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bstract

Ni–Al alloys have been fabricated from the physical mixture of nickel and aluminum powders at temperatures below the melting point of
luminum using AlCl3 vapor as an activator. Pure Ni3Al intermetallic compound has been synthesized from the Ni–Al powder mixtures containing
5 wt% aluminum at 600 ◦C. From the powder mixture containing 5 wt% aluminum, a compound consisting of Ni–Al solid solution and Ni3Al was
roduced at 600 ◦C, but this compound was converted entirely to a Ni–Al solid solution after annealing at 700 ◦C. The particle size and morphology

f the Ni–Al solid solution were not greatly different from original nickel powders. It was observed that oxidation resistance was significantly
nhanced by alloying of nickel with aluminum. The Ni–Al alloys synthesized in this study can be used as anode materials for high-temperature
uel cells which need improved resistance toward creep, sintering and redox cycling.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ni–Al alloys have been mainly applied as anode materials for
olten carbonate fuel cells (MCFCs). Alloying of nickel anodes
ith aluminum provides enhanced creep strength and sintering

esistance, resulting in excellent mechanical and chemical stabil-
ty during the long-term operation of the fuel cell at temperatures
round 650 ◦C [1]. Ni–Al anodes with aluminum contents less
han 15 wt% have been extensively studied for MCFCs [2–6].
ince the solubility limit of aluminum in nickel at 650 ◦C is about
wt%, a Ni–Al system containing less aluminum than the limit
xists in the equilibrium state as a solid solution, whereas the
ystem with more aluminum becomes a mixture of Ni3Al inter-
etallic compound (Ni–13.3 wt% Al) and Ni–5 wt% Al solid

olution [4]. Ni–Al alloy was also suggested as an alternative

athode material for MCFC [7,8]. Ni–Al alloys with Al concen-
rations of 5 at% (2.4 wt% Al) and 15 at% Al (7.5 wt% Al) were
nvestigated to reduce the dissolution rate of the cathode, and
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hus to improve the lifetime of the MCFC. In catalytic applica-
ions, Ni–Al alloys with relatively high aluminum contents are
ell known as precursors to prepare highly porous Raney-Ni

atalysts for various reactions [9–11]. Recently Ni3Al has been
xamined as a catalyst to produce hydrogen from methanol for
uel cell applications [12,13].

Preparation of the Ni–Al alloy normally involves melting of
ickel and aluminum at high temperature around 1400 ◦C. Syn-
hesis of Ni–Al alloy without melting of nickel and aluminum
s more desirable to reduce the cost of alloy production. Previ-
usly, porous Ni–Al anodes have been prepared from mixtures
f elemental powders at 1100–1200 ◦C [2–4], but the temper-
ture is still too high to reduce the cost of alloy preparation
ignificantly. Combustion synthesis or reaction synthesis has
lso been devised as an economic process to produce of Ni–Al
ntermetallic materials [14].

The purpose of this study is to investigate the Ni–Al alloy
ormation below the melting point of aluminum (660 ◦C). To this

nd, aluminum chloride (AlCl3) is adopted as an activator for the
ormation of Ni–Al alloy powders. When mixtures of aluminum
nd nickel powders are exposed to AlCl3 vapor, aluminum in the
ixtures can react with AlCl3 to produce AlCl and AlCl2, which
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dx.doi.org/10.1016/j.jallcom.2007.02.096
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eact with nickel to form Ni–Al deposits on the nickel surface.
he chemical reaction for formation of Ni–Al alloy powders can
e expressed as follows:

lCl3(g) + Al(s) → AlCl(g) + AlCl2(g) (1)

lCl(g) + AlCl2(g) + Ni(s) → Ni–Al(s) + AlCl3(g) (2)

The process is similar to the conventional pack cementation
or diffusion coating of aluminum on high-temperature alloys,
here the powder pack consists of aluminum as a deposition

ource, halide compound as an activator and alumina as an inert
ller. Since the formation of aluminide coating depends on the
artial pressure of AlCl and AlCl2 as shown in Eq. (2), a temper-
ture much higher than 700 ◦C is needed in order to provide a
igh partial pressure of AlCl and AlCl2 from the reaction of alu-
inum and a halide activator [15–19]. A recent study on pack

ementation conditions has shown that the temperature of the
luminde coating can be reduced to 650 ◦C by directly applying
lCl3 as an activator [20].
In this study, we have prepared Ni–Al alloy powders from a

ixture of Ni and Al elemental powders using AlCl3 as an acti-
ator. The effect of reaction temperatures on alloy formation has
een thoroughly investigated. In addition, oxidation behavior of
he Ni–Al alloy powders was examined.

