyte thickness is about 10e30 mm, while the anode is

usually a porous Ni-YSZ composite about 300 mm thick,

thicker than the 30 mm of a standard functional electrode.

Nevertheless, the anode-supported configuration, the most

prevalent configuration for Intermediate Temperature SOFC

(IT-SOFC), also has some drawbacks. In addition to gas

transport restriction due to the thickness of the electrode,

anode-supported SOFCs can present redox stability problems

[7]. Re-oxidation of the metal particles in the anode, produced

for instance by failures in the fuel supply, can create me-

chanical damages that will degrade the cell performance and,

eventually, compromise its integrity.

To reduce the problems of redox cycling, the electrolyte-

supported configuration can be chosen because it presents

better mechanical resistance. In this configuration, thin

porous electrodes (30e50 mm) are deposited over a sintered

electrolyte membrane, which acts as mechanical support for

the cell. Thus, gas transport in the electrodes is not a problem.

Moreover, the electrolyte is usually the ceramic layer with the

highest sintering temperature, as it is the only dense and

gastight layer. Hence, the electrodes can be deposited later

and sintered at lower temperatures, favouring the achieve-

ment of the optimum porosity and reducing the reactivity

between the different chemical compounds. The main

disadvantage of this configuration is that it requires high

operation temperature (usually 900e1000 �C for YSZ electro-

lytes) to reduce the ohmic resistance.

Special mention should also be made to the micro-solid

oxide fuel cell (m-SOFC) configuration. These devices use ul-

trathin (~100 nmor less) freestandingmembranes prepared by

microfabrication methods. The goal is to prepare small-scale

SOFC devices working at very low temperatures (~500 �C)
and able to supply energy in the range of mW's. Various sub-

strates have been tested to support the membranes, the sili-

con platform being probably the most successful because it

takes advantage of the huge development in the micro-

fabrication silicon technology. A review containing informa-

tion about the various kinds of substrates used to support the

membranes and the geometries of the cells can be found in

Refs. [8,9]. Several groups have made significant progress in

recent years. For instance a power density higher than 1 W/

cm2 at 500 �C has been reported in cells consisting of nano-

porous Pt electrodes and 100 nm thin YSZ freestanding elec-

trolytes [10]. However, scalability is still one of the greater

challenges for m-SOFC devices. Most of the m-SOFC devices

consist of very small thin electrochemically-active cells sup-

ported by non-active Si pyramids, the active area representing

only about 3% of the total area. Advances in scalability have

been obtained by using metallic grids as mechanical supports

[11]. Another major concern of these devices is their poor

stability due to twomain reasons: the difference in coefficient

of thermal expansion between the substrate and the electro-

lyte, which produces a mechanical degradation of the cell
Please cite this article in press as: Cebollero JA, et al., Characterizat
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with thermal cycles [12] and the inherent microstructural

instability of the nano-porous Pt electrodes [10].

In this paper we explore a distinctive alternative trying to

get the best characteristics of the different configurations we

have mentioned. We used the laser machining technique to

prepare thin self-supporting ionic conducting membranes

that were reinforced by thicker areas of the same materials,

obtaining in this way complete thermo-mechanical integra-

tion [13]. Laser machining is now a widespread technique for

the production of high-quality ceramics at competitive prices

[14]. The membranes can be used for preparing electrolyte-

supported SOFC working at IT. Moreover, the same technol-

ogy can also be applied to other membranes such as catalytic

coatings, sensors and H2-permeable membranes based on

mixed proton-electron conductors (MEPC). These materials

provide a net flux of H2 uniquely driven by the chemical po-

tential gradient across the membrane at moderate tempera-

tures. Ceramic-based MPEC membranes display better

thermal and mechanical stability, long-term durability and

cost effectiveness than polymeric membranes or membranes

based on precious metal alloys [15,16].

In the paper we first analyse the different contribution to

residual stress in an electrolyte-supported SOFC and estimate

the maximum size of the thin membranes with no buckling.

