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Abstract

Anodes composed of Ni-YSZ (yttria-stabilised zirconia) cermets are the key material to allow
direct biofuel feeding to Solid Oxide Fuel Cell (SOFC) devices due to its internal reforming
capability. The main challenge among these materials is related to carbon deposition
poisoning effect when C-bearing fuels are feed. The work deals with these issues by alloying
Ni with some metals to conform a multi-metallic anode material. Mechanical alloying (MA)
at shaker mills is chosen as the route to incorporate the metal and ceramic powders in the
anode material, also leading to better sintering behaviour. Copper additive is said to improve
the anode carbon tolerance. However Ni-Cu alloy may easily form causing to lower the
electrocatalytic activity. A projected cermet material is conceived where a third metal can be
added based on two criteria: low Cu solubility with limited alloy formation with Cu and Ni
and similar formation enthalpy of hydrides regarding Ni. Refractory metals like Nb, W and
Mo, seems to fulfil these characteristics, as well as Ag whose repulse Cu atoms avoiding Ni-
Cu alloy formation into the milling vessel. The MA resulted powder morphology is highly
homogeneous showing nanometric interpolated metal lamellae. The sintering behaviour is
investigated by conventional dilatometry as well as by SID quasi-isothermal method to
determine the sintering kinetic parameters. Based on these tools, it is found the Cu additive
promotes sintering to obtain a denser anode and therefore allowing lower process
temperatures. The consolidation is achieved through the sintering by activated surface (SAS)
method allied to liquid phase sintering process, where the third metal additive also has
influenced. The final cermet can be obtained at one sole process step, dispensing pore-
forming additives and reduction treatments. The sintered microstructure demonstrates the
material is homogeneous and possesses suitable percolation networks and pore structure
suitable for SOFC anode applications.

Introduction

Solid oxide fuel cells (SOFC) is one of the most promised technologies to take part at
electrical energy generation systems wide world due to its high conversion efficiency, energy
output and low pollutant release. The anode Ni-YSZ (yttria-stabilized zirconia) is the key
SOFC component owing to its functions, including fuel oxidation, electronic conductivity and
O” ion transport. Fossil and biologic fuels are admitted directly at the anode volume thanks to
the steam reforming reactions and operation flexibility. SOFC technology is especially
attractive for brazilian energetic matrix due to the actual structure for ethanol production and
distribution. However, technical problems related to poisoning by carbon deposition at the
anode still impart the full employment of such alcohol fuels. Low steam to fuel ratio turns the
CO reforming product to reverse to carbon, which may be deposited and block the active sites
and pores, degrading the anode performance [1]. The mechanisms of carbon deposition,
which arise from fuel reforming and Boudouard reaction, involve C solving in Ni lattice and
further precipitation as filaments that cover the metal surface and pores [2,3], reducing
drastically the cell power output. While Cu additive is known to improve the carbon tolerance
[4,5], the Ni-Cu alloy is easily formed, leading to electrocatalytic properties degradation in
the Ni catalyst. Therefore it is imperative to free Cu into the precipitated state to meet these
goals.



The conventional preparation route for Ni-YSZ anodes involves mixing YSZ and NiO
ceramic powders followed by sintering in an oxidant atmosphere and reduction at 900-1000°C
in a further process step or in situ by the fuel in the SOFC [1, 5, 6]. Since the shrinkage
produced by the reduction of NiO to Ni is rather small, pore-forming additives should be
employed, like graphite, in order to reach a suitable porosity range for gas flow (nearly 35%)
[6].

The mechanical alloying (MA) process is investigated in the present work as a mean to
obtain directly the SOFC anode material from YSZ and metallic Ni powders, avoiding pore-
forming aids and further reduction treatments. This method is also suitable in order to
incorporate metallic powder additives [7], like Cu, as well as other metallic elements, even
with different physicochemical properties. Successive alloying with refractory metals is
performed to the Cu-Ni-YSZ anode material aiming to free Cu at the precipitated state due to
Cu low solubility in the metals. As a collateral effect, the MA high energy milling is expected
to promote densification through sintering by activated surface method (SAS), where active
metallic and ceramic surfaces are created during milling operation and further during the
heating cycle. The SAS concept foresees the increasing of the powder sinterability leading to
anticipated retraction onset temperature [7,8]. The process concept based on MA ultimately
drives the powder material into a project microstructure composed of thin metallic films
layers coating the ceramic particles.

