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Preface

The nature very often demonstrates “smart” solutions of specific problems of
biosphere, which allow meeting contradictory requirements for materials and constructions.
Porous structure can be found in many biological objects (plants and animals) where
combination of strength and lightness are necessary.
Nowadays a lot of porous materials are designed and utilized in engineering
constructions and machines. The majority of them are produced by special processing of
liquid metals and alloys. Gasars are relatively new class of porous materials, which are
object of enlarging investigations and applications. Firstly such materials are obtained in
Ukraine by V. I. Shapovalov about 25 years ago and used in Russian automotive, oil and
space industries. The name “gasar” is abbreviation of Russian words and means “gas
reinforced”. In 1993 Shapovalov reserved the rights in USA by Patent No. 5,181,549.
During the last decade of previous century Prof. H. Nakajima and coworkers from Osaka
University started large investigation program in this area and named the structure “lotus
type” because of its similarity to the form of lotus roots. They elaborated two new
technologies for production of such materials on the basis of many metals and alloys. The
mechanical, electrical and thermal properties are largely investigated. One of the
technologies elaborated is applied for production of nonmetallic porous materials.
This book aims to offer a relatively large overview of basic gasar structure, they
properties and production technologies. Many typical structures are shown and discussed.
The major physical phenomena, which determine the structures obtained are analyzed
qualitatively and quantitatively. A general mathematical model of structure formation is
developed and different particular variants of this model are written in details. Numerical
simulations, which are carried out, have been done by software products, specially
elaborated on the basis of these variants. The simulations demonstrate main relationships
between processing parameters and structure characteristics. Instruments for control of
structure formation are also discussed.
The authors hope that, after reading this book, the colleagues will become more
familiar with this specific class of porous materials and will feel more confident in
understanding of the physical phenomena, which determine the structure formation and their
mathematical description.
The authors also would like to express special thanks to Prof. Natalie Sobczak from
Foundry Research Institute in Krakow, Poland, to Prof. Wei Sha and Prof. Savko Malinov
form Queen’s University of Belfast and to Prof. Rosica Kovacheva from Institute of Metal
Science at Bulgarian Academy of Sciences, for their valuable discussions on structure
analysis and for help in modeling.

L. Drenchev, J. Sobczak

Krakow, January, 2008
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CHAPTER I
Structure, properties and production technologies
All that does not kill me makes me stronger.
Friedrich Nietzsche, 1888

Before 30-40 years there was no doubt that gases dissolved in metal melts spoil
structures and, because of this, properties of cast materials. This opinion was in general
currency especially for oxygen, hydrogen and nitrogen. And this was through because
“strong” material means homogeneous, dense and compact material but the gas compounds
usually generate inhomogeneity and internal boundaries (interfaces). As a rule all this does
not “kill” completely the material but deteriorates essentially its properties. Nowadays, when
modern industry requires a great variety of materials for specific applications, the situation is
changed. Many examples can be listed. One of them is nitrogen and ferroalloys, especially
steels. Today high nitrogen steels (up to 3 wt. % nitrogen) cover a large area in high quality
steels of special applications. It turned out that by introducing of gas (nitrogen in this case)
into a material, the last can be made “stronger”, i.e. more resistant in chemically and
mechanically aggressive media.
Hydrogen is also a typical representative of “bed” gases. One of the biggest defects
caused by dissolved hydrogen in a melt is porosity of the castings obtained after the melt
solidification. Before 15-20 years Shapovalov and his colleagues in Ukraine decide to realize
a stupid idea: instead to remove hydrogen from the melt, to charge this melt by hydrogen as
much as possible before solidification. For our surprise the effect was not “deadly” in respect
to the material obtained but even contrary. They obtained materials of unique structure and
properties appropriate for various structural applications.
Recently, some foundrymen try to use oxygen as alloying element. Generally, it is
time for knowledge-based materials.

I.1. General characteristics and relationships
Only the man set his face against the direction of gravity.
He would like to follow continuously … upward.
Friedrich Nietzsche, 1883

Development of metal matrix composites and porous materials is a very significant
element of the progress in application of metals and alloys as structural materials. Usually
this progress is based on improved combinations such as between mechanical properties and
density and between properties and cost. A great number of particle and fiber reinforced
metal matrix composites have been investigated and some well-known casting technologies
have been adapted for production of such cast parts for particular applications. Many specific
technologies for production of porous metal materials have been developed. The efforts have
been directed not only to development of technologies for production of these materials but
also to investigation their characteristics and properties.

2

I.1.1 Gasars and other porous materials

solubility, cm3 /100g

A special class of metal porous materials, which appears as gas reinforced metal
matrix composites, is gasar (lotus type or ordered porosity) materials. Two of the main
features of these materials are that the porosity is predominantly ordered and that their
structure is formed during directional solidification as a result of the so-called gas eutectic
reaction. A wide discussion on the manufacturing practice, structure, properties and
application of porous materials can be found in [1-6]. The major advantages of gasars over
other porous materials are:
- improved strength;
- wide range of pore diameter (from 10 μm up to 10 mm);
- control of pore shape and orientation;
- possibility of making regular structures;
- gas and liquid permeability;
- relatively simple equipment for fabrication and low cost.
Usually, pores formed in metal castings and ingots are detrimental to properties.
Higher amount of porosity in a casting results in greater deterioration in mechanical
properties. Depending on the nature of the metal, pores form during solidification due to
shrinkage phenomenon and higher gas solubility in the molten phase compared with that in
the solid phase, Fig. I.1. Although a set of rules can be followed in order to avoid such
defects in the cast product, it is impossible completely to eliminate them. 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 a precondition for the production of porous
materials especially in the technology for gasar production.
Among the methods for porous metals production there is a specific and relatively
new one offered by Shapovalov [7] for production of metals with ordered porosity,
originally named gasars (gas+ar, where “ar” is abbreviation of Russian “armirovat”, which
means “to reinforce”). The most important feature of the method is unidirectional
solidification of gas supersaturated melt through the eutectic point, Fig. I.2. Due to higher
gas solubility in the liquid phase, solidification of the metal and nucleation of gas pores
occur simultaneously, which results in formation of an ordered gas-eutectic composition.
This phase transformation is very similar to the conventional eutectic reaction. Rod-like
eutectic of NiAl-Mo in Al matrix is shown in Fig. I.3 and cross-sections of two copper
ordered porosity ingots are shown in Fig. I.4. Similarity between these structures is evident.

temperature

L

2
1

L+G

L+S
S
S+G

temperature, K
Figure I.1. Hydrogen solubility in
some metals as function of
temperature at 0.1 MPa hydrogen
pressure (after Ref. [8]).

M

G

Figure I.2. Schematic equilibrium phase diagram of a metal (M)hydrogen (G) system (left) and eutectic growing upward in directional
solidification (right).
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Usually, the gas used for melt saturation is hydrogen and a great number of metal–
hydrogen systems have been investigated [1,11,12]. In the last years nitrogen is also largely
applied [13,14]. To provide more flexible structure control, mixture of active gas (hydrogen
or nitrogen) and argon or helium (treated as a neutral gas background) is used in this
technology. Argon and helium do not dissolve in metal melts but their presence affect
pressure in gas pores during solidification and by this reason controls pore size and ingot
(a)

Figure I.3. SEM micrograph showing transverse crosssection of NiAl-Mo rod-like eutectic (after Ref. [9]).

(b)

Figure I.4. Typical micrographic pictures of
transverse (top) and longitudinal (bottom) crosssections of copper gasar: (a) porosity 32.6%, (b)
porosity 44.7% (after Ref. [10]).

porosity. Metals and alloys that have been used in this technology include [1,15-20] Al, Be,
Cr, Cu, Fe, Mg, Mn, Mo, Ni, Ti, Cu-Al (different compositions) alloys [21], Al-Si (different
compositions) alloys, Ni-Al alloys [22-24], steels and iron [25-29]. The most often studied
metals are copper, nickel, aluminum and cobalt. Partial active gas pressure used so far
reaches up to 3 MPa.
Intermetallics Ni3Al and TiNi gasars are also obtained [30]. Such structures are
shown in Fig. I.5. Pore shape and porosity depend on alloy composition.
Nakahata and Nakajima [31] have been fabricated gasar silicon. The pore shape is
near to cylindrical and the pore diameter ranges from 10μm to 1 mm in diameter. The system
Ag – O can be also used for manufacturing of gasars because molten silver does not form
oxides during solidification. Some typical gasar structures are shown in Fig. I.6.
In the beginning, gasars have been obtained from typical metal – gas eutectic systems
such as Cu – H, Ni – H, Co – H and others. It has been considered that the system must be
non reactive. Reasonably, the process of structure formation has been called “gas eutectic
reaction”. Subsequently many metal - gas, alloy – gas, ceramic – gas systems have been used
for gasar manufacturing. Some of them are reactive and/or non eutectic. For example, let us
consider Ni – Al – H system and the structures shown in Fig. I.5. The structure in Fig. I.5 (a)
is typical for eutectic system: (i) the pores are of regular (round) shape and with very smooth
walls and (ii) no dendrites are observed in solid. When the aluminum content increases, the
alloy composition moves from the eutectic point. Latter results in development of dendrite
structure in solid, which, in turn, causes formation and growth of pores of irregular form. As
larger is the two phase zone as small is possibility to obtain gasar structure. Smooth pore
walls indicate structure obtained from a eutectic composition and vice versa, presence of
relatively large gas pores of rough pore walls in gasar structure indicates solidification of
non eutectic melt. The structures in Fig. I.5 (b) and (c) contain not only smooth-wall
cylindrical pores but also pores of irregular shape. As more is the distance from the eutectic
as less is the number of round pores (compare Fig. I.5 (b) and (c)). It can be concluded that
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obtaining of gasar structure is possible in gas eutectic compositions and also in gas
compositions of narrow two phase zone in their phase diagrams.

2 mm

2 mm

2 mm

0.5 mm
(a)

0.5 mm
(b)

0.5 mm
(c)

Figure I.5. Some specific structure observed in Ni – Al gasars (active gas is hydrogen): (a) Ni-15%Al,
intermetallic compounds Ni3Al, shape of pore is almost cylindrical; (b) Ni-28%Al, some pores are of irregular
shape; (c) Ni-31%Al, many pores are of irregular shape (after Ref. [8]).

To describe such materials, instead of term “gasars”, some investigators use phrases
such as “ordered porosity metallic materials” and “gas-eutectic structures”. Japanese authors
(Nakajima and coworkers [4,5,20]) assert that there are no enough evident for eutectic nature
of the structure considered. They compare the structure to the form of lotus roots and
introduced the term “lotus-type porous materials”.
Up to now it is not clarified why, how and even whether the gas reinforce the
material, that is why the term “gas reinforced materials” can not be accepted as enough
correct. It seems that the gas in fact does not reinforce the materials directly. There are some
results, which show that the gas in forming pores affects thermal conditions and
solidification (also structure) and chemical composition (in case of reactive metal-gas
system) of inner pore walls. When the solid region around the pore wall possesses micro
hardness greater than nominal material, an improvement of bulk mechanical properties will
be observed. Let us mention that the gas pressure in pores is relatively high and is equal to
the partial pressure of active gas and neutral gas. From the other hand a great number of
structures obtained in unidirectional solidification of gas saturated melt do not resemble
lotus roots. In fact, the materials considered are “ultra light materials of in-situ obtained
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ordered gas porosity”. This name is more informative and neutral but is very long and
unsuitable for common use. We prefer to use the terms “gasars” and “ordered porosity
materials” but all the rest names that are used mean materials of the same nature.
Ordered porosity materials focus the interest because of their specific properties and
application. Recently developed technologies for their production are based of many years
experimental work while the theoretical aspects of their structure formation are not
completely analyzed. Some investigations on the reasons for mechanical properties
enhancement compared with conventional porous materials (foams) need to be carried out.

2 mm

(a)

(b)

(c)

(d)

Figure I.6. Various gasar structures in: (a) copper with long parallel pores (active gas is hydrogen); (b)
stainless steel with nonuniform pores (active gas is nitrogen); (c) stainless steel with uniform longitudinal pores
(active gas is nitrogen); (d) porous silicon (active gas is hydrogen) (after Ref. [8]).

Gasars are different from others porous materials. As a rule, conventional porous
materials are isotropic, their pores are spherical and before solidification a foaming process
must be realized. In case of gasars, the porosity is formed just on solid/liquid interface and
there is no need of foaming. Specific conditions of structure formation determine specific
properties of the materials considered. We would like also to mention that the gasar
production technologies are of great potential for manufacturing of grade structured ultra
light porous materials, which can find large field of structural applications.
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I.1.2. Porosity and structure
Generally, the porous structures may be characterized by a set of parameters, which
provides quantitative and qualitative information for the material considered. The most
important parameters are porosity, average pore size, pore size distribution, pore shape and
orientation, degree of pore interconnection. Regions of variation of pore size and porosity in
the most popular porous materials are presented in Fig. I.7. Gasars differ structurally from
other porous materials. A great variety of porosity, pore shapes and pore sizes is observed.
The pore size varies between 10 μm and 10 mm and the porosity may reach 75%. It allows
producing metal materials of specific weight lower that 0.5. Physical properties of base
materials and processing parameters determine these characteristics. For instance, the
possible porosity range in a material depends mainly on gas solubility within it and the range
of pore sizes depends on the gas diffusion coefficient. The specific porosity, pore length,
shape and direction for a particular gasar ingot depend on processing parameters. Correlation
between the porosity range and the range of pore sizes obtained in some base metals is
shown in Fig. I.8.

100
Porosity (%)

44
80
3
5

60
2
40
1
10-2

10-1

1
10
102
103
Pore size (μm)
Figure I.7. Relationship between pore size and porosity in various metals: 1 - irradiation-induced pores,
2 – sintered powders, 3 – sintered fibers, 4 – foamed metals, 5 – gasars (after Ref. [32]).

The pore direction always coincides with the temperature gradient, i.e. pores are
perpendicular to the moving solidification front. Thus, pores shown on Fig. I.9 (b) and (e)
are related to radial heat removal. The pores, as given in Fig. I.9 (c) and (f), are related to
axial heat removal. Total and local porosity in a gasar ingot strongly depend on partial gas
pressures during melt saturation and solidification. Pore diameter is most sensitive to
solidification velocity. Such relations are shown in Fig. I.10 referred to porous copper ingot.
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Figure I.8. Porosity and pore sizes of gasar ingots
formed in some pure metals (after Ref. [33]).

Figure I.9. Diagrams of pore morphologies available
with the gasar process: (a) spherical, (b) radial,
(c) cylindrical and laminates (d-f) (after Ref. [34]).
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(b)
(a)
Figure I.10. Dependences of (a) average pore diameter and (b) porosity on solidification velocity of ordered
porosity copper fabricated in mixture gases of hydrogen 0.25 MPa and argon 0.15 MPa
by the continuous casting technique (after Ref. [4]).

Pore size and shape, see Fig. I.11, local and total ingot porosity and structure
morphology can vary depending on processing parameters (melt and mold temperature,
partial gas pressures during saturation and solidification, direction and rate of heat removal)
and physical and chemical characteristics of the system used (melt composition, gas type).
Pore structure and local porosity can be controlled over a wide range by variation of these
parameters, see Fig. I.9. Since pore direction is perpendicular to the solidification front, the
anisotropic gasar structure can be controlled by thermal conditions during solidification.
Gasars and technologies for their production, which will be discussed in paragraph I.2, offer
great potential for graded structures manufacturing. A collection of typical structures and
pieces obtained at open mold casting is shown in Fig. I.12.
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(a)

(b)

(c)

(d)

(f)
(e)
Figure I.11. Some typical pore shapes: (a) – globular pores; (b) – crimped conic pores; (c) – near cylindrical
pores; 4 - “inverse dendrite” pores; 5 – shapeless pores; 6 – “arterial” pores (after Ref. [35]).

Copper gasar structures produced by continuous casting at different solidification
velocities and pore shape are given in Fig. I.13. Cross sections of porous stainless steel
produced by continuous zone melting can be seen in Fig. I.6 (c).
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(a)

(c)

(e)

(b)

(d)

(f)

Figure I.12. Typical gasar structures: (a) – combination of parallel and radial ellipsoidal pores; (b)- parallel
cylindrical pores in longitudinal section; (c)- parallel ellipsoidal pores; (d) – radial ellipsoidal pores;
(e) – gasar plates of size about 100x100mm and (f) – cylindrical gasar pieces (after Ref. [35]).
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5 mm

(a)

5 mm

(c)

1 mm

5 mm

(b)

5 mm

(d)

1 mm

(e)
(f)
Figure I.13. Cross sections of copper gasar fabricated by continuous casting in hydrogen gas pressure of 1.0
MPa. (a)-(d) perpendicular and parallel to transference direction. Solidification velocity: (a) 1 mm⋅min-1,
(b) 5 mm⋅min-1, (c) 10 mm⋅min-1, (d) 20 mm⋅min-1 (e) starting part of a pore and
(f) middle part of a pore (1 mm⋅min-1), Ref. [36].

Porosity can vary in a large interval not only for different base materials but also for
one certain material. This is shown in Table I.1 for magnesium gasar ingots, which are
obtained for different values of the technological parameters. The mean pore diameter ranges
from 1.3 mm to 3.1 mm and porosity ranges from 15% to 53 %. Measured values for density
and pore area distribution are also given in the table.
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Table I.1. Measured density, porosity and pore distribution in magnesium gasar samples.
Cross section view
Pore area distribution
No
G1Mg
Density,
1524 kg/m3
Porosity,
15 %

G2Mg
Density,
1199 kg/m3
Porosity,
33 %

G3Mg
Density,
1195 kg/m3
Porosity,
34 %

G4Mg
Density,
1113 kg/m3
Porosity,
38 %

12

Table I.1. Measured density, porosity and pore distribution in magnesium gasar samples (continuation).
Cross section view
Pore area distribution
No
G5Mg
Density,
931 kg/m3
Porosity,
48 %

G6Mg
Density,
916 kg/m3
Porosity,
49 %

G7Mg
Density,
909 kg/m3
Porosity,
50 %

G8Mg
Density,
841 kg/m3
Porosity,
53 %

It is well known that the nature is lazy. She wants to do everything with as much as
possible low energy expenses. The only reason a system to change its status is to transform
itself into another one of lower energy. That is why more stable state is the state of less
energy. Each interface of area, AIn, adds to the system Gibbs free energy an excess
component, GIn, which is required for its creation and is proportional to the area, i. e. GIn ∝
AIn. Heterogeneous system or its part, which possess greater value of AIn is in state of higher
energy and therefore unstable with respect to a system of lower value of AIn (if another
13

system parameters are equal). Because of this all transformation in gasar structure formation
will be aimed to obtaining a structure of lower energy. This is the case of pore coalescence
when two pores combine and continue to grow as a single pore, Fig. I.14. If two pores of
radiuses r1 and r2 coalescence into single pore of radius r keeping the total pore volume
unchanged, the next relation is valid:
2

2
3

3

1

(a)

1

(b)

Figure I.14. Schematic representation of pore coalescence: 1 – solid; 2 – melt; 3 – gas pore.

πr 2 = πr12 + πr22

(I.1)

The last resembles well known theorem for right-angled triangle, where r is size of
hypotenuse and r1 and r2 are sizes of cathetuses (cathetii?? Radius – radii). From (I.1)
follows
r < r1 + r2

(I.2)

This means that the interface area (which is proportional of the radius) of state in Fig. I.14
(a) is of greater value that of state in Fig. 14 (b) and the latter is preferable and more stable in
the structure considered. This can be clearly seen in the real structures shown in Fig. 6 (b),
Fig. 12 (b), Fig. 13 (b), (c) and (e). Transformation (branching) of a pore into two smaller
pores leads to increase of Gibbs free energy and because of this can’t be observed as is
mentioned by Shapovalov in [2].
The gasar process has been used not only to produce porous metals but also for some
ceramics (alumina, alumina-magnesia). All these ordered structures provide attractive
mechanical, thermal, tribological, acoustic and other properties.