Then we describe the optimization of the laser-machining

procedure and the microstructural and electrochemical

characterization of the membranes. We used confocal optical

profilometry and Scanning Electron Microscopy (SEM) for

determining the thickness and surface finishing of the mem-

branes. Electron Back-Scattering Diffraction technique (EBSD)

was used to investigate the in-depth profile of the residual

strains produced by the laser machining. The mechanical

properties of the samples were tested by three point bending

tests. Transmission Electron Microscopy (TEM), electron

diffraction and Energy Dispersive Spectroscopy (EDS) were

used to characterise the particles ejected during the ablation

process, identifying the different mechanisms of resolidifica-

tion and redeposition on the surface. The electrical perfor-

mance of the membranes was finally tested by

Electrochemical Impedance Spectroscopy (EIS).
Materials and methods

We processed commercial 8YSZ (ZrO2 doped with 8 mol%

Y2O3) plates from Kerafol GmbH. The original plates were

50 � 50 mm2 in size and 150 ± 15 mm thick. The laser used was

a Q-switched diode-pumped laser (Rofin PowerLine S3 SHG)

emitting at 532 nm wavelength (nominal power 2 W, TEM00

beam type, quality factor M2 < 1.2, repetition rate range

15e400 kHz). The laser was equipped with two galvanometric

mirrors to control the beamposition over the sample and scan

its surface. These galvanometric mirrors are, in turn,

computer-controlled through Computer Assisted Design

(CAD) software. This is a low-cost commercial laser currently

used in the photovoltaic industry. The focal distance of the

laser lens was 100 mm and thus the machinable area

60 � 60 mm2. Optical-grade mechanical components were

used to position the laser optics and the sample.
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The size and in-depth profile of the machined areas were

determined with an optical confocal microscope (Nikon Sen-

sofar PLm2300). The microstructure was studied using a field

emission scanning electron microscope (FESEM model Merlin

from Carl Zeiss) and a transmission electronmicroscope (TEM

model 2000FXII from Jeol), both equipped with Energy

Dispersive Spectroscopy (INCA-350 system form Oxford In-

struments). TEM-EDS quantitative analysis was done using

the Cliff-Lorimer method and thin film approximation [17].

The YeZr sensitivity factor was experimentally determined

using 8YSZ powder (Tosoh) as standard. The SEM specimens

were Pt coated to avoid charging.

The EBSD experiments were carried out using an HKL

detection system (Oxford Instruments) installed in the Merlin

FESEM. The EBSD specimens were embedded in epoxy resin

and polished in cross-sections according to a polishing pro-

cedure previously published [18]. The electron probe had 20 kV

energy and 1.6 nA of current. Charge was compensated in-situ

using a gas injection system [19]. Moreover, the observed YSZ-

resin interface was placed in the bottom part of the tilted

specimen (70�), because we realized that this apparently

insignificant experimental detail was critical to avoid

charging. The EBSD patterns were re-analyzed off-line using

level 4 for the AFI parameter, Hough resolution 100, 10

detected bands and 100 reflectors in the crystallographic

phase [20].

Mechanical characterization was performed by three point

bending tests using an Instron 5565 testingmachine equipped

with a 100 N maximum load cell. The bending test jig had

10 mm of support span.

Electrochemical tests were performed using symmetrical

cells composed of a machined (or non-machined for com-

parison) membrane and a standard bilayered LSM/YSZ SOFC

cathode (LSM/YSZ 50/50 vol% as functional layer and 80/20 vol

% as current collector layer) deposited on both surfaces by dip

coating according to the procedure described in Ref. [21]. Pt

paste was added to improve current collection. Samples were

mounted on a button-cell test rig (NorECs Probostat) and the

electrochemical measurements were performed using a

Zahner Zennium workstation. We used sinusoidal signal

amplitude of 20mV over the frequency range of 100 kHz down

to 0.1 Hz, at temperatures between 650 �C and 850 �C.
Mechanical estimations for the membrane design

The mechanical properties of the self-supporting membranes

have to be able to address the requirements for making an

electrolyte-supported SOFC. We need to deposit ~30 mm thick

electrodes over a ~20 mm thick sintered electrolyte. The elec-

trolyte is thus subject to mechanical stress due to electrode

densification during sintering and to the differences in the

Coefficients of Thermal Expansion (CTE) with the electrodes.

