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Three Phase Boundary Enhancement in SOFC Anodes
by Applying Laser Drilling Technique
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Laser drilling is one of the promising techniques to modify layers, but the interaction of compo-
site materials with the laser radiation is non-trivial and hardly predictable. In this work, the experi-
mental study of laser processing, that was applied to enhance porosity and thereby the length of
three-phase boundary of plasma-sprayed YSZ-NiO-Ni cermet layer, is presented. For a better under-
standing of radiation interaction with composite materials the drilling was accomplished with differ-
ent laser irradiation doses (1.57-4.2x10° J/em?) with two different laser systems. The diameter and
shape of the laser drilled holes were analyzed with a scanning electron microscope (SEM) while
changes of the elemental composition of the spatter versus conditions of irradiation were defined by
energy dispersive X-ray analysis (EDX). It has been found that geometrical dimensions of the
drilled holes as well as composition of the spatter vary non-monotonously with the laser irradiation
dose. The threshold values of the laser irradiation dose for the optimal diameter of holes are reported.
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2. Introduction

Solid oxide fuel cells (SOFC) are one of the most promis-
ing energy generation alternatives because of their high
efficiency. Composite coatings of yttria-stabilized zirconia
(YSZ) with nickel have high potential for application as
electrodes for SOFC and for solid oxide electrolysis cells
(SOEC) [1], and due to the highest Ni activity in compari-
son with other metals (e.g. Co Pt, Pd), they are potentially
suitable for the anode. In both cases, i.e. SOFC and SOEC,
the electrochemical reaction in the electrode takes place at
the three-phase boundary (TPB), which is defined as the
collection of sites where electrolyte, the electron conduct-
ing metal phase and the gas phase all come together. The
efficiency of anode mainly depends on the length of TPB in
the formed coating.

The composite YSZ-NiO-Ni coatings can be prepared
by various methods such as gel-casting [2], magnetron
sputtering [3], electro-deposition [4] or electron beam
evaporation [5]. In the present research, the high deposition
rate plasma-spray technique was applied to deposit YSZ-
NiO-Ni coatings. Coatings prepared by the plasma-spray
method, contrary to many others, do not require any addi-
tional calcination and show microstructure stability during
annealing [6]. Finally, the plasma-spray method is also
promising for SOFC anode application due to the ability to
synthesize coatings with the high porosity [7, 8, 9], which
is a necessary attribute for good gas permeability. Porosity
of the composite coatings can be controlled by including
various additives, e.g. carbon black [10], but in this case
the third insulating phase is inserted, which can worsen
mechanical and electrical properties of the coating.
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Laser micro-structuring techniques can be used to im-
prove the porosity and length of the three-phase boundary
of anode. Laser ablation is a non-contact, precise and effi-
cient technique [11] applicable to form the holes in various
ceramics and metal coatings [12-15]. Laser drilling tech-
nique has been already used for drilling of green ceramics
and ceramic coatings [3, 16-19]. One of the ways to im-
prove ceramics drilling efficiency is to use additional laser
radiation absorbing pigments. In ref. [18] the absorbance of
laser irradiation was improved by including organic matter
(acrylic polymers). It was reported that the laser drilling
procedure was much faster when organic matter was used,
since samples after sintering were less absorbing.

The aim of this research was to synthesize YSZ-NiO-Ni
coatings by the plasma-spray method, accomplish laser
drilling of the formed coatings to produce micron size
channels in YSZ-NiO-Ni coatings, which will increase the
porosity of coatings and the length of the three-phase
boundary of coating. The plasma sprayed coatings were
treated using different parameters with two industrial laser
Nd:YVO, and Nd:YAG systems working at the wavelength
of 532 nm. The nanosecond lasers were chosen due to their
excellent beam focus ability, precision in machining large
areas and accuracy in the iteration of the process. Similar
nanosecond laser working at the repetition rate of tens of
kilohertz has shown successful results of ablation of ceram-
ics in the previous work of J. Gurauskis et al. [18]. The
irradiation at wavelength of 532 nm instead of 1064 nm
was chosen for better material absorption of laser radiation.
Shape and linear dimensions of the drilled holes as well as
changes in the elemental composition of the spatter were
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analyzed to define a threshold of laser irradiation energy
for effective drilling.