Besides conventional dilatometry, one important tool employed for evaluation of the
powder sinterability is the stepwise isothermal dilatometry (SID) approach. The SID method
is a quasi-isothermal analysis where the kinetic parameters can be determined in one sole
experiment as a function of the temperature [9-13]. The analysis is accomplished by imposing
several isotherms at the sintering temperature range during the heating cycle. Equationing
begins with the basic shrinkage relation [14-16]:

AL/L, =y = [K(T).{]" (1)

were K(T) is analogous to reaction rate constant and n is a parameter related to the
mechanism, equivalent to reaction order. SID method is a differential kinetic one where the
eq.(1) is applyed into the differential form:

In(dy/dt)= In[n.K(T)]-(1/n-1)lny )

Assuming the sintering process as isotropic, the normalized volumetric shrinkage can be
expressed as Y = (Vo-V)/(Vo-Vy) = (Lo’ -Le)/(Lo -L¢), where the subscriptions o, t and f mean
the dimension values at the beginning, at a time t and at the end of the sintering. Replacing the
relative linear shrinkage AL/Lo in the eq.(1) by the relative volumetric shrinkage Y/(1-Y) =
(Vo-V)/(V-Vy), followed by differentiation on time, a normalized shrinkage equation can be
developed [17-18]:

dY/dt = nK(T)Y(1-Y)[(1-Y)/Y]"" (3)
At each isotherm, the Plot In{(dY/dt)[1/Y(1-Y)]} versus In[(1-Y)/Y] yields a straight line
from what n and K(T) are calculated. The rate constant parameter obeys the Arrhenius
Equation:

K(T) = A.exp(-Q/RT) = In[K(T)] = InA - Q/RT (4)

Therefore, the apparent activation energy Q can be determined from the plot In[K(T)] x 1/T.



Experimental

Starting powders were YSZ (cubic zirconia, 8mols%Y,03, Tosoh Corp.), metallic Ni with
28um average particle size (CIRQ Cromato, 400 mesh, 99,6 mass% purity) and a 3um-Cu
powder exceeding 99.9 mass% purity. One 3pum Ni powder 99,8% purity (mass base, Aldrich)
was employed in some samples, while the refractory metals had the same mean particle size
and grade. All sample compositions were set at 40vol%metal-YSZ, previously mixed and
submitted to high energy milling in shaker mills at a rotation speed of 10 and 19 Hz for 1 to 8-
hour periods. Ultra-high molecular weight (UHMW) polyethylene and PTFE vials were used
with a milling medium of 5mm diameter tetragonal zirconia YTZ spheres. Another
experimental set was performed employing vanadium hard steel (VC131) vial and Smm
diameter 52100 grade steel spheres. When the powders were to be alloyed with refractory
metals, a milling sequence was used over 3-h period: YSZ+Ni, +Cu, +Me (refractory). The
balls-to-powder mass ratio was 10:1 for a total powder mass of 10g. For purposes of
comparison, two samples — 40vol%Ni-YSZ and 55vol%NiO-YSZ — were prepared by mixing
and homogenizing the raw powders in alcohol slurries, and the former is referred to as
homogenized cermet. MA was performed either in air or under argon and vacuum if reactive
metals are included. The powder samples were pressed uniaxially at 150MPa to conform
7mm diameter pellets. The pellets were sintered under argon flowing gases both in a muftle
furnace and in a vertical dilatometer/TMA (Setaram Labsys TMA 1400°C). The heating rate
was 10°C/min up to 1250-1350°C and dwelling time of 1 hour. SID heating cycles used the
same heating rate while several isotherms were programmed at each 50°C, from 200°C up to
1200°C. The TMA load for all experiments was set at 2g in order to cause no influence on
sintering profiles and satisfy the isotropic assumption. One sample was analysed by
simultaneous TGA/DTA up to 1200°C (Setaram Labsys TG/DTA 1600°C) to give more
assertions regarding the phenomena talking place during sintering. The SAS process was
carried out in a tubular furnace with 10% water vapour- argon flow up to 1200°C for 1h.