Although mechanical behaviour of the laminated structures

found in SOFC cannot always be predicted from the properties

of individual components, in this section we are going to

analyze the different contributions to the stress. Our aim is to

obtain the approximate value of these stresses or, at least,

some boundaries to get the appropriate consequences for the

cell design.
Please cite this article in press as: Cebollero JA, et al., Characterizat
supported solid oxide fuel cells, International Journal of Hydrogen En
Stresses produced by constrained sintering

When the electrode densifies by sintering on the rigid elec-

trolytic membrane, the membrane is placed in biaxial

compressive tension and the electrode densification occurs

only in the vertical direction. Modelization of constrained

sintering is not an easy task, but it is usually described using a

linear viscous deformation model. Although the sintering

compact can be considered as viscoelastic, the elastic

component is rather small, given that the densification strains

are enormous compared to the elastic strains [22]. In this

framework, the sintering-induced stress for a constrained film

is:

ss ¼ Ep$_εf
1� np

(1)

where Ep is the uniaxial viscosity, _εf the unconstrained sin-

tering rate and np the viscous Poisson ratio. However, there is

no reliable data for estimating ss during electrode formation in

SOFC. Atkinson et al. [23] measured the in-plane stress

induced during constrained sintering by a 10e13 mm thick

3YSZ film deposited over a 300 mm thick sintered substrate of

the same material. They found that ss had a maximum value

of approximately 3 MPa at the mid range of the sintering

temperature. They explained this dependence on temperature

by discussing the relative activation energies for the different

available diffusion pathways, as Ep and _εf are both controlled

by the slowest diffusion cation but in opposite senses. They

also indicated that this behaviour is consistent with previous

literature results for constrained sintering of bulk alumina

(maximum stress about 3.6 MPa at 1200 �C [24]) and with the

estimations that can be obtained from the thermodynamic

sintering potential, which is a function of the surface energy

and the pore structure (about 8 MPa assuming that the YSZ

surface energy is ~2 J/m2 and the radius of the pores ~0.5 mm).

Accordingly, we can reasonably presume that compressive

stresses produced by sintering of YSZ-based electrodes (YSZ-

NiO and YSZ-LSM) are below 10 MPa.
Stresses produced by elastic thermal mismatch

Themain source of stress in a SOFC is the difference in CTE of

the cell components when cooling form the sintering tem-

perature and during service cycling. If we consider a bilayer

fabricated at an elevated temperature, T0, and cooled down to

T, the two component materials suffer a CTE mismatch stress

that can be expressed as a function of the mismatch strain εM

[25]:

εM ¼
ZT0

T

ða2 � a1ÞdT (2)

as:

sR1
¼ � εM$E0

1

1þ t1$E01
t2$E02

(3)

sR2
¼ �sR1

t1
t2

(4)
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Here sR1;2
are the stresses over the electrolyte and the

electrode respectively, a1,2 the CTEs of the bilayer components

(a1 < a2), t1,2 their thicknesses and E0 ¼ E/(1 � n), where E and n

are the Young's modulus and Poisson's ratio respectively.

