
A

T
p
r
i
l
c
r
g
©

K

1

i
a
p
s
(
a
o
m
g
t
r

n
a
t
t
p
u

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 29 (2009) 85–90

Ni–YSZ cermet micro-tubes with textured surface

R. Campana, A. Larrea ∗, J.I. Peña, V.M. Orera
Instituto de Ciencia de Materiales de Aragón, ICMA, CSIC-Universidad de Zaragoza, Zaragoza 50009, Spain

Received 28 March 2008; received in revised form 30 May 2008; accepted 11 June 2008
Available online 22 July 2008

bstract

ubular Ni–YSZ porous cermets, with the external surface textured in the form of submicron size alternating YSZ and porous Ni lamellae aligned
erpendicular to the tube surface have been fabricated. The surface of the ceramic tubes of eutectic composition was directionally solidified in the
adial direction using the laser zone melting procedure where the power of the laser was adjusted to melt a thin surface layer. The melt solidified
n the very high thermal growth radial gradient produced by radiation losses and convention cooling. A crack free layer with typical eutectic

amellar microstructure, with domains aligned perpendicular to the tube surface, was produced along the external surface of the tubes. The porous
ermet tubes were prepared by thermo-chemical reduction of the NiO phase in the previously textured binary NiO–YSZ eutectic precursors. After
eduction, porous Ni leaves of about 100 nm lateral dimension were confined between the YSZ lamellae in the textured layer. The influence of
rowth parameters over microstructure size and morphology is discussed.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Porous cermets find application in electrochemistry, includ-
ng catalysers and fuel cells, and for this reason there has been

growing interest in the past few years in these materials. In
articular, Ni–YSZ cermets find application as catalysers for
team reforming of methane (SRM), methane reforming catalyst
MRC), partial oxidation of methane (POM), in this case with the
ddition of Ce, and as solid oxide fuel cells (SOFC) anodes. Very
ften tubular geometry is chosen because of the better thermo-
echanical behaviour and sealing simplicity compared to other

eometries. Reduction of tube diameter also increases the reac-
ion area density and gas permeation through the tube wall and
educes heating-up times.1–3

Electrochemical performance of cermets is a function of the
umber of triple phase boundaries (TPBs) where reactant gases
nd electrons meet. They have to be porous in order to allow
ransport of reactant and product species with a good connec-

ivity between pores and metal. The morphology and size of the
ores and metallic particles as well as the microstructure stability
nder operation, are some critical factors for the applicability of
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hese porous cermets.4 Additionally, in electro-ceramic devices
nly a small volume region near to the reactant gases interface
akes place in electrochemical reactions, the so-called functional
ayer of about 20-�m thickness.

Recently, the production of channelled Ni– and Co–YSZ
orous cermets by reduction of NiO– and CoO–YSZ direc-
ionally solidified eutectics has been reported.5–7 Directionally
olidified eutectics are characterized by the presence of a
elf-assembled homogeneous and periodic microstructure, with
lean and strong interfaces.8 In this case, by alternating NiO
CoO) and YSZ lamellae whose size can be controlled by the
rocessing parameters. Reduction of the eutectic microstructure
eads to channelled Ni(Co)–YSZ porous cermets with alternat-
ng porous metal and YSZ lamellae that provide good electrical
onductivity, gas permeation and a suitable thermal expansion
oefficient for convenient thermo-mechanical integration in the
OFC. As mentioned above it is very important for electrochem-

cal applications that the electrode microstructure remains stable
t the working temperature. During cell operation Ni particles
end to agglomerate due to the poor wettability between metallic
i and the ceramic phase. Ni coarsening decreases the electrical
onductivity and the electrocatalytic activity of the anode. How-
ver, we have shown that the cermets prepared from directionally
olidified eutectics offer high resistance to metal coarsening
nder operation. In previous works we verified that the electrical
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onductivity and the pore size distribution present no degrada-
ion after 300 h at 900 ◦C under a H2/N2 atmosphere.9,6 This is
consequence of the channelled microstructure of the cermet

nd of the low-energy metal–ceramic interfaces resulting from
eduction of directionally solidified eutectics.10

The general purpose of this work is to demonstrate the useful-
ess of eutectic growth for the preparation of ceramic tubes with
ppropriate textured external layer. In particular our aim was to
evelop fabrication technology of electro-ceramic materials for
roducing a thin layer of channelled Ni–YSZ porous cermet on
he surface of conventional ceramic Ni–YSZ micro-tubes, with
he complementary objective of getting narrow channels ori-
nted along the radial direction. Specifically, a functional layer
otally integrated on the tubular substrate and with a geometrical
hase disposition to fulfil two main requirements, high specific
rea and good gas and charged species flow perpendicular to the
uter surface of the device. For this purpose we used a procedure
imilar to the one we developed for texturing planar surfaces but
odified for cylindrical surfaces.11,12

