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Abslract-Microstructural changes in pure Ni, Ni/(4-10 wt%)Ni3A1 mid Ni/5 wt%Ni3A1/5 wt%Cr anodes fox- molten 
carbonate fuel cell were investigated by sintering experiment. Submicron-sized NisA1 intermetallic particles were dis- 
persed in nickel powders to improve mechanical strength by dispersion strengthening and to control both densification 
and pore structure of these anodes during sinteling. The raech~mical strengths ofNi/7 wt%Ni3A1 and Ni/5 wt%Ni3AlY 
5 wt%Cr anodes were considerably higher than that of the pure Ni anode by strong bonding between small nickel 
grains. Pore volume in the anodes which included Ni3A1 was considerably high by impeding nickel grain growth, be- 
came the retarding force exerted by the NisA1 inclusion obstmeted the nickel grain boundary movement. Pore structure 
in the anodes was maintained in a relatively stable open network in contrast with that in the pure Ni anode. 
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INTRODUCTION 

The Molten Carbonate Fuel Cell (MCFC) is a highly efficient 
and envh-olmlentaUy clean source of power generation that con- 
verts chemical energy into electrical energy. Nickel has been gen- 
erally used as the porous anode material and shown to have good 
electrochemical activity with reasonably small polarization loss 
[Yuh et al., 1995]. But creep deformation of the anode occurs by 
the change in pore stmctta-e clue to nickel glain growth at high tem- 
perature, and the creep results in an increase in internal resistance 
and decreases anode surface area [Watanabe, 1997]. 

To increase the creep resistance, nickel-based azlodes sintered 
from Ni-Cr and Ni-A1 alloy powders have been developed [Lira 
et al., 1999; Yuh et al., 1995]. Although these anodes have im- 
proved the creep problem to a certain degree, it is necessary to 
control the densification process and to obtain higher mechanical 
strength of the alternative porous MCFC anodes by dispex-sion of 
very fine-sized second phase particles which are more stable at ele- 
vated temperature. If not, deusification and subsequent nickel grain 
growth result in collapse of the open pore network in the porous 
anodes. 

In our previous works, we have manufactured submicron-sized 
Ni3A1 intermetallics by chemical synthesis in eutectic molten salt 
baths [Kim, 1997; Kiln et al., 1999a], and studied the effect of 
Ni3A1 mtemletallics on nickel grain growth inhibition fox MCFC 
anodes [Kiln et al., 1999b, c; Kim and Chun, 2000]. 

In this work, we investigate the microstmcaral changes of pure 
Ni, Ni/(4-10 wt%)Ni3A1 and Ni/5 wt%Ni3AF5 wt%Cr anodes, and 
suggest a suitable method for increasing the mechanical strength 
of  the porous MCFC anode. 

EXPERIMENTAL 
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Fig. 1. XRD patterns of the NisAl intermetaHics produced in the 
eutectic molten salt bath of AICIs+NaCI (63 : 37 mol%) at 
500 ~ 
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1. Preparation of Green Sheets 
Fig. 1 shows the XRD patterns of the submicron-sizedNiA1 in- 

termetallics produced by reaction of anhydrous NiC12 and high pu- 
rity A1 powders in an eutectic molten salt bath of A1C13+NaC1 
(63 : 37 mol%) at 500 ~ [Kiln, 1997; Kiln et al., 1999a]. 

Green sheets for MCFC anode were prepared by tape casfmg 
method using 55 to 70 wt% slurry which consisted of filamentary 
nickel powders (Inco #255) and the Ni3A1 intermetallics ranged 
fiorn 4 to 10 wt%. Dispersant, binders and plasticizer were also add- 
ed to the sknxies to maintain adequate strength of the green sheets. 
The green sheets for pure Ni and Ni/5 wt%NiCkl/5 wt%Cr anode 
were also prepared by the same procedure. 
2. Sintering 

Sinteling of  all the green sheets was carried out in 20%H2/N2 
mixed gas atmosphere in a tube type furnace at 800 ~ to 1,000 ~ 
for 1 to 10hrs. The given siutering temperature was kept by a pro- 
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grammable controlle~ Average heating rates from 100 to 200 ~ 
were used to the desired smtering temperatta-e for reliable grain 
grov~l-t 
3. Mierostruetural Measurements 

The densities and porosities of these anodes after sintering were 
determined by Archimedes' principle, and their pore size distribu- 
tions and differential pore volumes were investigated by mercury 
porosimetry (Autopore]19215, Micrometrics). Axial shrinkage data 
were obtained from measurements by a caliper before and after 
sinte~ing. Relative densities were defined by the ratio of actual sm- 
tered densities to theoretical ones. The fi-acmre surfaces of the an- 
odes were examined with a Scanning Electron Microscope (S- 
2700, Hitachi). 