According to equation (3) we have calculated the thermal

stress produced by cooling after sintering the NiO-YSZ cell

anode (t2 ¼ 30 mm) on a t1 ¼ 20 mm thick YSZmembrane. Creep

should not be significant for residual stress relief in YSZ at

temperatures below 1100 �C, according to Atkinson and Selcuk

experiments [26]. Thus, we selected a stress free temperature

of T0 ¼ 1200 �C and used the elastic parameters collected in

Table 1 [27e31]. With this data we obtained a compressive

residual stress in the electrolyte of sR1 ¼ �298 MPa. For LSM-

YSZ composite cathodes we have not found the necessary

data in the literature, but for 33% porosity LSM cathode sin-

tered at 1050 �C over a t1 ¼ 20 mm YSZ membrane we get

sR1 ¼ �53 MPa. Finally, for the normal service cycling of the

cell after reducing theNiO to form the anode, considering aNi-

YSZ/YSZ bilayer at an operating temperature of 800 �C we

obtain sR1 ¼ �144 MPa. Thus, the highest stresses are pro-

duced after sintering the anode and could be up to about

300 MPa. We have to note that in these calculations we have

not taken into account the possible stress relief by extensive

channel cracking, that could significantly reduce the real

stress from the expected thermoelastic stress [31].
Buckling of thin plates

Buckling is a situation of elastic instability that arises when a

slender piece is subjected to compressive stress higher than

certain critical load [32]. In this situation, important non-

linear strains perpendicular to direction of the compressive

stresses are developed. Thus, buckling of ceramic pieces can

easily cause the breakdown of the component because tensile

strength of ceramics is much lower than compressive

strength due to the stress intensity enhancement produced by

the presence of flaws. Typical values for the strength of YSZ

under compression are about 1 GPa [33], while the tensile

strength for the same material is 200 MPa [34]. The critical

buckling compressive load of a circular plate with clamped

edges can be expressed according to [35]:

sBc ¼ 1:22
E

1� n2

�
t
a

�2

(5)
Table 1 e Elastic parameters of the components of a SOFC
according to references [27e31].

Young's
modulus
(GPa)

Poisson's
coefficient

Coefficient of
thermal

expansion
(�10�6 K�1)

Electrolyte (YSZ) 220 0.320 10.8

Anode (NiO-YSZ) 161 0.317 12.3

Anode (Ni-YSZ 36%

porosity)

69 0.317 12.6

Cathode (LSM 33%

porosity)

35 0.250 11.7

Please cite this article in press as: Cebollero JA, et al., Characterizat
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where E is the Young's modulus, n the Poisson's coefficient, t

the plate thickness and a the plate radius. According to this

expression the radius of the plates is limited because they

must have a critical buckling compressive load higher than

maximum compressive stresses produced during SOFC

preparation.
Experimental results and discussion

Laser machining

For machining the samples we used a pulsed laser, in the

nanosecond regime, focused on the surface of the ceramic

membrane. Although YSZ is mainly transparent in the visible

region [13], it has been shown that is possible to machine YSZ

by a photo-thermal laser ablation using solid-state lasers with

emission in the green (532 nm) or in the infrared (1064 nm)

regions [36]. The repetition rate was set to 15 kHz to obtain the

minimum pulse width of the laser source, 5 ns, in order to

minimize thermal effects. For this repetition rate the pulse

energy was 67 mJ. Then, the optimum scan speed for

maximummaterial removal was obtained at 150 mm s�1. The

separation distance between the scanning lines was set to

10 mm to get the same pulse separation in the directions

perpendicular and parallel to the scanning direction. The

sample was placed 0.4 mm under the focus position to

maximize the removal rate (~0.01mm3/s). In this situation the

area irradiated in every pulse is about 3 times larger than in

focus position, but still receives enough irradiance to evapo-

rate the material [37].

In these conditions, as the beam spot was controlled by the

galvanometric mirrors, it was possible to reduce the thickness

of selected parts of the ceramic, shaping it with a lateral res-

olution of ~10 mmand in-depth resolution of 3 mm. Formany of

the tests we machined button-type samples (21 mm outer

diameter) thinning the central part of the ceramic piece (Ø8

mm) on only one side. The thickness of the thin area was

~20 mm and the parallelism between the upper (laser-pro-

cessed) and lower (non-processed) surfaces was about 1/4000.

The unprocessed outer ring (150 mm thick) works both as

mechanical support of the thin area and as contact and seal-

ing area (see Fig. 1). However, although it is possible to fabri-

cate 20 mm thick plates of 8 mm in diameter using laser

machining (Fig. 1a), or even more slender ones, these pieces

have a buckling critical load of only 7MPa andwill break under

the compressive stresses that occur after sintering. Thus, if we

intend to use conventional SOFC electrodes that will create

compressive stresses up to 300 MPa, the radius of the thin

areas has to be lower than 0.6 mm. In fact, if we impose as

security limit sBc ¼ 500 MPa, we obtain the critical radius

a ¼ 0.48 mm. Merging different thin zones bounded by ribs, as

shown in Fig. 1b, can finally enlarge the overall active area of

the membrane. For instance, in the layout shown in Fig. 1b,

consisting of 20 mm thin circular areas of 1 mm in diameter

separated by thicker ribs 100 mm apart, 75% of the total area

does correspond to theminimum thickness (20 mm), while the

remaining 25% have an intermediate thickness of 70 mm.