The Ni–YSZ cermets were produced following a three-step
rocedure. The first step was the fabrication of NiO–YSZ micro-
ubes with the eutectic composition. The external surface of the
ubes was melted to the required depth using a CO2 laser heating
ource in a second step. Crystal growth kinetics of the binary
utectic was studied to determine the eutectic microstructure and
he cracking behaviour as a function of processing parameters.
nce the desired microstructure was obtained NiO was reduced

o metallic Ni, a process which is very fast and efficient in YSZ
omposites.

. Experimental procedures
Ceramic cylinders of NiO–YSZ eutectic composition about
20 mm in length, 3 mm in diameter, and 400 �m wall thickness,
ere prepared following the procedure schematised in Fig. 1.
s starting materials we used NiO (99.99% Sigma–Aldrich, St.

Fig. 1. Fabrication steps of NiO–YSZ tubes with the eutectic composition.
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ouis, MO) and 8YSZ (8 mol% Y2O3-stabilised ZrO2, 99.9%
urity, Tosoh, Tokyo, Japan). The NiO powders were milled
wice to decrease their grain size and then mechanically mixed
ith 8YSZ. The density of green ceramics was about 40%. Two

ets of samples, dense and porous, were prepared as follows:
ully dense ceramics were sintered at 1500 ◦C dwell time 2 h;
orous ceramics were prepared with addition of 1.5 wt% starch
o the slurry and sintered at 1350 ◦C dwell time 2 h. The den-
ity of the latter was 70% and the size of pores about 5 �m as
easured by Hg-porosimetry. The composition of the full dense

eramics is about 56.5 vol% NiO and 43.5 vol% YSZ. Reduc-
ion of NiO was performed at 750 ◦C for 3 h in H2/Ar mixture
5 vol%). It produces cermets with 43.5 vol% YSZ, 33.1 vol%
f metallic Ni and 23.4 vol% of pores. This pore volume can
e increased up to about 50 vol% for the cermets obtained from
orous precursors.

Directional solidification of the tube surfaces was performed
n a laser float zone apparatus using a 600 W CO2 Blade laser
10.6 �m wavelength) at different growth rates between 10 and
000 mm/h. The laser beam is transformed by a reflexi-cone
ptical device into a focussed ring about 1 mm in length on the
ube surface. The tubes are rotated at different rates between
0 and 300 rpm (revolutions/min) inside the growth chamber. A
re-heating of about 600 ◦C was provided by a focussed con-
entional halogen 300 W lamp in order to decrease the thermal
hock. Details of the laser processing apparatus can be found
lsewhere.13

The microstructure of the samples was studied by optical
icroscopy (OM) and scanning electron microscopy (SEM).
EM images of polished samples previously infiltrated with a

ow density resin were obtained in a JEOL 6400 microscope. The
icrostructure is homogeneous with typical cellular-lamellar
icrostructure. The phase interspacing was obtained from the

ackscatter electron SEM images. DC electrical conductivity of
he processed tubes was performed using the four-point arrange-

ent with Pt paste electrodes in the processed surface and a 220
eithley current source and an HP 34401A microvoltmeter.

. Laser processing

The main and most difficult objective of this research was
o obtain a homogeneous non-cracked coating of NiO–YSZ
ith fine, aligned structures on the external surface of the tubes.
e were also looking for some control to be exerted over the
orphology, orientation and size of the phases. In the case

f directional solidification, this control can be achieved, to
certain extent, by choosing the appropriate conditions for

olidification of the eutectic melt. In fact, the microstructure
f directionally solidified eutectics (DSE) is a consequence of
he balance between cooperative eutectic growth and the growth
abits of each particular phase (Ref. [8], and references herein).
f cooperative growth dominates, the microstructure expected
or this composition should be regular, with alternating NiO

nd YSZ lamellae aligned along the direction of the solidifi-
ation gradient. For small values of the eutectic Peclet number
e = vλ/2D � 1 (D is the diffusion constant in the melt), the

ollowing relationship holds between inter-phase spacing λ and
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ig. 2. Scheme of the processing set-up. (A) Transverse and longitudinal cross-
ing is displaced longitudinally along the tube surface. (B) Input energy provide

olidification rate v14

2v = K1 (1)

here K1 = 35.8 �m3/s for this compound.15 And

�T = K2 (2)

T being the thermal under-cooling. According to Eq. (1)
ncrease of the growth rate produces a refining of the eutec-
ic microstructure and it has been used to obtain a lamellar
nterspacing between 3 and 0.2 �m.16 However, thermal under-
ooling has to be kept at the smallest values for coupled eutectic
rowth, which implies high values of the growth thermal gra-
ients GT to growth rate ratio GT/v � 1.17 At higher growth
ates, the microstructure changes to cellular eutectic with cells
rowing with their long axis aligned along the growth thermal
radient. As a conclusion, planar eutectic growth is achieved for
ow growth rates, small departures from the eutectic composition
nd large solidification thermal gradients.

