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FORMATION OF ORDERED GAS-SOLID
STRUCTURES VIA SOLIDIFICATION
IN METAL-HYDROGEN SYSTEMS

V.I. SHAPOVALOV
State Metallurgical Academy of Ukraine,
Sandia National Laboratories, PO Box 5800-1134, Albuquerque, NM 87123

ABSTRACT

This work contains theoretical discussions concerning the large amount of previously
published experimental data related to gas eutectic transformations in metal-hydrogen systems.
Theories of pore nucleation and growth in these gas-solid materials will be presented and related
to observed morphologies and structures. This work is intended to be helpful to theorists that
work with metal-hydrogen systems, and experimentalists engaged in manufacturing technology
development of these ordered gas-solid structures.

INTRODUCTION

The work discussed here resulted from research conducted into the behavior of metal-
hydrogen (M-H) systems at high temperatures and pressures conducted primarily at the State
Metallurgical Academy of Ukraine starting in 1969. Additional work on other materials began in
1994 at Sandia National Laboratories in Albuquerque, NM and in 1995 at Naval Research
Laboratory in Washington, D.C. In these studies, phase diagrams were constructed for systems
displaying gas eutectic equilibria, including: Al-H, Be-H, Cr-H, Cu-H, Fe-H, Mg-H, Mn-H, Mo-
H, Ni-H, Ti-H, W-H, Fe-C-H, alloy 625-H, alloy 718-H, alloy PH13-8Mo-H, and alloy ASTM-
F75-H [1-7].

Simultaneous formation of solid metal and (hydrogen) gas from the liquid occurs in M-H
alloys having gas-eutectic compositions. This reaction was named a gas eutectic reaction. An
ordered combination of phases, termed “gasarite,” may arise from such a gas eutectic reaction. It
is comprised of a polycrystalline solid matrix and continuous oriented ellipsoidal pores filled with
hydrogen, shown in Fig. 1(a).

The gasarite forms at solidification velocities ranging from 0.05 to 5 mnv/s. Its
morphological characteristics are largely determined by the hydrogen content and the gas pressure
over the solidifying melt. Short-range order of pores, with a coordination number of about 6 is
typically observed in a plane normal to the direction of solidification.

A few general observations about gasarite structures are: 1) the pore size distribution is
dependent on gasarite formation conditions, and is non-uniform because concurrent growth of
large and small pores is possible; 2) as the solidification front advances, the average pore diameter
is increased and neighboring pores may periodically coalesce; 3) no branching of pores is ever
observed to occur; 4) a pore may have periodic necks over its length; 5) pore growth arrest and
nucleation of new pores may occur all through the solidification; and 6) no gasarite pores are
nucleated on the mold surface. A non-porous metal skin 0.05-5 mm thick forms first.

The principal morphological parameters of gasarite are the average pore diameter d, the
average pore length L, the average pore aspect ratio g=L/d, the void fraction P, and the pore area
density » defined as pore number per 1 cm” of a section normal to pore direction. These
characteristics were found to have following variation ranges:
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10 um to 10 mm | 100 pumto 30 cm| 1 to 300 0.05to 0.75 1to 10° cm™

Gasar is the name coined for a material whose structure includes gasarite [1]. The word is
an acronym of Russian expression meaning "gas-reinforced." Figure 1(b) depicts structural
features of gasars. Diverse pore morphologies and/or alternating porous and non-porous layers
can be produced by tailoring the process variables, such as hydrogen pressure, inert gas pressure,
solidification velocity and pouring temperature [2].

In what follows, an attempt is made to explain mechanisms of phase nucleation and
growth in gas eutectic reaction on the basis of experimental data.

PORE NUCLEATION

It is believed that nucleation of a gaseous phase in a liquid is heterogeneous, i.e. occurs on
existing discontinuities in the liquid bulk or at the liquid/solid interface. The discontinuities may
vary in nature, like:

* gas bubbles entrained from the atmosphere during melt pouring or stirring,
bubbles formed in passing a gas through the melt,
small bubbles caused by cavitation,
small pits on the surface of high-melting particles suspended in the melt,
small pits on the mold walls,

* regions where the liquid does not contact the solidification front.

The following is an explanation of pore nucleation in gasarite, shown in Fig. 2. A non-
porous skin forms directly after pouring the melt into the mold. As the skin grows, the liquid
ahead of the solidification front becomes increasingly supersaturated with hydrogen. Microscopic
pits are always present on the surface of a growing solid due to the very nature of solidification. A
pit may have such a curvature that the liquid will loose contact with the solidification front. A
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Figure 1. Gasarite. (a) Typical gasarite structure. Fracture surface normal to pore direction. 50x.
(b) Schematic of typical gasarite features shown sectioned along pore direction.