To obtain the mechanical strength of the anodes, tensile strengths 
of  t_he MCFC anodes were measured by unive~-sal test machine 
(Instron UTM 4467). And electrochemical performances of the an- 
odes were measured during unit cell (1 • cm) test for 100 hrs. 
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Fig. 3. Axial shrinkage curves for the sintered MCFC anodes 
(heating rate=100 ~ sintering t ime=l  hr). 

RESULTS A N D  DISCUSSION 

1. Densification 
Fig. 2 shows the relative sintered density of various green sheets 

with respect to solid ctxlte~lgs m slurry aft_el- sinteiitg. Because con- 
tact area between nickel powders in green sheet is increased with 
increasing solid contents, the relative density of pure Ni anode is 
considerably increased compared with that of Ni/NiCkl anodes. 
The NKNiykl anodes are sintered more slowly than pure Ni anode, 
wkile the pure Ni one is densified by vigorous mass tt-ansport be- 
tween contacting nickel particles as sintering temperature is in- 
creased It is thought that Ni3A1 intermetallics dispersed between 
itickel gl-aius retard the itickel grain bounday movelnent and then 
subsequelNy obstmct densification [Kim et al., 1999b, c; German, 
1994, 1996]. Hereafter the sintering experiments are carried out 
using green sheets which are fixed solid contents of the slurry to 
65 wt% for reliable groin gro~h.  

Axial st~-~kage curves for the various MCFC anodes are shown 
in Fig. 3. These data are obtained from measuring the anode thick- 
ness before and after sintering. As amounts ofNi3A1 intermetallics 

dispei-sed increase, the st~it~kage decreases clue to the pinning ef- 
fect resulting from retarding force exerted by inclusion of second 
phase particle on the nickel groin boundary [Kim and Chun, 2000]. 

It is also shown that the st~itkkage ofNi/5 wt%Ni3A1/5 wt%Cr 
anode is similar to that ofNi/7 wt%Ni3A1 anode. This trend is pro- 
bably caused not only by dispersion strengthening but also solid 
solution strengthening, and it is possible to analyze qumldtadvely 
by measuring mechanical properties, such as tensile strength. 

Fig. 4 illustrates tensile strength and Young's modulus of the 13o1- 
ous MCFC anodes measured by universal test machine (UTM). 
Mechanical strength of the NKNi/5 wt% Ni3AI/5 wt%Cr anode is 
considerably higher than that of the pure anodes by syneigistic ef- 
fect of dispersion strengthening and solid solution strengthening. 
To keep up their porosities to about 65%, sintering of these anodes 
is controlled within a tempel-~re range from 600 ~ to 900 ~ by 
different mass transport mechanisms between nickel particles. The 
mechanical strengffl of Ni anode sb-engthened by Ni3A1 or Ni3A1 
and Cr during tensile stress can be considerably increased due to 
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Fig. 2. Tile relative sintered density of porous MCFC anodes with 
varying solid contents in slurry. 
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Fig. 4. Mechanical properties of the porous MCFC anodes meas- 
ured by UTM. 
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Fig. 5. Effect of sintering temperature on porosity of the sintered 
MCFC anodes (heating rate=100 ~ sintering time= 
I hr). 

strong bonding between small nickel grains, while sintefing makes 
progress at relatively lower sintefing temperature by retarding ra- 
pid densification between the nickel particles m the case of the pure 
Ni anode [Kim et al., 1999b; McHugh et al., 1966]. It is thought 
that the higher mechanical strength of the porous anode results in 
higher creep resistance. 
2. Microstructure of Porous MCFC Anodes 

Fig. 5 shows the effect of sintelmg temperature on porosity of 
various sintered anodes. In conWast with the pure Ni anode which 
results in rapid change in the pore smacmre by reduction of surface 
area dulmg sinteriug, porosities of the Ni/7 wt%Ni~A1 and Ni/5 
wt%Ni~A1/5 wt%Cr anodes obtained considerably higher values 
by the pinning effect on moving nickel grain boundary within sin- 
tefing temperature ranges of this experiment. It is found that pores 
of these anodes can be maintained in a relatively stable open net- 
work structure regmdless of increasing sinte:ing temperature [Kin: 
et al., 2000]. 