Conversely, high thermal gradients are deleterious for sam-
le processing as cracks can develop because of the high cooling
ates. For rods grown by LFZ the relationship between solidifi-
ation thermal gradient and sample radius R was found

T = K3

R3/2 (3)
3 being a constant. In fact, resistance to thermal shock is largely
mproved if the melt dimensions are reduced.18 In our case we
djusted the growth parameters in order to melt only a thin sur-
ace layer trying to accomplish better thermal stress resistance

fi
a
f
w

able 1
hermo-physical properties of YSZ–NiO eutectics used in this work

ensity (%) Mass density, ρ (g/cm3) Thermal conductivit

00 6.35 0.033
70 4.33 0.023

axwell relationship23 and data for ZrO2 and NiO from Refs. [19,24] were used for
ns showing the precursor ceramic tube and the laser processed layer. The melt
the laser beam and surface energy losses.

ithout deteriorating the functionality of the textured functional
rea (see Fig. 2).

In surface melting process using a laser source two length
cales are of importance, the optical length lα = α−1, α being
he absorption coefficient and the thermal diffusion length lT
efined as19

T ≈ 2
√

Dτl (4)

here D is the thermal diffusivity and τl the laser dwell time
hich, for a moving DC laser source, can be approximated by
0/v, ω0 being the laser spot width along the travelling direction.

The absorption coefficient of the NiO–YSZ composite at
he CO2 laser wavelength (≈1000 cm−1) is unknown but it
as expected to be very large due to multi-phonon absorption

lα < 1 �m). For fully dense ceramics, using the thermo-physical
roperties of YSZ–NiO in Table 1 we obtained thermal diffu-
ion lengths of 32, 10 and 3.2 mm for growth rates of 10, 100
nd 1000 mm/h respectively. As a consequence lα � lT and laser
ight is absorbed on the surface. Since laser heating dwell times
re not short enough to shorten thermal diffusion length, in order
o melt only a thin layer we need to reach the situation in which
aser heating is nearly balanced with surface losses. This prob-
em was studied by Shieh and Wu in YSZ20 and they find that
or deep melts, radiation heat losses resulted in surface solidi-

cation and two solidification fronts are observed, converging
t about 20–30 �m from the surface. That problem disappeared
or shallow melt depths which were the processing conditions
e chose here.

y, κ (W/cm K) (1000 K) Thermal diffusivity, D (cm2/s) (1000 K)

7.2 × 10−3

7.2 × 10−3

calculating the thermal conductivity of composite and porous samples.
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Fig. 3. (A) Optical photograph of a processed tube. (B) SEM image

. Results and discussion

First, experiments were conducted to determine the pro-
essing conditions for which cracks were not observed in the
olidified layer. Laser power was about 60 and 50 W for dense
nd porous substrates respectively, which corresponds to laser
uences on the sample surface of ≈320 and 260 W/cm2. We
stimated 50% optical power losses in the focusing optical set-
p. These laser fluences are about the threshold heating power
o obtain stable melts. In fact, melting threshold is defined by
he equilibrium at the substrate surface between heating and loss
uences. Main thermal loss sources are thermal radiation energy
ux Jr given by the Stefan–Boltzmann equation, convection flux,
c, and thermal conduction flux

th = Jloss = Jr + Jc + κ ∇T

= εσr(T
4
m − T 4

α ) + η(Tm − Tα) + κGr
T (5)

here σr = 5.7 × 10−12 W/cm2 K4, and for this material we took
= 0.8521 and η = 75 × 10−4 W/cm2 K.22

The solution of the heat transport equation for a travelling
ylinder is at least a two-dimension problem and has to be done
umerically,19 which was outside the scope of this work. How-
ver, assuming some very crude approximations to the boundary
q. (5) we can make a rough estimation of the energy flows

nvolved in the process. In fact, neglecting melt overheating and
ssuming that the radiating hot surface can be approximated by
cylinder section of 1-mm long at the eutectic melt temperature
f 2123 K, Jr ≈ 100 W/cm2, convective losses are estimated for
cylinder of this size in air to be ≈15 W/cm2. Conductive losses
�T are then (Eq. (5)) 205 and 145 W/cm2 for dense and porous

ubstrates respectively, and according to κ-values in Table 1 the
stimated thermal gradient is about 6250 K/cm, a typical value

or LFZ experiments.18 In spite of the very rough approxima-
ion to the problem we have used, we can see that the relative

agnitudes involved in the tube laser processing are coherent
ith the expected values.