I.1.3 Gasar properties
Gasars combine properties common to the metallic foams and other porous materials,
such as exceptional low weight, fluid permeability, special acoustic characteristic, great
capacity for absorption of mechanical energy, with some untypical properties, which make
them a special kind high porosity materials. They are structurally different from all other
porous media. First of all, as a rule, they possess anisotropic structure, which determines
their anisotropic properties. The inner pore walls are very smooth and free of any secondary
porosity or undesirable inclusions. The relationship between the average pore diameter and
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the amount of porosity is an important structural characteristic of porous materials. Gasars
combine fine pore size with high porosity.
Properties such as electrical and thermal conductivity, liquid and gas permeability,
acoustic damping for all porous materials in general can be qualitatively predicted using the
relative property of basic material and amount of porosity. Most attractive differences
between ordered porosity materials and the other porous materials are in their mechanical
properties. Usually, strength decreases faster than the solid volume fraction in a certain
porous material. The mechanical properties strongly depend on pore shape. It is well known
[37-40] that pore edges concentrate stress and thus reduce plasticity and strength. According
to Shapovalov’s investigations, atypically, in a specific range of porosity, gasars are stronger
not only than the other porous materials but also than the solid base metal [1,41], Fig. I.15.
For instance, at 0.20 porosity, the strength of sintered porous copper is approximately 0.5 of
the strength of copper gasar and 0.25 at 0.45 porosity. Moreover, strengthening is observed
in gasars at porosity below 0.20 and pore diameter below 50 μm. Gasars posses better impact
resistance and plasticity than other porous materials as well.
ΣP / ΣS
1.6

1.2

0.8

0.2
0.20

0.40 0.60
Porosity

Figure I.15. Proportions between some mechanical
properties of porous and nominally nonporous
materials ( Σ P – values for porous material; Σ S values for nominally nonporous material): 1 – yield
stress of Cu gasars; 2 – tensile strength of Cu gasars;
3 - tensile strength of sintered Cu fiber; 4 - tensile
strength of sintered Ni fiber; 5 - tensile strength of
sintered Fe powder; 6 - tensile strength of sintered W
powder; 7 - yield stress on the basis of specimen
actual cross-section area for Cu gasars; 8 – tensile
strength on the basis of specimen actual cross-section
area for Cu gasars (after Ref. [1]).

The gas-metal systems initially used have been noncreative at temperatures near to
the melting point. Later some reactive systems have been also studied. The mechanism of
mechanical properties improvement at certain porosity for some ordered porosity materials is
not well established. During melt solidification in a gasar formation process specific thermal
conditions are realized on solid/liquid, solid/gas and gas/liquid interfaces. Local cooling
rates close to solid/gas and solid/liquid interfaces are different, which causes different
microstructures of the solid regions close to these interfaces. At some particular cases
(special combination of porosity and pore diameters) the difference between local
solidification rate of gasar ingot and nominally nonporous material can be of essential
importance. This is one of the reasons for the gasar strength improvement at some gas-metal
systems. Hyun at al. [22,26,29] compared some mechanical properties of porous iron
fabricated in nitrogen and hydrogen. The nitrogen concentration in solid iron fabricated
under nitrogen atmosphere increases linearly with partial pressure of nitrogen, leading to the
improvement of mechanical properties. The ultimate tensile strength and the yield strength
of the porous iron with the pore orientation parallel and perpendicular to the tensile direction
are about two times higher than those of porous iron obtained under hydrogen atmosphere. It
15

is concluded that: (1) the ultimate tensile strength for porous iron with cylindrical pores
parallel to the tensile direction exhibits no stress concentration, and (2) the ultimate tensile
strength with the pore orientation perpendicular to the tensile direction can be quantitatively
explained in terms of stress concentration around the pores [42]. For the specimen of
cylindrical pores aligned parallel to the tensile direction, the strength is expressed by σ UTS =
0
⋅(1 - p), where superscript “ 0 ” indicates ultimate tensile strength of nonporous material.
σ UTS
For the specimen with cylindrical pores oriented perpendicular to the tensile direction, the
0
strength is given by σ UTS = σ UTS
⋅(1 - p)3.
In case of porous iron fabricated under nitrogen it is observed that the increase of
Vickers microhardness of as-cast iron is due to solid solution hardening with interstitial
nitrogen close to pore surface [43].
The pore growth is coupled to the growth of the solid structure. Spheroidal or
irregular pores can be observed at grain or sub-grain boundaries of equiaxed dendrites.
Elongated pores usually grow between columnar dendrites in columnar zone of ingot.
Therefore, pore size, shape and pore direction are very sensitive to primary solid structure
and pore morphology can be controlled by thermal condition during solidification [12,44].
The specific morphology (in case of unidirectional longitudinal pores) of the gasars
defines anisotropic structure, which in turn determines anisotropic properties of the porous
materials. For instance, compressive strength strongly depends not only on the porosity but
also on the orientation of the pore axis relative to the applied force. The compressive yield
strength of porous copper with pores parallel to compression direction decreases linearly
with increasing porosity [19]. The compressive stress-strain curves depend on the angle
between the compressive direction and the pore direction. The absorption energy of a
specimen with pores parallel to the compressive direction is higher than that of the specimen
with pores perpendicular to the compressive direction. Temperature dependence of elastic
properties of ordered porosity copper has been measured, modeled and analyzed in [45]. The
same investigation for ordered porosity magnesium has been presented in [46].
Internal friction of ordered porosity copper is measured by Ota et al. [20]. The
material investigated is of 0.16, 0.25 and 0.33 porosity and it’s internal friction is compared
with the friction of nominally nonporous copper. The pore diameter ranges from 90 up to
140 μm and length ranges from 0.5 up to 2.0 mm. Volume fraction of open pores in
specimens is less than 5%. The internal friction is evaluated from the phase angle δ between
applied stress and strain by the relation q-1 = tan δ. Frequency of 1 Hz has been used during
the measurements. The results are shown in Fig. I.16. For all samples, the internal friction up
to 500 K is equal and coincides with that of nonporous copper. The internal friction of the
porous copper increases with increasing temperature and reaches a maximum between 720
and 750 K. The internal friction of nonporous copper increases monotonically with
temperature. The authors observe that repeated heating in subsequent measurements causes
the peak value to decrease, Fig. I.17. In case of annealed specimen, no peak is observed up to
1100 K and the values of the internal friction are approximately three times greater that of
nonporous copper for all temperatures above 700 K. It must be mentioned that the internal
friction of porous copper, in which all pores are open, is almost the same as that of the
nonporous copper. There is no clear explanation of above discussed phenomena.
Dry wear properties of copper gasars and their application in bearings elements are
investigated in [47].
Simone and Gibson [34] have studied the microstructure and uniaxial tensile
behaviour of ordered porosity copper. Stress-strain curves for the porous and nominally solid
copper are compared in Fig. I.18. Linear elastic behaviour at small strains is followed by
yield and strain hardening up to the peek stress. The ductility of the tested specimens
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decreased with increasing porosity. The authors measure the yield and ultimate tensile
strengths for nonporous copper and gasars of porosity from 0.15 up to 0.50 and pore
diameters from 20 μm (nominally nonporous specimen) to 200 μm. They apply linear
regression analyses to the experimental data (excluding the nominally nonporous material)
and obtain the following equations:
σy = 76.9 – 96.1 p

(I.3)

σUTS = 172 – 263 p

(I.4)

It is notified that the nominally nonporous specimens, contrary to the expectation,
had a significantly lower yield strength compared to specimens of porosities between 0.15
and 0.25. Their ultimate tensile strength is approximately the same as that of specimens of
porosity 0.15. This is because the nominally nonporous copper has a larger grain size
relative to that of ordered porosity copper, leading to a reduction in yield strength both from
the Hall-Petch effect and from the reduction in the constraint from neighboring grains. This
result explains why certain porous gasar materials may have better mechanical properties
than the solid.

Figure I.16. Internal friction of ordered porosity copper as function of temperature (after Ref. [18]).
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Figure I.17. Effect of thermal cycle and heat treatment on the internal friction-temperature curves, porosity
0.33 (after Ref. [20]).

The uniaxial compressive behaviour of ordered porosity copper with cylindrical
pores oriented in the direction of loading has been also studied. It is reported [48] that the
Young’s modulus and compressive yield strength of the porous materials increase linearly
with increasing relative density. Initial plastic deformation has been found to be due to
plastic yielding of the solid rather than buckling of the cell walls. The characteristic
densification strain decreases linearly with increasing relative density.

Figure I.18. Stress-strain curves for: (a) nominally solid copper, (b) gasar copper, p = 0.154, (c) gasar copper,
p = 0.215, (d) gasar copper, p = 0.46 (after Ref. [34]).

It has been proved experimentally [41] that enhancement of the yield strength of
gasar copper relative to nominally nonporous copper is possible with a uniform distribution
of porosity. Additionally, specimens with uniform porosity (large cylindrical pores) have
been found to have higher yield strengths than specimens with similar volume fraction but
nonuniform porosity. On the other hand, the tensile strength is less sensitive to
microstructure. If the net cross section area is considered, the tensile strength of samples
with uniform porosity is retained or enhanced up to 0.30 porosity.
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Results for tension and compression fatigue for ordered porosity copper have been
given in [49]. Cyclic stress has been applied in the direction parallel and perpendicular to the
longitudinal axis of the pores. It has been found that the fatigue strength is lower than that of
nonporous copper, and the strength in the direction parallel to the longitudinal axis of the
pores is higher than that in the perpendicular direction.
The influence of heat treatment of ordered porosity carbon steel on the tensile
properties has been investigated in [28]. By quenching and tempering at 473K or 673K, the
tensile strength increases after heat treatment, and elongation decreases in all cases of
tempering. On the other hand, tensile strength decreases, and elongation increases by
normalizing.
It is ascertained [50] that after applying a high temperature nitriding treatment, the
ordered porosity nickel-free stainless steel absorbs larger amount of nitrogen compared with
nonporous alloy of the same composition since the surface area exposed to the gas is larger
in the porous samples. In the alloys considered the nitrogen concentration after the nitriding
reaches approximately 1.2 wt.%.
A number of authors have applied mathematical models to study some aspects of the
unusual mechanical behaviour of gasars. Kee and coworkers [51] have reported an
investigation of copper gasar of 0.215 porosity under tension deformation based on finite
element modeling. The purpose is to evaluate geometric features affecting bulk yield, strain
and strength of the material. Pore dimensions of 18 μm in diameter, 108 μm in length and 60
μm transverse spacing between centers are used for the model. The results provide insight
into the role of pore interactions and local geometric constrain in the comparatively high
bulk strength observed in these materials. Full transverse constraint is also responsible for
the deformation localization consistent with the appearance of the fracture surface.
Bonenberger and coworkers [52] have studied experimentally and theoretically
samples of a gasar aluminum-iron alloy of porosity levels from 0.09 up to 0.17 to quantify
trends in mechanical properties in relation to porosity. The applied mesoscale finite element
models have verified that pore configuration has an effect on bulk stiffness. The best pore
configurations lead to a decrease in modulus slightly below the volume porosity. The
capability to incorporate the geometrical parameters of the porous material facilitates
investigation of many different pore configurations to determine an optimal arrangement.
Pore deformation and pore interactions as a function of pore size and morphology
have been examined by appropriate electron optical and image analysis techniques in [53].
The results of the microstructural analysis have been incorporated into a finite element
model for simulation studies on pore deformation and interaction. The results obtained
indicate that the smaller, near to spherical pores play a minor role during deformation. It
appears that the intermediate, elongated pores dominantly determine the deformation and
fracture process. Let us remember that such pores are typical for the gasar materials and they
are product of the specific casting process.
Experimental and theoretical investigation of plastic behavior of ordered porosity
iron produced by the continuous zone melting method in a mixture of hydrogen and helium
atmosphere has been given in [54]. The stress-strain curves have been measured and
calculated by micromechanical mean-field theory. The calculations reproduce well the
stress-strain curves experimentally obtained.
Effects of pore directions on the profile of fusion zone in magnesium gasar at laser
welding have been investigated by comparing the experimental observations and the results
of numerical simulation [55]. Three-dimensional finite element calculations are performed,
which take into account equivalent thermal properties and anisotropy of thermal
conductivity. A good weldability has been obtained when the growth direction of the
original pore equaled to the direction of the laser beam irradiation.
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Acoustic energy dissipation in a porous media depends on type of pores (opened or
closed) and complex shape of pores. Xie et al. [56-59] investigated sound absorption
characteristics of ordered porosity magnesium and copper. It has been found that the porous
magnesium exhibits excellent sound absorption characteristics. It has been established that
the absorption coefficient increase with increasing of frequency, decreasing of pore
diameter, increasing of porosity and the thickness of material.
Damping capacity of ordered porosity magnesium of various porosities has been
discussed in [60,61]. It has been established that the damping time of the porous magnesium
is considerably shorter in comparison with nonporous metals and porous copper.
Electrical conductivity of the porous material is inversely proportional to the amount
of porosity. A theoretical study of the effective electrical conductivity of ordered porosity
nickel with cylindrical elongated pores can be found in [62]. The structure has been modeled
as composite materials with ellipsoidal void inclusion. The authors examine the effect of
pore shape and orientation on the electrical conductivity. The extended effective-mean-field
theory has been employed to describe the real situation. It has been concluded that such
approach is quite useful for modelling the correlation between the electrical conductivity and
porosity of ordered porosity metals.
Heat transfer in ordered porosity materials has three components: conduction in
solid, convection and radiation. Gas convection in the closed pores in ordered porosity
materials has important contribution to the heat conduction because hydrogen is of high
thermal conductivity and low viscosity. Measurements and analysis of effective thermal
conductivities of ordered porosity copper has been discussed in [63]. It is found that thermal
1− p
conductivity parallel to the pores is (1- p) and perpendicular to the pores is
of
1+ p
conductivity of nominally nonporous material.
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I.2. Techniques for production
To cognize, it means to interpret everything in our
benefit.
Friedrich Nietzsche, 1884

A real production process of the ordered porosity material consists of two stages:
first, gas saturation of the melt, and second, unidirectional melt solidification. Both of them
are realized in chamber, which provide high gas pressure up to 2 even 3 MPa. Usually, in the
beginning, the chamber volume is evacuated by gas pump for purpose to eliminate
contamination of parasite gases, which can affect the process in an undesirable manner. The
melt saturation is realized under high gas pressure for period of time, which is long enough
an equilibrium concentration to be reached. After this, the gas saturated melt is submitted to
unidirectional cooling and solidification. Generally, the techniques applied for realization of
the melt solidification can be divided into three groups: (1) conventional open mold; (2)
continuous zone melting and (3) continuous casting.
Two versions of the open mold technique [1,8,11,64] are shown in Fig. I.19. In this
case mold cooling can be realized in various manners, so that providing axial, radial or
mixed heat transfer direction. Because of the fact that the pores growth always perpendicular
to solidification front, the open mold technique allows controlling the pore direction in a
large interval. Photos of real open mold gasar units are shown in Fig. I.20.

(a)

(b)

Figure I.19. Schematic presentation of units for gasar production by open mold method: (a) stationary
crucible (1- rod, 2-chabmer, 3-heaters, 4-gas saturated melt, 5- crucible, 6-mold, 7-cooler,
8-cooling water) (after Ref. [64]) and (b) movable crucible (after Ref. [8]).
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(a)

(b)

Figure I.20. General view of real open mold gasar units designed in: (a) Naval Research Laboratory,
Washington, DC, USA (after Ref. [35]), (b) Osaka University, Japan (after Ref. [21]).

This technique is suitable only to materials of high thermal conductivity such as
copper (see Fig. I.6 (a)), magnesium, aluminum and so on. In the case of low conductivity
materials, the solidification velocity decreases rapidly with of the growth of solid phase,
which causes uncontrollable formation of inhomogeneous structure far from the initially
solidified region (see Fig. I.6 (b)). In order to produce homogeneous ordered porosity
materials from metals and alloys of low thermal conductivity Nakajima and coworkers have
developed a new technique named “continuous zone melting” [8,24,25,56,65], Fig. I.21.
Here specimen rod is put into induction coil and is fixed to movable holder. By means of the
holder, the specimen is moved into the coil with velocity up to 500 μm/s, which leads to
obtaining a melted zone in the specimen close to the coil. Blowers are installed below the
coil for purpose to control cooling rate of the melt. These components are placed into a high
pressure chamber filled with gases such as hydrogen (or nitrogen) and argon. The hydrogen
(or nitrogen) is absorbed into the melt up to the equilibrium value according to Sieverts’ law.
In the same time the specimen rod is moved downward at constant velocity. Solidification
takes place in the lower part of the melt zone and solid and gas phase (pores) are formed
simultaneously. Solidification velocity on the solid/liquid interface is constant and can be
considered as almost parallel to the rod axis. Because of this, the pores formed are uniformly
ordered and also parallel to the axis. The method considered gives opportunity to control
solidification velocity at materials of low thermal conductivity and to produce long ingots of
homogeneous pore distribution. In Fig. I.6 (c) has shown such stainless steel ingot. It can be
seen that pore size and pore distribution in different cross sections are almost constant,
which can not be said for the stainless steel ingot in Fig. I.6 (b) obtained by the open mold
technique.
Another production method, which has been developed and successfully applied, is
continuous casting [4,36], see Fig I.22. This is in fact the conventional continuous casting
techniques, realized by vertical machine, which is displaced into a chamber with high gas
pressure. The last two techniques provide flexible control on structure formation process and
are very suitable for production of great variety metallic and nonmetallic long rods of
homogeneous ordered porosity.
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Figure I.21. Principle chart of the continuous zone melting method and
a real photo of melt zone (after Ref. [8]).
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Figure I.22. Principal chart of continuous casting method and
a diagram of a continuous casting machine (after Ref. [4]).

Originally, gasars have been cast in open metal mold situated in a chamber of high
gas pressure. This method, together with recently developed continuous zone melting and
continuous casting techniques, give possibility to produce ordered porosity materials from
great variety of metal, alloys and nonmetallic materials. The structures obtained can be
homogeneous, inhomogeneous, layered or graded depending on effective using of the
process controlling technological parameters.
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I.3. Physical phenomena at the gasar structure formation
Give everybody his own: it means to wish justice and to
achieve chaos.
Friedrich Nietzsche, 1884

Some particular details of gas pore formation and pore growth at gasar formation are
given in a number of articles and comprehensive studies of nucleation and evolution in
general of hydrogen porosity in aluminum-copper and aluminum-silicon alloys are published
in [15-17]. Let us emphasize that no metal foaming occurs because the gas “appears” as the
melt solidifies.
The first stage of gasar production is gas saturation of the melt. Solubility in the
liquid as well as in the solid state increases with the temperature. Hydrogen dissolves in
molten metals in atomic form and the equilibrium concentration in the melt is given by the
well-known temperature-dependent Sievert’s law:
ln CL = -

A
+ B + 0.5 ln PH
T

(I.5)

The constants A and B are different for solid and liquid phases and differ from metal to
metal.
The metal-rich parts of the phase diagrams of some metal-hydrogen systems are
shown in Fig. I.23.
The second stage of ordered porosity material production is unidirectional
solidification. Let us consider that the solidification runs in an open mold with cooling
system put at the bottom. At the very beginning a thin nominally solid (nonporous) layer
forms and some quantity of gas is released at the solid/liquid interface. This leads to gas
supersaturation of the melt close to the interface, which increases probability for gas bubble
nucleation.
For a certain temperature, for instance the solidus temperature, and when equilibrium
is valid, (I.5) transforms into a simpler form:
C L (T ) = K L PH

(I.6)

for gas solubility in liquid and
C S (T ) = K S PH

(I.7)

for gas solubility in solid.
Usually, liquid metals exhibit a propensity for gas supersaturation. For instance,
under some specific conditions, hydrogen concentration in aluminum can be two or even
three times higher than obtained by (I.6). To describe this fact, (I.6) can be modified as:
C L(T) = F1 K L PH = K L F12 PH

(I.8)

Here F1≥1 is considered to be a constant, which expresses the propensity for gas
supersaturation of the melt. The last relation allows introducing an effective pressure peff
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(I.9)

peff = F12 PH

(a)

(b)

(c)
Figure I.23. Metal-hydrogen phase diagrams for: (a) Co (after Ref. [33]), (b) Ni (after Ref. [66]) and (c) Cu
(after Ref. [67]).

