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Abstract

We investigate alkali leaching of Ni-Al alloy microchannel
lining layers to produce a metallic microreactor for high-
temperature catalytic reactions. The microchannels and the
lining layers were produced by a powder-metallurgical
microchanneling process with Ni powder and Al wires. We
explored the conditions for the process to produce an Al;Ni
or AL3Ni, lining layer. The Al concentration of the lining
layers was successfully decreased by alkali leaching.

Key words
Microchannel, Powder Metallurgy, Alkali Leaching,
Intermetallic Compound, Raney-Nickel Catalyst

1. Introduction

The improvement of the catalyst technology is one of the
possible solutions to the environmental problems. The
challenges of the catalyst technology are exploring new low-
cost catalyst materials and developing excellent reactor
configuration. A metallic microreactor has a microchannel
structure with high specific surface area and good heat
conductivity. Therefore, the metallic microreactor is
suitable for catalytic reactions.

Some of the authors investigated a powder-
metallurgical microchanneling process in previous studies
[1-4]. The concept for the process was based on
microscopic infiltration and diffusion phenomena which
often occur during liquid phase sintering of a mixture of
powder metals with different melting points. They used the
metal with higher melting point as a body metal, which is
to compose the device body, and the other as a sacrificial-
core metal, which is to flow out and give the shape of the
microchannel. They found that a porous thick film of
intermetallic compounds formed as a lining layer when
nickel was used as the body metal and aluminum as the
sacrificial-core metal. [4] Figure 1 shows an example of
the structure of the porous thick film. This specimen was
sintered at 1473 K. The lining layer in this specimen
consisted of NiAl phase. Figure 2 depicts a Ni-Al binary
alloy phase diagram [5]. The solid phase in equilibrium
with Al-rich liquid changes depending on the temperature:
AI3Ni, AL3Ni, and NiAl. The actual phase of the lining
layer changes with the sintering temperature and duration.

Some studies have been carried out to give catalytic
activity to Ni-Al intermetallic compounds. For example,
alkali-leached Ni;Al powder exhibits catalytic activity for
hydrogen production from methanol and methane. [6-10]
A mixture of AlNi and Al3Ni, is well known as a
precursor alloy for the Raney-Ni catalysts [11-13].
Consequently, if alkali leaching process can provide
catalytic activity to the Ni-Al alloy microchannel lining
layer, low-cost microreactor for catalytic reactions can be

produced. In this research, heat treatment conditions which
make Al3Ni or Al;Ni, lining layer are explored, and then,
changes of the structure and composition of the lining layer
by alkali leaching are investigated.
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Fig. 2 Ni-Al binary alloy phase diagram [5]

2. Experimental Procedure

2.1 Preparation of green compacts
We used 13.9 g of nickel powder and three aluminum
wires as the body-metal powder and the sacrificial cores,
respectively. The average diameter of the nickel powder
was 5 um. The sacrificial cores were 500 um in diameter
and 10 mm in length. The nickel powder containing the
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sacrificial cores was cold-pressed into a cylindrical green
compact in a stainless steel mold using a unidirectional
pressure of 460 MPa. The shape of the resulted compact
specimen was a columnar 20 mm in diameter and 5 mm in
height. The initial cross section of the aluminum wire was
round. However, the sacrificial core was distorted into an
oblate figure by unidirectional pressing, and the resulted
microchannel and lining layer often inherited the shape of
the sacrificial core as presented in Fig. 1.

2.2 Heat treatment conditions
The green compacts were sintered in an argon gas
atmosphere. Figure 3 illustrates the time-temperature
patterns during sintering heat treatment. The broken line
in Fig. 3 indicates the standard pattern used for Ni-Al
microchanneling experiments in the previous study [4].

In our experiments, we examined six patterns in order
to control the composition of the lining layer. In the cases
of the time-temperature patterns A, B and C, the
specimens were quenched after sintering. The quenching
was carried out by dipping in a molten Wood’s metal.
The cooling rate during quenching was about 160 K/s.
During the microchannel formation in this process, the
inner surface of the lining layer is in contact with the Al-
rich liquid originating in the sacrificial-core metal.
According to the phase diagram shown in Fig. 2, each
solid phase in equilibrium with the Al-rich liquid is NiAl
at 1473 K; AIsNi, at 1273 K and 1173 K; and AI3Ni at
1073 K. After the Al-rich liquid dries up, the Al
concentration of the lining layer decreases by solid-state
diffusion of Al. Therefore, the constituent phase of the
inner surface of the lining layer depends on the heat
treatment temperature and time.

2.3 Alkali leaching treatment
The specimen after sintering was cut to thickness of 5 mm.
The microchannel penetrated the specimen in the thickness
direction. The specimen after cutting was dipped in a
NaOH aqueous solution for 86.4 ks in order to leach
aluminum. The concentration of the NaOH aqueous
solution was 7 kmol/m’. In addition, another specimen

1473

1273
1173
1073

Temperature, 7/K

298

Time, t/ks

Fig. 3 Time-temperature patterns for sintering heat
treatments. t: holding time

heat-treated with pattern B’ was cut along the
microchannel, and dipped in the NaOH aqueous solution
for 7.2 ks.

