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Abstract New 40 vol%[(Cu)–Ni]–YSZ cermet materials

processed by mechanical alloying (MA) of the row powders

are prepared. The powder compacts are sintered in air,

hydrogen and inert (argon) atmospheres at a dilatometer and

tubular furnace up to 1,350 �C. Sintering by activated sur-

face concept (SAS) can anticipate and enhance the densi-

fication in such powders. Stepwise isothermal dilatometry

(SID) sintering kinetics study is performed allowing

determining kinetic parameters for Ni–YSZ and Ni–Cu–

YSZ pellets. Two-steps sintering processes is indicated

while Cu-bearing material features the smallest activation

energy for sintering. The allied MA–SAS method is a

promising route to prepare SOFC fuel cell anode materials.
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Introduction

Solid oxide fuel cells (SOFC) is one of the most promised

technologies to take part at electrical energy generation

systems world wide due to its high conversion efficiency,

energy output and low pollutant release. Among SOFC

components, the anode has outstanding functions including

fuel oxidation, electronic conductivity, O2- ion transport

and great flexibility regarding the direct use of bio and fossil

fuels. SOFC technology is especially attractive for Brazilian

energetic matrix due to the actual structure for ethanol pro-

duction and distribution. However, technical problems

related to poisoning by carbon deposition at the anode still

remain, avoiding broad alcohol fuels utilization. If low steam

content is present at the anode, the reforming product CO can

be reversed to carbon which may block active sites and pores,

degrading anode performance [1]. The mechanisms of car-

bon deposition, which arises from fuel reforming and Bou-

douard 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.

The conventional preparation route for Ni–YSZ anodes

consists on mixing YSZ and NiO powders followed by

sintering in an oxidant atmosphere and reduction at 900–

1,000 �C in a further process step or in situ by the fuel in the

SOFC [1, 4, 5]. The shrinkage produced by the reduction of

NiO to Ni is rather small. A common practice is to include

pore-forming additives, like graphite, in order to reach a

suitable porosity range for gas flow (nearly 40%) [4].

The mechanical alloying (MA) process is investigated in

the present work as a means to obtain directly the SOFC

anode material from YSZ and metallic Ni powders,

avoiding pore-forming aids and subsequent reduction

operations. The method is also envisioned as a way to add

metallic additives efficiently, like Cu, to increase the anode

tolerance to C-bearing fuels [5, 6]. Implementing in par-

allel, the MA high energy milling can give rise to the

sintering by activated surface method (SAS), where fresh

surfaces are created during milling operation and further

during heating cycle. The SAS concept foresees the

increasing of the sinterability of the powders leading to

anticipated retraction onset temperature [7].

The main tool employed for evaluation of the powders

sinterability is the stepwise isothermal dilatometry (SID)

approach. The SID method is a quasi-isothermal analysis
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where the kinetic parameters can be determined in one sole

experiment as a function of the temperature [8–12]. Several

isotherms distributed along the heating cycle within the

relevant temperature range are generally imposed to

accomplish the SID analysis.

Sintering kinetics theory

Some equations were attempted in order to fit the shrinkage

data registered during sintering, leading to calculate the

activation energy. The first one was derived from the basic

equation for the shrinkage related to time [13–15]:

DL=Lo ¼ y ¼ ½KðTÞ � t�n ð1Þ

were K(T) is analogous to reaction rate constant and n is a

parameter related to the mechanism, equivalent to reaction

order. To apply for the dilatometric data Eq. 1 should be

used into the differential form:

lnðdy=dtÞ ¼ ln½n � KðTÞ� � ð1=n� 1Þ ln y ð2Þ

Assuming the sintering process as isotropic, the

normalized volumetric shrinkage can be expressed as

Y = (Vo - Vt)/(Vo - Vf) = (Lo
3 - Lt

3)/(Lo
3 - Lf

3), 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 DL/Lo in the Eq. 1 by

the relative volumetric shrinkage Y/(1 - Y) = (Vo - Vt)/

(Vt - Vf), followed by differentiation on time, a normalized

shrinkage equation can be developed [16, 17]:

dY=dt ¼ nKðTÞYð1� YÞ½ð1� YÞ=Y�1=n ð3Þ

At any isotherm, the Plot ln{(dY/dt)[1/Y(1 - Y)]}

versus ln[(1 - Y)/Y] yields a straight line from what n

and K(T) are calculated. The rate constant parameter obeys

the Arrhenius Equation:

KðTÞ ¼ A � expð�Q=RTÞ ) ln½KðTÞ� ¼ ln A� Q=RT

ð4Þ

Therefore, the apparent activation energy Q can be

determined from the plot ln[K(T)] 9 1/T.