Equation (I.6) provides a relation between partial gas pressure above the liquid and
the solubility of that gas for equilibrium conditions. When the conditions for equilibrium are
not valid and gas concentration in liquid is CL, the partial gas pressure in the melt can be
defined like this:

⎛C
pM = ⎜⎜ L
⎝ KL

⎞
⎟⎟
⎠

2

(I.10)

If pM > peff, a quasi boiling process starts in this region of the melt, which means that
bubbles of dissolved gas nucleate homogeneously in the liquid and they move upward
resembling boiling. The difference

Δpb = pM - peff

(I.11)
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is the driving force for homogeneous bubble nucleation in a supersaturated melt. The
parameter

ΔCL = K L

(

pM −

p eff

)

(I.12)

defines the gas quantity in unit volume, which is contained in the formed “boiling” bubbles.
The quasi boiling process is undesirable for the gasar technology because this process
reduces the gas concentration at solid/liquid interface and, in turn, the ingot porosity.
It is easy to show [68,69] that the probability for homogeneous bubble nucleation in a
melt is negligible in comparison with the probability for heterogeneous nucleation at the
same thermodynamic conditions. In other words, homogenous bubble nucleation in the melt
requires extremely high values of Δpb and is, therefore, practically impossible.
Heterogeneous nucleation starts at relatively low Δpb at preferred nucleation sites, which can
be of the following types:
• microscopic pits and cracks on non-wetted inclusions in the melt;
• microscopic pits and cracks on the solidification front.
Let us consider a conical pit on an inclusion in the melt under vacuum, Fig. I.24. The
pressure drop across the curved meniscus in equilibrium is defined by Laplace’s equation:

ΔP = P2 – P1 =

2σ
rg

(I.13)

Here P1 is the pressure on the convex side of the meniscus and P2 is the pressure on
the concave side of the meniscus. In case of non-wetted inclusions, Fig. I.24 (a), P1 is zero
and P2 is equal to hydrostatic pressure at the meniscus. For this geometry, the pressure drop
across the meniscus can be expressed by the equation [11]:

ΔP = P2 – P1 = P2 =

− 2σ cos(θ W − θ C )
RP

(I.14)

The last formula expresses correlation between hydrostatic pressure (P2=Phyd) and the
radius of the conical pit at the level of meniscus when a metal is melted under vacuum. The
bottoms of pits and cracks of non-wetted inclusions will not be wet by the melt and will exist
as an empty volume (vacuum) in the liquid. When a mixture of H2 and Ar is added over the
melt, which is typical for gasar technology, hydrogen will solute in atomic form in the
liquid, diffuse to these empty volumes and come out of solution to exist as H2 again. Thus,
the volumes are now bubble nuclei. The hydrogen pressure in these nuclei is given by
Sievert’s law, (I.5), and, after certain period for saturation, it becomes equal to the hydrogen
partial pressure above the melt, PH. Argon does not diffuse to these volumes because it is
practically non-soluble in the liquid. As stated above, the nucleation sites can be not only
inclusions but also microscopic pits and cracks on the solidification front as well.
In case of wetted inclusions, configuration as shown in Fig. I.24 (b) is not feasible
because P2 is zero and formally, according to (I.13), P1 must be negative, which is nonsense.
If an inclusion is wetted, the melt will fill the cavity and there will be no empty volume for
bubble nucleation.
It should be noted that the prominent feature of these bubble nuclei is their concave
liquid/gas interface with respect to the liquid phase. This allows the gaseous phase to exist at
a pressure P1 = PH below that of the liquid
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Ptot = PH + PAr + Phyd

(I.15)
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(b)

Figure I.24. Conical pit on: (a) non-wetted and (b) wetted inclusion.

as shown by (I.14). In order to a nucleus to form bubble, which means a convex interface to
the liquid being formed, the pressure in the nucleus must increase to a value greater than the
pressure in the liquid, Ptot.
When the melt solidifies, it becomes supersaturated with hydrogen, see (I.8). The
partial gas (hydrogen) pressure in this supersaturated melt is peff defined by (I.9). In the melt
adjacent to the nucleation sites (pits and cracks on the solidification front or pits and cracks
on the inclusions near to the solid/liquid interface), hydrogen comes out of solution to exist
as molecules in a nucleus because peff is greater than PH. If peff is also greater than Ptot at this
point, the pressure in the nucleus will increase and will cause it to grow until the meniscus
reaches the top of the conical pit. If one assumes that the opening of a conical pit has
rounded edges [70], then further increase of the pressure in the nucleus will result in change
of the meniscus geometry. It should be noted that the contact angle is independent of the
surface geometry, and is the same on a curved surface as on a flat one [71]. The interface
will become planar when the pressure in the nucleus equals the pressure in the liquid. If the
pressure continues to increase, a small bubble will begin to form. Subsequently, the threephase interface will move over the rounded part of the opening [11]. At the moment when
this interface overcomes the roundness, the radius of curvature is minimal. This corresponds
to the maximum pressure in the nuclei. Any further increase in the bubble volume due to
hydrogen diffusion from the supersaturated melt will result in an increase in the radius of
curvature. This also leads to a subsequent decrease in the equilibrium pressure in the nucleus
as given by Laplace’s equation, (I.13). Therefore, bubble growth will occur rapidly and will
either detach from or engulf the inclusion.
Let us consider a gas nucleus on the solidification front or on inclusion close to this
front. Such nucleus may be engulfed by advancing solidification front or to become a bubble
flowing upward in the melt. A third possibility, which is the basis of ordered porosity
structure formation, is this nucleus to be trapped by the front and to grow as a pore of near
cylindrical shape simultaneously with the solid. The hydrogen content in the solid phase will
be balanced through such pores and will be defined again by Sievert’s law, but with different
constants:
ln CS = -

A′
+ B' + 0.5 lnPH
T

(I.16)
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It is important to pay more attention to the gas solubility and diffusion at the
solidification front because this is the place of porosity formation. The growing pore is
bounded by gas/liquid and gas/solid interfaces. The pressure drop across this curved
gas/liquid interface can be neglected because in most typical structures the pore radius
(hence the radius of curvature) is relatively large. For instance, (I.14) in case of cylindrical
pore (θC = 0º) gives that for pore radius larger than 50 μm the pressure drop is smaller than
0.06 MPa and for pore radius larger than 300 μm this pressure drop is smaller than 0.01 MPa
in case of Ni (σ = 1.81 J·m-2, θW = 140º, θC = 0º). There must be equilibrium between the
pressure in the pore and the pressure in the liquid, i.e. the pressure in the pore must be equal
to the pressure Ptot. The hydrogen concentration in the solid at the gas/solid interface is
therefore given by:
ln CS = -

A′
+ B' + 0.5 lnPtot
T

(I.17)

Following the above discussion, it can be concluded that there is a large number of
parameters controlling the structure formation in ordered porosity materials. On the basis of
thermodynamic conditions, the gasar production regimes can be divided into three types:
(i)
Pore depressing. This case is characterized by very low percentages of H2, i.e.
very high percentages of Ar in the furnace atmosphere and a low superheat, which
conditions provide Ptot >> peff at the solidification front and CS > CL. Therefore, as the
solidification front advances, hydrogen goes from liquid solution to solid solution and no
porosity develops;
(ii)
Pore forming. The partial pressure of H2 is commensurate with partial
pressure of Ar in the furnace and the superheat is of a moderate value. These conditions
provide Ptot ≈ peff and the hydrogen content in the liquid exceeds the hydrogen solubility in
the solid, CS < CL. Therefore, hydrogen is rejected by the growing solid, thus supersaturating
the liquid ahead of the solidification front. Gas nuclei form from the supersaturated melt and
are subsequently caught by the advancing solidification front to become pores. The ordered
porosity ingots produced under such type regimes possess highest amount of porosity;
(iii) Bubble forming. It is the same quasi-boiling process defined by (I.11) but
here the bubbles are nucleated heterogeneously. This case is characterized by a large
percentage of H2, relatively low percentage of Ar in the furnace atmosphere and/or a large
superheat, which conditions provide Ptot << peff at the solidification front and CS < CL.
Because of this, bubbles will form in the liquid ahead of the solidification front. These
bubbles will float upward and will not be trapped as porosity in the solid. This process
reduces porosity in the gasar ingot produced.
The experiments described in [11,12] confirm the above relations. Generalized
relations between pore diameter and PAr, PH and melt temperature are shown in Fig. I.25.
The pore diameter is more sensitive to changes in PAr than to changes in PH [72]. This is
because, according to (I.6), the partial hydrogen pressure influences the quantity of hydrogen
dissolved into the melt, but the partial argon pressure does not.
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Figure I.25. Pore diameter as functions of: (a) argon partial pressure, (b) hydrogen pressure and
(c) initial melt temperature.

As discussed above, cracked or pitted non-wetted solid surfaces are necessary and
sufficient for heterogeneous gas phase nucleation. The activation energies for nucleation in
conical pits and wedge-shaped cracks as a function of apex angle for copper on alumina are
estimated in [69,73,74]. These energies become negligible for apex angle less than 50° and
nucleation is spontaneous in both cases. More or less such surfaces exist always in a melt.
Kato [65] has studied the mechanism of pore nucleation in hydrogen saturated copper melt.
The author used high purity copper in which impurities of Al, Si and Ag less than 0.02, 0.03
and 0.26 ppm, respectively. During the hydrogen saturation of liquid copper the metal
dissolved oxygen from surrounding atmosphere and Al and Si oxidized even their very low
concentrations. The solid copper/hydrogen gas interfacial energy is much larger than that of
solid copper/liquid copper and, because of this, gas nuclei are not likely to form at
solid/liquid interface. In a hydrogen atmosphere, the contact angle between Al2O3 and liquid
copper is 150° and that between SiO2 and liquid copper is 148° [75]. Liquid copper,
accordingly, does not wet these oxides. Furthermore, there are many small pits on the oxides
that facilitate gas phase nucleation and growth [68,69]. Kato observed at the bottom of the
pores such oxide inclusions.
While the nucleation is favored by a low degree of wetting of the melt on the solid,
the melt should have a low work of adhesion on the oxide sites. Since the work of adhesion
is dependent on the surface energetic properties of the melt, it can be changed by alloying
the melt. The model proposed by Coudurier and Estathopoulos [76] and used in [69] predicts
that Sn, Pb, and Ag will lower the work of adhesion if they are added to copper melts in
small quantities. Aluminum increases both work of adhesion and surface tension, whereas
Sn decreases both quantities. Hence, Sn promotes and Al inhibits the nucleation of bubbles.
Generally, small alloying additions may significantly change the liquidus and solidus lines in
metal-hydrogen systems.
The critical radius for bubble nucleation on a solid surface in the melt can be
expressed by the well-known relation [68,77]:
rC ~

σ
P

(I.18)

where σ has two components related to gas-liquid and gas-solid interfaces:

σ = Ssσgs + Slσgl
Ss + Sl = 1

(I.19)
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Relation (I.18) means that if the pressure increases, then rC will decrease, i.e. higher
pressure will stimulate gas phase nucleation in smaller pits and cracks on solidification front
and impurities. Thus, the number of the pores per unit area transverse to the growth axis can
be controlled by external gas pressure. This result has been proven in practice.
If a bubble has already formed, it may grow as a pore simultaneously with the solid,
may float up, be engulfed by advancing solidification front, or be included in some existing
pore. When a bubble of radius Rb moves in the Stokes regime (Reynolds number smaller
than 0.2), its terminal velocity may be calculated by
vb =

2 Rb2 ( ρl − ρ g ) g

(I.20)

9η

If vb is greater than solidification front velocity vcr, the bubble will rise to the hotter area of
the melt and can dissolve in it. On the other hand, if vcr ≥ vb the bubble can be caught by
moving solid/liquid interface and remain as a small closed pore in solid or be included in
concurrently growing gas phase.
Pore shape depends upon the microstructure of the primary solid phase. Elongated
pores are associated with cellular or cellular-dendritic growth. The authors of [12] studied
this matter on four types of aluminum alloys and pure nickel. A region of elongated pores
has been found in the region of casting where the primary dendrites exhibited columnardendritic growth. Only one of the alloys studied (AS1195 – Weldalite) exhibited both a large
columnar-dendritic region and a comparatively high total porosity. To maximize the total
porosity, a pressure sufficient to keep the pores from growing faster than the dendrites is
required. Otherwise, a bubble will either grow to block the columnar dendrites surround it,
increasing its radius, or a portion of the gas will get detached and float to the melt surface. If
the pores grow at a slower rate than the advancing dendrites, the dendrites would interact,
causing closing of the pores.
As stated earlier, the prominent characteristic of the ordered porosity materials is rodlike gas-eutectic structure. However, a variety of pore shapes and sizes can be observed in a
gasar ingot. Three types of pores in a porous copper gasar have been found [78], see Fig.
I.26:

(a)
200 μm

(b)
200 μm

Figure I.26. Optical micrographs of: (a) transverse section through a copper gasar ingot showing large and
intermediate pores, and (b) longitudinal section showing intermediate and small pores (after Ref. [78]).
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(i)
(ii)

large pores about 300 μm in diameter and up to some centimeters in length;
intermediate pores, about 25 μm in diameter and a few hundred micrometers
long, which are greatly predominant in number;
(iii) small pores, usually less than 1 μm in diameter and of approximately spherical
shape.
These types of pores can be explained by distinction of nucleation and growth of gas
phase. Let us emphasize that the copper grains in this case are markedly columnar,
approximately 400 μm in diameter and greater than 1 cm long.
Large number of pore nucleation sites are impurities, for example Al2O3 particles, at
the bottom of the ingot detached from the mold coating or introduced by the melt. The
hydrogen supersaturation of the melt ahead of the solid/melt interface is usually at its
maximum value just before the start of gas phase nucleation. If a bubble is formed at some
of these particles close to the interface, it is able to grow extremely rapid to relatively large
size. The reason for this is the high level of dissolved gas in this zone. Underneath the
bubble, gas diffusion in the melt is hindered and the gas removal is predominantly due to
the bubble filling. In contrast, the gas removal at the zone level with the bubble is due to
bubble filling and diffusion upward in the melt, Fig. I.27 (a). Because of this, gas
concentration is higher beneath the bubble. The melt of lower concentration solidifies earlier
(see Fig. I.2), so the surface of the solidification front becomes concave, and ultimately
forms a channel, Fig I.27 (b). Finally, the channel grows enough, depresses bubble filling,
closes and forms a large pore, Fig. I.27 (c).

Cg
solid

bubble

bubble

bubble

melt

melt
solid
solid

(a)
(b)
(c)
Figure I.27. Schematic representation of bubble evolution nucleated ahead of the solid/liquid interface: (a)
initial growth, (b) engulfment by advancing solidification front and (c) end of bubble growth.

The nucleation of bubbles, which are basis of intermediate pores, happens on the
solid/melt interface when solidification runs either on line 1 (gas-eutectic reaction) or line 2,
Fig. I.2. In the first case, entire quantity of gas dissolved in the melt remains in solid as pores
and there is not long distance gas diffusion in the melt. In the second case, the gas phase
forms in the two-phase zone. In both cases, the pore grows simultaneously with the solid.
Here, the gas/melt interface, i.e. the area through which the pore is filled with gas, is smaller
compared to case in Fig. I.27. Because of this, such pores are many times smaller.
According to the authors of [78], the smallest, approximately spherical pores are the
result of precipitation from copper-hydrogen solid solution. They are formed behind the
solid/melt interface, presumably again on alumina or other impurity particles.
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When total pressure in the gas-eutectic system is equal to the hydrogen partial
pressure, the hydrogen concentration in the melt is equal to the eutectic one and the
solidification runs through the eutectic point, line 1 in Fig. I.2. The line in phase diagrams
between “L” and “L+G” regions in metal-hydrogen phase diagrams is almost vertical. This
leads to some essential difficulties in achieving gas-eutectic reaction without quasi boiling
because very small deviations in gas concentration on the interface can cause formation of
upward floating bubbles. To hinder this process, Ar is added to hydrogen in furnace
atmosphere above the melt. Argon increases the total pressure in the system but holds the
partial hydrogen pressure constant. In this case, the phase boundaries shift right and down
and the hydrogen concentration, CE1, is not yet the eutectic concentration, Fig. I.28. Here the
solidification runs not through the eutectic point but close to line 1. Additional Ar pressure
moves solidification line to the left relative to the eutectic point. Generally, the ratio
QR =

PAr
PH

(I.21)

expresses a quantitative measure of deviation from eutectic solidification. If QR = 0 (PAr = 0)
a gas-eutectic reaction takes place. A large value of QR deviates the solidification from the
eutectic significantly. Instead of Ar other inert gas such as He can be used [25].

P' '

P'

L

Temperature

L+G
1
L+S
S

S+G

M
CE 1
CE 2
H
Figure I.28. Effect of pressure on metal-hydrogen phase diagram. Solid lines correspond to pressure P ' and
dashed lines correspond to pressure P ' ' , P' < P' ' .

If solidification starts in eutectic composition and the gas quantity in liquid is equal to the
gas quantity in both the solid and the gas pores formed, the final ingot will be of the highest
porosity. This is the result of the gas-eutectic reaction. When solidification starts in
hypoeutectic composition, a part of the gas ejected on the solid/liquid interface contributes to
nucleation and growth of gas phase in two-phase zone, which consequently, form porosity.
The other part of the gas diffuses in the melt to regions of lower concentration, i.e. to the
upper melt surface. This is one of the reasons that the solidification of hypoeutectic
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composition results in smaller ingot porosity. Another reason is that high total gas pressure
in the system leads to smaller volume of gas bubbles and gas pore.
In fact, during solidification of a hypoeutectic composition, gas concentration in melt
close to the interface increases. Highest ingot porosity will be reached when the
concentration ahead of solidification front is equal to the eutectic one, i.e. C*=CE. The
maximum value of this concentration corresponds to the case vcr = const and is given by [79]
C* =

C0
k

(I.22)

Let us mention that CE is function of Ptot but C0 is function of PH, CE=CE(Ptot) and
C0=C0(PH). Using relation (I.22), the initial hydrogen concentration in the melt can be
written like this:
C0(PH) = k⋅CE(Ptot)

(I.23)

Such initial concentration corresponds to the partial hydrogen pressure defined by Sievert’s
law in the form (I.6). Thus, the partial hydrogen pressure for initial melt saturation, which
provides maximum gasar ingot porosity, can be written in the form:
PHmax =

[k ⋅ C E ( Ptot )]2
KL

(I.24)

This maximum porosity will be achieved after certain time from the start of
solidification. This time is needed for the value of gas concentration in the melt to reach C*.
All values of pressures PH < PHmax will result in porosity smaller than the maximum. Formula
(I.24) is an important relation, which can be very useful in practice.
Some experimental qualitative relations between gasar structures and processing
parameters are given in [2,11,12,32]. Qualitative relations can be obtained on the basis of
more or less detailed mathematical models. Such models are discussed in [44,72,80] and will
be presented in details in Chapter II.
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I.4. Some applications
You will have only the morality adequate to your power.
Friedrich Nietzsche, 1886

Porous materials, in general, have various applications. Gasars, as a special class of
ordered porosity materials, have also wide range of applications such as: filters, silencers and
vibration dampers, elements of heat exchange units (thermal screens, heat sinks and others),
electrolytic cells, fluid substance separators. Permeable porous metals may be used as
matrices of composite materials.
Applications of the gasars are dated about 25 years ago. Most attractive of them are
as components of Russian rocket combustion chambers and high pressure oil filters, Fig.
I.29.