(a)
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Figure 2. Gas nucleation at the solidification front in gas eutectic reaction.

cavern filled with hydrogen and metal vapor will form here. Should the cavern size be greater than
or equal to certain critical radius Ry, a hydrogen bubble capable of growth will nucleate. The
radius R, can be estimated assuming that the surface energy of a bubble is equal to its bulk energy,

pV =08 (1)

where p = peay + Pryar + Pen is the pressure within the bubble, p.a, the capillary pressure, puyq, the
hydrostatic pressure, p, the gas pressure in the chamber, ¥ the bubble volume, o the average of
the specific surface energies of the gas:liquid and the gas:solid interface, S the total area of bubble
contact with the melt and the solid. Assuming a spherical bubble, one gets from (1),

(4/3)nRy’p = 4nR’c (2
On rearrangement,
pRy =30 3)

Hence the pressure dependency of the critical radius is,
Ro=30lp 4)

Taking into account that the bubble is not spherical and the specific surface energies are
different, we obtain,

Ro = (oKL + 06sKs)/ Kyp, (5)

where o is the surface energy at the gas:liquid interface, ogs is the surface energy at the
gas:solid interface, K and K the coefficients accounting for the relative areas of the gas:liquid
and the gas:solid interface, Ky the proportionality factor used in the equation for the volume of a
non-spherical bubble, V"= KyR,’. It is seen from Eqs. (4) and (5) that increasing the pressure will
appreciably reduce Ro. Thus ever smaller discontinuities at the solidification front will be able to
act as gaseous phase nuclei. To put it differently, increasing p will increase the number of
hydrogen gas nuclei. This behavior is indeed observed in reality. The gas pressure above the
solidifying melt is the major parameter that determines the number of pores per unit area in a
plane normal to the growth of a gasaritic structure. One also can assume that the bubbles originate
on high-melting particles floating in the melt ahead of the solidification front. The bubbles are next
engulfed by the advancing front and the gas eutectic reaction sets in [6].
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Let us consider this case: a buoyancy force Fx= (4/3)nR’d (R being the bubble radius, d
the specific weight of the liquid) will act on any bubble, inducing it to rise in the melt. According
to the Stoke's law, the velocity of the bubble's upward motion,

v=2R*d/9m (6)

where 1 is the of viscosity of the liquid. In experiments on Cu-H alloys, the gasarite forms in the
solidification velocity range of 0.05 to 5 mm/s. At its maximum velocity of 5 mm/s, the
solidification front thus can engulf bubbles about 100 um in size. These estimates support the idea
[8] that hydrogen bubble nucleation may take place ahead of the solidification front. Furthermore,
the above comments about the influence of pressure on nucleation at the solidification front also
hold for the nucleation on suspended particles.

Two mechanisms of gas nucleation in gas eutectic reactions have thus been suggested.
The question of how large their relative contributions are is highly important for scientific and

practical purposes. To answer it, carefully planned experimentation on reasonably pure melts is
needed.

GASARITE GROWTH

Following an initial familiarization with the gasar process, an analogy is commonly drawn
with gas evolution observed when the cap is removed from a container with a carbonated
beverage. This approach is wrong, for the gasar process involves distinctly different phenomena.

When a bottle of soda water is opened the pressure in the liquid drops abruptly, allowing
evolution of dissolved gas. Figure 3(a) depicts the progress of evolution. There are gas release
sites - small pits filled with carbon dioxide - on the inner surface of the bottle. The gas dissolved
in the liquid tends to migrate to these sites. As the gas volume at a site is increased, a bubble
comes into being. The bubble grows and eventually is released from the site to rise to the surface.
Some gas remains in the pit and acts on as a gas evolution site. This process is repeated as long as
there is some degree of supersaturation in the liquid. A major part of the gas may also be evolved
directly from the liquid surface without forming bubbles. Also note that boiling of a liquid is a
similar process, except that the cavities are filled with vapor, rather than carbon dioxide.

In the gasar process, solid metal precipitates from the liquid simultaneously with gas,
shown in Fig. 3(b). No decrease in pressure is necessary for this to happen. Moreover, increasing
pressure is commonly needed to produce an ordered structure.

The suggestion [9] that the pore growth proceeds through a mechanism described earlier
cannot be accepted either. The idea was that the advancing solidification front "stretches" gas
bubbles already present in the liquid.

One should not overlook, however, that a diameter down to 10 um is sufficient for a
bubble to rise fast enough not to be engulfed by the solidification front. Note that gasars may have
pores 10 mm and more in diameter. A bubble as large as that will rise very rapidly, at about 100
mm/s.

One should also keep in mind that a crystalline solid grows concurrently with the gas in
any gas eutectic reaction. However, the same phenomenological effect is seen in experiments
involved combinations of non-interacting items like oil drops in solidifying boric acid, which
preclude diffusion phenomena[9].

Steady-state growth in which all process variables are constant should result in a structure
comprised of a non-porous matrix containing regular cylindrical channelways. In this situation the
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