Figs. 6, ? and 8 show the pore size distributions and differential 
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Fig. 7. Pore size dislribution and differential pore volume for file 
Ni/Twt% NI~AI anode sintered at various temperatures 
(heating rate=100 "C/hr, sintering time=l hr). 

pore volumes for the pure Ni, Ni/7 wt%Ni~A1 and Ni/5 wt%Ni3Al/ 
5 wt%Cr anodes, respectively. The most b&sic plot fi-oln a mercury 
irm~ion analysis is pore diameter vs. the corresponding specific 
cumulative pore volume. Also differential pore volume represents 
a convenient means of reducing the cumulative pore curve to the 
distribution curve which gives the pore volume per unit pore di- 
ameter interval [Lowell and Shields, 1991 ; Webb et al., 1997]. In 
the pure Ni anode, the cumulative pore volume fioln green sheet 
to the anode sintered at 900 ~ is rapidly reduced, and the differen- 
tial pore volume becomes much more smaller when sintelmg tem- 
perature is increased, as shown in Fig. 6. On the other hand, the cu- 
mulative pore volumes and the differential pore volumes of Ni/ 
7 wt%Ni~A1 and Ni/5 wt%Ni~A1/5 wt%Cr anodes are inaintained 
considerably higher than those of the pure Ni anode by impeding 
rapid densification with the Ni3A1 inclusion, as shown in Fig. 7 and 
Fig. 8. It is thought that pore s~uc~res in these anodes are stable 
open pore networks compatible with electrochemical reaction. 

Fig. 9 shows the SEM photographs of the fracture surface for 
the pure Ni, Ni/7 wt%Ni~A1 and Ni/5 wt%Ni~Al/5 wt%Cr anodes 
sintered at various temperatures with same porosity of about 65%, 
respectively. From the observation of the fi-acture surfaces, the pore 
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Fig. 6. Pore size distribution and (lifferenlial pore volume for the 
pure Ni anode sintered at various temperatures (heating 
rate=100 ~ sintering time=l hr). 
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Fig. 8. Pore size dislribution and differential pore volume for file 
o o Ni/5 wt VoNi3AI/5 wt VoCr anode sintered at various tem- 

peratures (healing rate=100 ~ sintering time=l hr). 
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Fig. 9. SFAf photographs of fractm'e surfaces of (a) the pure Ni 
anode simered at 600~ (b) the N't~7wt~N'13AI anode ain- 
tered at 900 ~ ~md (e) the IW5 wt~NhA1/5  w t ~ C r  m3ode 
sintered at 900 ~ 

strummes in the latter two anodes show no difference ~om that of 
the pure Ni anode poorly sintered at lower t e m p ~ .  Although 
the porosities of  these three anodes are almost the same, mass trans- 
port mechani~ns between nickel particles of  Ni-based anodes con- 
taining N i ~ l  are different fi~m that of the pure Ni one, and it is 
possible to keep up ahigher sintering tempera~re in the latter two 
cases [Kim et al., 1999a]. It is noted that the mechanical slrengths 
of the Ni/7 wt%NisA1 and Ni/5 wt%NisA1/Swt%Cr anodes sintered 
at relatively higher temperaure can be improved by NisA1 inclu- 
sion, as shown in Fig. 4. 
3. E lec trochemica l  P e r f o r m a n c e  

From microstructure analysis, the Ni/7 w0/oNisA1 and Ni/5 wt% 
NisA1/5 wt~ anodes are selected as alternative anodes for MCFC. 
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Fig. 10 shows the eleclrochemical perfonnmce of the modes meas- 
ured using a unit cell test for 100 hrs. High cell voltage over 0.84 
V is obtained at cun'ent density of 150mA/cm 2 in the case of  the 
modes. Considering that the eleclrochemical reaction actually oc- 
curs by three-phase contact area in micro-pores of  the mode, it is 
thought that porous anode slrengthened by NigXJ inclusion has the 
advantage of controlling relatively stabler md smaller tx~re size dis- 
tributions thm the pure Ni mode. 

C O N C L U S I O N  

Pore structures of  pure Ni, Ni/(4-10)wi%Ni3Al and Ni/5 wt% 
Ni3AI/5 wt%Cr for MCFC anodes were investigated by sintering 
experiment. The porous Ni-based anode strengthened by second 
phase particles, s~ch as Ni3AI intmnetalfics, maintained gable open 
pore network by controlling the nickel grain size and pore volume 
due to the retarding force of  the Nigkl on nickel grain boundary 
movement during sintering. The mechanical slrengths of  these an- 
odes were improved considerably mope than that of the pureNi by 
slrong bonding bemeen small nickel gains. In addition, the pore 
slructures ofNi/7 wt~ and Ni/5 wWoNi3Al/5 wt%Cr anodes 
were well-developed to be suitable for electrochemical reaction. 
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