Results and Discussion

The Ni-YSZ power microstructure is shown in Fig. 1 at SEM-BSE, prepared by
impregnated technique following by polishing down to 1pum. One can see the typical lamellae
MA structure that tends to be refined and totally homogeneous at higher milling times. The
constituents Ni and YSZ are dispersed in both white and gray fields.

Fig. 1. Ni-YSZ MA powders: 4-h (left) and 8-h milling time.



A closer examination at the powder (Fig. 2) has demonstrated the projected structure has been
achieved: YSZ small particles has been placed internally, plated by metallic films.
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Fig. 2. SEM-BSE detail evidencing Ni plating of YSZ particles.

Fig. 3 examines the Ni-YSZ powders with higher magnification by TEM. The Ni and YSZ
atomic planes can be identified, connected with small domain areas or superimposed,
indicating high defect density. The ultimate particle size and grains are in the nanometric
range.

Fig. 3. TEM images showing Ni-YSZ
dispersing at nanometric level




Analysis by X-ray diffraction (Fig. 4) shows the main constituent Ni and YSZ preserves the
original peaks, while they have underwent peak broadening due to increase of defects and
reducing the crystallite size. Ni peaks have been further broadened when Cu is added, that
indicates, beside the absent of Cu ones, the Ni-Cu alloy has been formed during MA milling.
The metal approaches the amorphous state as the milling time is increased.
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Fig. 4. X-ray profiles of MA powders (Cu-)Ni-YSZ; ° Ni ; * YSZ

The sintering behaviour is influenced by the milling accordingly to dilatometric curves in Fig.
5. It has been assigned an initial sintering temperature of only 195°C for the most energetic
milled sample (MA 8h). However, the total shrinkage is smaller for MA powders compared to
the homogenized one. This fact is beneficial as SOFC anode preparation method once pore-
forming additives are not required. The sintered densities of all (Cu-)Ni-YSZ samples lied in
the range 65-73%TD, suitable for SOFC applications. Also, NiO-YSZ material densifies
extensively compared to the MA cermets.
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Fig. 5. Sintering curves for MA and homogenized 40vol% Ni-YSZ and NiO-YSZ.



Refractory metal additions to MA processed powders were successful to separate the Cu
in the precipitated state from Ni as seen in Fig. 6. The Cu peak is clearly separated while the
Ni one is less shifted to smaller 20 angles. Original Ni and YSZ profiles are included to allow
localizing each reflection.
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Fig. 6. X-ray profiles for 8vol% Me- 12vol% Cu- 20vol% Ni— YSZ; Me = W, Nb, Mo.

Some compounds were formed in sintering MA powder pellets X-ray analysis (Fig. 7)
under high energy transfer conditions as a result of C contamination from the container: ZrC
and CuZrOs. The last has been found when Cu replaces part of Ni as well as a deposit in the
sintering boat, indicating some vapor phase reaction product.
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Fig. 7. X-ray analysis of sintered MA powders under argon, milled in polymer vials.



By the other side, sintered 3-h MA powder pellets X-ray profiles at Fig. 8, whose has
been milled in steel vials, do not show ZrC precipitation. When Nb and Cu are alloyed, it still
shows CuZrOs; suggesting Nb acts as a reducer for ZrO,, leaving Cu to react. Ni peaks are
further shifted due to refractory metals alloying while Cu peaks are not preserved. Lower
sintering temperatures are required as well as increasing milling time to isolate Cu metal.
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Fig. 8. X-ray profiles of sintered pellets milled by MA 3h.

