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a b s t r a c t

This paper describes the development of a process based on high energy milling (or mechanical
alloying—MA) of metallic Ni and YSZ at 40 vol% Ni composition for the preparation of solid oxide fuel cell
anode material. The cermet powder is consolidated using the surface activated sintering (SAS) method.
The cermet pellets possess microstructural characteristics that can potentially lead to higher electrocat-
alytic activity and fuel reforming capability. In addition to the development of a new processing method
for this purpose, a further differential of this work is the addition of Cu in partial substitution of Ni as a
node
olid oxide fuel cells
intering kinetics
echanical alloying

means to prevent the formation of carbon on its surface and, hence, the anode’s degradation during ser-
vice. The prepared powder samples are well dispersed and structured at the nanometric level, showing
thin lamellar constituents. Suitable sintered pellets can be obtained from the powders with the required
porosity and microstructure. The higher the energy delivered by MA the lower the initial sintering tem-
perature. Activation energies are determined by stepwise isothermal dilatometry (SID) for Ni-YSZ and
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Ni/Cu-YSZ pellets, involvin
refined microstructure.

. Introduction

The solid oxide fuel cell anodes developed to date have shown
ome limitations with regard to the use of different fuels and com-
ercial applications. It is a well known fact that, besides the high

ctivity for H2-bearing fuel oxidation, the major challenge is to
esign fuel types derived from organic sources such as hydrocar-
ons and alcohols. In view of Brazil’s energy matrix, there is much

nterest in ethanol and biogas fuels. However, these fuels report-
dly cause anode catalyst poisoning by surface carbon deposition.
otwithstanding these technical questions, this paper reports on

he development of a method to obtain cermet anode materials for
OFC based on mechanical alloying (MA) of metallic Ni and YSZ
owders. A suitable cermet processing method is one of the most
elevant factors to overcome the cost and lifetime-related limita-
ions of SOFC cells.

The co-milling MA process of the constituent powders can pro-

uce the following effects [1]: (i) refinement of the material’s
tructure, thereby increasing the 3-phase boundary site number,
nd (ii) increase of the powder’s sinterability through the exposure
f active surfaces during MA and sintering heat cycle. The surface
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-step sintering process. The Cu additive promotes sintering and leads to a

© 2008 Elsevier B.V. All rights reserved.

ctivated sintering (SAS) method, which derives from the latter
ffect, is used to consolidate the material. The resulting cermets are
xpected to display microstructural characteristics that improve
he electrocatalytic activity and the fuel reforming capability. The
ddition of Cu by partial replacement of Ni is also investigated as a
eans to mitigate carbon deposition on the Ni catalyst.

. Materials and methods

The 40 vol% Ni(Cu)-YSZ cermet was prepared from 8 mol% yttria
tabilized zirconia (8YSZ Tosoh Co., BET 13.2 m2 g−1) and metallic
i (99.6 mass% purity) with an average grain size of 29.3 �m. The
urity of the Cu powder exceeded 99.9 mass% and it had an average
article size of 3 �m. The main samples were prepared by high
nergy milling in a shaker mill (SPEX 8000) at a rotation speed
f 10 and 19 Hz for 1–16-h periods. Ultra-high molecular weight
UHMW) polyethylene and PTFE vials were used in a milling

edium of 5 mm diameter tetragonal zirconia YTZ spheres. The
owder-to-sphere mass ratio was 1:10. For purposes of compar-

son, two samples – 40 vol% Ni-YSZ and 55 vol% NiO-YSZ – were
repared by mixing and homogenizing the raw powders in alcohol

lurries, and the former is referred to as homogenized cermet. The
esulting powders were characterized by physical and chemical
ethods, and then subjected to uniaxial pressing at 100 MPa to

roduce pellets. Sintering was performed in a tubular furnace
nd a vertical TMA/dilatometer (Setaram Labsys TMA), applying

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:guisard@dglnet.com.br
mailto:srmello@ipen.br
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heating rate of 10 ◦C min−1 up to 1250–1300 ◦C and a 1-h dwell
ime, under air, argon and hydrogen atmospheres. The sintering
inetics was evaluated by stepwise isothermal dilatometry (SID) in
he dilatometer under argon, with several 15-min isotherms pro-
rammed at 50 ◦C intervals during heating. The data was treated
ith the normalized volumetric shrinkage equations [2–4]:

dY

dt
= nK(T)Y(1 − Y)

[
(1 − Y)

Y

]1/n

(1)

here: Y = (L3
0 − L3

t )/(L3
0 − L3

f ), Li is the sample length (0, t, and
refer to initial, at time t and final times), K is a temperature

unction and n is a constant.