(a)

(b)

Figure I.29. Gasars applications: (a) rocket combustion chamber (inner diameter 100mm, pore size 100µm)
with inner wall of cooper gasar and (b) oil high pressure filter with bronze gasar filter element
(inner diameter 200mm, pore size 25µm) (after Ref. [35]).

Because of the fact that intermetallic compounds save their mechanical and chemical
resistance at high temperatures, gasars of such type [30] can find various applications as
structural and functional materials for mechanically and chemically aggressive high
temperature media.
Copper gasars have been used to increase the heat transfer capacity of heat sinks. The
measurements presented by Chiba at al. [81] show that is case of grove fins heat sink,
prepared of copper gasar, the effective heat exchange coefficient is about 6.5 times greater
than that of the nominally nonporous copper. That is why the authors consider copper gasar
as most perspective candidate for high effective heat sinks in power electronics devices.
Obviously, porous materials are very suitable for application as mechanical energy
absorbers. Aluminum foams are already used for sound and energy absorption elements.
Nevertheless, information for vibration damping properties of porous materials in general is
limited. It seems that ordered porosity metal materials could be very useful in this line
especially as some of them can works in high temperature and chemically aggressive media
such as in space and oil industries.
Xie at al. [82] have measured the attenuation coefficients for various metals and
alloys using hammering-vibration-damping method. They compare the obtained results with
these for magnesium gasars of different porosity. The results are shown in Fig. I.30. The
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attenuation coefficient for magnesium gasars is considerably greater than other materials
investigated and, because of this, the authors consider the magnesium gasar as promising
high-damping material.
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Figure I.30. Attenuation coefficients for: 1 - nominally nonporous stainless steel; 2 - nominally nonporous
copper; 3 - nominally nonporous magnesium; 4 - nominally nonporous aluminum;
5 - magnesium gasar of 28.1 % porosity; 6 - magnesium gasar of 40.4 % porosity and
7- magnesium gasar of 44.4 % porosity (after Ref. [83]).

As a commercial application of ordered porosity metals can be mentioned production
of golf putter whose ingredient is copper gasar, Fig. I.31. Japan company Ryobi Corporation
has found that this material possesses superior damping capacity and since 2002 started to
manufacture such putter. They mount copper gasar of 40% porosity and pore diameter about
100 μm in hitting zone of the putter.

Figure I.31. Golf putter whose central part is prepared of copper gasar
of porosity 40% and pore diameter about 100 μm (after Ref. [83]).

Gasar stainless steel is promising material for medical applications especially for
artificial bones or joints with good corrosion resistance. To provide better biocompatibility
of this material, Ikeda and Nakajima applied laser deposition technique for surface coating of
porous steel [84]. Titanium film of several micrometers is deposited on the flat surface and
inside the pores. Tensile tests have been carried out to evaluate the adhesive strength
between titanium layer and substrate of stainless steel. It has been found that the adhesive
strength is strong enough for biomedical applications. It is expected that if such material is
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used as artificial bone or joints, the new bone can grow into pores, and thus the bond
between natural bone and artificial bone becomes much stronger.
Higuchi et al. [85] have investigated biocompatibility of stainless steel gasar and
titanium implants in dog’s bones. They found that, in case of stainless steel gasars of pores
diameter 150-200 μm, the bony tissues grows alone in the pores and enhances holding force.
It is expected that gasar materials will be superior dental implants.
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Chapter II
Approaches for mathematical description of structure formation
and numerical simulations
How to become more powerful? By taking decisions
slowly and follow them inflexibly. All the rest will
come of itself.
Friedrich Nietzsche, 1884

The complex of physical processes, which take part in gasar structure formation are
heat and mass transfer, phase transformation, gas pore nucleation and simultaneous growth
of the pores and solid. Each one of these processes affects the others in a complicated way.
All of them depend on several material and technological parameters as equilibrium phase
diagram of gas-metal system, initial gas saturation, gas pressure during solidification,
cooling condition, impurities, which, in turn, determine the final structure and properties.
But this is a highly complex sequence, and there is a danger the complexity of dependence of
end-use performance on all the variables of material composition and processing will inhibit
realizations of the potential benefits of these materials. The most promising means of
overcoming this problem is to exploit advanced mathematical modeling and numerical
simulation of the materials formation. This is an approach ideally suited to handling the
complexity involved, and ultimately to packaging in a used-friendly form for use by
manufacturers in computer-aided design of ordered porosity materials.
Some theoretical researches deal with particular stages of the gasar process (pore
nucleation, bubble and pore formation, etc.) or with specific relations between one structure
characteristic such as porosity and final product property (tensile strength and yield strength)
[1,10,69,86,87]. Some of the models published are simply speculative which has been
commented in [88]. Jackson and Hunt have developed a two-dimensional model for steadystate lamellar and rod like eutectic growth [89]. Although the here discussed porous structure
resembles the rod-like eutectic this model cannot be directly applied to the ordered porosity
materials. One of the reasons for this is that at the conventional eutectic solidification the
average composition of the cast part is equal to the composition of the melt. This, in general,
is not valid when ordered porosity structure forms, especially when gas mixture of Ar and H2
is applied. The total amount of gas in the solid ingot (including gas pores) is smaller than the
quantity of gas initially dissolved into the melt because a part of it leaves the melt free
surface during structure formation.
The capability of computer simulation of gasar structure formation and prediction of
properties is of essential importance in the efforts to enlarge applications and to facilitate
development of new ordered porosity material. Below interconnected general mathematical
description will be presented. On this base three particular variants will be discussed and
many numerical experiments will be analyzed. The modeling facilitates understanding the
correlation “processing parameters - structure - properties”, which would allow optimization
the processing parameters in order to achieve the desired combination of metals or alloys and
properties for any particular application. At present, establishing this correlation is one of the
most challenging areas in the field of material researches. We are deeply convinced that
comprehensive modeling of the gasar structure formation will help answer a lot of questions
that have been posed as a result of experimental observation and will give a tool for an
informed design of such materials and selection of processing conditions to ensure a
specified performance.
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II.1 General mathematical models of heat transfer, gas diffusion and gas pore
growth
This that everybody knows, everybody forgets. If there is
no night, who would know yet what is light?
Friedrich Nietzsche, 1887

In this paragraph a general mathematical description of the complex of physical
phenomena, which participate in gasar structure formation, will be presented. We will
consider gas saturated melt, which solidifies in a specific ingot-forming element (open mold,
heater/cooler system at continuous melting zone or continuous casting crystallizator). It is
considered that the coordinate system is attached to this element. The general model can be
easy adapted to each particular production technique. Likewise, different degrees of
approximation of the mathematical description can be obtained as versions of the general
model.

II.1.1 Heat transfer
The general heat transfer equation written for the liquid and solid part of ingot in an
ingot formation tool seems like this (symbol “ • ” means scalar product) [90]:
ρ ⋅(

∂H
+ v • ∇ H ) = ∇ • ( λ ⋅ ∇T ) + Q
∂t

(II.1)

All thermal parameters of the liquid and the solid are considered to be function of the
coordinates and the temperature. The second term in left side in the last equation expresses
heat balance in case solid ingot polls out from forming element (continuous casting). At
open mold techniques the ingot does not move in respect to the mold, v = 0, and this term is
also zero. Taking into account that [68]
⎛ ∂H ⎞
CP = ⎜
⎟
⎝ ∂T ⎠ P

(II.2)

the follow relations can be written
∂H ∂H ∂T
∂T
=
⋅
= CP ⋅
∂t
∂T ∂t
∂t

(II.3)

and
∇H =

∂H
⋅ ∇ T = C P ⋅ ∇T
∂T

At each point in mushy (two phase) zone is valid
Q = ρ ⋅L⋅

∂f S ∂T
⋅
∂T ∂t

and

(II.4)

fS + fL = 1
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Substituting (II.3) and (II.4) in equation (III.1) the last becomes
ρ ⋅ Ceff ⋅ (

∂T
+ v • ∇T ) = ∇ • ( λ ∇T )
∂t

(II.5)

where
Ceff = ρ ⋅ (C P + L ⋅

∂f L
)
∂T

(II.6)

There are various suggestions for the form of the function f L . Our experience shows
that for the accuracy, which can be reached in here discussed numerical simulations, it is fine
to use a linear form. In this case the derivative is expressed as:
⎧0
⎪
∂f L
⎪ 1
= ⎨
∂T
⎪ TL - TS
⎪⎩0

for T < TS
for TS ≤ T ≤ TL

(II.7)

for T > TL

In case of eutectic composition, the solidification occurs at the eutectic temperature
Tcr = TL = TS. For the purpose providing stability to numerical algorithm in solving (II.5), it is
considered that phase transformation is in progress in a narrow temperature interval: TL = Tcr
+1 and TS = Tcr – 1.
The heat transfer in mold is determined also by differential equation (II.5) but here is
valid ν = 0 because the mold does not move in respect to coordinate system and f L = 0
because there is no phase transformation.
The initial and boundary conditions are defined accordingly to particular geometry
and thermal conditions at the boundary surfaces related with particular production
techniques. Usually initial melt and mold temperatures are considered to be constants and
heat exchange between melt or ingot and mold or ambience is realized through Newton’s
law. Particular forms will be specified later for each considered case.
Let us mention that the differential equation (II.5) is valid both on liquid and solid
regions of the ingot because of introducing the effective coefficient Ceff (see also (II.7)). By
this reason there is no need to use boundary condition on solid/liquid interface. This
condition is already “included” through (II.6) and (II.7). The thermal parameters for the solid
ingot must be recalculated taking into account the real porosity obtained into it. The rule of
mixture is suitable to be applied for this purpose.

II.1.2 Gas diffusion
Because of the similar nature of heat transfer and gas diffusion in liquid and solid,
the gas diffusion is described by the same type of equation. The main reason for considering
of gas diffusion is necessity to have quantitative description of pore nucleation and pore
growth. In the technologies considered, the physical phenomena on solid/melt interface
basically contribute to these processes. Advancing solidification front “injects” gas into the
melt close to the solidification front. Metal melt possesses propensity for gas supersaturation
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higher than solid. Because of this the bigger quantity of the evolved gas dissolves and
diffuses into the melt. It can be shown [91] that the gas diffusion in solid affects in a very
small degree the gas quantity in the pore, so we will consider only gas diffusion in the melt.
The gas concentration in the melt satisfies equation:
∂CL
+ v • ∇C L = ∇ • ( D ⋅ ∇C L )
∂t

(II.8)

Here D is a function of coordinates and temperature. As above, in case of open mold
techniques, v = 0.
Initial and boundary conditions are specific and they can be defined in various
manners. The initial condition expresses the gas concentration in the melt realized according
to the temperature depending Sievert’s law:
C L ( x, y, z ,0) = C0 , where C0 = B ⋅ exp(− A / T ) ⋅ PH

(II.9)

The melt contacts with four types of surrounding media: mold solid surface, gas in
pores, solidification front and gas above melt free surface. The boundary conditions on these
surfaces can be determined as follows:
- between mold and melt
− D ⋅ ∇C L = 0

-

(II.10)

between the gas in a pore and the melt

− D ⋅ ∇C L = χ1 (C1 − C L )

(II.11)

or
C L = Cb where Cb = B ⋅ exp(− A / T ) ⋅ Pb

(II.12)

It is important to mention that the pressure into pores is sum of the partial pressures
of active gas, PH, neutral gas, PAr, extra pressure due to the curvature of gas/melt interface
[68], Pσ, and hydrostatic pressure, Phyd, i.e.
Pb = PH + PAr + Pσ + Phyd

(II.13)

The boundary condition (II.12) shows the way trough which the structure can be
controlled by partial pressure of neutral gas (PAr). The expression (II.12) follows from
assumption that the gas concentration in an infinite thin boundary layer becomes instantly
equal to the equilibrium one.
-

between the solidification front and the melt

− D ⋅ ∇C L = C L ⋅ (1 − k ) ⋅ν cr

(II.14)

The last condition means that all gas evolved during solidification enters into the melt
through the solid/melt interface.
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-

between the melt and the gas above melt free surface
By analogy, the condition here is the same as (II.11) or (II.12),

− D ⋅ ∇C L = χ 2 (C2 − C L )

(II.15)

or
C L = C H where C H = B ⋅ exp(− A / T ) ⋅ PH

(II.16)

The only difference here is that the gas pressure, which determines the gas
concentration in the boundary layer, is PH but not Pb.
Let us mention that solidification velocity ν cr in (II.14) is the connection between
temperature and diffusion problems. This velocity in fact expresses the natural relation
between solidification and gas transfer in the melt for the process discussed here.
It is very difficult to measure or estimate theoretically values of the coefficients χ1
and χ 2 . That is why we apply conditions (II.12) and (II.16) instead of (II.11) and (II.15).
The complex of boundary conditions for diffusion equation (II.8) can not be
expressed by one continuous function and because of this the mathematical problem (II.810,II.12-14,II.16) does not possesses unique exact solution. The problem, in its different
versions, has been solved approximately, applying finite difference method for space
derivatives. Numerical variable order Adams-Gear’s method has been applied to solve the
obtained time depended system of ordinary differential equations. On the basis of the model
special software products have been developed.
The gasar porosity is formed by relatively large gas pores nucleated on solid/melt
interface, which grow together with the solid. Shrinkage pores are not in the nature of this
porous material and they are not described.

II.1.3 Pore nucleation
Classical theory for new phase nucleation [68,79] can be successful applied in this
case. Heterogeneous gas phase nucleation on solid/melt interface is one of the basic
processes, which determine the gasar structure. Nucleation site and nucleus radius can be
calculated from a thermodynamic point of view in terms of free energy changes associated
with the process. It is well known [68,69] that the probability for homogeneous bubble
nucleation in a melt is negligible in comparison with the probability for heterogeneous
nucleation at the same thermodynamic conditions. Heterogeneous nucleation appears at
preferred nucleation sites, which may be microscopic pits and cracks on non-wetted
inclusions in the melt or microscopic pits and cracks on the solidification front and mold
surface. The critical radius for nucleation is
rC =

2σ gl
Δg C

(II.17)

and activation barrier for nucleation is [92]
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ΔGC*

=

16π ⋅ σ gl3
3Δg C2

(II.18)

⋅S

Here S = 1 for spherical nucleus and S < 1 for others forms.
In the case of solid phase nucleation in pure metal melt, the volume free energy
change is given by [68]
Δg =

LV ⋅ ΔT
∝ ΔT
Tm

(II.19)

By analogy, in the case of gas phase nucleation, the free energy change for gas phase
nucleation can be expressed as follows:
Δg C =

M C ⋅ ΔC
∝ ΔC , where ΔC = CL − C0
C0

(II.20)

Here ΔC is the gas supersaturation of the melt ahead of solidification front, C is gas
concentration at the same place obtained as solution of diffusion equation (II.8) and C0 is
the equilibrium concentration obtained by Sievert’s law as in (II.9). After substitution of
(II.20) in (II.18), the activation barrier for gas phase nucleation can be expressed like this:
ΔGC*

=

16π ⋅ σ gl3 ⋅ C0
3M C2 ⋅ ΔC 2

m
,
⋅S =
ΔC 2

where m =

16π ⋅ σ gl3 ⋅ C0
3M C2

⋅S

(II.21)

The nucleation rate is obtained by relation [68]
N = NS

⎛ ΔGC*
⎛ ΔGm ⎞
kbT
⎟⎟ exp⎜⎜ −
exp⎜⎜ −
h
⎝ kbT ⎠
⎝ kbT

⎞
⎟
⎟
⎠

(II.22)

The value of NS depends on number of inclusions and roughness of the solid/melt
interface. In all numerical experiments discussed below this value is assumed to be constant.
The value of ΔGm is half of the activation energy for diffusion [93] and is considered as a
constant specific for each metal-gas system. ΔGC* depends on temperature and melt
supersaturation. Here, nucleation only on the solidification front or close to it (where the
temperature could be assumed to be constant) is considered. Because of this, relation (II.21)
is used in the form
ΔGC* =

m
ΔC 2

(II.23)

Having formula (II.22), the number of nuclei on the surface Σ, which appear from
time t1 till time t2 can be calculated like this:
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I =∫

t2

∫ NS

t1

Σ

⎛ ΔGm
k bT
exp⎜⎜ −
h
⎝ k bT

⎛ ΔGC*
⎞
⎟⎟ exp⎜⎜ −
⎠
⎝ k bT

⎞
⎟⎟dsdt
⎠

(II.24)

The probability for a nucleus to appear at a point s on the solidification front is
⎛ ΔGC*
P ( s ) = P0 exp⎜⎜ −
⎝ kbT

⎞
⎟
⎟
⎠

(II.25)

The coefficient P0 does not depend on position s. The melt supersaturation at the
solidification front depends on the position s and time.
After substitution of (II.23) in (II.24) the number of nuclei is obtained in the form
I=

t2

∫ ∫
t1

NS

Σ

⎛
⎞
⎛ ΔGm ⎞
kbT
m
⎟dsdt
⎟⎟ exp⎜⎜ −
exp⎜⎜ −
2 ⎟
h
⎝ kbT ⎠
⎝ kbT ⋅ ΔC ⎠

(II.26)

We should mention that ΔC = ΔC (s,t), see (II.20). According to the discussion above, the
quantities in (II.26) can be assumed to be constant on area Σ except ΔC . Because of this
(II.26) can be written in a simpler form
I = B1

B2 ⎞
dsdt
2 ⎟
⎠

(II.27)

⎛ ΔGm ⎞
kbT
⎟⎟
exp⎜⎜ −
h
⎝ kbT ⎠

(II.28)

⎛

t2

∫ ∫ exp⎜⎝ − ΔC
t1

Σ

Here
B1 = N S

and

B2 = −

A
kbT

(II.29)

are considered as free parameters in the model, which could be obtained by fitting the
calculated results to the microstructures obtained in real experiments.

II.1.4 Pore growth
The main feature of the gasar structure formation is simultaneous growth of solid and
gas phases. Boundary conditions (II.12) and (II.14) result in non-uniform gas concentration
in the melt ahead the solidification front, which will be the reason for gas fluxes in this
region. If the gas flow through pore/melt interface is enough to fill the pore cavity shaped
during solid growth, the pore will grow together with solidification front keeping or
changing its radius. In case this flow cannot keep the pore radius sufficiently large, the pore
will close.
The quantity of gas, which enters into pore i through its gas/melt interface for time Δt
= t2 – t1, is
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t2

qiG

=−

∫ ∫

D ⋅ ∇C L ( s,τ ) ⋅ ds ⋅ dτ

(II.30)

t1 S G / L

Applying the law for ideal gas to this case, i.e.