Sintering Kinetics

Sintered kinetics as determined by SID method are shown in Figs. 9 and 10 for polymeric
and steel vials. The apparent activation energies (Eact) for Cu added powders are much lower
indicating this metal promotes sintering in an efficient way. Low melting point of Cu can lead
to liquid phase formation, accelerating densification. Milling in steel vessels further increases
the powder sinterability as seen by the activation energy values. One can divide the sintering
process in 2 steps: metal sintering at low temperature with small Eact and YSZ sintering at
higher temperatures at high Eact. It is confirmed the shrinkage of such powders starts at very
low temperature, specially when Cu is alloyed. YSZ controls the kinetics from 750°C, which
is substantially lower than normal retraction onset for zirconia (950°C). These results
demonstrates the MA process can improve the powder sinterability by incorporating powder
additives in a proper way. Moreover, the carbon contamination imparts somewhat the
densification (higher Eact) due to carbide phase formation and blocking the contact paterns.
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Fig. 9. Activation energies determined by SID method for homogenized and MA powder
pellets up to 1200°C; polymer vials.
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Fig. 10. Activation energies; steel vials.

The SAS process was tried for the first time. Its concept involves plating ceramic particles by
metal microforging in the MA process. The resulted thin film are adherent at a micrometer
level, prone to fill the defects at ceramic surface and hence blocking surface diffusion. In
some intermediate temperature during sintering heating cycle, the reactive refractory metal
films can undergo partial oxidation at controlled oxygen potential. Some metal films like
MoO; and WO;, besides NiO, are volatile, therefore may leave the preserved ceramic surfaces
to reactivate sintering. Table 1 shows the results of SAS process at 1200°C under argon-10%
water vapour. The powder pellets composed of Cu-Ni-YSZ has attained a similar sintered
density by SAS at 1200°C compared to conventional sintering at 1300°C. The same tendency
can be approached for Mo-bearing sample at 1200°C SAS process. As Am is higher for the
more reactive refractory metal additive, the sintered density is lowered. This fact indicates the
oxygen potential is excessive for some metals like W and Nb, but suitable for Ni and Mo.



Table 1. Comparison between sintered densities (%DT) at SAS and conventional sintering
processes; Am is the mass variation after sintering.

sample Time/ hz vial T(°C) Am (%) Green dens. Sint. Dens.
20v%Ni-12v%Cu-8v%Nb-YSZ 3/19 steel 1300 +0,42 57,83 72,29
20v%Ni-12v%Cu-8v%Nb-YSZ SSA 3/19 steel 1200 +1,33 58,22 65,13
20v%Ni-12v%Cu-8v%Mo-YSZ 3/19 steel 1300 -0,97 57,31 65,95
20v%Ni-12v%Cu-8v%Mo-YSZ SSA 3/19 steel 1200 +0,39 57,71 63,24
20v%Ni-12v%Cu-8v%W-YSZ 3/19 steel 1300 -1,48 57,23 81,50
20v%Ni-12v%Cu-8v%W-YSZ SSA 3/19 steel 1200 +0,85 57,87 71,92
12v%Cu-28v%Ni-YSZ ar 4/19 stell 1300 -2,71 54,10 76,91
12v%Cu-28v%Ni-YSZ ar SSA 4/19 steel 1200 -2,84 56,19 76,86
Conclusions

Mechanical alloying processing is a suitable method for preparing SOFC anode powder
materials, leading to higher shrinkages of compacts at lower temperatures while maintaining
the required porosity and good homogeneity. The powder morphologies can be tailored to a
projected microstructure where thin metal films cover the ceramic particles, which become
internal. Cu additions can be liberated at the powder after MA milling by means of alloying of
some third metals whose repulse the former. Sintering kinetics analysis of Cu-Ni-YSZ pellets
demonstrates the process take place by 2 steps: metal sintering at low temperature followed
by ceramic control from 750°C. The new SAS process concept is promised as long as the
sintering temperature can be additionally lowered by 100°C for Cu-Ni-YSZ and Mo-Cu-Ni-
YSZ.
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