. Results and discussion

The X-ray powder diffraction patterns of the 40 vol% Ni-YSZ
amples after milling displayed broadening of the peaks, which
ncreased with longer MA times and energy increases (Fig. 1(a)).
eak broadening is expected to reflect the high defect density
aused by MA allied with particle and crystallite refinement, tend-
ng to an amorphous state. Due to the high impact the powder
nderwent during the process, it may have become contaminated.

illing in UHMW vials produced carbon pickup of 1.5 and 2.5 mass%

fter 2 and 8 h of MA processing at 19 Hz, respectively. The PTFE
ials reduced this contamination to 0.7 mass% of carbon. Even so,
n evaluation of the diffractograms in Fig. 1 reveals a shift in the Ni
eaks, since C can become dissolved in the Ni lattice even at a low

t
p
Y
t
d

ig. 1. X-ray diffraction profiles: (a) 40 vol% Ni-YSZ and 40 vol%(Cu-Ni)-YSZ processed by
SZ and (◦) Ni.

Fig. 2. SEM–BSE images of 40 vol% Ni-YSZ p
l of Power Sources 185 (2008) 1262–1266 1263

oncentration. A previous study reported that Ni3C compound can
e formed after 8 h of MA at 19 Hz [1]. Fig. 1(a) compares diffrac-
ograms of Ni and YSZ raw materials and the sample compositions
0 vol% Ni-YSZ and 40%(Cu-Ni)-YSZ, in which half the volume of
i was replaced by Cu. The addition of Cu caused a further shift
f the Ni peaks. Because Cu peaks are located at slightly different
� degrees than Ni peaks, they can overlap at a broadened peak,
hereby forming an alloy. Moreover, there was more carbon avail-
ble for dissolution in Ni, since Ni was partially replaced by Cu,
hich repels carbon.

A scanning electron microscopy (SEM) analysis of 4-h MA pow-
er samples revealed a typical lamellar morphology composed of
lternating thin white and gray lines, which tended to become
efined as the MA processing time increased (Fig. 2). After 8 h of
rocessing, the lamellar structure was hardly visible. Fig. 3 shows
ransmission electron microscope (TEM) images indicating that
he powder’s ultimate particle size was in the nanometric range.
he cermet was structured primarily as an embedded aggrega-
ion of elongated YSZ and Ni particles, with some spots containing
anoparticles of less than 5 nm.

The energy transferred to the materials by MA allowed for
ower initial sintering temperatures, as indicated by the dilato-

etric experiments, and the behavior was independent of the

ype of atmosphere. Fig. 4 shows sintering curves for samples
rocessed by MA for different lengths of time under air. Pure
SZ and NiO-YSZ samples are included, showing initial sintering
emperatures of around 950 ◦C. However, the MA cermets initially
isplayed expansion caused by metal oxidation. It was found that

MA for 2 h; (b) 40 vol% Ni-YSZ powders processed by MA for different periods; (*)

owders milled for 4 h (a) and 8 h (b).
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Fig. 3. TEM images of Ni-YSZ powd
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ig. 4. Dilatometric curves of 40 vol% Ni-YSZ, NiO-YSZ and YSZ cermets measured
n air.

he retraction onset temperature of these samples diminished

s the MA processing time increased. For a simple homogenized
ample, the onset temperature was about 1120 ◦C, while MA
amples milled for 1 and 2 h showed onset temperatures of 990
nd 860 ◦C, respectively. This behavior demonstrates the ability
f MA processing to enhance sintering at lower temperatures by