Experimental

Starting powders were YSZ (cubic zirconia, 8 mol%Y2O3,

Tosoh Corp.), metallic Ni with 28 lm average particle size

(CIRQ Cromato, 400 mesh, 99,6 mass% purity) and a

3 lm-Cu powder exceeding 99.9 mass% purity. The

40 vol%metal-YSZ samples were prepared by high energy

milling in a shaker mill (SPEX 8000) at a rotation speed of

19 Hz for 1 to 8-h periods. Ultra-high molecular mass

(UHMW) polyethylene and PTFE vials were used in a

milling medium of 5 mm diameter tetragonal zirconia YTZ

spheres. Another experimental set was performed employ-

ing vanadium hard steel (VC131) vial and 5 mm diameter

52100 grade steel spheres. The balls-to-powder mass ratio

was 10:1 for a total powder mass of 10 g. For purposes

of comparison, two samples—40 vol%Ni–YSZ and

55 vol%NiO–YSZ—were prepared by mixing and homo-

genizing the raw powders in alcohol slurries, and the former

is referred to as homogenized cermet. MA was performed

under air once a previous study [7] has demonstrated the

milling atmosphere inside the vials has little influence since

the powder oxidation level was negligible. The powder

samples were subjected to uniaxial pressing at 150 MPa to

conform 7 mm diameter pellets. The pellets were sintered

in air and argon flowing gases both in a muffle furnace and

in a vertical dilatometer/TMA (Setaram Labsys TMA

1,400 �C). The heating rate was 10 �C/min up to 1,300 and

1,350 �C and dwelling time of 0.5 and 1 h. SID heating

cycles used the same heating rate while several isotherms

were programmed at each 50 �C, from 200 �C up to

1,200 �C. The TMA load for all experiments was set at 2 g

in order to cause no influence on sintering profiles. Also the

required isotropic assumption for SID kinetic evaluation is

especially valid at low load level attained in a vertical

dilatometer like the one presently used. One sample was

analyzed by simultaneous TG/DTA up to 1,200 �C (Setaram

Labsys TG/DTA 1,600 �C) to give more assertions regard-

ing the phenomena talking place during sintering.

Results and discussion

Mechanical alloying yields fine Ni–YSZ powders with

mean particle size approaching 5 lm after 2-h processing

time [7]. The primary crystallite sizes are in the nanometric

range, as seen by SEM and TEM images in Fig. 1. The

aggregates are composed by YSZ particles embedded on

deformed Ni into a layered morphology. Previous works

has demonstrated the constituents are intimate mixed in a

very refined lamellar morphology possessing a highly

defective structure [17].

Conventional sintering study in air is shown in Fig. 2 for

40 vol% Ni–YSZ and 40 vol%(Cu–Ni)–YSZ samples

subjected to MA during 2 h. In the last sample, Cu was

added to replace 50 vol% of Ni. Homogenized Ni–YSZ

and oxide based NiO–YSZ samples are also included for

comparison. It can be seen the sample pellets containing

metals undergo first an expansion due to oxidation, fol-

lowed by the sintering retraction. Retraction onset tem-

perature of 950 �C is similar for YSZ, NiO–YSZ and for

the homogenized cermet samples. By examining the point

where the expansion is cancelled by the shrinkage, one can

verify the materials subjected to MA have lower onset

temperatures, specially the Cu-bearing Ni–YSZ sample.
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The sintering behavior of Ni–YSZ MA samples under