Different layouts can be simply obtained bymeans of the CAD

software that controls the laser galvanometric mirrors.
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Fig. 1 e Images of two machined samples. a) With a central thin area of 8 mm in diameter. b) Consisting of multiple thin

areas of 1 mm in diameter separated by 70 mm thick ribs. c) SEM image of the fractured cross-section of a membrane.
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EBSD mapping of the residual strains in the membrane

Part of the energy deposited over the sample by the laser

pulses is thermally transferred to the ceramic. This transfer of

energy is negligible for lasers with pulse width in the femto-

second region, but not for lasers in the nanosecond region.

Thus, as YSZ is a poor thermal conductor, the sample surface

gets heat very locally. Large temperature gradients give rise to

inhomogeneous thermal expansion and may produce plastic

deformation and crack formation that could even lead to the

breakdown of the ceramic sample. Although the laser pro-

cessing parameters are adjusted to prevent sample break-

down, to get some information about the size of the heat-

affected zone (HAZ) it is necessary to foresee the mechanical

performances of the membranes. Thus we have used EBSD to

map the presence of strains in materials [38] and conse-

quently estimate the depth of the heat-affected zone (HAZ).

Using EBSD we can automatically obtain an electron diffrac-

tion pattern at every point of a surface. Analyzing these pat-

terns we can obtain, among other information, the

crystallographic orientation at every point of the sample.

Hence EBSD maps covering areas 200 mm below the

machined surface were obtained. Fig. 2a and b are EBSD

orientation maps of the cross-sections of superficial area of a

laser-machined surface and of an unprocessed surface. The

grains can be identified because they show a uniform colour

(different crystallographic orientations are represented by

different colours) and, in addition, black lines mark grain

boundaries. There is no apparent difference between the

processed and unprocessed surfaces, except that the superfi-

cial grains of the processed surface are more elongated. The

aspect ratio of the superficial grains is 0.26 (standard deviation

0.14), while the aspect ratio of the inner grains cut by a
Please cite this article in press as: Cebollero JA, et al., Characterizat
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random surface, for comparison with the superficial grains, is

0.62 (standard deviation 0.35). This difference is probably

because the surface grains are formed by resolidification of

melted liquid. But this shallow affectation is confined to a

layer of less than about 1e2 mm deep. Moreover, in Fig. 2c and

d we represent the Local Misorientation Maps of the same areas,

as in Fig. 2a and b respectively. In these maps we have rep-

resented the average crystallographicmisorientation between

every pixel and its surrounding pixels, assigning the mean

value to that pixel, which is plotted according to a rainbow

colour scale to highlight the zones of higher deformation. The

maps of the processed and unprocessed areas are very similar

and we cannot appreciate the presence of deformed regions

associated to the laser machining, the deformation being, in

general, lower than 0.15�. These results are in good agreement

with simple estimations of the size of the HAZ [39], which is

related tomelting in the case of nanosecond pulses. Thewidth

of the HAZ can be roughly approximated to the heat pene-

tration depth lT ~ 2(Dtl)
1/2, where D is the thermal diffusivity

and tl the pulse width. Typical values for lT in YSZ with

tl ~ 5 ns are about 0.1 mm.

Bending tests

On a relatively thin substrate, unequal compressive stresses

on both sides of the membrane may cause the substrate to

bend. Bending is allowed to occur to balance the bending

moment induced by the asymmetric stresses [40]. The

bending moment depends on the residual compressive

stresses caused by anode and cathode, thicknesses of the

electrodes and the elasticity and thickness of the membrane.