Pb ⋅ Vi G = qiG ⋅ R ⋅ TS

(II.31)

the volume of qiG can be expressed

Vi G =

qiG ⋅ R ⋅ TS
Pb

(II.32)

The total quantity of gas, which is engulfed into all pores for time Δt, is presented by
the sum
G

Q =

NP

∑q

G
i

(II.33)

i =1

This gas is of volume V G , which is obtained from the law

Pb ⋅ V G = Q G ⋅ R ⋅ TS

(II.34)

The volume of the metal, which has been solidified for time Δt, can be obtained from
the solution of the heat transfer problem discussed in II.1.1. By this way the gasar ingot
volume, formed for Δt, is

V I =V G +V M

(II.35)

The height of the gasar ingot formed for time Δt is

HI =

VI
SI

(II.36)

This will be also the “added” height to each pore, which does not close during
considered time interval, Δt. Thus, for pore number i can be written

2 ⋅ π ⋅ ri 2 ⋅ H I = Vi G

(II.37)

The last gives a relation for the radius, by which pore i grows during time Δt
Vi G
ri =
2 ⋅π ⋅ H I

(II.38)
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If this radius is smaller than a critical one, for example rC , it must be assumed that the
pore number i ceases its existence.
The above presented mathematical description of the major physical phenomena,
which take part in a gasar structure formation, must be specified at each particular
production technique and/or for the degree of accuracy for the obtained results. The next
parts of this chapter are devoted to particular realisation of the general mathematical model.
Some specific results and relationships obtained by numerical simulation are largely
discussed.
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II.2 Non explicit model
There are two ways that will rescue you from suffering: quick
death and long love.
Friedrich Nietzsche, 1883

In this paragraph a non-detailed approximation of the general model will be
described. The approximation considers open mold technique. The solidification and the gas
diffusion are described explicitly but pore nucleation and growth are taken into account by
means of some free parameters. This simple model is easy to be realized (as software
product?) but it is not so informative. Nevertheless, some basic structure characteristic can
be obtained, which has been shown by number of numerical simulations. The structure
sensitiveness with respect to the different processing parameters has been discussed. Several
local criterial functions have been defined to estimate the various characteristics of the final
product. The model has been also applied for optimization of a particular technological
regime.

II.2.1 Description of model approximation

Heat conduction
Let us consider the heat transfer process after filling of a cylindrical open mold of inner
radius Rm. The initial height of melt is H0. A cylindrical coordinate system is attached to
the center of the mold bottom, Fig. II.1. Axis z is upward and axis r lies on the bottom.
The temperature field T = T(r,z,t) both in solid (gasar) and liquid (gas saturated melt)
regions is determined by the equation

z

m elt

M elt w ith grad ed gas
co ncentratio n

F lo atin g
b ub b les

P o re fo rm atio n o n
so lid /liq uid in terface

S o lid

r
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Figure II.1. Components of gas released on solid/liquid interface.

Ceff

1 ∂ T ∂ 2T
∂T
∂ 2T
= λc (
+
+
) , t>0, r∈(0,Rm), z∈(0,Hm)
r ∂ r ∂ z2
∂t
∂ r2

(II.39)

The initial and boundary conditions are written like this:
T(r,z,0) = T0(r,z), r∈(0,Rm), z∈(0,H0)
∂T ( Rm , z , t )
= α1 [T ( Rm , z , t ) − TF ( Rm , z , t )] , t>0, z∈(0,Hm)
∂t
∂T (r ,0, t )
= α 2 [TF (r ,0, t ) − T (r ,0, t )] ,
∂z

t>0, r∈(0,Rm)

∂T (r , H m , t )
= α 3 [T ( r , H m , t ) − TC ] ,
∂z

t>0, r∈(0,Rm)

(II.40)

The mold temperature TF(r,z,t) is determined as solution of a heat transfer problem
defined by analogy with (II.39) and (II.40) but related to the mold.
The free surfaces of the melt moves upward during solidification and its z-coordinate is
function of the time, i.e. Hm=Hm(t), Hm(0)=H0.
Gas diffusion in liquid and solid
Let us assume that the saturation of the melt is realized according to Sievert’s law
(II.9). After pouring the liquid metal into the mold, a thin solid layer forms at the bottom of
casting and because of this some quantity of gas releases on solid/melt interface. A part of
this gas is incorporated into pores at the gas-eutectic reaction. Another part dissolves in the
liquid metal near the solidification front in atomic form, which causes a nonuniform gas
distribution in the melt. Although such process is not desirable, yet another part may involve
in bubbles, which move upward. Three parameters can be introduced according to the above
partitioning of gas components:
A1 – relative part of the gas included into pores;
A2 – relative part of the gas dissolved in liquid metal near to solidification front;
A3 – relative part of the gas involved in floating bubbles.
Obviously, the follow relation for these parameters is valid:

A1 + A2 + A3 = 1

(II.41)

The gas quantity in the gasar porosity depends on many factors as: initial concentration,
external gas pressure, solidification velocity, impurities, etc. The parameter A1 can be
determined after solution of the explicit gas diffusion problem as discussed in sections II.1.24 but here A1 will be considered as an empirical parameter, which should be defined for each
particular technological regime.
Taking into account relations (I.6) – (I.12), the parameter A3 can be expressed as:
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A3 =

ΔC L
CL

(II.42)

or after substitution with the explicit expressions from (I.8) and (I.12), after simple
transformation, the next relation for A3 can be obtained
⎧ 0
⎪
A3 = ⎨
PH
⎪ 1 − F1 p
M
⎩

pM ≤ peff

(II.43)

pM > peff

After determination of A1 and A3, the parameter A2 can be calculated as:
A2 = 1 – A1 – A3

(II.44)

Gas diffusion in the melt appears because of the non-uniform gas distribution, which
forms after beginning of solidification. Here, considering predominantly unidirectional
cooling from the mold bottom, one-dimensional gas diffusion problem along the z-axis is
considered. It is considered that the melt temperature is constant equal to the liquidus
temperature and the gas diffusion coefficient in the liquid is independent on the gas
concentration. In such a case gas diffusion problem (II.8-10,II.12-14,II.16) transforms into a
more simple form like this:
∂ CL
∂ 2C L
=D
,
∂t
∂ z2

CL = CL(z,t), t>0, z∈(0,Hm)

(II.45)

with initial condition
CL(z,0) = C0

(II.46)

and boundary conditions
ν ( F K − K S ) PH (t )
∂C L (0, t )
= − A2 cr 1 L
∂z
D

(II.47)

C L ( H m , t ) = K L PH (t )

(II.48)

Joint solidification, gas pore formation and gasar volume increasing
As it was mentioned above, the gasar formation process is a complex of concurrent
physical phenomena as heat transfer and phase transformation, gas solubility and diffusion,
gas bubble formation and movement. During structure formation, the free melt surface
moves upward due to large inclusion of gas in the solid as pores. An algorithm for numerical
simulation of the ingot formation process will be discussed here, applying the equations
from the previous paragraphs.
In the beginning, the problem for calculation of parameter A3 will be discussed. Let
us consider a small time increment Δt during which a layer of thickness δ solidifies in the
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melt. As a result of this process some quantity of gas will be generated at the solid/melt
interface. To determine gas distribution in the melt, the problem (II.45-48) can be solved by
considering A3=0 and ν cr = δ/Δt. Because of large gas pores forming in the solid, the upper
surface of the liquid moves upward as the solid fraction increases. In the numerical
algorithm, the initial height of the melt H0 is divided into M uniform intervals Δz by the
points: z0, z1, z2, …, zj, …, zM=H0; zj=jΔz, j=0, 1 , 2, …, M. The calculation process is divided
in several stages.
The first stage consists of the following three steps:
1. The heat transfer problem (II.39,II.40) together with the relative equations for the
mold are solved till the time t1 when solidification front reaches the level z1 and
considering Hm=Hm(0)=H0.
2. The gas distribution in the liquid as solution of the problem (II.45-48) where
z∈[z1,H0] is obtained by assuming A3 = 0, C0 = KL⋅ PH and ν cr = Δz/t1. Having
the gas concentration on solid/liquid interface CL(0,t1), the partial gas pressure in
the liquid can be defined by (II.46)
⎛ C (0, t1 ) ⎞
⎟⎟
pM (t1 ) = ⎜⎜ L
⎝ KL ⎠

2

(II.49)

3. A new value of the parameter A3 is calculated from (II.43).
The second stage resembles the previous one but has four steps:
1. The problem (II.39,II.40) is solved till time t2 when solidification front reaches
the level z2 and considering again Hm(t2)=H0. Here, the temperature distribution at
t1 is used as the initial condition (see stage 1, step 1).
2. On the basis of gas distribution obtained in the first stage, step 2, the volume of
gas, ΔV , released during solidification of the melt between z2 and z1 is
calculated. The gas fraction ΔVgas , which is entered in the solid as pores is
calculated as
ΔVgas = A1 ⋅ ΔV

(II.50)

The new-formed gasar area consists of solid metal of volume VM corresponding
to the volume of the melt between z1 and z2 and gas fraction of volume ΔVgas .
This additional gas volume causes an increase of the free melt surface from H0 to
Hm(t2).
3. The gas distribution in the liquid is calculated as solution of the problem (II.4548) using as initial condition the solution obtained in first stage, step 2, the value
of A3 calculated in the same stage, step 3 and ν cr = Δz/(t2-t1).
4. A new value of A3 is calculated from (II.43).
By analogy, each next j-th stage consists also of four steps:
1. The problem (II.39,II.40) is solved until time tj when solidification front reaches
level zj and considering Hm= Hm(tj-1). The initial condition is the temperature
distribution at tj-1.
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2. On the basis of obtained gas distribution in step 2, stage (j-1)-th, the volume of
gas ΔV between zj and zj-1 is calculated. The gas fraction ΔVgas , which is entered
in the solid as pores is calculated again as
ΔVgas = A1 ΔV

(II.51)

The new-formed gasar section contains solid metal of volume VM corresponding to
the volume of liquid between zj-1 and zj and gas fraction with volume ΔVgas . This
additional volume causes an increase of the free melt surface from Hm(tj-1) till
Hm(tj).
3. The gas distribution in the liquid is calculated as solution of the problem (II.4548) using as initial condition the solution obtained in stage (j-1)-th, step 2, the
value of A3 obtained in the same stage, step 4 and ν cr = Δz/(tj-tj-1).
4. A new value of A3 is calculated from (II.43).
The last stage is repeated till the end of solidification, i.e. j=M. The final ingot height
is equal to Hm(tM), and the local ingot porosity at j-th layer of the gasar ingot is expressed as
pj =

ΔVgas
ΔVgas + V M

(II.52)

Thus, the local porosity is obtained as function of the solidification velocity, the gas
concentration at the solid/liquid interface, and the applied gas pressure because
ΔVgas = ΔVgas (ν cr , C L (0, t ), PH ) .

Criterial functions
Using the calculated temperature field, gas concentration and gas pressure, some
local criterial functions can be introduced. These functions can be defined at each point of
the ingot and they characterize the various parameters of the gasar structure and properties.
The definitions of the criterial functions are as follows:

1. GT: temperature gradient at a given point when the temperature at this point passes
through the solidus. The gas rejected at the solid-liquid interface forms elongated
pores, which are always perpendicular to the solidification front. Thus, the direction
of the vector
u = grad T

(II.53)

coincides with the pore direction.
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2. VS: Solidification velocity gives the rate of solidification front movement. Higher
value of this number indicates propensity for an increase of pore diameter and
coalescence of neighboring pores [2].
3. PR: Pore radius. It can be shown [77] that critical radius for gas phase nucleation
can be expressed by the relation:
rC ∝

σ

(II.54)

Ptot

This relation means that the higher pressure will stimulate pore nucleation in smaller
pits and cracks on solidification front and impurities. Thus, the number of the pores
per unit area transverse to the growth axis can be controlled by external gas pressure.
This result has been proven also in practice. For this reason, the function
PR =

1
Ptot

(II.55)

can be considered as a measure of the pore radius. Thus, a region with smaller PR
number will have more pores per unit area, and the pores will have smaller
diameters.
4. BN: driving force for bubble nucleation in the melt according to relation (I.11). Of
course, this force has highest value just ahead of the solidification front, see (I.10)
and (II.49). A non-positive value of BN means zero probability for floating bubbles
formation. Conversely, positive BN parameter indicate propensity for quasi boiling.
Larger value of BN means a higher propensity for bubble formation at this place.
The above equations and formula are a complete system describing the growth of
gasars, and can be utilized in the numerical simulation of gasar technology.
The mathematical model contains two empirical parameters, F1 and A1, which have
to be estimated on the basis of different actual experiments. Because of this, in stage of
model verification, it is very important to have explicit and clear experimental information
about initial conditions, technological parameters and structures obtained therefrom.

II.2.2.Utilization of the non-explicit model

All numerical simulations discussed in this paragraph are made by software product
developed on the basis of the above discussed non-explicit mathematical model. This
product has been applied to technological regimes for production of copper and nickel gasars
of cylindrical shape in open mold, which is cooled at the bottom. Three types of numerical
experiments have been realized. The first type of experiments demonstrates the potential of
the model to obtain qualitative relationships between main technological parameters and
ingot’s characteristics. For this purpose, manufacture of copper gasars has been simulated.
The second type of experiments has been carried out to verify the model. Experiments with
pure nickel have been simulated under processing conditions of varying gas (H2) pressure
and superheat temperature. The results have been compared with the experimental data from
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[11]. Finally, the software product is used for a technology optimization. The thermal regime
during structure formation has been modified to obtain more homogeneous thermal
conditions during structure formation. This provides more uniform pore distribution.
Relationships between main processing conditions and structure formation

Initial gas pressure for melt saturation is 4 MPa. After pouring the melt into the mold,
the gas pressure has been changed. The values of gas pressure related to the position of the
solidification front are shown in Fig. II.2. In the same figure calculated local porosity of the
ingot is depicted. It can be seen that the model describes correctly the well known
experimental result that the porosity is inversely proportional to the pressure. Unusual high
values of gas pressure are applied in this experiment for purpose to demonstrate the
relationship in a more expressive way.
90

9

80

8
7

1

60

6

50

5

40

2

4

30

3

20

2

10

1

0

Pressure, MPa

Porosity, %

70

0
0

0.01

0.02

0.03

0.04

0.05

0.06

Z - coordinate, m

Figure II.2. Calculated porosity of copper gasar (1) and changes of gas pressure (2)
related to the position of solidification front

The probability of gas bubble formation (quasi boiling process) in the same
numerical experiment has been shown in Figure II.3. This probability becomes 100% when
the gas pressure sharply decreases because the effective gas pressure decreases at the same
rate, see (I.8) and (I.10), and driving force for gas bubble nucleation increases according to
(I.11).
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Figure II.3. Probability for gas bubble nucleation during solidification in different cross sections
(on the basis of the criterion BN)

Calculation of transient temperature field during structure formation allows the
solidification velocity to be determined, i.e. criterion VS. Figure II.4 shows a screen with
this parameter in different levels of the gasar ingot. On this figure an altitudinal section is
presented. The color scale on the right shows the values of the solidification velocity.

Figure II.4. Solidification velocity during a copper gasar formation

The calculated local ingot porosity is shown in Fig. II.5. The degree of porosity is
closely connected with other technological parameters, especially values of gas pressure
during solidification of the different gasar regions. A high value of porosity at the top of the
casting is typical for this process when the thermal conditions stimulate formation of a thin
solid skin above the melt before the end of solidification.
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Figure II.5. Calculated local porosity in a copper gasar ingot, final pore distribution.

One of the main advantages of the technology discussed here is that it provides
possibility for unidirectional solidification, which means that the direction of formed
longitudinal pores is also unidirectional. Screens with calculated GT criteria have been
shown in Fig. II.6. If the ingot cooling is realized essentially trough the bottom, the pores are
parallel all over
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(a)

(b)
Figure II.6. Pore directions obtained by numerical simulation (left) compared with real castings [94] (right):
(a) cooling of the ingot runs predominantly through the bottom and (b) the heat flow though the ingot
surrounding surface is comparable with the heat flow through the ingot bottom surface.

the casting volume and their direction coincide with longitudinal axes of the cylindrical
ingot, Fig II.6 (a). When the heat flow though the ingot surrounding surface is comparable
with the heat flow through the bottom surface of the ingot, a non-homogeneous distribution
of the pore directions appears, Fig. II.6 (b). The model adequately simulates these
relationships. The final temperature distribution in the ingot, when heat flow though the
casting surrounding surface is comparable with the heat flow through the bottom surface, has
been shown in Fig. II.7.
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Figure II.7. Calculated temperature distribution in the end of solidification of copper gasar for the case when
the heat flow though the ingot surrounding surface is comparable with the heat flow through the down ingot
surface.

Verification of the model
To verify the model, three actual technological regimes for the manufacture of nickel
gasar ingots under pressure of hydrogen have been simulated numerically. As experimental
data, the results published in [11] have been used, Table II.1. The experiments have been
carried out under a constant pressure during melt saturation and structure formation. The
design of applied experimental unit allows observation of the melt during the whole process
of structure formation. It has been noticed that in the three regimes floating gas bubbles are
formed on moving solidification front. The measured parameters related to the technological
regimes and estimated values for A1 and F1 (see paragraph II.2.1) are given also in Table
II.1.
Table II.1. Experimental data and estimated values of the free model’s parameters.
Experiment
H2 gas pressure,
Superheat, 0C
Average porosity,
No.
MPa
vol.%
1
1.0
50
9.2
2
0.2
150
14.1
3
1.0
150
13.5

A1

F1

0.55
0.65
0.55

1.5
1.5
1.5

The results for calculated porosity and the regions, in which floating gas bubbles
nucleate on the solidification front are shown in Figs. II.8-10. In all three experiments there
is a good agreement between the simulation results and the experimentally measured average
porosity of manufactured gasars. Calculated values for BN criterial function indicate that the
process of floating bubble formation is more sensitive to gas pressure for saturation than to
superheating of the melt. When the gas pressure is 1 MPa, the bubbles are nucleated on
solid/melt interface almost all the time of ingot solidification, Fig. II.8 (b) and Fig. II.10 (b).
On the other hend, floating bubbles nucleated only in upper half part of the ingot if the
pressure is reduced to 0.2 MPa, Fig. II.9 (b). The propensity for bubble formation is smaller
in experiment No.1
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Figure II.8. The ingot porosity (a) (1 - measured average porosity and 2 – calculated porosity) and
(b) propensity for floating bubble nucleation on the solid/melt interface in experiment No.1.

than in experiment No.3 because the melt superheat is lower in the first experiment, compare
Fig. II.8 (b) and Fig. II.10 (b). In order to have more typical gasar ingot’s structure, the
floating gas bubble formation process has to be inhibited by means of technology
parameters. The last means the parameter A3 should be close to zero.
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Figure II.9. The ingot porosity (a) (1 - measured average porosity and 2 – calculated porosity) and
(b) propensity for floating bubble nucleation on the solid/melt interface in experiment No.2.
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Figure II.10. The ingot porosity (a) (1 - measured average porosity and 2 – calculated porosity) and
(b) propensity for floating bubble nucleation on the solid/liquid interface in experiment No.3.

