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Mathematical model for simultaneous growth
of gas and solid phases in gas-eutectic reaction
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Simultaneous growth of solid and gas phases from gas supersaturated melt is the basis of
a relatively new method for the production of ordered porosity materials. Such phase
transformation is called gas-eutectic reaction. The structure obtained mainly depends on
thermal and gas diffusion phenomena at solid/liquid interface. It is difficult to control this
phase transformation but it is very important to the eventual structure. The development of
a general mathematical model of the entire physical process will help for better
understanding of the structure formation and will allow effective control to be provided.
This paper presents a mathematical description of the complex physical phenomena during
gas-eutectic transformation. Analyses for heat transfer, solidification kinetics and gas
diffusion were coupled to describe the formation of the gas reinforced structure. The model
was applied for simulation of structures after some special processing regimes. The
structure sensitivity with respect to the different components of gas pressure is discussed.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

Depending on the metal nature, pores form during so-
lidification due to shrinkage phenomenon and higher
gas solubility in molten phase compared with that in
solid phase. One of the most effective ways to reduce
pore content is to remove as much gas from the melt
as possible. Conversely, gas supersaturation of the melt
is actually a precondition for the production of porous
materials by the liquid metallurgy route. Shapovalov [1]
applied a novel method to produce porous metals with
ordered structure named gasars. The most important
feature of the method is unidirectional solidification of
a gas saturated melt that causes simultaneous forma-
tion of solid metal and gas pores resulting in an ordered
gas-eutectic composition. This phase transformation is
similar to the conventional eutectic reaction but one of
the phases in the resulting eutectic structure is a gaseous
phase, Fig. 1 [2]. The geometrical characteristics of the
gas pores in gasar materials can be controlled in a wide
range through a judicious selection of processing pa-
rameters [3], Fig. 2. This ordered structure provides
attractive mechanical, thermal, tribological and other
properties. Usually, the utilized gas is hydrogen but
oxygen and nitrogen can also be selected. Other authors
[4—6] used mixture of Ar and H; in different proportions
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as environment. Ar does not dissolve in liquid metal but
the application of such gas mixture allows the formation
of porosity to be controlled more flexibly. The porous
materials considered possess combinations of unique
properties such as exceptionally low weight, gas and
liquid permeability, special acoustic characteristics,
high damping capacity for absorption of mechanical
energy.

Whereas ordered porosity materials have been ex-
tensively studied in the last decade in view of their
unusual properties and potential applications, there has
been a lack of fundamental understanding of their for-
mation process. Predominantly mathematical models
related to gasars describe the structure influence on
some mechanical properties [7-9]. Shapovalov [3] gave
simple mathematical descriptions of some particular
details of the structure formation process. Sridhar and
Russell [10], and Apprill [4] discussed pore nucleation
on pits and cracks of non-wetted inclusions in the melt.
A model of the gasar structure formation in closed
form is given in [11]. Here a more explicit and de-
tailed description of simultaneous growth of solid and
gas phases will be discussed. It has an emphasis on
conditions for pore size changes and pore growth and
closing.
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Figure 1 Typical phase equilibrium diagram for metal (M)—hydrogen
(G) system (left) and eutectic growing upward in directional solidifica-
tion (right), L—liquid state [2].
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Figure 2 Diagrams of pore morphologies potentially available with the
gasar process: spherical (a), radial (b), cylindrical (c), and laminates (d—f)
[12].

2. Mathematical model
Both heat transfer and gas diffusion can be described
by partial differential equations. To provide a unique
solution for such equations, the physical area of the
process evolution, and initial and boundary conditions
have to be strongly defined.

2.1. Heat conduction

The temperature field T = T(x, y, z, t) in both solid
(gasar) and liquid (gas saturated melt) regions of the
ingot is determined by the heat conduction equation:

oT .
Ceffa = div(A grad T) (D)

where cesr and A = A(x, y, z, T) are specific heat and
thermal conductivity, respectively. Detailed description
of the heat transfer model and its application is given
in [11].

2.2. Gas diffusion

One of the most important preconditions for the gas-
eutectic reaction considered is a high level of gas su-
persaturation of liquid metal. Gas concentration near
or above eutectic value Cg has to be provided (see
Fig. 1). Gas diffusion in the melt appears because of
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the non-uniform gas distribution formed during the
unidirectional solidification. The gas diffusion prob-
lem is considered only in the melt because diffu-
sion in the solid formed does not affect significantly
the structure. Stirring in the liquid is assumed to be
negligible. The dynamics of gas concentration in lig-
uid Cp =CL(x, y, z, t) is determined by the diffusion
equation

aC
8—1‘L = div(Dy grad C1) )

with initial condition

CrL(x,y,2,0) = Co = KLy Pu2(0) 3)

Here, Cy is initial gas distribution in the melt, Py, is
initial partial hydrogen pressure above the melt and
Dy, = Dy (x, y, z) is diffusion coefficient of gas (H,) in
the liquid phase. Condition (3) expresses Sievert’s law
in case of constant temperature. Boundary conditions
are as follows (see Fig. 3):

e on melt free surface, using Sievert’s law,

Co(x,y, H,1) = KL/ Pua(2) 4)
e onsolid/liquid (S/L) interface (solidification front),

aCL(x,y,0,1)
0z

A Var(CL(x, y, ng — Ks)v/ Po(1) 5)

e on gas/liquid interface (boundary between pore and
melt),

CrL(x,y,0,1) = KL/ Paa(t) + Pac(t) + pgh
(6)

melt free surface

.