Accurate calculation of this parameter is not an easy task and

it is beyond the scope of this paper. On the other hand, the
ion of laser-processed thin ceramic membranes for electrolyte-
ergy (2017), http://dx.doi.org/10.1016/j.ijhydene.2016.12.112

http://dx.doi.org/10.1016/j.ijhydene.2016.12.112
http://dx.doi.org/10.1016/j.ijhydene.2016.12.112


Fig. 2 e EBSD crystallographic orientation map of the cross-section of the superficial area of a laser-machined YSZ

membrane (a) and of an unprocessed surface (b). The Local Misorientation maps of the same areas as (a) and (b) are

represented in (c) and (d) respectively. (e): Colour scale used in themisorientationmaps and histogram of themisorientation

distribution in the map (c).
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strength of a brittle material is not a characteristic material

property. It depends on the size and distribution of flaws,

which in turn depend on the fabricationmethod. In the case of

laser-processed materials, surface modification can affect

their mechanical properties. Thus, in a very first approxima-

tion, we have studied how the surface modification induced

by the laser treatment affects themechanical properties of the

samples by three point bending tests. To this end, we use the

laser to cut two sets of 36 samples (15 � 4 � 0.15 mm3) from

two original sintered plates (50 � 50 � 0.15 mm3) of the same

batch. One of the sets (half of the samples from each sintered

plates) was left unaltered for comparison, while the samples

of the other set were laser-treated, on only one side, using the

same procedure and parameters as for the above-described

laser thinning procedure. The only difference was that, in

this case, we applied two scans to the central part of the

specimen, reducing their thickness by only about 12 mm. The

direction of the first scan was parallel to the long side and the

second one parallel to the short side. In the testing jig, the

specimens were placed with the laser-treated side face down,

in order to get the maximum tensile stress applied to the

laser-treated area. In this way, the possible defects caused by

the laser treatment determine the breaking load. As we have

verified from SEM observations and EBSD experiments that

the laser-affected zone is very shallow, this procedure is

appropriate to characterize the flaws originated during
Please cite this article in press as: Cebollero JA, et al., Characterizat
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machining. The maximum bending stress of each specimen

was determined by the expression [41]:

smax ¼ 3PL
2Bt2

(6)

where P is the breaking load, L the support span, B and t the

specimen width and thickness, respectively. We performed a

Weibull analysis of the two collections of samples, laser-

treated and untreated, as the strength of a brittle ceramic

has intrinsic variability due to the Griffith-like behaviour of

defects (i.e. the size, shape and location of the flaws determine

the strength of the specimen). We used a two-parameter

Weibull distribution and estimated the parameters using the

maximum likelihoodmethod [42]. The results are represented

in Fig. 3 and Table 2. We obtained a decrease in the bending

strength for the laser-treated samples from 224 ± 14 MPa

(Weibull modulus 5.6 ± 1.4) to 165 ± 6 MPa (Weibull modulus

9.3 ± 2.5), i.e. about 26%. No large cracks can be observed in the

cross-section of the processed samples, as shown in Fig. 1c.

The only mechanical damage that can be observed is the

slight debonding between the grains close to the processed

surface and the presence of small and shallow cracks (Fig. 4).

The closed porosity that can be appreciated in this picture

already existed in the samples before the laser treatment. We

think that the reduction of the bending strength is probably

due to the presence of the afore-mentioned cracks. This does
ion of laser-processed thin ceramic membranes for electrolyte-
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Fig. 3 e Weibull analysis for obtaining the bending

strength from three point tests of machined and

unmachined samples.

Table 2 e Bending strength and Weibull modulus
obtained from three point tests.

Strength (MPa) Weibull modulus

Unmachined 224 ± 14 5.6 ± 1.4

Laser machined 165 ± 6 9.3 ± 2.5
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not represent a very serious deterioration of the mechanical

properties and it is compatible with the previous EBSD anal-

ysis. In fact, the first cells made on self-supporting thin

membranes were able to support the sintering of the elec-

trodes [13]. In any case these cracks are probably produced by

the photothermal laser treatment and it is reasonable to

presume that they could be avoided using a laser source with

shorter pulse width or maintaining the ceramic at high tem-

perature during the laser treatment. Another possibility to
Fig. 4 e SEM cross-section of the laser-treated surface of a

YSZ plate. Small debonding of the shallow grains can be

observed (some cracks are indicated by yellow arrows).

Nanoparticle coating on top of the processed surface is also

observed. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version

of this article.)
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prevent these cracks is to machine presintered membranes

that would heal the cracks during full sintering.

On the other hand, from the point of view of practical ap-

plications, the deterioration of the bending strength can be

circumvented by an appropriate design of the device. The

maximum load that a ceramic membrane can withstand de-

pends both on its thickness and on the flawdistribution, a part

of which is introduced by the laser machining in this case.