Technology optimization
One of the reasons to develop mathematical model is to provide a powerful
instrument for design optimization and/or to find appropriate manipulations by processing
parameters to obtain certain characteristics of the final product. Here, an attempt to control
the gasar technology will be demonstrated. The aim is to define conditions under which as
much as possible uniform solidification velocity and pore distribution can be realized. A
gasar ingot on the basis of Cu-H system will be discussed.
Let us assume that a melt of 0.350 kg mass with 100 0C overheating is poured into
the mold. The unidirectional solidification under 0.4MPa gas (H2) pressure is realized by
water cooling system at the bottom. In the beginning, the heat exchange on the upper melt
surface is not forced by additional means. The heat flux (intensity of heat flow) on top of the
melt, solidification velocity and porosity that have been realized are shown in Fig. II.11
(curve 1), Fig. II.12 (curve 1) and Fig. II.13 (curve 1), respectively. In this case calculations
indicate that the solidification velocity and porosity are strongly nonuniform. It means that
the pore shape and pore size will in different at different zones of the ingot.

59

60

Heat flux, kW/(m2 s)

40
20
3

0
-20
-40
1

-60

2

-80
-100
0

50

100

150

200

Time, s

Figure II.11. Heat flux per unit surface on top of the melt during solidification, Cu-H system.
1-without additional influence on natural cooling; 2- cooling by controlled heat
exchange; 3-heating/cooling mode.

Controlled heat flux on upper melt surface provides a distribution of solidification
velocity, much closer to uniform. It has been done in two modes: first, by cooling, where
heat exchange coefficient is varied, and second, by heating. In the second mode the heater is
switched on at the beginning of solidification and is switched off after 95s.
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Figure II.12. Solidification velocity during solidification of Cu-H system. 1-without additional influence on
natural cooling; 2- cooling by controlled heat exchange; 3-heating/cooling mode

The solidification time in the first mode is 148 s and in the second mode this time is 167 s.
The heat fluxes obtained in these two regimes have been shown in Fig. II.11 and related
solidification velocities is given in Fig. II.12. The solidification velocity is approximately
equal in the lower part of the ingot for each of the three cases, but not constant, Fig. II.12.
The differences are greater in the upper part of the ingot (Z>0,04 m) and this characteristic is
improved by thermal control of the heat exchange on upper melt surface. According to
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calculations, a better homogenization of the velocity is impossible to be reached by this
manner. The porosity stayed again nonuniform, Fig. II.13.
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Figure II.13. Final pore distribution in ingot, Cu-H system. 1-without additional influence on natural cooling;
2- cooling by controlled heat exchange; 3-heating/cooling mode

Another factor affecting the porosity is gas pressure, see (II.48). It has been found
that an appropriate reduction of the gas pressure during structure formation allowed fine
control of the obtained porosity at the second mode discussed above. The calculated pressure
and related heat flux on the upper melt surface have been shown in Fig. II.14. These
parameters provided uniform pore content, about 50%, over the whole ingot, Fig. II.15.
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Figure II.14. Heat flux on top of the melt (1) and external gas pressure (2) during solidification, Cu-H system,
for an optimized technological regime.
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Figure II.15. Pore distribution in gasar ingot, Cu-H system, obtained under the optimized
technological regime.

Conclusion
The non explicit approximation presented above provides the possibility for
numerical simulation of the gasar technology. Quantitative information for the sensitiveness
of the gasar structure to the main processing parameters can be obtained. The software
product enables calculation of temperature field during structure formation, porosity, pore
direction, gas bubble nucleation and four local criteria.
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II.3 Single pore tracing approach
Women, gold, gems, virtues, cleanness, science, good
advice, shortly, all that is useful and beautiful can be
taken no matter from where it comes.
Friedrich Nietzsche, 1888

In this paragraph a two-dimensional time dependent approximation of the general
model will be discussed. The approximation does not consider heat transfer but describe
explicitly gas diffusion in the melt and growth of a single pore. Solidification velocity is
treated as input parameters. Although the approximation is simple, it gives opportunity to
obtain some very important relationships. The numerical simulations have been carried out
for copper – hydrogen system but the model discussed here is applicable also to metalnitrogen and other systems.

II.3.1 Mathematical model
Gas diffusion in the melt
It is considered an ordered porosity structure of uniform pore distribution. A circle of
equivalent area replaces polygonal cell of the periodic structure, Fig. II.16 (a). Because of
the symmetry of the problem, solution is necessary only for the cylindrical region 0 ≤ r ≤ rs ,
Fig. II.16 (b). The gas concentration field in the melt is obtained as a solution of twodimensional diffusion equation in a region semi-infinite in respect to z-coordinate. Time
dependent problem is considered to obtain the changes in pore radius after beginning of pore
nucleation. It is assumed that the porosity formation begins at time t0 after solidification
commencement. During this time an initial solid pore-free layer forms at the ingot bottom
and diffusion boundary layer develops in the melt. If initial melt concentration is
hypoeutectic, this boundary layer makes the composition in the melt at the interface near to
the eutectic composition. At the moment t0 the process of pore growth starts from an
instantly nucleated gas nucleus of certain radius. The radius decreases or increases
depending on gas flux through the gas/melt interface. This flux is function of gas
concentration ahead of the interface and the gas pressure into the forming pore. The
hydrostatic pressure in Pb is neglected because it is smaller than 2% in typical cases.

z
melt

νcr

rs
rp

rs
solid

(a)

rp

r

pore
(b)

Figure II.16. Schematic presentation of a uniform pore distribution in solid: (a) - view normal to solid/melt
interface. Pores of radius rp are positioned in the center of polygonal cells; (b) - configuration of cylindrical
coordinate system corresponding to the problem.
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According to the assumptions, the problem for determination of gas concentration in
the melt during the process of uniform ordered porosity formation can be defined like this:
1 ∂C L ∂ 2C L
∂ 2C
∂C L
+
),
= D( 2L +
r ∂r
∂t
∂z 2
∂r

CL = CL(r,z,t), t>0, r∈(0,rs), z∈(0,∞)

(II.56)

initial condition
CL(r,z,0) = C0 ,

where C0 = B ⋅ exp(− A / T ) ⋅ PH

(II.57)

and boundary conditions
∂C L (0, z , t )
=0,
∂r

∂C L (rs , z , t )
=0
∂r

(II.58)

CL(r,∞,t) = C0
CL(r,0,t) = Cb
−D

for r∈[0,rp),

where Cb = B ⋅ exp(− A / T ) ⋅ Pb

∂C L (r ,0, t )
= C L (r ,0, t ) ⋅ (1 − k ) ⋅ν cr , for r∈[ rp ,rs]
∂z

(II.59)
(II.60)

In case of copper melt, the coefficient in temperature dependence of Sievert’s law
used in (II.57) and (II.59) are A = -5234 and B = 0.72159.
At the beginning, the problem (II.56-60) is solved from t = 0 till t = t0 applying rp =
0. At time t = t0, pore of radius rp0 “appears” on the solid/melt interface and this is the start
of pore formation. Then, for t > t0, the pore grows varying its radius, depending on
solidification velocity and quantity of gas entered into the pore through the gas/melt
interface.
Pore radius calculation
For purpose to calculate the changing pore radius, the solution of the diffusion
problem (II.56-60) is used considering that the solidification velocity is constant over short
time interval Δt. The quantity of gas entered into the pore through its gas/melt interface is
calculated as:
Δt r p

ΔQ = − D

∂C (r ,0,τ )
drdτ
z
∂
0

∫∫
0

(II.61)

The number of moles of ΔQ is
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μ=

ρl 10−2
m0

ΔQ

(II.62)

Applying the well known equation for ideal gas, the gas volume entered to the pore
during time Δt, which causes change of the pore volume, can be obtained like this:
ΔVgas =

μ ⋅ R ⋅ Ts

(II.63)

Pb

The volume of the solid metal, which solidified for time Δt, is expressed like this:
ΔVmet =

(II.64)

π ⋅ rs2 ⋅ν cr ⋅ Δt ⋅ ρ l
ρs

The height of the newly-formed porous layer for time Δt (see Fig. II.17) is expressed by
ΔH =

ΔVgas + ΔVmet

π

⋅ rs2

=

μ ⋅ R ⋅ Ts ν cr ⋅ Δt ⋅ ρl
+
ρs
π ⋅ rs2 ⋅ Pb

(II.65)

Thus, the current radius of the gas pore can be obtained by the relation
rp =

ΔVgas

(II.66)

π ⋅ ΔH

The dependence of rp on z and νcr is expressed by Vgas and ΔH, see (II.61-63) and (II.65).
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Figure II.17. Schematic presentation of porous layer formation for time Δt.

According to (II.66) and (II.61-63) the current radius of the gas pore is function of
parameters as follows: gas concentration on the interface, total pressure in the pore,
solidification velocity and temperature. Obviously, at a constant solidification velocity and
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after certain transient stage when the gas concentration on the interface reaches its
maximum, the pore will grow with an equilibrium (constant) radius rp* . Such steady-state
growth will continue as long as the above listed parameters are not changed.

II.3.2 Numerical simulations by single pore tracing approach

In order to study the effect of solidification velocity on pore size and porosity, Hyun
and Nakajima [95] carried out experiments for production of copper ordered porosity ingots
solidified at two different velocities: νcr = 697 μm/s and νcr = 1185 μm/s. The initial melt
temperature is T0 = 1473 K, the partial hydrogen and argon pressures during melting and
solidification are PH = 0.4 MPa and PAr = 0.7 MPa. At the experiment with lower velocity,
the obtained average pore radius is 55 μm and porosity is 28%. The same parameters,
obtained at the higher velocity, are 25 μm and 25%, respectively. These parameters have
been used as input data for verification of the model and in some numerical experiments to
demonstrate the model features and to find some general relations between processing
parameters and structure characteristics.
Gas concentration distribution
According to our assumptions gas concentration on gas/melt interface is a constant
defined by boundary condition (II.59). Gas concentration on solid/melt interface is generally
different from that and is defined by boundary condition (II.60). At the experiment with νcr =
697 μm/s, rp is 55 µm and p is 0.28. Using the relation

p=

rp2

(II.67)

rs2

the radius rs is determined, rs = 104 µm. The pore formation started at t0 = 5 s with
nucleation on the solid/melt interface where the melt is supersaturated. Thus, all input data
for the problem (II.56-60) are determined. The calculated gas distribution in the melt ahead
of solidification front at t = 10 s after the pore nucleation is shown in Fig. II.18 (a).
Another numerical simulation has been carried out repeating the second experiment
with νcr = 1185 μm/s. Here rp = 25 µm, p = 0.25 and rs = 50 µm. The gas distribution in the
melt ahead of solidification front at t = 10 s after the pore nucleation of this case is shown in
Fig. II.18 (b). The gas distribution in the figures is given for 0<z<2.5 mm. For z>2.5 mm the
gas concentration slowly decrease to the value defined at infinity by the last condition in
(II.58).
The difference in the gas concentration in the melt close to the gas/melt and
solid/melt interfaces and along the radius is considerable. For a distance greater than the
diffusion boundary layer this difference becomes negligible and the gas concentration
becomes constant in respect to the radius. The gas concentration ahead of solid/melt
interface is higher in case of higher solidification velocity, Fig. II.18 (b). This is because,
according to the boundary condition (II.60), the quantity of gas rejected on the interface is
greater. This facilitates nucleation of gas pores and is one of the reasons for decreasing of
pore radius and inter-pore spacing with increasing of solidification velocity. Higher
solidification velocity increases not only the gas transfer to the pore surface (the radial
gradient of concentration) but the gas transfer to the upper surface of melt (the concentration
gradient in z direction) as well. The latter means that the quantity of gas released through the
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melt free surface also increases. This is the reason for porosity decrease with increasing of
solidification velocity.

(a)

(b)
Figure II.18. Gas distribution in the melt ahead the front of solidification: (a) νcr = 697 μm/s, rp = 55 μm,
rs = 104 μm, p = 0.28; (b) νcr = 1185 μm/s, rp = 25 μm, rs = 50 μm, p = 0.25.

Adjusting inter-pore spacing and pore radius
The inter-pore spacing can be defined approximately as follows:

LS = 2 rs*

(II.68)

67

Our model can estimate this spacing indirectly. During the pore growth there is a
region in the melt, around the gas/melt interface, in which the gas concentration is
essentially different from the concentration in the melt and the concentration gradient is not
perpendicular to the gas/melt and solid/melt interfaces. This region, shown in yellow in Fig.
II.19, forms a diffusion boundary layer ahead of the pore. Interaction between these layers of
two neighboring pores determines the pore evolution. In the case shown in Fig. II.19 (a) the
porous structure will grow without changes in rp and rs, i.e. the inter-pore spacing will be
constant. When the diffusion boundary layers ahead of the two pores overlap as shown in
Fig. II.19 (b), gas flux into the pores decrease and the pores will reduce their radii. One of
them even can close. Obviously, the growth of two neighbor pores does not depend on the
distance between them if this distance is large enough, Fig. II.19 (c), because the gas flux
through the gas/melt interface does not “feel” the other pore. In this case the two pores will
grow keeping their geometrical parameters until the moment of a new pore nucleation
between them.
melt

melt

melt

rs*
solid
(a)

solid
(b)

pores

solid

(c)

Figure II.19. Schematics of pores of different inter-pore spacing, LS: (a) pore grow with constant radii;
(b) pores will reduce their radii; (c) inter-pore spacing will be reduced.

To determine the equilibrium radius of gas pore and inter-pore spacing typical for
certain processing parameters, we ran our software product setting an initial value of rp0
relatively large and the value of rs large enough to be sure that Fig. II.19 (c) is the case. The
calculation has been stopped after 20 s of the simulated process. This time is needed to
overcome transient process and to establish steady-state pore growth. The changes in pore
radius have been calculated as described in previous section. After certain time the pore
radius reached its equilibrium size, rp* , and remained almost constant. In our case, curve 1 in
Fig. II.20, initial pore radius is 91 μm. At the beginning, the pore size sharply decreased and
after 7-8 seconds the pore begin to grow reaching a constant radius rp* = 55 μm. In next runs
of the software product, a sequence of decreasing value for rs and the obtained value for rp =
rp* are used. For these sequence the pore radius kept its constant value rp* . These calculations
correspond to transition from the configuration in Fig. II.19 (c) to the configuration in Fig.
II.19 (a). In such a way the critical value rs = rs* has been obtained. For all rs > rs* the pore
radius remained constant and equal to rp* . For rs < rs* the calculated pore radius is smaller
than rp* , which indicated that the configuration in Fig. II.19 (b) is the case. The inter-pore
spacing is defined by (II.68). The value LS = 208 μm has been obtained for these particular
processing parameters, see Fig. II.18 (a), which is in agreement with the experiments in [95].
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Figure II.20. Calculated equilibrium size of growing pore as function of initial pore radius for copper gasar.
1 - rp0 = 91 μm; 2 - rp0 = 56 μm; 3 - rp0 = 14 μm.

It has found experimentally [68] in case of lamellar or rod-like eutectic that the
following relation is valid

ν cr · L2S = E

(II.69)

The constant E depends on the alloy used and the ratio of rp/rs. This formula has been
obtained also theoretically [89] assuming that the solid grows at the minimal undercooling
[96]. If the minimal undercooling criterion is applied to the case of ordered porosity structure
formation from a gas-eutectic composition, the same relation will be obtained. The main
feature of the conventional eutectic solidification is that the composition of bulk solid is
equal to the composition of the melt. This, in general, is not valid when ordered porosity
structure forms, especially when gas mixture of Ar and H2 is applied. Obviously, the total
amount of gas in the solid ingot (including gas pores) is smaller than the quantity of gas
dissolved initially into the melt because a part of it leaves the melt during structure formation
through melt free surface.
The problem of pore radius calculation has been discussed in the end of section
II.3.1. Now, let us analyse the conditions for pore growth with constant radius rp. The ingot
will grow of ΔH for time Δt, Fig. II.17,
ΔH =

ΔVgas + ΔVmet

π

(II.70)

⋅ rs2

The parameter μ defined by (II.62) is function of rp, μ = μ(rp). This function schematically
can be expressed as in Fig. II.21. If the pore radius and gas pressures are not changed during
time increment Δt, the following relation is valid
π· rg2 ·ΔH = ΔVgas

form:

(II.71)

Substitution of (II.63), (II.64) and (II.70) in (II.71) leads to an equation for rp in the
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rp2 = 1 -

(II.72)

f
μ (rp )
μ

rp
rs
Figure II.21. Schematic representation of average gas flux as function of rp.

where f = f ( rs ,ν cr , ρl , ρ s ,...) . Equation (II.72) is at least of second order in respect to rp
and has more than one roots, rg,1, rg,2, …, rg,M, M ≥ 2. This means that, for fixed values of
processing parameters, there are M of number equilibrium pore radii, i.e. pores can grow
with a number of constant radii. The equilibrium pore radius does not strongly depend on the
initial pore radius (radius of gas nucleus). According to the example shown in Fig. II.20, all
pores of initial pore radii within the range 56-91 μm, after a transient stage, grow as pores of
radius about 55 μm. This fact can be observed in a real ordered porosity ingot shown in Fig.
II.22. The pores in cross-section, Fig. II.22 (a), are clearly divided into two groups in respect
to their radii. The single pore tracing model also demonstrates this peculiarity. Three
numerical experiments, in which only the initial pore radius is different, have been carried
out. All the processing parameters are equal for the experiments and are as follows: νcr = 697
μm/s, rs = 105 μm, T0 = 1473 K, PH = 0.4 MPa and PAr = 0.7 MPa. The results are shown in
Fig. II.20. When the pore growth starts from a nucleus of radius 91 μm, after certain time the
pore radius decreases to 55 μm, curve 1. When the growth starts from nucleus of radius 55
μm, the pore keeps this radius. When the growth starts from nucleus of radius 14 μm, the
equilibrium pore radius is obtained equal to 25 μm. This means that in the case considered
all pores which start to grow from nucleus of relatively big radius (from 50 μm to 100 μm)
will continue to grow with radius about 55 μm and the pores, which originate from nucleus
of relatively small radii, will continue to grow with radius about 25 μm.

1 mm

1 mm

(a)

(b)

Figure II.22. Optical micrographs of ordered porosity copper: (a) ection perpendicular to the solidification
direction; (b) section parallel to the solidification direction (after Ref. [56]).
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Influence of solidification velocity on the structure
Using the model, the influence of solidification velocity on pore size, porosity and
inter-pore spacing of copper ordered porosity ingot can be found. The equilibrium values rp*

and rs* have been obtained by the series of calculations as described above. The results are
shown in Fig. II.23.
Analyzing the curves in Fig. II.23 it is found that the value of pore radius decrease
three times when the solidification velocity increases from 100 μm/s to 1200 μm/s while the
porosity decreases about 40% and the inter-pore spacing decreases about 60% for the same
interval of solidification velocity. It can be seen that the pore radius is more sensitive in
respect to the solidification velocity than the porosity and the inter-pore spacing. The results
are of good correlations with the experiments in [95].
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Figure II.23. Influence of solidification velocity on (a) porosity, (b) pore radius
and (c) inter-pore spacing for copper gasar.

