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Abstract: Directional solidification of metal/gas eutectic (Gasar) is a novel process for fabricating porous metals with oriented pores
parallel to the solidification direction. Lotus-type porous silver samples with different porosities were fabricated by Gasar apparatus
under pure oxygen atmosphere. The effects of gas pressure on porosity, pore nucleation, pore size and distribution were investigated.
Results show that the porosity and the pore size in the lotus-type porous silver are significantly affected by the oxygen pressure. The
porosity increases with the increasing of oxygen pressure, and the average pore diameter decreases with the increasing of oxygen

pressure.
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Porous and foamed metallic materials have become an
attractive research field both from a scientific viewpoint
and the prospect of industrial applications because they
exhibit many unusual combinations of physical and
mechanical properties, such as impact energy absorption
capacity, air and water permeability, unusual acoustic
energy absorption ability, and lower thermal conductivity.
Various fabrication methods for porous materials have been
developed. They include the foaming method with gas
bubbling, the vapor deposition of metal onto polyurethane
foam precursor, the powder sintering method and so on™.
Generally, the spatial pore distribution in the porous metals
fabricated by these methods is random. To solve the above
problem, Shapovalov et al ? put forward a new method for
fabrication of porous metal-gas eutectic directional
solidification (Gasar ™)) in the United States in 1993. The
porous materials fabricated by this method look like lotus
roots, so they often have been called as lotus-type porous
metals . Generally, the mechanical properties of the
lotus-type porous metals are superior to those of porous
metals fabricated by foaming methods'® .
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Porous silver is an ideal catalyst in the oil and chemical
industry.  Porous silver can Dbe fabricated by
electro-deposition, cathode sputtering, and gas phase
evaporation deposition!”). However, the porous silver
fabricated by these methods has shortcomings like poor
strength and toughness, or excessively high cost. In the
present study, porous silver was fabricated by Gasar
process in pure oxygen atmosphere. The effect of oxygen
pressure on porosity, pore nucleation, pore size and
distribution were investigated. Up to now, most of the
researches on lotus type porous material are based on a
metal-hydrogen system, like Cu-H,, Mg-H, ®*. However,
the fabrication of lotus-type porous material by the
Metal-Oxygen system has not been fully investigated.
Oxygen is considered to be an ideal working gas for
fabrication of lotus silver, because the oxygen solubility in
silver is 2.17 mL/100 g at melting point, which is much
larger than that of hydrogen (0.016 mL/100 g).

1 Experiment

The lotus-type porous silver was fabricated with the mold
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casting technique. The schematic drawing of the apparatus
is shown in Fig 1. The apparatus consists of melting part,
casting part and mold part with water cooled copper plate,
both of which are installed in a high pressure chamber.
High purity silver (99.99%) was melted in the crucible by
radio-frequency heating under high pressure gas of purity
oxygen from 0.2 MPa to 0.5 MPa. After silver was
completely melted, silver the pressurized condition was
maintained for 600 s in order to make oxygen dissolve in
the molten. Thus, oxygen was dissolved uniformly into the
molten silver to the equilibrium concentration according to
the Sievert’s law in the oxygen atmosphere. Then, the melt
was poured into the mold whose bottom plate was cooled
down with water circulated through a chiller by rotating the
chamber by 902 During the solidification, oxygen in the
melt was rejected at the solid-liquid interface due to the
solubility gap of oxygen between in the liquid and in the
solid and formed cylindrical pores that were aligned
parallel to the solidification direction. The dimensions of
the resulting ingot were about 60 mm in diameter and 80
mm in height.

Overall porosity (ingot porosity), ¢, was evaluated using
the following expression:

e= (1-£/ Hx100% 1)
o

where, p and pq are apparent density of porous silver and
bulk silver, respectively. The former was estimated by
Archimedes method. The porous silver ingots were cut in
halves with a spark erosion wire cutter in order to observe
the structure of the cross sectional plane parallel to the
solidification direction. Then the half pieces were cut
perpendicularly to the solidification direction at the
position of 5, 20, 40 and 60 mm from the bottom plan. In
order to determine the porosity, values of diameter and
area of pores, each cross section perpendicularly to the
solidification direction was analyzed using image-J
processing program.

2 Results and Discussion

2.1 Pore morphology

Fig.2a~2f show optical micrographs of the pore
morphology of lotus-type silver, which are the cross sections
perpendicular to and parallel to the solidification direction
under different oxygen pressures. The pores in the cross
section perpendicular to the solidification direction are nearly
round, while those parallel to the solidification direction are
long and grow to the solidification direction. However, it can
be seen from Fig.2d~2f that the I/d (pore aspect ratio) is
much less than that in lotus copper™ or magnesium™
fabricated in hydrogen atmosphere. This is associated with
the different diffusion behavior between oxygen and
hydrogen in liquid metal.
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1. high pressure chamber; 2. induction heating coil; 3. control
lever; 4. melting crucible; 5. graphite funnel; 6. casting
crucible; 7. water cooled copper chiller; 8. observation window;
9. pressure gauge; 10. inlet of gases; 11. outlet of gases; 12.
lotus-type porous materials

Fig.1 Schematic drawing of the fabrication apparatus for lotus-
type porous material

2.2 Porosity

The porosity was evaluated on the basis of the idea that
the gas pores are formed by the insoluble oxygen during
solidification of the liquid silver dissolving oxygen.

