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Abstract: Porous Cu with macroscopically aligned channels was synthesized using a freeze-drying process. Camphene-based CuO
slurry was prepared by milling at 60 °C with a small amount of dispersant. Freezing of a slurry was done at —25 °C while
unidirectionally controlling the growth direction of the camphene. Pores were generated subsequently by sublimation of the
camphene during drying. The green body was hydrogen-reduced at 300 °C for 30 min, and sintered in the furnace at 700 °C for 1 h
under a hydrogen atmosphere. Microstructural observation reveals that all of the sintered samples are composed of only Cu phase and
show macroscopic open pores with an average size of 100 um which are aligned along its macroscopic growth direction. The internal
wall of the macroscopic aligned pore shows relatively small pores due to the traces of the camphene left between the concentrated Cu
particles on the internal wall. Increase in the porosity and pore size with increasing camphene content was explained by the change of

the growth behavior of the camphene crystals.
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1 Introduction

Porous materials with interconnected pore channels
are widely used for industrial applications such as filters,
catalysis supports and preforms for metal-impregnated
composites. Since high permeability and large surface
are required for these applications, it is essential to
control pore characteristics such as size, shape,
orientation and porosity in these materials [1-3]. To
fabricate porous materials with controlled pore channels,
a number of fabrication techniques are developed [4,5].
One of the most common methods is phase separation
followed by leaching [6]. For example, bulk glasses with
interconnected pores have been fabricated by heat
treatment for spinodal decomposition, followed by acid
leaching of one phase. However, this technique is
applicable only to a limited range of materials, and pore
structure cannot be controlled.

Freeze-drying process has received increasing
interest, as it can endow porous ceramics with well-

defined pore structures [7,8]. In this method, slurries
with lower solids contents are first frozen to obtain
vehicle crystals, usually ice, and often connected with
each other in dendritic shapes. Then, pore channels are
produced by removing the frozen ice dendrites via freeze
drying and controlled sintering. Till now, camphene has
been adopted as the vehicle materials, because it can be
frozen and easily sublimed near room temperature,
offering more flexibility in the process [9—-11].

However, the freeze-drying process has been
applied only to the fabrication of porous ceramics due to
the difficulty in the preparation of homogeneous slurry
with metal particles. Thus, in order to fabricate porous
metals with controlled pore -characteristics, unique
processing by using metal oxide instead of metal powder
is proposed. The CuO powder is selected as the source
material, which is hydrogen-reduced to metallic Cu in
the sintering stage. Starting of camphene-based slurries
with different contents of CuO powder produced by
warm mixing, freeze-drying and sintering in hydrogen
atmosphere, was used to obtain porous Cu. In this work,
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the dispersion stability of slurries and hydrogen
reduction behavior were analyzed. Also, the dependence
of the CuO content in the slurry on microstructure of

porous Cu was described.
2 Experimental

Commercially available CuO powder (Kojundo
Chemical Lab. Co., Japan) with an average size of 1 pm
was used as the source of Cu, and camphene (C;oHjs,
Sigma-Aldrich Co., USA) was used as the sublimable
vehicle. To produce stable CuO suspensions in liquid
camphene, we used for the dispersant an oligomeric
polyester (Hypermer KD-4, UniQema, Belgium). CuO/
camphene slurries with various solid contents (10%, 17%
and 20%, volume fraction) were prepared by ball milling
at 60 °C. The warm slurries were then poured into Teflon
mold at =25 °C to produce a disc 10 mm in diameter and
10 mm in thickness. After demolding, green bodies were
placed in an ambient atmosphere with airflow to sublime
the frozen camphene from the green bodies. The dried
samples were heated up to 300°C in a hydrogen
atmosphere and kept at this temperature for 30 min to
induce the complete reduction of CuO to metallic Cu,
followed by subsequent sintering at 700 °C for 1 h.

The dispersion stability of CuO/camphene slurries
was estimated by Turbiscan (Formulaction, France). It
measures any change in the sample by monitoring the
transmission or backscattering of near-infrared light
every 40 m along the sample cell [12]. The hydrogen-
reduction behavior was analyzed by the measurement of
the water vapor content in outlet gas with an in situ
humidity measuring system [13]. Phase identification of
the samples was determined by X-ray diffractometry
(XRD, D/Max-IIIC, Rigaku Denki Co.,
Microstructure of the sintered bodies was observed with
scanning electron microscopy (SEM, JSM—6700F, JEOL
Co., Japan).

Japan).