71

Conclusions
The single pore tracing approximation is suitable for description of ordered porosity
structure formation. It allows describing transient stages in this technology, which arise
when the solidification velocity and/or the gas pressures are changed. The approximation can
be used for estimation of pore radius, inter-pore spacing and ingot porosity that could be
obtained under certain set of driving parameters for the technology. It was proved that the
equilibrium structure of ordered porosity metal materials could consist of pores with
different radii, which is observed in real ingots. Description of heat transfer is not included
explicitly and because of this the effect of cooling rate can not be observed directly. This
process presents in the model by νcr. The approximation presumes structure development
after creation of a perfect uniform pore distribution. Pore nucleation is not taken into
account. Nevertheless, this approach can be used for quantitative description of relations
between main production parameters and ingot structure characteristics.
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II.4 Explicit model
You ran so fast! Only when you got tired the happiness
reached you.
Friedrich Nietzsche, 1884

The model described here considers entire complex of physical phenomena that take
part in the ordered porosity structure formation such as solidification, gas diffusion, gas pore
and bubble nucleation, simultaneous growth of gas and solid phases. All these processes are
interconnected and determinate the final structure. The method of open mold casting has
been considered. Special attention has been paid to the gas pore nucleation. The diffusion
boundary layer ahead the solid/melt interface has been analyzed with respect to the diffusion
process and structure formation, both controlled by external gas pressure, solidification
velocity and gas fluxes between solid, melt and pores. The relationships between processing
parameters and structure characteristics have been described. It has been analyzed how the
ordered porosity structure is affected by the size of gas nuclei and how the number of
nucleation sites on solid/melt interface (closely related with contamination in the liquid
metal) affects the pore size and final ingot porosity.
At the open mold casting technique, the melt does not move during solidification and
ν = 0 in (II.1) and (II.8). A 3-D finite volume has been considered. The structure develops in
gas mixture of argon and active gas (hydrogen or nitrogen). For this case, the general model
described in section II.1 can be specified as given below.

II.4.1 Mathematical description
Heat transfer
For reason of simplicity, only the heat transfer in liquid and solid part of the ingot
will be considered explicitly. The same problem but related to the open mold can be simply
formulated and joined to the heat transfer problem for the ingot. Connection between these
two problems is realized through the temperature of the inner mold surface. If one wants to
avoid solving of the problem for the molt temperature, he can assume constant temperatures
on the different parts of inner molt surface. Another option is to assume that this temperature
is a given linear function of time. Cartesian coordinate system is attached as shown in Fig.
II.24. The temperature distribution, T=T(x,y,z,t), in solid and liquid section of the ingot is
obtained as solution of the following equation:

Ceff

∂T
∂
∂T
∂
∂T
∂
∂T
=
(λ
)+
(λ
) +
(λ
)
∂t
∂x
∂x
∂y
∂y
∂z
∂z

(II.73)

t>0, x∈(0,X0), y∈( 0,Y0), z∈( 0,Z0)
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Figure II.24. Schematic representation of the considered volume.

The initial and boundary conditions are:
T(x,y,z,0) = T0(x,y,z), x∈(0,X0), y∈(0,Y0), z∈(0,Z0)

(II.74)

−λ

∂T(x,y,0,t)
= α1 (T ( x, y,0, t ) − Tb ) , t>0, x∈(0,X0), y∈(0,Y0)
∂z

(II.75)

−λ

∂T(x,y,Z 0 ,t)
= α 2 (T ( x, y, Z 0 , t ) − TC ) , t>0, x∈(0,X0), y∈(0,Y0)
∂z

(II.76)

−λ

∂T(x,0 ,z,t)
= α 3 (T ( x,0, z , t ) − TF ) , t>0, x∈(0,X0), z∈(0,Z0)
∂y

(II.77)

−λ

∂T(x,Y0 ,z,t)
= α 4 (T ( x, Y0 , z , t ) − TF ) , t>0, x∈(0,X0), z∈(0,Z0)
∂y

(II.78)

−λ

∂T( 0,y,z,t)
= α 5 (T (0, y, z , t ) − TF ) , t>0, y∈(0,Y0), z∈(0,Z0)
∂x

(II.79)

−λ

∂T(X 0 ,y,z,t)
= α 6 (T ( X 0 , y, z , t ) − TF ) , t>0, y∈(0,Y0), z∈(0,Z0)
∂x

(II.80)

Here TF is the mold temperature at interface for which the boundary condition is
related and Ceff is defined by (II.6). It should be mentioned that the problem defined above
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is related for a mold with rectangular cross section. For cylindrical mold the problem can be
defined by analogy but in cylindrical coordinate system. When cooling of the cylindrical
mold is realized predominantly from the bottom, it is possible to consider a control volume
into the ingot, which is far enough from its surface. In this case, equations (II.73-80) define
the heat transfer problem but for α 3 = α 4 = α 5 = α 6 = 0. The same can be said also for gas
diffusion.
Gas diffusion
Gas diffusion in the melt appears because of the non-uniform gas distribution formed
during solidification and pore growth. Here again only gas diffusion in liquid metal is
considered and 3-D diffusion problem has been defined.
The dynamic of gas concentration in the melt CL=CL(x,y,z,t) is determined as solution
of the diffusion equation
∂C L
∂ 2C
∂ 2C L ∂ 2C L
= D ⋅ ( 2L +
+
), t > 0 , x ∈ (0, X 0 ), y ∈ (0, Y0 ), z ∈ ( Z S / L , Z 0 )
∂t
∂y2
∂x
∂z 2

(II.81)

with initial condition
CL(x,y,z,0) = C0

(II.82)

where C0 = B ⋅ exp(− A / T ) ⋅ PH

and boundary conditions
∂C L( 0 ,y,z,t) ∂C L(X 0 ,y,z,t)
=
=0
∂x
∂x
∂CL(x,0,z,t) ∂C L(x,Y0 ,z,t)
=
=0
∂y
∂y

(II.83)
(II.84)
(II.85)

CL(x,y,Z0,t) = C0
CL(x,y, Z S / L ,t) = Cb

for (x,y) on pore/melt interface, where

(II.86)

Cb = B ⋅ exp(− A / T ) ⋅ Pb
−D

∂C L ( x, y, Z S / L , t )
= C L ( x, y, Z S / L , t ) ⋅ (1 − k ) ⋅ν cr
∂z

for (x,y) on solid/melt

(II.87)

interface
Random processes at structure formation
Mathematical model for the process of gas pore nucleation on solid/melt interface
has been given in details in section II.1.3. Here we will mention only that the gas
supersaturation of the melt on solid/melt interface is expressed by relation
ΔC = C L ( x, y, Z S / L , t ) − C0

(II.88)
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In the numerical experiments discussed below, the number of nuclei on solidification
front from time t1 till time t2 is calculated by (II.27). The probability P(s) is relatively
estimated by (II.25) for each cell of the generated mesh on solidification front assuming
P0=1.
In real case a gas nucleus can appears not only at point sm of highest probability but
also at another point s of probability P(s) close to P(sm). To be more adequate to the real
situation, we consider that nuclei can arise at all positions (mesh cells), for which probability
P(s) satisfies
qP( sm ) ≤ P( s ) ≤ P( sm ) , where q < 1

(II.89)

The value q=0.7 is used in numerical simulations presented farther on. All cells in which
probability satisfy (II.89) are candidates for nucleation sites. When the number of these cells
is bigger than number I determined by (II.27), the nucleation sites are randomly chosen
among the candidates. In case of the number of candidates is equal of smaller than I, all cells
are considered to be nucleation sites.
Nucleus size (initial pore radius), rp0 , must be greater than critical radius for
nucleation, rC, defined by (II.17), rp0 > rC. The value of rp0 depends on many parameters like
surface tension, angle of pit or crack on inclusion surface or on solidification front. This
angle is different on different inclusion surfaces and different sites on solidification front.
Because of this all nuclei are of different size scattered around a mean value, rp0 . In
calculation discussed below nucleation size is generated as random number in the range
(w1 rp0 , w2 rp0 ), i.e.
rn ∈ (w1 rp0 , w2 rp0 ),

w1 ≤ 1 ≤ w2

(II.90)

The parameters w1, w2 and rp0 has been considered as input parameters. The effect of
application of (II.89) and (II.90) is that each time, when the numerical simulation is run
without changes of all model parameters, the results obtained are similar but not the same.
Obviously, this situation is closer to the reality.
Simultaneous solid and gas phase growth
The software product that realizes the here considered model consists of three
sections, which are repeated for each time step. In the first section, joined problem (II.73-87)
for temperature field and gas distribution is solved. In the second section, on the basis of the
solution for gas distribution on solidification front, C L ( x, y, Z S / L , t ) , and relation (II.25),
(II.27), (II.89) and (II.90), the nuclei site and number of nuclei are determined. The third
section deals with the simultaneous growth of solid and gas phases. Boundary conditions
(II.86) and (II.87) provide non-uniform gas concentration in the melt ahead solidification
front, which will be the reason for gas fluxes in this region. At each time step, Δt, the
quantity of gas which passes trough the interface between a gas pore and the melt is
estimated by relation (II.30). Applying relation (II.32) the volume of the pore related to this
time step is determined. Then, following the scheme described in section II.1.4, the changes
of diameter for each pore and the development of the gasar ingot porosity for the time step
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can be calculated. For case of cooling only from the mold bottom, this algorithm is discussed
in more details in Appendix.
II.4.2 Model features and basic relations

On the basis of this model, special software has been elaborated. Unidirectional
cooling and a control volume in the gasar ingot (as shown in Fig. II.24) have been
considered, i.e. α 3 = α 4 = α 5 = α 6 = 0. All simulations discussed below have been done for CuH system using this software. Physical parameters for copper, which have been used, can be
found in Table II.2. The active gas is hydrogen and melt saturation is realized by gas mixture
of hydrogen and argon. Initial melt temperature is 1473 K and solidification started after
complete melt saturation. Equilibrium gas concentration in liquid and solid copper are
determined by temperature dependent Sievert’s law as follows:
CL = 0.722x10-6·exp(-5234/T) · P

(II.91)

CS = 0.434x10-6·exp(-5888/T) · P

(II.92)

Table II.2. List of values of some copper characteristics used in simulations
Symbol
Quantity

Value

D
λ
ρ
c
L
σgl

Coefficient of diffusion for hydrogen
in liquid (average)
in solid (average)
Thermal conductivity
in liquid (average)
in solid (average)
Density
liquid
solid
Specific heat
for liquid (average)
for solid (average)
Latent heat of fusion
Surface tension

-8

Units
m2/s

1.7 10
0.4 10-8
270
350

W/m2·K
kg/m3

8000
8400
470
515
205 000
1.285

J/kg·K
J/kg
J/m2

Model features
Because of detailed and explicit description of the process of structure formation,
many of structure and ingot characteristics can be obtained. Most important of them are:
- temperature distribution in the melt and in the porous ingot;
- local solidification velocity;
- pore direction;
- gas distribution in the melt;
- local porosity;
- average ingot porosity;
- number of pores per unit area;
- position of a nucleus and closing of pores;
- average pore diameter in transversal cross section.
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The simulations also can be used for quantitative and qualitative estimation of
relation between processing parameters and final structure. Some numerical experiments
showing these possibilities are discussed below.
First group of simulations have been carried out for purpose to show the effect of
random processes on main structure characteristics. The input values of model parameters
are as follows: α1 = 3500 W m-2 s-1, α2 = 300 W m-2 s-1, q =0.7, 2 rp0 = 0.1x10-3 m, w1 = 0.8,
w2 = 1.2, B1 = 25.4x106, B2 = 0.2.
The process of structure formation has been simulated five times without any
changes of the parameters. The results are shown in Fig. II.25. Changes in porosity, Fig.
II.25 (a), and average pore diameter, Fig.II.25 (b), two essential structure characteristics, are
qualitatively the same for each simulation but numerical values are scattered about 10-15%.
If w1 and w2 are closer to 1 this scatter will be smaller. The solidification velocity in all
simulations is shown in Fig. II.25 (c). This “absent of repeatability” express the natural
impossibility the geometrical characteristics of certain structure obtained in a solidification
process to be repeated completely because of its thermodynamic nature.
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Figure II.25. Simulations without changes of input parameters: (a) ingot porosity, (b) average pore
diameter and (c) solidification velocity at different level of copper ingot.

Second group of simulations have been carried out for purpose to show the effect of
nuclei size and range of change of nuclei size on final structure. In Fig. II.26 are shown the
calculated porosity and average pore diameter obtained for nucleus size 2 rp0 = 0.1x10-3 m
and 2 rp0 = 0.05x10-3 m. Range for nucleation size is zero, i. e. w1 = w2 = 1. One can see that,
if nuclei size increase 2 times, the porosity and the average pore diameter increase about 2.5
times. Let us mention that one of the ways to manage the nuclei size is to change surface
tension of the melt, see (II.18), which can be realized by small additions of other metals [76]
as alloying elements.
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Figure II.26. Influence of nucleus size on: (a) local porosity and (b) average pore diameter;
w1 = w2 = 1 (all nuclei are of equal size). Curve 1 - 2 rp0 = 0.1x10-3 m, curve 2 - 2 rp0 = 0.05x10-3 m.

Impurities in the melt act as nucleation sites of different geometrical characteristics
and are sources of nuclei of different size. The effect of the range of nuclei size is shown in
Fig. II.27. Larger range of nucleation leads to greater values for porosity and average pore
size. Porosity in case of nucleus size scattered in range ±0.15 rp0 , Fig. II.27 (a), curve 2, is
approximately two times greater than porosity in case of not scattered nucleus size, Fig. II.23
(a), curve 2. In case of nucleus size scattered in range ±0.30 rp0 , Fig. II.27 (a), curve 1, local
porosity is approximately three times greater than porosity in case of not scattered nucleus
size. The same relations are valid for average pore diameter, see Fig. II.26 (b), curve 2 and
Fig. II.27 (b). It is evident that increasing of local porosity can be realized by increasing of
nucleus size or by expanding the range of nucleus size scatter. However, increase of the
porosity by enlarging the range of scatter deteriorates homogeneity of the local ingot
porosity, compare Fig. II.26 (a), curve 2 and Fig. II.27 (a), curve 2.
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Figure II.27. Influence of: (a) range of nucleation size on local porosity and (b) average pore
diameter. 2 rp0 = 0.05x10-3 m. Curve 1 - w1 = 0.7, w2 = 1.3, curve 2 - w1 = 0.85, w2 = 1.15.

Third group of numerical experiments have been aimed to demonstrate influence of
partial gas pressure on structure characteristics. The partial pressures in the gas mixture
above the melt have been changed as shown in Fig. II.28. The rapid decreasing of partial
argon pressure, when solidification front passed through z = 0.015 m, causes rapid increasing
in porosity and average pore diameter, Fig. II.29 (a). In the same time, pore number per unit
area and nuclei number per unit area decrease also rapidly. The reduction of nuclei number
per unit area is greater then reduction of pore number per unit area, Fig. II.29 (b). This is
because of the gas concentration at solid/melt interface is lower due to increasing of
porosity. When solidification front passed through z = 0.033 m both partial argon and
hydrogen pressures increase rapidly, the porosity and average pore diameter decrease and

79

reach zero values. The very high gas pressure in the system causes reduction of gas volume
in pores and all pores close (cease to exist). Then, whole gas quantity that is rejected
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Figure II.28. Changes of partial Ar and H2 gas pressure versus position of solidification front.

on solid/melt interface, remains in the melt ahead of solidification front and increases
probability for gas pore nucleation. A lot of pores are formed and start to grow, which is
shown in Fig. II.29 (b). In this case, again the number of pore nuclei increases quicker than
the number of pores. This is because some nuclei do not become pores. They simply remind
as very small gas bubbles in solid. When solidification front passes trough z = 0.05 m, PAr
decrease from 0.7 MPa to 0.6 MPa. This reduction does not have sensible effect on the
structure. The porosity and the average pore diameter slowly increase because the gas
volume in the pores increases, Fig. II.29 (a). At constant gas pressures nucleation and pores
per unit area become approximately constant at relatively low level, Fig. II.29 (b). The ingot
local porosity in the range 0.004 m < z < 0.015 m is about 0.09. From z = 0.015 m up to z =
0.025 m the local porosity rapidly increased up to 0.4. Then, because of the partial pressures
increase, the local porosity sharply decreased and a narrow non-porosity zone appeares in the
ingot. At values of z greater than 0.06 m, the local porosity reaches approximately constant
value of 0.37. This experiment demonstrates the possibility for production of
2500

250

0 .5
d ia m e te r

0 .3

150

0 .2

100

0 .1

50

2

2000

number per unit are, 1/cm

porosity

p o ro s ity

average pore diameter, μm

200

0 .4

1500

1000

p o re s
500

n u c le i
0 .0
0 .0 0

0 .0 1

0 .0 2

0 .0 3

0 .0 4

0 .0 5

0 .0 6

z - c o o rd in a te , m

(a)

0 .0 7

0 .0 8

0 .0 9

0
0 .1 0

0
0 .0 0

0 .0 1

0 .0 2

0 .0 3

0 .0 4

0 .0 5

0 .0 6

0 .0 7

0 .0 8

0 .0 9

0 .1 0

z - c o o r d in a t e , m

(b)

Figure II.29. Change in structure caused by changes of partial gas pressures: (a) porosity and average pore
diameter at different cross-sections; (b) pores per unit area and nuclei per unit area.

ingots, which local porosity can be controled by the gas pressures in a wide range (in our
case from 0 up to 0.4, see Fig. II.29 (a)), which means that materials of graded porous
structure and properties can be successfully produced by this technology.
Comparison with experiments
In order to study the effect of solidification velocity on pore size and porosity, Hyun
and Nakajima [95] have carried out experiments for production of copper ordered porosity
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ingots solidified at two different velocities. It has been found that the velocity is constant
when solidification front passes trough a large range of z-coordinate. For νcr=0.697 mm/s
this range is 15mm<z<85mm and for νcr=1.185 mm/s the range is 10mm<z<70mm. The
initial melt temperature in these experiments is T0 = 1473 K. The partial hydrogen and argon
pressures during melting and solidification are PH = 0.4 MPa and PAr = 0.7 MPa. These
experiments have been simulated numerically and the results obtained have been compared
with the data from the real experiments.
To obtain structure related with the experimentally determined solidification
velocities, we used model parameters as follows: α1 = 3500 W/m2s for νcr=0.697 mm/s or α1
= 6500 W/m2s for νcr=1.185 mm/s, α2 = 300 W m-2 s-1, q =0.7, 2 rp0 = 0.1x10-3 m, w1 = 0.8,
w2 = 1.2, B1 = 10.4x106, B2 = 0.2. The calculated solidification velocities in these cases are
shown in Fig. II.30. The range of z-coordinate, where solidification velocity is about the
measured, is marked with dashed line.
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Figure II.30. Calculated solidification velocity at different levels in ordered porosity ingot:
(a) case α1 = 3500 W/m2s, νcr close to 0.697 mm/s; (b) case α1 = 6500 W/m2s, νcr close to 1.185 mm/s.

Comparison between calculated and measured values of porosity and average pore
diameter is given in Fig. II.31. The calculated porosity is very close to the measured values,
Fig. II.31 (a) and (c). The average pore diameter is about two times greater than measured in
case of lower solidification velocity, Fig. II.31 (b). This deviation is not so large in case of
greater solidification velocity, Fig. II.31 (d).
Another essential characteristic is pore size distribution in a certain cross-section.
Calculated and measured values of these characteristics related to the considered
solidification velocities are shown in Fig. II.32. In the model obtained distributions, Fig.
II.32 (a) and (c), two groups of pore diameters can be observed. When solidification velocity
is 0.697 mm/s, the pore diameters are concentrated around 100 μm and 200 μm. At the
greater solidification velocity, these groups are formed around 70 μm and 140 μm. At the
lower velocity, a third group around 740 μm appears. The propensity for formation of pores
of different diameters at constant solidification velocity has been proved in section II.3
theoretically. This can be observed in real ordered porosity ingots and happens when nuclei
sizes are in a relatively large range. Pore size distribution in experiments considered here,
see Fig. II.32 (b) and (d), is strongly concentrated around single value, which coincide with
the lower value from numerically simulated experiments. It seems that the authors used high
purity copper and the impurities are of approximately equal characteristics as nucleation
sites. The pits and cracks on impurity surfaces are unpredictable nucleation sites in respect to
their geometrical parameters, see (I.14).
Prognostic capabilities
Activation barrier is proportional to the third degree of σgl, and critical radius for
nucleation is proportional to the first degree of σgl, see (II.17) and (II.18), which means that
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the nucleation size will decrease and nucleation rate will increase with decreasing of surface
tension, see (II.22). Reduction of melt surface tension will increase the pore number per unit
area and will decrease average pore diameter.
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Figure II.31. Calculated (solid line) and measured (square marks) values of: (a) and (c) porosity, and
(b) and (d) average pore diameter for different solidification velocity.