melt saturated

4 v )y AAAA

pore \

solidification front

A

solid

Figure 3 Schematic section of solid, liquid and gas phases in the gas-
eutectic reaction.
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Figure 4 Pore directions obtained by numerical simulation (left) compared with real castings (right): (a) cooling of the casting runs predominantly
through the bottom casting surface and (b) the heat flow through the casting surrounding surface is comparable with the heat flow through the bottom

casting surface (on the example of copper gasars).

where K, and Kg are Sievert’s constants of hydrogen
for liquid and solid respectively, Py (f) and Pa(t) are
partial pressure of hydrogen and argon in gas mixture
above the melt and V,, is moving velocity of solid/liquid
interface, p is the density and # is the height of liquid.
Condition (5) expresses that the quantity of gas “in-
jected” on S/L interface is proportional to the differ-
ence between the quantity of gas dissolved in liquid,
Cr(x,y,0,1), and that dissolved in solid. Boundary
condition (6) is defined also by Sievert’s law but here
it is taken into account that gas pressure in the pore is
the sum of partial gas pressure of H, and Ar above the
melt and hydrostatic pressure. A reasonable condition
on vertical boundary of the liquid area is that the gas
mass flow through it is zero,

gradCp(x, y, z, Z‘)lboundary =0 (7)

The Equation 2 and conditions (3)—(7) define com-
pletely gas field in the melt. The velocity V. in (5)
is the joining element between thermal and diffusion
problems.

3. Results and discussion

The mathematical model described above was applied
for computer simulation of gas-eutectic transformation
in gas saturated copper melt. At all numerical exper-
iments pores are generated randomly on the S/L in-
terface and Z axis is directed upward. Qualitative and
quantitative information for the sensitivity of the gasar
structure to the main processing parameters, both ther-
mal and gas-diffusional, was obtained. Several types of
numerical experiments were done.

At the first experiment pore direction was obtained.
The fact that pore direction coincides with the ther-
mal gradient on the solidification front [11] was used
in calculations. If the cooling is essentially through the
bottom, the pore directions are homogeneous all over
the solid volume and coincide with longitudinal axis
of the ingot, Fig. 4a. If the heat flow through the cast-
ing surrounding surface is comparable with the heat
flow through the bottom surface of the casting, a non-
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Figure 5 Calculated solidification velocity and average pore-diameter
in a typical processing regime.

homogeneous distribution of the pore directions ap-
pears, Fig. 4b. The model simulates these relationships
adequately.

Average pore diameter and solidification velocity in
a typical gasar process are shown in Fig. 5. It is nor-
mal to expect V,; to increase during solidification. A
rapid increasing is prohibited because the porous solid
phase formed enlarges and heat transfer coefficient of
the medium is relatively low. The average pore diameter
increases sharply at the beginning of structure forma-
tion and then stays approximately constant.

Influence of Ar and H; partial gas pressure, Pa, and
Py, respectively, on the pore shape and size was investi-
gated in the third type of experiments. Fig. 6a depicts the
minimal, Dp iy, maximal, Dp pax, and average, Dp,y,
pore diameters formed under initial Py, = 0.20 MPa
and Py, = 0.30 MPa, and rapid increasing of Py, after
80 sec from 0.20 to 0.25 MPa, Fig. 6b. The rapid in-
creasing of gas pressure causes big decreasing of pore
diameters in a narrow depth, and after this the pore di-
ameters stabilize again on lower size. The same correla-
tion is valid in case of Py, increasing from 0.30 MPa to
0.35 MPa, Figs 6¢ and d. Here the average pore diame-
ter (after reduction) is greater than at the previous case
because hydrogen concentration in liquid is greater ac-
cording to Sievert’s law. The Dp,,(Ar) curve in Fig. 6¢c
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Figure 6 Influence of partial gas pressure on pore formation.

is reproduced from the Dp,y line in Fig. 6a. The mini-
mal, maximal and average pore diameters in gasar ingot
formed under increasing and decreasing of P, Fig. 6f,
is shown in Fig. 6e.

4. Summary and conclusions

The mathematical model presented here provides the
possibility of accurate numerical simulation of the gasar
technology. Using the model, quantitative information
for the sensitivity of the gasar structure to the main pro-
cessing parameters can be obtained. The software prod-
uct enables calculation of the temperature field during
structure formation, porosity content, pore direction,
gas bubble nucleation and four local criteria. The basic
conclusions can be summarized as follows:

[1.] The gasar structure depends on external gas pres-
sure, solidification velocity and gas concentration in
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the liquid in a complicated and non-linear way. Rapid
changes in gas pressure cause rapid changes of pore
diameter in narrow depth;

[2.] Manipulation of partial argon and/or hydrogen
pressure allows flexible control of pore size and shape
over a wide interval.
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