3
a

a
t

Fig. 5. Dilatometric curves (a) under argon (H2); (b) detail of 8 h MA cur
ers processed for 2 h by MA.

efining particles and promoting dispersion. It should be noted
hat the NiO-YSZ ceramic densified extensively upon the porous

aterial required for anode application.
Further dilatometric analyses were conducted under argon and

ydrogen atmospheres, as indicated in Fig. 5(a), which no longer
hows oxidation-related expansion. The general behavior was sim-
lar, i.e., the longer the milling time and hence, the delivered energy,
he lower the initial sintering temperature, with the process tend-
ng to occur in two steps. Fig. 5(b) shows a detailed curve for a
ample processed for 8 h by MA, indicating the shrinkage rate. The
lot indicated that the initial sintering temperature occurred at
95 ◦C in an argon atmosphere. Raising the temperatures acceler-
ted the densification rates, allowing liquid phase sintering to take
lace. In each case, total densification was inhibited compared to
he YSZ and NiO-YSZ samples. The literature [5] reports that metal-
ic Ni sintering is inhibited in the presence of thin ceramic particles,
s in the case of reinforced cermets. In contrast, very thin and highly
eformed Ni particles are reported to bring on sintering at tem-
eratures below 200 ◦C [6,7]. The balance between these effects
ay explain the actual behavior during the sintering process. Our

-ray diffraction analysis of sintered pellets identified ZrC (JCPDS

5–0784) and CuZrO3 (JCPDS 43–0953) compounds, as well as Ni
nd YSZ (Fig. 6).

Fig. 7 shows Arrhenius plots obtained by SID for pressed Ni-YSZ
nd Cu/Ni-YSZ pellets of MA powders milled for 8 and 2 h, respec-
ively. The activation energy for sintering was greatly reduced for

ve showing the shrinkage rate profile d�L/dt, temperature scale.
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ig. 6. X-ray diffractograms for sintered samples: (*) YSZ, (◦) Ni, (+) CuZrO3, and (�)
rC.

u-containing material, suggesting the process was favored. The
wo distinct activation energy values and slopes revealed by our
ID analysis provided new evidence to support the assumption of

2-step sintering process, since the metallic constituents began

o sinter at low temperatures while the process was controlled
y zirconia starting at around 750 ◦C. The latter finding indicates
substantial reduction of the normal YSZ sintering temperature

950 ◦C, Fig. 4). The final pellet densities for all the materials fell

r
m
s
c
h

Fig. 7. Arrhenius plots based on SID data

Fig. 8. SEM micrographs of sintered pellets
l of Power Sources 185 (2008) 1262–1266 1265

ithin a range of 65–75% TD (theoretical density), which satisfies
he required range for SOFC anodes with well distributed porosity
nd phases. It should be noted the highest density (75% TD) was
ttained by the Cu-doped Ni-YSZ cermet.

Fig. 8 shows SEM backscattered images of microstructures of
ellets sintered at 1300 ◦C/1 h. The Ni-rich (dark-gray) and YSZ-rich
white-gray) phases were both continuous and beneficial for elec-
ron and ion percolation. The microstructure of the Cu-containing

aterial was clearly finer and of higher density, thus allowing for
ower sintering temperatures. The phase boundary morphology
ndicated that the liquid phase sintering phenomenon took place
wing to the lower melting point of Cu and the formation of eutectic
i-C due to carbon pickup.

The literature offers very few examples of MA processing to pre-
are powders for SOFC anodes. One research group [8–10] studied
he mechanical alloying of Ni/YSZ and Cu/YSZ powders followed
y 900 ◦C annealing, aiming to develop cathode materials for high-
emperature electrolysis of water vapor. Unlike the present work,
heir X-ray profiles did not change with longer milling times, nor
id the particle size decrease under dry milling conditions. This fact
uggests that the MA process examined in the present study was far
ore energetic, since it was able even to cause amorphization of the

owder. Wilkenhoener et al. [11] reported the nonhomogenization
f MA Ni/YSZ with a Ni content exceeding 20 vol%, which did not

each the percolation threshold for SOFC anodes. The high energy
illing preparation method was investigated using NiO and YSZ as

tarting powders [12]. In this case, actual anode cermet pellets, i.e.,
ontaining metallic Ni, were obtained after 4 h of reduction under
ydrogen.

for the study of sintering kinetics.