Fig.3 shows the oxygen pressure dependence of the
porosity of lotus-type porous silver. The porosity was
determined through Eq. (1) from the apparent density of the
porous silver. The porosity increases with increasing pure
oxygen pressure.

In Gasar solidification in Fig.4 the formation of
lotus-type porous structure depends on whether the bubbles
of nucleation grow together with solid phase in the
solidification interface!*®. Solidification cooling can make
supersaturation of dissolved in the melt very big, and lead
to bubbles nucleation before melt solidification. When the
bubbles floating rate V, is more than solidification velocity
V,, bubbles can float from melt. In the present work,
solidification velocity V, is constant. When Reynolds
number Re<2, the bubbles floating rate V, can be
determined by Stoke law ™4,

v, = 2r’g(p. — Ps) )

97
where, r and p, are bubble radius and liquid density,
respectively. n and pg are liquid viscosity and gas density,
respectively. pg follows the ideal gas law,
_RM,, 3)

(e
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Fig.2 Cross sections perpendicular (a~c) and parallel (d~f) to the solidification direction of the lotus-type silver fabricated under oxygen

atmosphere 0.3 MPa (a, d), 0.4 MPa (b, €), and 0.5 MPa (c, f)
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Fig.3 Porosity of lotus-type porous silver as a function of
0Xygen pressure

where, Pyis oxygen pressure inside bubbles and Mg, is the
molecular weight of oxygen. Ry and T, are the ideal gas
constant (8.314 J/mol K) and metal melting point (1234 K),
respectively. P, can be expressed as:

P, =P, +p.gh+20c )
? r

where, p, is liquid density and h is the depth of bubbles in
the melt. o, and r are interface energy of liquid/gas and
bubbles radius, respectively. g is 9.8 m/s®.

Gasar solidification can be regarded as a heat transfer
problem in one dimensional direction. In the condition of heat
balance, heat conduction equation can be expressed as ™

Melt

Gas pore

Fig.4 Schematic diagram for metal-gas eutectic unidirectional
solidification

AsGs = A4, G = psLVs ®)
where, As is solid thermal conductivity and A_ is liquid
thermal conductivity, respectively. Gsand G, are temperature
gradient of solid phase and gradient of liquid phase,
respectively. ps and L, are solid density and latent heat of
crystallization, respectively. Vsis solidification velocity.

According to the related parameters in Ref.[16],
calculation result of solidification velocity Vsis 11.21 mm/s
at the melting point. We insert solidification velocity Vsin
Eq.(2), and then we can get the relationship between critical
radius of floating bubble and oxygen pressure in Fig.5.
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Fig.5 Relationship between the critical radius of bubble and the
pressure

Critical radius of floating bubble increases slightly with the
increasing pressure of oxygen. According to Eq.(2), (3), and
(4), the bubble floating rate V, increases with the increasing
pressure of oxygen. Imagine the solidification is in steady
state, the solidification velocity Vs is constant. An increased
bubbles floating rate V,will result in an increased oxygen
content of solid/liquid interface. Meanwhile, the
solidification velocity Vs is much larger than bubbles
floating rate V,. Thus it is considered that the porosity
increases with the increasing pressure of oxygen.

2.3 Average pore diameter

Fig.6 shows the oxygen pressure dependence of the
average pore diameter of lotus-type porous silver in the
cross section on the sample plane, which was determined by
the microstructure analysis. The average pore diameter
decreases with increasing the oxygen pressure.

According to the nucleation theory by Fisher™ *® when
the pores are formed in the liquid phase during
solidification by homogeneous nucleation, the gas pressure
required for the pore nucleation is evaluated to be a few
GPa. This magnitude of the pressure is not realistic.
Therefore, the pores are considered to nucleate
heterogeneously. According to the study of Park™ he
suggested the following relationship between the pore
nucleation rate | and oxygen pressure P, for heterogeneous
pore nucleation:

NKT 16n o
| =——exp[-—=.—

h 3KT AP
where, N is the number of atoms in the liquid, k is
Boltzmann’s constant, T is the temperature, h is Planck’s
constant, o is the surface energy of the pore, AP is the
difference between the ambient and the internal pressure of
the pore and f(9) is a function of the surface energy that
depends on the contact angle 8 between the solid and the

pore.

f(0)] (6)
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Fig.6 Average pore diameter of lotus-type porous silver as a
function of oxygen pressure

In Eq.(6), the pore nucleation rate | is closely related to
AP. With increasing of the oxygen gas pressure, A P and the
pore nucleation rate | to rise correspondingly. Under the
condition of certain superheat and oxygen pressure, the
content of oxygen in solid/liquid interface is constant. With
increasing of the pore nucleation rate I, the oxygen diffused
in each pore quantity will decrease, Thus it is considered
that the average pore diameter decreases with increasing
pressure of oxygen.

3 Conclusions

1) The lotus-type porous silver with cylindrical pores can
be fabricated by Gasar process in oxygen atmosphere.

2) The cylindrical pores are formed at the solid-liquid
interface due to difference of oxygen solubilities between
solid and liquid phase. The porosity of 35% increases to
38.4% with increasing pressure of oxygen from 0.2 MPa to
0.5 MPa. Average pore diameter decreases with increasing
pressure of oxygen. It is concluded that the pore evolution
is attributed to the precipitation of the super-saturated
oxygen in the solidified silver through melt.
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