. Experimental

Configuration of the reaction system to prepare Ni–Al alloy is shown in
ig. 1. Powders of chain-shape nickel (Inco 255) with an average particle size of
.3 �m and spherical-shape aluminum (Alfa Aesar) with a size of 4.2 �m were
ixed and subject to ball milling for 24 h. The aluminum content of 5 or 15 wt%

as used in the mixture. The mixed powders were put into an alumina dish and
laced in a reactor made of stainless steel. Then the reactor was heated up inside a
urnace to a desired reaction temperature under the continuous flow of hydrogen
or 5 h. Then hydrogen was switched to a packed bed of AlCl3 (Junsei Chemical)
n a quartz tube where AlCl3 vapor was produced by sublimation at constant

Fig. 1. Configuration of a reaction system for Ni–Al alloy formation.
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emperature of 130 ◦C. To remove water vapor and oxygen in the hydrogen
tream, traps were used before hydrogen entering the packed bed of AlCl3. The
eactor was maintained at 400, 500 or 600 ◦C for 6 h while supplying AlCl3 in
ydrogen. After the reaction, supply of AlCl3 was stopped and the reactor was
lowly cooled down to room temperature.

The phases and morphologies of Ni–Al alloy were characterized by an X-
ay powder diffractometer (XRD, Rint/DMAX 2500-Rigaku) and a scanning
lectron microscope (SEM, HITACHI S-4100). The content of aluminum in
he product was measured by an inductively coupled plasma-atomic emission
pectrometer (ICP-AES, Leeman Prodigy). The oxidation behaviors of the alloys
ere examined by a thermogravimetric analyzer (TGA, Ta Instruments) under

he flow of air at a ramp rate of 10 ◦C/min. Particle sizes of the alloy powders
ere measured with a centrifugal particle size analyzer (Horiba CAPA 300).

. Results and discussions

.1. Effect of reaction temperature

Fig. 2 shows evolution of XRD patterns with the increase of
eaction temperature for the powder mixture containing 5 wt%
luminum. It can be clearly seen that the reaction to form Ni–Al
lloys does not take place at 400 ◦C since the XRD patterns of
he samples from the 400 ◦C reaction are the same as those of
he original sample before the heat treatment. At a reaction tem-
erature of 500 ◦C, peaks of metallic aluminum decrease and
eaks corresponding to Ni3Al and �-phase Ni–Al solid solu-
ion are detected, indicating that limited reaction takes place.
t a reaction temperature of 600 ◦C, peaks of aluminum are not
etected and compounds consisting of Ni3Al and Ni–Al solid
olution are detected. This means that aluminum contained in
he original mixture was completely consumed to form Ni–Al
lloy powders.

According to the phase diagram of the Ni–Al binary system
14], the solubility of aluminum in nickel depends on temper-
ture. At around 600 ◦C, the solubility of aluminum is about

.5 wt%. So the sample containing 5 wt% aluminum becomes
wo phases comprised of Ni3Al intermetallic compound and
i–Al solid solution due to limited solubility of aluminum in
ickel. The Vegard law allows an approximate prediction of the

ig. 2. Evolution of XRD patterns with respect to the reaction temperature for
he Ni–Al sample containing 5 wt% aluminum.
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Fig. 5 shows SEM images of the original mixture of ele-
mental powders and Ni–Al alloy samples obtained at 600 ◦C. In
Fig. 5(a), the spherical particles with smooth surfaces are alu-
minum and the others are nickel powders. In Fig. 5(b) and (c),
ig. 3. Effect of annealing on XRD patterns of the Ni–Al sample containing
wt% aluminum.

mount of aluminum in Ni–Al solid solution [21]. The amount of
luminum calculated is 2.5 wt% in Ni–Al solid solution, which
s lower than the solubility of aluminum in nickel at 600 ◦C. This

ay be attributed to the slow cooling process that affects the sol-
bility of aluminum as the temperature decreases from 600 to
5 ◦C. The sample obtained at a reaction temperature of 600 ◦C
as further heat treated at 700 ◦C under hydrogen flow without

ddition of AlCl3 for 6 h. Fig. 3 shows the XRD peaks of the
ample before and after the heat treatment at 700 ◦C, indicating
hat Ni–5 wt% Al solid solution can be formed by annealing at
igher temperature.

Fig. 4 represents the evolution of XRD patterns with the
ncrease of reaction temperature for the powder mixture con-
aining 15 wt% aluminum. The results illustrate that significant
eaction forming Ni3Al intermetallic compound occurs at
00 ◦C, and a pure cubic phase of Ni3Al can be synthesized

t 600 ◦C. The lattice parameters for the unit cell of Ni3Al pre-
ared in this study are in good agreement with the known lattice
arameters for Ni3Al (a = 3.572). The content of aluminum in

ig. 4. Evolution of XRD patterns with respect to the reaction temperature for
he Ni–Al sample containing 15 wt% aluminum.
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i3Al compound measured by ICP is about 13.5 wt%, which
s close to the theoretical value of 13.3 wt%, but is somewhat
ower than the content of aluminum used in the original sam-
le (15 wt%). The difference may be due to the some loss of
luminum powders that may adhere to the surface of the ball
ill bottle. From the phase diagram of the binary Ni–Al sys-

em, it is expected that the mixture of Ni–13.5 wt% Al powders
an be transformed to form pure Ni3Al intermetallic compound
owders.
ig. 5. SEM images of Ni–Al powders: (a) original powder mixture before
he reaction; (b) Ni3Al/Ni–Al solid solution prepared at 600 ◦C; (c) Ni3Al
ntermetallic compound prepared at 600 ◦C.
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Table 1
Average particle size of Ni–Al alloy powders prepared in this study