C
r
a
b

ansverse cross-section of a Ni–YSZ cermet processed at 400 mm/h.

For dense substrates crack-free solidified layers were only
btained under very critical processing conditions. The 600 ◦C
re-heating does not seem to be enough to avoid deleterious
hermal shock. For porous substrates the processed layer remains
n-cracked for solidification rates above 400 mm/h and fast rota-
ions. In Fig. 3 we show the optical photograph of a processed
ube and the SEM image of its transverse cross-section. The
epth of the solidified volume is between 25 and 30 �m irre-
pective of the pulling rate. The microstructure in the textured
ayer has been refined relative to that of the ceramic. It consists
f alternating NiO and YSZ lamellae oriented in a direction per-
endicular to the external surface. The interspacing is also quite
ndependent of the pulling rate, between 400 and 1200 mm/h,
nd decreases from about 325 nm in the deepest melted volume
ear to the ceramic to less than 200 nm in the external surface.
nterspacing values inside the solidified layer are coherent with
he predictions of Eq. (1) of 400–300 nm for the pulling rates
sed, being in the external surface smaller than expected.

The absence of a dependence of interspacing on the pulling
ate is clearly a consequence of the radial thermal gradient. In
act solidification takes place along the radial direction, start-
ng presumably in the surface, as indicated by the high quotient
etween surface heat losses and thermal conduction along the
ube. Displacement of the cylinder in the axial thermal gradient
eems to have little effect on the microstructure which is domi-
ated by radial solidification. In addition, the microstructure can
e changed by cylinder rotation. We performed solidifications
t 400 mm/h axial pulling rates and cylinder rotations of 10, 50
nd 200 rpm. The depth of the processed region increased when
he rotation rate decreased and the probability of layer cracking
onsequently increased. The average microstructural interspac-
ng near to the surface also changes at low rotation rates being
75, 340 and 290 nm for 10, 50 and 200 rpm respectively. Notice
hat at low rotation rates we approach the predictions of Eq. (1).

onsequently, it is evident that sample rotation plays a critical

ole in increasing the surface heat losses, hence in establishing
strong radial growth gradient. This is an aspect that has still to
e understood from the point of view of theoretical calculations
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Fig. 4. SEM images of the textured layer obtained in previously infiltrated pol-
i
t
p

s
e
g
i
e

f
N
2
o
t
i
m
t
t
c

5

i
t

(
p
m
t
i
h
c
t
g

A

S
m
W
D
m

R

1

1

1

1

shed samples. In (A) some Ni leaves are parallel to the image plane showing
heir pores. In (B) the lamellae are perpendicular to the tube surface and image
lane.

ince current models of rotation enhanced convection predict an
nhancement which scales with (vr)1/2, vr being the surface tan-
ential speed in m/s units.19 In our case the radius of cylinder
s so small that even at the highest rotation rates the effect is
xpected to be negligible according to that model.

After the thermo reduction treatment the NiO grains trans-
orm into metallic Ni and pores all through the sample and the
iO lamellae of the textured layer into porous Ni plates about
00–120 nm in thickness. In Fig. 4 we show two SEM images
f the transverse section of a textured sample after the reduc-
ion process. In Fig. 4a some porous Ni leaves parallel to the
mage plane can be observed, whereas in Fig. 4b the align-

ent of the alternating YSZ and Ni layers perpendicular to the
ube surface is apparent. The electrical resistance of processed
ubes is about 7.5 × 10−5 � cm indicating that the Ni leaves are
onnected.

. Conclusions
By reduction of laser-processed NiO–YSZ eutectic tubes
t is possible to prepare porous Ni–YSZ cermets with a tex-
ured external layer. This layer is formed by nanometric size

1

1

n Ceramic Society 29 (2009) 85–90 89

100–200 nm) alternating YSZ and porous Ni lamellae aligned
erpendicular to the tube surface. The theoretical and experi-
ental analysis of the laser processing conditions shows that

o get a crack-free textured layer with fine microstructure it is
mperative to melt only a thin surface layer (25–30 �m) using
igh pulling rates and high rotation speeds. The good electrical
onductivity, porosity and the fine microstructure aligned along
he radial direction of the textured layer lead one to expect a
ood catalytic response of these tubes.
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