Thus, we could design the membrane adjusting the size and

thickness of the thin areas and of the bounding ribs, previ-

ously mentioned in the Laser Machining section, to get mem-

branes with the requiredmechanical resistance. A calculation

by the Finite Element Method (FEM) will be necessary to get

final design.

Characterization of the membrane surface

Although the laser processing parameters, such as pulse

separation and overlapping, were selected to minimize the

surface roughness of the membrane, according to the optical

profilometry it increased to Ra ¼ 2.5 mm as a result of the laser

treatment. This roughness, which approximately corresponds

to the grain size, can be understood considering the photo-

thermal ablation mechanism. Irradiance values of about

3 GW cm�2 are enough to produce high temperature gradients

and local heating along the grain boundaries, where melting

and vaporization starts due to energy absorption by scattering

mechanisms. This process, combined with the mechanical

shockwave generated by the plasma plume, produces inter-

granular breaking that is followed by ejection ofmaterial from

the surface [14]. The presence of small cracks at the grain

boundaries of the superficial grains is also consistent with this

mechanism. It should be noted here that the increased

roughness and the microcracking have not been observed in

the EBSD experiments due to the special conditions of these

experiments. In EBSD experiments we used 20 kV electrons

impacting over the 70� tilted sample. Hence spatial resolution

is significantly reduced with respect to usual 3 kV observa-

tions and surface roughness is not easily observable.

In addition to the roughness, it is possible to see in Fig. 4

that a thin layer of nanoparticles coats the surface. There

are three different possible ways of forming these particles: by

direct ejection of solid particles ablated from the surface by a

mechanism of intergranular breaking and thermal shock (1),

by molten liquid ejection during the ablation process, fol-

lowed by resolidification of the liquid and deposition onto the

surface (2), and by condensation of the vapor formed from the

ablation plasma (3). The first mechanism would produce big

particles (of the order of the grain size) with sharpened edges,

while the other two would produce the nanoparticle coating.

This explanation is consistent with the microstructural ob-

servations of some dispersed ~1 mm size particles on the

surface and previous results in highly dense heterogeneous

ceramics that also show a bimodal distribution [43].

The nanoparticles deposited on the membrane surface

have been characterized by TEM. They were collected placing

TEM grids near the processed zones during the laser

machining. In addition to the above-mentioned big particles,

which were not collected in the TEM grids, two different types

of nanoparticles, shown in Fig. 5, were identified: 200e500 nm
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Fig. 5 e TEM images of particles ejected from the ceramic surface during the ablation process showing the two types of

resolidified particles. The bottom-right inset is the selected area diffraction pattern (SADP) of a spherical particle along the

[110]YSZ zone axis. The top-left inset is a zoom of a cluster of the smaller nanoparticles. The top-right inset shows the

diffraction rings, obtained in SADP mode, of a cluster of nanoparticles. The rings are indexed according to the YSZ fluorite

structure.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e1 08
spherical particles and clusters of 3e4 nm particles. We think

that the spherical particles come from solidification of ejected

molten liquid, while the smaller nanoparticles are formed by

nucleation of the evaporated species present within the

ablation plasma plume, or by the fragmentation via photo-

physical mechanisms of bigger particles previously ablated

[44,45]. Electron diffraction experiments, both in Selected Area

and Convergent Beam modes, confirmed that the crystal

phase of the nanoparticles was the same as the original cubic

YSZ phase (fluorite type, Fm-3m [46]). The yttria content, as

determined by EDS, was 7.8 ± 0.4 Y2O3 mol% for the spherical

particles and 8.4 ± 1.9 Y2O3 mol% for the cluster nanoparticles.

Thus, the yttria content is compatible with the 8YSZ starting

composition, which does correspond to the maximum YSZ

ionic conductivity.