For a better understanding of radiation interaction with
the composite material the drilling was accomplished with
different laser irradiation doses using two different laser
systems. The diameter and shape of the drilled holes were
analyzed by SEM while changes of the elemental composi-
tion of the spatter versus conditions of irradiation were
defined by EDX.

3. Experimental procedure

Mixture of yttria-stabilized zirconia (YSZ) and nickel
oxide (NiO) powders was plasma sprayed on alumina sub-
strates. YSZ powder (H. C. Starck) with a diameter less
than 40 pm and NiO powder (MERCK) with a diameter of
approximately 6 um were used. The mixture of YSZ and
NiO was prepared by stirring a mixture of powders
(60 wt.% YSZ and 40 wt.% of NiO). The equipment used
for the arc plasma generation and deposition of YSZ-NiO-
Ni coatings consisted of a plasma gun SG-100 (Miller
Thermal Inc.) mounted in a water-cooled vacuum chamber,
a cooling substrate holder and a powder feeder. Argon gas
was used for plasma forming and as a carrier gas. The ar-
gon gas flow rate was 25 I/min, current of the plasma torch
was 500 A at voltage of 35 V. The powder feed rate was
10 g/min. The stand-off distance of the sample from a
plasma gun was 30 cm. Pressure in the chamber during arc
plasma spray was 1300 Pa. The thickness of synthesized
coating was evaluated with an optical microscope from
cross-section photos and it led to a thickness of 20 um. The
open porosity of coatings on the alumina substrate was
7.9 %. More experimental details on the synthesis of coat-
ings can be found elsewhere [8, 20].

The experimental setup for laser treatment of deposited
coating is given in Fig. 1.

Beam expander

Focusing optics
mounted on z axis

I

Sample

2

Xy stage

Fig. 1 Experimental setup for laser processing.

The beam delivery path included: the attenuator, the
beam expander with a variable magnification factor and
collimation option and focusing objective mounted on the z
axis. The sample was placed on the xy positioning stage.
The two different diode-pumped lasers NL220 and
NLI15100 (Ekspla Ltd.) were used in the experiments with-
in the same experimental setup. The parameters of the la-
sers are given in Table 1.
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Table 1 Specifications of the used lasers.

Laser NL220 NL15100
Active medium Nd:YAG Nd:YVO,
Wavelength, nm 532 532
Pulse duration, ns 25 10
Max pulse energy, mJ 1.6 0.26
Repetition rate, kHz 0.5 10
Mode structure TEMy, TEMyq
Spot size on sample, pm 28 28

The effect of laser parameters on the hole shape and di-
ameter was determined from the laser drilling experiments
using different laser irradiation doses (1.57-4.2x10° J/em?)
and different count of pulses (1-10%).

The microstructure of the synthesized coating was ex-
amined by the X-ray diffraction method (XRD). The XRD
analysis was done with a DRON 3.0 diffractometer using
6-20 Bragg-Brentano geometry and Cu Ko radiation
(A=0.15nm).

Elemental composition of the coating (before and after
laser drilling) was determined by EDX. Surface morpholo-
gy and EDX analysis of the samples were done with a SEM
Quanta 200 (FEI). The area and shape of the drilled holes
were evaluated by image-analysis software Imagel using
pictures recorded by both the SEM and the optical micro-
scope. The shape of holes was evaluated with a confocal
microscope Zeiss Confocal LSM510. The surface rough-
ness of plasma sprayed YSZ-NiO-Ni coatings was meas-
ured with a surface roughness tester TR200.

4. Experimental results

Fig. 2 presents XRD analysis results of the substrate
and arc plasma sprayed coatings. The typical peaks for the
alumina substrate and for the YSZ-NiO-Ni coating are
marked. The crystalline cubic phase YSZ and NiO as well
as Ni, which originates from decomposition of NiO, can be
identified in the XRD patterns. This type of coatings can be
described as YSZ-NiO-Ni cermets coating with metallic
conductivity — the necessary attribute for the SOFC an-
ode [1].
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Fig. 2 XRD patterns of the substrate and synthesized coating, 1 —
alumina substrate, 2 — YSZ-NiO-Ni cermets coating.