Samples Median diameter (�m)

Ni elemental powders (Inco 255) 6.3
Al elemental powders (Alfa Aesar) 4.2
Ni3Al/Ni–Al solid solution 9.5
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Fig. 6. Oxidation behavior of the Ni–Al compounds obtained at 600 ◦C in
comparison with that of the physical mixture of nickel and aluminum.
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two-phase alloy powders
i3Al intermetallic compound powders 7.1

luminum having a smooth surface was not observed, confirm-
ng that Al is consumed to form Ni–Al powders. For the sample
ontaining 5 wt% aluminum, Ni–Al powders maintain the orig-
nal shape of chain-like nickel as shown in Fig. 5(b), whereas,
or the sample containing 15 wt% aluminum, the particles look
xpanded after alloy formation.

Table 1 shows the average particle size of the Ni–Al alloy
owders in comparison with the original elemental powders,
emonstrating that the size of the produced two-phase alloy
owders or Ni3Al powders is not largely different from original
article size of the nickel.

.2. Alloy formation process

In this study, AlCl3 vapor was introduced as an activator for
he formation of Ni–Al alloy from the mixture of nickel and
luminum powders. The alloy formation consists of a number
f transportation and reaction steps involving: (1) diffusion of
lCl3 vapor from the bulk stream to the aluminum surface, (2)

eaction of AlCl3 vapor with aluminum to produce active AlCl
nd AlCl2 vapors, (3) diffusion of AlCl and AlCl2 species to the
urface of nickel, (4) reaction of AlCl and AlCl2 with nickel to
orm Ni–Al compounds, and (5) inward diffusion of aluminum
n nickel powder. Further investigation is needed to elucidate the
xact mechanism and rate-determining steps in alloy formation.
et, the results so far indicate that rates of diffusion and reaction

n Ni–Al alloy formation are relatively fast compare to those
n the conventional pack cementation process in that a reaction
emperature of 600 ◦C is enough to form Ni–Al solid solution
nd Ni3Al intermetallic compound. It was observed qualitatively
hat purity of hydrogen affects the alloying temperature signifi-
antly. This result indicates that diffusion of AlCl3 vapor to the
luminum surface and subsequent diffusion of AlCl and AlCl2
rom the aluminum surface through Al2O3 films formed on the
luminum may be the rate-limiting steps.

.3. Oxidation resistance of Ni–Al alloy

Fig. 6 shows the oxidation behaviors of the Ni–Al compounds
btained at 600 ◦C in comparison with that of the physical mix-
ure of nickel-5 wt% aluminum. The results demonstrates that
xidation resistance of Ni3Al/Ni–Al solid solution or pure Ni3Al
ntermetallic compound is much higher than that of a physical
ixture of nickel and aluminum. Fig. 7 shows XRD patterns
btained after oxidation of the samples at 650 ◦C under air flow
or 24 h. Ni3Al intermetallic compound was not affected by oxi-
ation treatment, whereas a small amount of NiO appeared in

d
a
m
w

ig. 7. XRD patterns of the Ni–Al compounds after oxidation in air at 600 ◦C
or 24 h.

i3Al/Ni–Al solid solution, indicating that oxidation occurred
n the surface of the solid solution, although the rate was low.
ompared with the physical mixture of nickel and aluminum,
owever, Ni–Al alloy shows much higher oxidation resistance.
n the real operation of high-temperature fuel cells, reduction
nd reoxidation of Ni-based anodes might occur due to a lack
f fuel gas, sealant damage or system shutdown [22–24]. Ni–Al
lloy with improved redox resistance may be applied as an alter-
ative to current Ni-based anodes to enhance the lifetime of the
uel cells.

. Conclusions

Pure Ni3Al intermetallic compound as well as two-phase
lloy powders of Ni3Al and Ni–Al solid solution have been
repared from the physical mixture of nickel and aluminum pow-

ers at a reduced temperature of 600 ◦C. AlCl3 vapor used as an
ctivator was effective in reducing the temperature of alloy for-
ation. Particle size and morphology of the Ni–Al solid solution
ere close to those of nickel powders. Alloying of nickel with
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luminum greatly improves the oxidation resistance. The Ni–Al
lloy synthesized in this study can be used as anode materials
or high-temperature fuel cells which need improved resistance
oward creep, sintering and redox cycling.
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