The nanoparticle coating could be avoided by using an

extracting system to vacuum away the nanoparticles or also

by a blowing system. Nevertheless, we believe that in this case

the formation of nanoparticle deposits opens newpossibilities

and, accordingly, we decided to leave unaltered the nano-

particle coating to study its effect on the electrochemical

performance of the cell.
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EIS measurements of symmetrical cells

As we have just shown laser machining not only reduces the

membrane thickness, but also modifies the electrolyte sur-

face. This could affect the electrolyteeelectrode contact. To

analyze this issue, we performed Electrochemical Impedance

Spectroscopy (EIS) studies of symmetrical cells using LSM-YSZ

composite electrodes, for both machined and un-machined

samples. We studied only the cathodic polarization because

it is higher than anodic polarization in conventional Ni-YSZ/

YSZ/LSM-YSZ cells. For this purpose, as in the previous case

for the bending tests, the machined samples were obtained

after applying two laser scans, because the objective was to

study the polarization resistance of the electrode/electrolyte

interface, which is independent of the electrolyte thickness.

As shown in Fig. 6, which shows the EIS obtained between 700

and 850 �C, we concluded that there is a small decrease in

terms of polarization resistance for the machined sample,

compared to a standard and smooth surface sample (between

3 and 7.5% decrease depending on the temperature), as shown

in Table 3. This decrease of the ASR value could be attributed

to a better adherence between the electrolyte and the
ion of laser-processed thin ceramic membranes for electrolyte-
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Fig. 6 e EIS spectra of symmetrical cells with LSM-YSZ/LSM

composite cathodes showing the results obtained for laser-

machined (LM) and unmachined (UM) electrolytes.

Table 3 e Polarization resistances of laser-machined and
unmachined membranes (U cm2).

Temperature
(�C)

Unmachined
samples

Machined
samples

Polarization
decreasing (%)

650 4.03 3.85 4.60

700 1.94 1.80 7.57

750 0.98 0.92 6.49

800 0.53 0.50 4.61

850 0.29 0.28 3.05
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electrode, as a consequence of the presence of redeposited

nanoparticles during laser processing and possibly to the in-

crease in surface roughness. For all the studied temperature

range (650e850 �C), the main difference in the EIS spectra

corresponds to the intermediate frequency component

(typical peak frequencies in the range of 10e100 Hz). At these

frequencies, it is well established in the literature that this

process is related to dissociative adsorption, transfer of spe-

cies at TPB (triple phase boundaries) and surface diffusion [47].

In our case, we have increased the roughness, and thus

increased the number of TPBs at the interface. Although this

decrease is very modest, we have to bear in mind that the

main reduction in resistance is obtained in these systems via

the ohmic resistance decrease associated to the thickness

reduction. We have just checked that the surfacemodification

induced by laser machining does not deteriorate the electro-

deeelectrolyte contact. In fact it is slightly improved. More-

over, these interesting results are setting up new possibilities,

now under consideration, for using laser machining to modify

the interface of SOFC electrolytes in order to decrease the

electrode/electrolyte polarization. For example, infiltration

could be performed at the electrode/electrolyte interphase in

order to increase both electronic percolation and electro-

chemical activation along the grain-surface of the nano-

structured coating [48e50].
Conclusion

Pulsed laser ablation in the nanosecond regime has proved to

be a useful tool for preparing thin and self-supporting ceramic
Please cite this article in press as: Cebollero JA, et al., Characterizat
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electrolytes. We have successfully fabricated 8YSZ mem-

branes with a 20 mm thick electrochemical active area and up

to 8 mm in diameter, which is supported by the unprocessed

150 mm thick zones. This thickness reduction involves the

resulting decrease in ohmic resistance that allows reducing

the cell operation temperature. Moreover, merging several

thin zones bounded by ribs can enlarge the active area. In fact,

in order to avoid buckling as a result of compressive stresses,

thinner areas of 20 mm thick need to be limited to radius lower

than about 0.5 mm.

The self-supporting membranes do not show severe

problems of cracking due to laser processing. Moreover, as

both thin and thick zones come from the same sintered plate

they have full thermo-mechanical integration. EBSD experi-

ments confirmed that the heat-affected layer is less than 2 mm

in depth. Three point bending tests indicate a deterioration of

about 26% of the bending strength of the membranes, prob-

ably due to small debonding of the shallow grains.

SEM and TEM studies confirmed that a thin layer of 8YSZ

nanoparticles coats theprocessedsurface, 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 the 650e850 �C
temperature range, in comparison with standard YSZ plates.
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