: Ni-YSZ (left) and Cu/Ni-YSZ (right).
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Well homogenized and finely microstructured powders and sin-
ered pellets are successfully obtained by the present MA method
ith high energy transfer rates from vibratory mills. The sintering

inetics were determined for the first time, suggesting mechanisms
n which both the ceramic and the metallic constituents control
intering in different steps, each one having its own network of par-
icles. Cu-containing Ni/YSZ material can be sintered to the desired
heoretical density at temperatures up to 1200 ◦C, presenting a

uch finer microstructure, and this finding is the most signifi-
ant contribution. The newly developed method dispenses with
ore-forming additives and reduces number of processes, directly
ielding the metallic cermet.

. Conclusions

High energy milling (MA) of metallic Ni and YSZ powders
eads to particle refinement and high deformation of metallic
onstituents, yielding homogeneous powders with a lamellar struc-
ure, which tends to be refined by longer processing times. The
ellets obtained from such powders can be sintered at lower
emperatures than simple homogenized pellets, while the total
ensification is lower. Conventional sintering studies as well as sin-
ering kinetics by SID demonstrated that densification occurs in a
-step process: Ni(Cu) sintering at low temperature (195 ◦C), fol-

◦
owed by YSZ sintering starting from 750 C. The addition of copper
educes the activation energy for sintering and leads to a refined
icrostructure. Preparation of Ni(Cu)-YSZ cermets by MA and SAS

ppears to be a promising route for the production of SOFC anodes
ith good properties and performance.

[

[

[

l of Power Sources 185 (2008) 1262–1266

cknowledgements

The authors thank the Brazilian research funding agencies
APESP (São Paulo State Research Foundation), FINEP-MCT (Studies
nd Projects Financing Agency/Ministry of Science and Technol-
gy) and CNPq (National Council for Scientific and Technological
evelopment) for their financial support of this work.

eferences

[1] T.A.G. Restivo, S.R.H. Mello-Castanho, paper 17/38, Sixth International Latin-
American Conference on Powder Technology (PTECH 2007), Buzios, November
7–10, 2007.

[2] T.A.G. Restivo, Boletim da Escola Politécnica da USP, Estudo da Cinética de
Reações Via Análise Quasi-Isotérmica por Passos, 2003, 21 pp.

[3] O. Bellon, Dilatometric Sintering Studies of Zirconia Toughened Ceramics, Cen-
tre for Advanced Technical Ceramics, Ecole Nationale Superieure de Ceramiques
Industrielles, Risoe National Laboratory, 1991.

[4] M.E. Sayed Ali, O.T. Sorensen, Evaluation of Dilatometric Techniques for Studies
of Sintering Kinetics, Riso National Laboratory, 1985, Riso-R-521.

[5] M.F. Ashby, S. Bahk, J. Bevk, D. Turnbull, Progress in Materials Science 25 (1980)
1–34.

[6] B.B. Panigrahi, Materials Science and Engineering A 460–461 (2007)
7–13.

[7] Y.H. Zhou, M. Harmelin, J. Bigot, Materials Science and Engineering A113 (1991)
775–779.

[8] H.S. Hong, U. Chaea, S. Chooa, K.S. Lee, Journal of Power Sources 149 (2005)
84–89.

[9] H.S. Honga, U. Chaeb, K. Parkc, S. Choo, Materials Science Forum 486–487 (2005)

662–665.

10] T. Tanaka, K.N. Ishihara, P.H. Shingu, Metallurgical Transactions A 23A (1992)
2431.

11] R. Wilkenhoener, R. Vaßen, H.P. Buchkremer, D. Stöver, Journal of Materials
Science 34 (1999) 257–265.

12] H.J. Cho, G.M. Choi, Journal of Power Sources 176 (2008) 96–101.


	Nickel-Zirconia cermet processing by mechanical alloying for solid oxide fuel cell anodes
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