inert atmosphere (argon) up to 1,300 �C (Fig. 3) is similar,

except for the expansion due to the oxidation. The higher

the MA processing time and hence the energy delivered, the

lower the initial sintering temperature. In the present case, a

start sintering temperature as low as 195 �C was registered

for 8 h MA Ni–YSZ powder compact. However, the total

shrinkage is smaller for MA processed powder pellets

compared to the homogenized Ni–YSZ one. In both sin-

tering conditions, total densification was inhibited com-

pared to the YSZ and NiO–YSZ samples. In [18] the

sintering of Ni metal is inhibited in the presence of thin

ceramic particles, as in the case of reinforced cermets. In

contrast, very thin and highly deformed Ni particles are

reported to bring on sintering at temperatures below 200 �C

[19, 20]. The balance between these effects may explain the

actual behavior during the sintering process. Actually, the

lower densification is beneficial to anode material prepa-

ration process, once pore-forming additives are dispensed

and the cermet can be obtained directly with Ni in the

metallic form and proper porosity. Final density compila-

tion for sintered pellets resulted in the 60–70%TD range.

The behavior of 8 h MA Ni–YSZ powder compact was

further investigated by TG/DTA in the same conditions as

the dilatometric analysis, allowing coupling all the signals

in Fig. 4. It can be noted by the shrinkage rate curve that the

sintering onset takes place at low temperature, immediately

followed by a mass loss indicating the decomposition of

polymer contamination from the UHMW milling container.

An exothermic peak is assigned at 355 �C with a corre-

sponding local expansion, which can be interpreted as the

recrystallization of Ni. Afterwards the solid state sintering

is resumed. The presence of two endothermic peaks of

melting at 1,077 and 1,182 �C suggests the liquid phase

sintering process can occur to accelerate the retraction. The

carbon pickup of this powder was measured as 2.5% by

LECO analyzer, which means the Ni–C eutectic alloy can

be formed, leading to some liquid phase, even in small

amounts. The X-ray diffraction patterns shown in Fig. 5

support these findings, once the Ni reflections were strongly

shifted and traces of Ni3C are identified in the powder after

8 h MA into an UHMW vial. The Ni3C compound is nor-

mally formed from the C supersaturated Ni solution at

318 �C on heating, undergoing decomposition at 460 �C, as

Fig. 1 MA processed Ni–YSZ powder images: SEM SE (left), TEM

(right)
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Fig. 4 TG/DTA and dilatometric curve coupled for Ni–YSZ powder

pellet processed by MA during 8 h
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stated in [21], with good agreement with the present sin-

tering curves. It appears the MA process is enough energetic

to cause Ni3C to form earlier in the powder. The MA per-

formed into PTFE vials was successful to reduce the C

pickup at about 50%, especially at 2 h MA processed

powders, while the decreasing for 8 h duration is marginal.

The reduction of the initial sintering temperature of the MA

samples indicates the process is enhanced by active surface,

which may be formed during the milling process, but also

during sintering heating cycle. The MA process produces a

slight oxidation on metallic surfaces, among them thin NiO

layers can be removed during heating releasing the active

surfaces to sinter, according to the SAS concept. The con-

sidered mechanisms of SAS include evaporation, solving in

the matrix and reactive sintering, presently under study.

SID kinetic analysis

A typical SID kinetic analysis curve up to 1,200 �C for this

study is shown in Fig. 6, which has been also processed

according to Eq. 3, yielding some linear plots with 1/n

slopes. The rate constants K(T) calculated at each estab-

lished isotherm allow to build the Arrhenius plot

ln(K(T)) 9 1/T for the materials from where the activation

energies are derived. It should be noted that each K(T)

value results from the computation of about 200 aligned

data points recorded at the dilatometer. The three plots at

Fig. 7 are scaled equally in order to demonstrate the dif-

ferent slopes related to activation energies together with the

respective fitting uncertainties. The straight plots obtained

with only two points are merely indicative of a tendency

for activation energy values and then dashed lines are

drawn. The determined activation energy is clearly smaller

for the Cu doped Ni–YSZ material and also rather inferior

for MA Ni–YSZ, compared to the homogenized sample,

suggesting the sintering process is favored.

It appears the sintering process mechanisms change two

times, from small activation energies to higher ones,

implying it happens through a 2-step process. It has been

suggested the process is initially controlled by Ni (Cu) sin-

tering, which explains the smaller values at low temperature.