3 Results and discussion

One of the key issues involved in successfully
achieving porous Cu with controlled pore characteristics
is the parameter of homogeneous CuO/camphene slurry
with dispersion stability. To analyze the effect of
dispersant addition on the dispersion stability, the
backscattering percent of slurries was measured by using
Turbiscan, as shown in Fig. 1. In this experiment, the
sample cell containing CuO powders suspended in an
aqueous camphene solution was placed in the instrument
and its sedimentation behavior is monitored every 3 min.

The backscattering detector receives the light scattered
by the incident beam where
backscattering intensity versus the height in the sample
at periodic times is obtained. As shown in Fig. 1(a), the
backscattering percent of the CuO/camphene slurry is
changed with increasing time, whereas that of the slurry
with dispersant keeps constant value (Fig. 1(b)). Thus, it
is suggested that the homogeneous CuO/camphene slurry
with suitable stability can be achieved by the addition of
dispersant.
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Fig. 1 Backscattering intensity versus height in sample at
different times for CuO/camphene slurry without (a) and with
(b) dispersant

Humidity curve for the hydrogen reduction process
of the CuO powder during heat-up to 600 °C with a
heating rate of 10 °C/min are presented in Fig. 2. Sharp
increase in humidity curve is observed at 240 °C. After
this increase the curve decreased slowly to a temperature
of about 300 °C and then remained at the same value.
This peak resulted from the water vapor formation by
reduction of CuO. Thus, the peak temperature appears to
be a reduction temperature of CuO in the present system
and coincides with the reported value [14].
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Fig. 2 Humidity curve for hydrogen reduction of CuO powder
during heat-up to 600 °C with heating rate of 10 °C/min

Figure 3 shows the X-ray diffraction pattern of the
initial and the reduced CuO powder. Before hydrogen
reduction, the powder showed only peaks associated with
the CuO phase (Fig. 3(a)), indicating that the camphene
did not react with CuO powders. On the other hand, the
CuO powder reduced at 300 °C for 30 min in hydrogen
atmosphere was composed only of Cu phase without any
reaction phases (Fig. 3(b)). This result agreed with that
of hygrometry measurement in Fig. 2. On the basis of
this result, the reduction schedule of CuO green body,
prepared by freeze-drying process of CuO/camphene
slurry, was established.
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Fig. 3 XRD patterns of samples before (a) and after (b)
reduction in hydrogen atmosphere for 30 min (prepared using
initial CuO volume fraction of 10%)

Typical SEM images of the cross section parallel to
the macroscopic camphene growth direction for the
sample with 10% CuO, sintered at 700 °C, is shown in
Fig. 4(a). It is observed that macroscopic open pores with

an average size of 100 um have uniformly formed over
the entire sample. These pores are generated from
sublimation of the camphene and were aligned along its
macroscopic growth direction. Figure 4(b) shows an
internal wall of the macroscopic aligned pore. It should
be noted that the microstructure of the internal wall has
relatively small pores of a few micron dimensions.

Fig. 4 SEM images of cross section (a) of porous Cu and
magnified image (b) of internal wall of macroscopic aligned
pore shown in Fig. 4(a)

It was reported in the solidification system of the
liquid with foreign particles that solid particles are
rejected by the solid-liquid interface and concentrated on
the spaces between dendrite arms or neighboring
dendrites [9,15,16]. Thus, it is reasonable that the
formation of small pores occurs during freeze-drying due
to the traces of the camphene left between the
concentrated Cu particles on the internal wall.

As shown in Fig. 5, as the initial CuO content
increased, the pores became smaller, as is often the case
with the freeze drying method [10,17]. As the composite
particulate concentration increased with solid loading
and the content of camphene in the frozen body reduced,
the pore structure became microporous, interconnected,
and homogenous. In this case, more nucleation sites are
available for the camphene crystals to grow and fewer
camphene molecules sublimated, leading to a progressive
reduction in porosity with loading, as shown in Fig. 5.
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Fig. 5 Typical SEM images of porous Cu bodies produced
using different CuO contents: (a) 10%; (b) 17%; (c) 20%

4 Conclusions

1) Porous Cu bodies with a unique structure
composed of complex macropores and micropores were
fabricated by freezing CuO/camphene slurries and
sublimating the camphene. The homogeneous slurries
with suitable stability can be achieved by the addition of
dispersant. After heat treatment in hydrogen atmosphere
at 300°C for 30 min, the CuO powders were completely
converted to metallic Cu without any reaction phase.

2) The sintered bodies showed macroscopic open
pores with an average size of 100 um, and internal wall
of the macroscopic aligned pore had relatively small
pores of a few micron dimensions.

3) As the CuO content increases, the pores becomes
smaller. These results indicate that freeze-drying process
using CuO powder as the source material of metallic Cu
is a promising method of fabricating porous Cu with
controlled pore characteristics.
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