According to the EDX measurements, the coatings mainly
consist of Ni or NiO (nickel — 49.51 norm. wt. %, oxygen —
37.14 norm. wt. %, zirconium — 6.8 norm. wt. %, yttrium —
0.9 norm. wt. %). The initial mixture of powder consists of
YSZ with much larger diameter particles than the NiO par-
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ticles, which may lead to non-uniform distribution of the
elements. The laser drilling was performed on the same
sample by varying the number of pulses and applied power
and the period between the drilled holes was 100 um.

4.1 Processing by using the NL220 laser

According to the experimental results, the area of the
drilled holes evaluated by the Image] analysis software
after the initial increase further decreased with the number
of pulses (Fig. 3).
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Fig. 3 SEM images of holes drilled with the varied number of
pulses and peak laser fluence by using nanosecond laser NL220.

The diameter of the hole as one can see in the SEM pic-
ture varies non-linearly. Lower irradiation doses (D = N-®,
where N — number of pulses, @ — laser fluence) lead to ini-
tial formation of the hole, while at higher D re-sputtering
process takes place and the spatter starts to close the hole.
The hole diameter versus peak laser fluence in the pulse are
given in Fig. 4 and Fig. 5.
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Fig. 4 Variation of the holes diameter as a function of the peak

laser fluence processed by using the NL220 laser at the low num-
ber of laser pulses.
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Fig. 5 Variation of the holes diameter as a function of the peak
laser fluence processed by using the NL220 laser at the high
number of laser pulses.

After the experiments with the high pulse energy and
low repetition rate laser NL220 it was switched to the high
repetition rate low pulse energy laser NL15100 (Table 1)
because using low pulse energy and thousands of laser
pulses showed a better ablation quality. The high repetition
was chosen in order to shorten the overall processing time.

4.2 Processing by using the NL15100 laser
The typical cross-sections, representing the shape of
drilled holes, are shown in Fig. 6
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Fig. 6 Confocal microscopy cross-sections profiles of the
holes drilled by using the NL15100 laser. Irradiation doses: a) —
9.3 J/em?; b) — 82 J/em?; ¢) — 641 J/em®. The surface roughness
(RMS) of the plasma sprayed YSZ-NiO-Ni coatings was 1.3 um

Composition changes of the spatter versus conditions of
irradiation (different laser fluence and number of pulses)
defined by the EDX analysis is presented in Fig. 7.
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Fig. 7 Elemental composition of the spatter as a function of the
laser power density.
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Fig. 8 Mapping of elemental composition was accomplished of
the melted area in a marked square in SEM photo. Mapping pho-
tos of elemental composition represent Ni/NiO and ZrO elemental
distribution. Processing was done by using the NL15100 laser.

The increase in fluence during laser irradiation led to the
decrease of the nickel amount in the spatter layer. One can
note that applying the irradiation dose higher than 8 J/cm®
resulted in the evaporation and ejection of the melted mate-
rial from the bottom part of the coating. At the higher irra-
diation doses one can note an increase of alumina (sub-
strate material) at the edges of the holes.

The EDX mapping results are presented in Fig. 8. The
EDX mapping analysis was done on the marked area of the
SEM image. The elemental distribution on the surface of
Ni/NiO (upwards) and ZrO (hereunder) is presented. The
elemental concentration in the EDX mapping photos is
correlated with a grey scale — the lighter areas in the photos
represent higher concentration of the element.