Afterwards, the process control is assumed by YSZ particles

sintering at increased activation energies. It should be noted

the MA processed powders have sintered at lower temper-

atures, specially for 8 h MA powder, where the second step

related to YSZ sintering is anticipated to 750 �C. Comparing

to conventional YSZ sintering onset (950 �C, Fig. 2), there

is an important gain regarding the reduction of sintering

temperature. The SID analysis of the as received pure YSZ

powder compacts and milled for 2 h can give more asser-

tions on the sintering process control, as shown in Fig. 8. The

activation energy for the MA 2 h processed YSZ green pellet

is smaller compared to the not-milled one, suggesting the

high energy milling process may increase the sinterability of

such powders. Moreover, the initial temperature of sintering

is lowered from 950 �C down to 450 �C, where the milled

powder starts to sinter slowly.
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The sintering activation energy evaluation for sample

milled in steel vials is shown in Fig. 9. In these cases, the

samples have low carbon content and less liquid phase is

expected to form during sintering. Notwithstanding, the

behavior is similar: Cu additive promotes sintering

according the smaller activation energy. Also, the absent

of C seems to be beneficial for the sintering process of

Ni–YSZ at high temperature since the activation energy is

noticeably smaller compared to Fig. 7.

The evaluation of n parameter at Table 1 indicates the

cermet sintering process is rather complex. The n param-

eter values are influenced by the particle shape and diffu-

sion path [22]. Grain boundary diffusion control tends to

exhibit lower n values, approaching 0.3, while lattice dif-

fusion assumes 0.4. Sphere particles are said to increase the

n values as well as complex diffusion paths that can occur

at composites like the present case. The sample subjected

to longer MA treatment period (8 h) seems to display lower

n values due to large surface development, which may

favor grain boundary diffusion. On the other hand, Cu

addition brings more complexity to diffusion paths and

contact patterns, leading to increasing n values when using

PTFE vial. Sintered pellets microstructure SEM-BSE

images in Fig. 10 give evidence of liquid phase sintering

occurrence, as expected by Cu low melting point. This fact

can lead to promotion of sintering, reducing both n values

and the apparent activation energy for diffusion, as seen for

the cermet processed in steel vial. However, it is found the

YSZ material presently used has itself complicated diffu-

sion kinetics, yielding rather high n values and therefore

influencing the actual measurements. The Tosoh YSZ

round particle shape may lead to this behavior.

The whole SID analysis should consider both n and acti-

vation energy values to determine the sintering mechanisms.

In this work, since the cermet material has several constitu-

ents and phases, one can evaluate the mechanisms based on

apparent activation energy owing to the predominant pro-

cess. However, different reactions can take place simulta-

neously and may have some influence: solid phase diffusion,
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melting, solution-reprecipitation by liquid phase, formation

of compounds, recovery, recristalization and grain growth.

In spite of the system complexity, the present study can

assure the densification process may occur through metal

particles sintering at low temperature due to low activation

energy determined, afterwards undergoing a mechanism

change where the limiting rate process should include cera-

mic diffusion mechanisms. Moreover, the appearance of

liquid phase (Cu) can promote the shrinkage accordingly to

the respective lower apparent activation energy.

Conclusions

Cermet powder materials Ni(Cu)–YSZ for SOFC anode

application were prepared by mechanical alloying with

good dispersion and nanometric ultimate particle size. The

MA powder pellets sintered in argon can lead directly to

porous anode material with suitable microstructure. SID

kinetic analysis has demonstrated the sintering occurs

through a 2-step process: Ni(Cu) sintering at low temper-

ature followed by YSZ sintering. Liquid phase sintering

takes part in the process, accelerating the densification.

Determined activation energies validate such behavior and

confirm the Cu additive promotes sintering. The kinetic

parameter n suggests the diffusion path and particle contact

patterns are complex for the multi-component cermet and

also verified for YSZ. The MA into steel vials can lead to a

carbon-free cermet, which has an even higher sinterability.

References

1. Minh NQ. Ceramic fuel cells. J Am Ceram Soc. 1993;76(3);

563–88.

2. Atkinson A, Barnett S, Gorte RJ, Irvine JT, McEvoy AJ, Mog-

ensen M, et al. Advanced anodes for high temperature fuel cells.

Nat Mater. 2004;3(1):17–27.
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Cu–Ni–YSZ (right); white-gray fields are YSZ-rich; liquid phase

sintering is evident at the last sample
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