The structures of the specimens before and after alkali
leaching were observed by SEM. The composition near the
microchannel was analyzed by EPMA.

3. Results

Table 1 Influence of the heat-treatment condition on the
microchanneling behavior and the constituent phase of the
lining layer

Specimen Microchannel | Constituent phase of
formation lining layer
A A Al;Nip
A’ O Al;Ni,
B O Al;Ni,
B’ O Al;Ni,
C A Al;Ni and Al3Ni,
C’ O AL;Ni and AL;Ni,
O: Opened
[ A Partially-closed
m
Lining layer

Microchannel

Solidified
. Al-Ni
alloy pool

Lining layer

Fig. 4 Back-scattered electron images near the sites
initially occupied by the sacrificial cores. (a) Specimen
B’, (b) specimen A
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3.1 Formation of the microchannel

Table 1 lists the microchanneling behaviors and the
constituent phases of the lining layers observed after
sintering. Figure 4 shows the back-scattered electron (BSE)
images of two kinds of typical structures near the sites
initially occupied by the sacrificial cores. In Fig. 4 (a), the
microchannel and lining layer had already formed. Similar
structures formed in specimens A’, B and C’. On the other
hand, in Fig. 4 (b), the sacrificial core still remained at the
original site. The Al, Al;Ni and Al;Ni, phases were detected
in the solidified Al-Ni alloy pool region, and the lining layer
consisted of the Al;Ni, phase. However, a microchannel-like
cavity was observed on another cut plane. It means the
specimen was in midstream of microchanneling before
quenching. Similar structure formed in specimen C.

3.2 Change of the structure and composition of the
lining layer by alkali leaching
Figure 5 shows the BSE images of the lining layer in
specimen B’ before and after alkali leaching. EPMA results
showed that the average Al concentration of the lining
layer was 61.2 mol% before alkali leaching. According to
the phase diagram, the corresponding phase was Al;Ni,.
The average composition of the lining layer was changed
to Ni-29.6mol%Al-27.7mol%0O by alkali leaching. This
result indicated that the lining layer was dealloyed and
oxidized by alkali leaching. In general, Raney-Ni catalysts

before alkali leaching

¢

Lining layer

Fig. 5 Influence of alkali leaching on the lining-layer
structure in specimen B’
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are very easy to oxidize because of its huge specific surface
area. For this reason, Raney-Ni catalysts are preserved in
water or ethanol. The lining layer was probably oxidized
during the structure observation after alkali leaching.

Figure 6 shows the BSE images of the lining layer in
specimen A after alkali leaching. Before alkali leaching, the

Microchannel

Fig. 6 Dissolution of the solidified AI-Ni alloy pool by
alkali leaching for specimen A

Fig. 7 Effect of alkali leaching on the structure of the
inner-wall surface of the microchannel in specimen
B7
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microchannel was blocked by the solidified Al-Ni alloy pool
as shown in Fig. 4 (b). However, this structure was dissolved
during alkali leaching. This suggests that the microchannel
can be completed by alkali leaching even if it is not fully
open just after sintering. The average composition of the

alkali-leached lining layer was Ni-27.8mol%Al-33.1mol%0.

Figure 7 presents the FE-SEM images of the inner-wall
surface of the microchannel in specimen B’ before and after
alkali leaching. Needle-like structures was observed on the
inner wall of the microchannel before alkali leaching. This
structure is similar to the Al,O; scale produced by high-
temperature oxidation of NiAl [14]. It is speculated that the
microchannel lining layer was oxidized by air slightly
remained in the compact specimen. In the specimen after
alkali leaching, faceted asperities of about dozens nm in
diameter had formed on the inner wall of the microchannel.
Detailed analysis on this structure will be a future subject. In
any case, the alumina scale is easily dissolved in the sodium
hydroxide solution. Instead, room-temperature oxidation
after leaching should be prevented.

4. Conclusions

The heat treatment condition to make a microchannel lining
layer consisting of Al;Ni or Al;Ni, was explored. The effect
of alkali leaching on the structure and composition of the
lining layer was investigated. The results obtained are
summarized as follows.

(1) The microchannel was in midstream of forming in
the specimens quenched at 1273 K just after getting
to the temperature and quenched at 1073 K after 4.5
ks-holding.

(2) The lining layers in the specimens quenched and
furnace-cooled at 1073 K after 4.5 ks-holding
consisted of the AI;Ni and Al;Ni, phases. The lining
layers in the other specimens consisted of the Al;Ni,
phase.

(3) The solidified AI-Ni alloy pool blocking the
microchannel was dissolved by alkali leaching.

(4) The Al concentration of the Ni-Al lining layer was
decreased by alkali leaching. The structure of the
inner-wall surface of the microchannel was also
changed to form submicron faceted asperities.
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