5. Results and discussion

As it was presented in the experimental part, the holes
in the YSZ-NiO-Ni coatings were produced applying dif-
ferent laser parameters (the same laser fluence, but differ-
ent amount of pulses and the same count of pulses, but dif-
ferent laser fluence). In both cases the same dose of irradia-
tion was collected, but with a different impact duration. In
both cases it was observed that after the initial increase, the
hole diameter further decreased with the increase of the
irradiation dose (Fig. 3). The values of the hole area, pro-
duced with the irradiation dose lower than 50 J/cmz, are
widely dispersed. Due to the low absorbance low irradia-
tion fluencies (<6 J/cm?) affected only the uppermost sur-
face layer and it was difficult to define the hole diameter.

Only the holes drilled at higher fluence (>6 J/cm®) were
measured and analyzed by means of SEM and “Imagel”.
One should note that the area of the holes drilled with the
higher irradiation dose demonstrates a clear tendency to
decrease. The dispersion of the hole area at lower irradia-
tion doses can be explained by the surface roughness effect.
At lower intensities of laser irradiation (and corresponding
longer time of exposure) due to the thermal mechanism
[18, 19] a larger surface of coating is affected.

While at the higher irradiation doses, deeper layers of
the coatings are affected and resputtering effects come into
play, the ejected material is deposited on the edges of the
holes [21] resulting in the decrease of the area of the drilled
hole. The holes in the experiment were produced at ambi-
ent atmosphere pressure; therefore sputtered droplets of the
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material are expected to be deposited at the edges of the
holes. This is represented in the model sketch (Fig. 9).
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Fig. 9 Model of laser drilling of holes.
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This model is confirmed by the EDX analysis of com-
position of the spatter. One can see (Fig. 7) that the nickel
content obviously decreases with the increase of fluence,
meanwhile the concentration of alumina (substrate materi-
al) increases — irradiation step by step produced a hole in
the coating and material of the substrate appeared on the
top of the coating. Even for a low irradiation dose (4 J/cm®)
alumina was registered on the surface. The alumina con-
centration increased onto the coating surface, because the
coating was completely drilled through and further irradia-
tion of the samples led to the drilling of the alumina sub-
strate. The deposition of alumina onto the surface of coat-
ing resulted in the increase of the oxygen concentration
onto the surface (Fig. 7) with the irradiation dose. Thus, the
presence of alumina onto the surface can be treated as indi-
rect evidence of the effective via drilling. As can be seen in
Fig. 7 nickel, oxygen and aluminum concentrations on the
surface reach the equilibrium values at 50 J/cm® (and high-
er) irradiation dose. This fact demonstrates that the effec-
tive drilling of 20 um thick YSZ-NiO-Ni coatings stops
with the 50 J/cm® irradiation dose. Further irradiation af:
fects the substrate and at the irradiation dose over 50 J/cm’
only slight changes of elemental composition can be ob-
served. Nevertheless from the EDX mapping (Fig. 8) it is
obviously seen that in the melted coating area YSZ and
Ni/NiO elements are uniformly distributed and may com-
pose a two-phase boundary (ionic/electronic conductor) [1].

Almost all the drilled holes independently of the ap-
plied laser fluence and the number of pulses were irregular
in shape (Fig. 3). The irregular shape of the drilled holes
(as it was observed in [22] as well) basically can be ex-
plained by the different light absorption by elements of the
cermet coating. The absorbance of Ni is higher and the
melting temperature is lower than that for the rest of the
components. This can also be reason that the rate of energy
deposition was found to be an important factor in shape
control of the drilled holes. These hole-shape variations can
be related to the compositional changes of the irradiated
regions located near the edges of the holes (or craters pro-
duced by the laser beam) as well as surface roughness.

6. Conclusions

In conclusion, YSZ-NiO-Ni porous coatings (20 pm
thickness) were synthesized onto alumina substrates by the
plasma spray method. It has been shown that laser drilling
can be applied for structuring of the YSZ-NiO-Ni cermets
coating. The critical laser irradiation dose (8 Jem?) was
found to be necessary for production vias in the coating. A
further increase of the laser irradiation energy leads to the
decrease of the effective hole area due to re-sputtering ef-
fect and ejection of the material from the deep to the top
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layer of the coating. The laser micro-structuring technique
enables enhancement of the porosity of coating which de-
termines the increment of the three-phase boundary.
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