40

30

20

10

40

30

20

10

0

0

100

200

300

400

p o r e d ia m e t e r ,

500

600

700

800

100

300

400

500

600

700

800

600

700

800

p o r e d ia m e te r , μ m

(a) vcr = .697 mm/s

(b) vcr = .697 mm/s

110

110

100

100

90

90

80

80

70

70

pore number

pore number

200

μm

60
50
40

60
50
40
30

30

20

20

10

10

0

0
100

200

300

400

500

600

p o r e d ia m e te r , μ m

(c) vcr = 1.185 mm/s

700

800

100

200

300

400

500

p o r e d ia m e t e r , μ m

(d) vcr = 1.185 mm/s

Figure II.32. Pore size distribution in a cross-section where calculated and measured velocity
coincides: (a) and (c) model obtained results; (b) and (d) experimentally obtained results
(after Ref. [95]).

More nucleation sites means bigger value of B1 that results also in increasing of
nucleation rate. Data concerning such interplay are not reported by now. The model here
discussed has been used to find such relations and to show its prognostic capabilities.
Numerical experiments have been carried out with three different values of B1: 5.4x106,
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5.4x107 and 5.4x108. Let us remind that B1 is proportional to number of nucleation sites and
these values mean that the nucleation sites in second case are 10 times greater than in the
first and the nucleation sites in third case are 100 times greater than in the first. Another
model parameters аre as follows: α1 = 3500 W/m2s, α2=300 W m-2 s-1, q =0.7, 2 rp0 = 0.1x10-3
m, w1 = 1, w2 = 1, B2 = 0.2. Gas concentration in melt on a part of solid/melt interface for B1
= 5.4x106 in series of times is shown in Fig. II.33. The results are for the beginning of the

(a)

(b)

(c)

(d)

Figure II.33. Gas distribution in melt on solid/melt interface: (a) at time 6.7s; (b) at time 8.9s;
(c) at time 11.0s and (d) at time 13.2s.

structure formation, when the pore number in the control volume is relatively small. In this
case both pore number and gas concentration increase with the time. Although the pore
number increase, the inhomogenety in gas concentration also increase with time, compare
Fig. II.33 (a) and Fig. II.33 (d).
The average pore diameter, local porosity and pore number per unit area related to
the three values of B1 are plotted in Fig. II.34. It can be expected that more nucleation sites
on solid/melt interface will cause bigger porosity but the results show that this is not valid.
More nucleation sites leads to more nuclei on the interface. These nuclei “suck” more gas
from the melt and gas concentration on solid/melt interface decrease. For this reason not all
of them can grow as gas pores. They remain in solid as small gas bubbles. Another nuclei
grow but in ambience of low gas concentration and, because of this, they are of smaller
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diameter. The average pore diameter in case B1 = 5.4x106 is about 4 times grater than the
average pore diameter in case B1 = 5.4x108, Fig. II.34 (a). The same ration can be found for
local porosity, Fig. II.34 (b). Of course, pore number per unit area in case of more nucleation
sites will be greater than this number in case of less nucleation sites. Generally, increasing of
nucleation sites on solid/melt interface causes decreasing in porosity and pore size and
increasing of pore number per unit area. It can be noted that greater number of nucleation
site facilitates production of more homogeneous pore distribution in the ingot volume,
compare curves in Fig. II.34 (b).
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Figure II.34. Main structure characteristics obtained at different number of nucleation sites: (a) average
pore diameter; (b) local porosity and (c) pore number per unit area. 1- B1 = 5.4x106, 2- B1 = 5.4x107 and
3- B1 = 5.4x108.

The next numerical experiment has been carried out to demonstrate haw to control
formation of graded porosity in a gasar ingot. In this case the partial gas pressures of argon
and hydrogen are changed as shown in Fig. II.35 (a). By means of partial hydrogen pressure,
gas concentration in the melt ahead the solidification front can be controlled and partial
argon pressure control pore size and gas flux trough gas/melt interface. When solidification
front moves from z=0 m till z=0.038 m the total pressure decrease slowly as result of slow
reduction in PH2 and PAr. The local porosity, Fig. 4 (b), and the pore number per unit area,
Fig 4 (d), increase monotonously. After this stage, when partial argon pressure increases and
partial hydrogen pressure decrease, the local porosity becomes zero. High value of argon
pressure does not allow formation of porosity. It must be mentioned that in this case average
pore diameter does not vary in so large interval, Fig. 4 (c). In this case a gasar ingot of
graded porosity has been obtained.

84

0 .6

1.4

0 .5

1.2

porosity
porosity

partial
Partial gas
gaspressure,
pressure,MPa
MPa

1.6

P Ar

1.0
0.8
0.6

0 .4
0 .3
0 .2

0.4
0.2

0 .1

P H2

0.0
0.00

0.02

0.04

0.06

0 .0
0 .00

0.08

z –of
coordinate,
m front, m
z-coordinate
solidification

0 .02

0 .04

0 .06

0 .08

z -zco
ord ina te, m
m
– coordinate,

(b)

(a)
2
number per unit area, 1/cm
2

number per unit area, 1/cm

average pore diameter, μm

Average pore diameter, μm

0 ,35
0 ,30
0 ,25
0 ,20
0 ,15
0 ,10
0 ,05
0 ,00
0,0 0

0 ,0 2
0 ,04
0 ,0 6
zz –- coordinate,
c o o rd in a tem
, m

0 ,0 8

(c)

1000
800
p o re s

600
400
200
n u c le i

0
0 ,0 0

0 ,0 2

0 ,0 4

0 ,0 6

z z– coordinate,
- c o o rd in am
te , m

0 ,0 8

(d)

Figure II.35. Changes in structure characteristics due to changes of partial gas pressures versus position of
solidification front: (a) partial gas pressures; (b) local porosity; (c) average pore diameter; (d) pore number and
nuclei number per unit area.

Conclusions
The model presented here is an explicit and closed model for ordered porosity
materials formation. This model possesses high degree of accuracy and allows obtaining a
lot of final ingot characteristics and a deeper look inside the physical processes, which take
part in structure formation. The effect of all major processing parameters can be estimated
qualitatively or quantitatively because they are involved in the model.
Partial gas pressures applied on the melt before and during solidification are basic
driving parameters for structure control. During ingot solidification the porosity can be
managed in a wide range, form 0 up to 70 % for some metal-gas systems. Change in partial
gas pressures cause essential changes in nucleation and pore number per unit area.
Nucleation is more sensitive to these changes. When the pressures are constant, ingot
porosity can slowly increase because of increasing of pore diameter but not due to rise of
pore number. The technology considered is a flexible method for production of functionally
graded materials of specific characteristics.
Geometrical characteristics of nucleation sites are essential parameters that determine
ingot porosity. There are two ways to raise the porosity. The first is to increase nucleation
size and the second is to enlarge the nucleation size scatter. Increasing porosity by the
second way leads to more inhomogeneity in ingot porosity. Another way to increase the
porosity is by decreasing of the number of nucleation sites on solid/melt interface. Increasing
of the number of nucleation sites on solid/melt interface causes decreasing of local porosity
and pore size and increasing of pore number per unit area.
Rate of nucleation determines the volume fraction of porosity and the pore size.
Greater number of nucleation site facilitates production of more homogeneous porous ingot.
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Reduction of average pore diameter in ordered porosity structure is possible by
decreasing of melt surface tension and, vice versa, greater average pore diameter will be
obtained if melt surface tension increases. The value of the surface tension can be changed
by small additions as alloying elements. Reduction of melt surface tension increases the pore
number per unit area and decreases average pore diameter.
The model presented here can be successfully used in new technologies making and
for amendment of existing technologies. A lot of physical quantities, which are important for
structure formation process and are impossible to be measured, can be determined and
analyzed by the model from technological point of view.
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II.5 Comments on the models for continuous casting and continuous
melting zone techniques
I love that who forgives his enemy not only wrong moves
but also victories.
Friedrich Nietzsche, 1886

All the three variants of the general model (section II.1) discussed so far consider
open mold technique. Continuous casting and continuous melting zone techniques for
obtaining of ordered porosity materials can be described by the same manner on the basis of
the general model. The main difference is that in the last methods the structure is formed in
moving media, i.e. v ≠ 0 in (II.1) and (II.5). Other specific feature is boundary condition on
ingot forming surfaces.

II.5.1 Case of continuous casting

The continuous casting technique for production of gasars can be presented as shown
in Fig. II.35. Let us consider the coordinate system steady state attached to the cooled mold.
The distance h1 is large enough to provide that, in cross section at z = 0, the ingot
temperature does not depend on r. In this configuration ν = (0,0, − ν z ). If λ is considered as
constant (different for gas saturated melt and porous solid), the equation (II.1) can be written
in the form
z

hU
melt

cooled mold

α2

ν

h1
solid

0

α1
Rm

r

Figure II.36. Principal chart of continuous casting technique and attached coordinate system.

ρ ⋅ Ceff ⋅

∂T
∂ 2T 1 ∂T ∂ 2T
∂T
+ 2 ) − ρ ⋅ Ceff ⋅ν z ⋅
= λ ⋅( 2 +
, t>0, r∈(0,Rm), z∈(0,hU)
∂t
∂z
r ∂r ∂z
∂r

(II.93)

Initial and boundary conditions can be expressed by relations
T(r,z,0) = T0(r,z), r∈( 0,Rm), z∈(0,hU)

(II.94)
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−λ

∂T ( Rm , z , t )
= α1 [T ( Rm , z , t ) − TA ] , t>0, r∈(0,Rm), z∈(0,h1)
∂r

(II.95)

−λ

∂T ( Rm , z , t )
= α 2 [T ( Rm , z , t ) − TF ( Rm , z , t )] , t>0, r∈(0,Rm), z∈(h1,hU)
∂r

(II.96)

∂T (0, z , t )
= 0 , z∈(0,hU)
∂r

(II.97)

T(r, hU,t) = TU, t>0, r∈(0,Rm)

(II.98)

T(r,0,t) = TI, t>0, r∈(0,Rm)

(II.99)

Gas diffusion problem for melt is presented by diffusion equation
⎛ ∂ 2C
∂C L
∂C L
1 ∂C L ∂ 2CL ⎞
⎟ +ν z
= D ⋅ ⎜⎜ 2L +
+
, t>0, r∈(0,Rm), z∈(ZL/S,hU)
2 ⎟
∂t
r ∂r
∂z
∂z ⎠
⎝ ∂r

(II.100)

initial condition
CL(r,z,0) = C0 , C0 = B ⋅ exp(− A / T ) ⋅ PH , r∈(0,Rm), z∈(ZL/S,hU)

(II.101)

and boundary conditions
∂C L (0, z , t )
∂C L ( Rm , z , t )
=0,
= 0 , CL(r, hU,t) = C0, t>0, r∈(0,Rm), z∈(ZL/S,hU)
∂r
∂r

CL(r, ZL/S,t) = Cb
−D

on gas/melt interface, Cb = B ⋅ exp(− A / T ) ⋅ Pb , t>0, r∈(0,Rm)

∂C L (r , Z L / S , t )
= C L ( r , Z L / S , t ) ⋅ (1 − k ) ⋅ν cr
∂z

on solid/melt interface, t>0, r∈(0,Rm)

(II.102)
(II.103)
(II.104)

The process of gas pore nucleation and simultaneous growth of solid and gas phases
can be described as discussed in section II.1.3 and II.1.4.

II.5.1 Case of continuous melting zone technique

Principal chart of the continuous melting zone technique is given in Fig. II.37.
Formally, the case is analogous to previous one but here two solid/melt interfaces have been
formed. The heat transfer problem looks like this:
ρ ⋅ Ceff ⋅

∂T
∂ 2T 1 ∂T ∂ 2T
∂T
= λ ⋅( 2 +
+ 2 ) − ρ ⋅ Ceff ⋅ν z ⋅
, t>0, r∈(0,Rm), z∈(0,hU)
∂t
r ∂r ∂z
∂z
∂r

(II.105)
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T(r,z,0) = T0(r,z), r∈(0,Rm), z∈(0,hU)

(II.106)

∂T (0, z , t )
= 0 , z∈(0,hU)
∂r

(II.107)

−λ

∂T ( Rm , z , t )
= α1 [T ( Rm , z , t ) − TA ] , t>0, z∈( 0,h1) and z∈( h3, hU)
∂r

(II.108)

−λ

∂T ( Rm , z , t )
= α 2 [T ( Rm , z , t ) − TB ] , t>0, z∈(h1,h2)
∂r

(II.109)

−λ

∂T ( Rm , z , t )
= α 3 [T ( Rm , z , t ) − TH ] , t>0, z∈(h2,h3)
∂r

(II.110)

T(r, hU,t) = TI, t>0, r∈(0,Rm)

(II.111)

T(r,0,t) = TI, t>0, r∈(0,Rm)

(II.112)
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Figure II.37. Principal chart of continuous casting technique and attached coordinate system.

Gas diffusion problem for melt is presented by diffusion equation
⎛ ∂ 2C
∂C L
∂C L
1 ∂C L ∂ 2CL ⎞
⎟ +ν z
= D ⋅ ⎜⎜ 2L +
+
, t>0, r∈(0,Rm), z∈( Z L2 / S , Z L3 / S )
2 ⎟
∂t
∂
r
r
∂
z
∂
∂
r
z
⎝
⎠

(II.113)

initial condition
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CL(r,z,0) = C0 , C0 = B ⋅ exp(− A / T ) ⋅ PH , r∈(0,Rm), z∈( Z L2 / S , Z L3 / S )

(II.114)

and boundary conditions
∂C L (0, z , t )
= 0 , CL(Rm,z,0) = C0 , z∈( Z L2 / S , Z L3 / S )
∂r
∂C L ( r , Z L3 / S , t )
= 0 , t>0, r∈(0,Rm)
∂z

(II.115)

CL(r, Z L2 / S ,t) = Cb on gas/melt interface, Cb = B ⋅ exp(− A / T ) ⋅ Pb , t>0, r∈( 0,Rm)

(II.116)

∂C L (r , Z L2 / S , t )
= C L ( r , Z L2 / S , t ) ⋅ (1 − k ) ⋅ν cr on solid/melt interface, t>0, r∈( 0,Rm)
∂z

(II.117)

−D

The process of gas pore nucleation and growth of solid and gas phases can be
described as discussed in section II.1.3 and II.1.4. We will mention that the porous structure
forms on solid/melt interface at level h2, Fig. II.37.
The ingot radius under level h1 is greater than the rod radius before the heater. In the
equation in this section these radii are considered equal but this will not increase calculation
error in a sensitive degree.
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Appendix
Algorithm for approximate calculation of some local structure parameters

To solve joined problem (II.73-87) in case of unidirectional cooling, a uniform mesh
is built in the initial (liquid) control volume, see Fig. II.24: Δx is the increment in x –
direction, Δy is the increment in y – direction, Δz is the increment in z – direction. Layer j is
determined as parallel to x and y coordinate axis and occupies the volume between zj-1 = (j1)Δz and zj = jΔz. After solidification of the layer j the height of this layer changes because
some pores appears in it. Let us note the new height Hop(j). Other quantities used below are
noted as follows:
Sxy – area of transversal cross section of the control volume, i.e. cross section perpendicular
to z – axis;
Sp(j) – area of all pores in the cross section j;
Vsol – volume of solid fraction in layer j, Vsol = Sxy· Δz·ρl/ρs;
Vp(i,j) – total volume of pore i, which upper boundary is in layer j;
dp(i,j) – diameter of pore i in layer j;
Qgas(i,j) – quantity (in mol) of gas in pore i when its upper boundary is in layer j;
Sin(i,j) – area between pore i and melt in layer j;
qg(i,j) – gas flux in pore i in layer j;
Qin(i,j) – quantity (in mol) of gas came into pore i when layer j solidifies;
Δtj – time for solidification of layer j.
For estimation of qg(i,j) is used the expression
qg(i,k) = – D·grad CL

A1

calculated for the element above pore i in layer j. Area of effective contact between pore i
and melt in layer j is obtained like this:
Sin(i,j) =

π ⋅ d p2 (i, j )

A2

4

and Qgas(i,j) is expressed like this:
Qgas(i,j) = Qgas(i,j-1) + Qin(i,j)

A3

where Qin(i,j) is
Qin(i,j) = qg(i,j)·Sin(i,j)·Δtj

A4

The well known relation for ideal gas (II.31) can be written for gas in a pore as:
⎛
⎞
π ⋅ d p2 (i, j )
⎜
Pb V p (i, j − 1) ⋅ H op ( j ) ⎟ = Qgas(i,j)·R·Ts
⎜
⎟
4
⎝
⎠

A5

After simple transformations, an expression for dp(i,j) can be obtained
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d p (i, j ) = 2 ⋅

Qgas (i, j ) ⋅ R ⋅ Ts − Pb ⋅ V p (i, j − 1)

π ⋅ Pb ⋅ H op ( j )

A6

For Sp(j) the next relation is valid
Sp(j) =

∑

π ⋅ d p2 (i, j )

i

4

A7

Another relation that can be written is
Sp(j)·Hop(j) + Vsol = Sxy·Hop(j)

A8

Expressions A6-A8 are a system of algebraic equation, which determines pore
diameter, total area of pores and height of ordered porosity solid related to layer j. The
solution of this system provides complete information for this three structure parameters.
The local porosity, p(j), in layer j is obtained as the ratio
p(j) = Sp(j)/ Sxy

A9
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Symbols:
Symbol
A, A’
AIn
B, B’
B1
B2

Meaning

Ceff
CL
CP
CS
CE

effective specific heat

C0
C*

C1
C2
Cb
CH
ΔC
D
fL

fS
F1
g
GIn
Δg
Δg C
ΔGC*

ΔGm
h
hU
h1
H
HI
Hm
H0

ΔH
k
kb
KL, KS

Definition

Unit

constants in Sievert’s law
area of interface
constants in Sievert’s law
constant
constant

equilibrium gas concentration in liquid
specific heat
equilibrium gas concentration in solid
eutectic concentration
initial (equilibrium) gas concentration
in melt
maximum gas concentration in melt on
S/L interface
concentration of active gas in gas pore
concentration of active gas above melt
free surface
gas concentration in melt on the
pore/melt interface
gas concentration in melt close to melt
free surface
melt supersaturation
diffusion coefficient
volume fraction of liquid in mushy
zone
volume fraction of solid in mushy zone
empirical parameter
acceleration of gravity
Gibbs free energy
volume free energy change associated
with solid phase nucleation
free energy change associated with gas
phase nucleation
activation barrier for gas phase
nucleation
activation energy for gas atoms
migration across gas/melt interface
Plank constant
z-coordinate
z-coordinate
enthalpy
height of gasar ingot formed for time Δt
height of melt free surface in open mold
initial height of melt free surface in
open mold
height of gasar layer
distribution coefficient
Boltzmann constant
coefficients

K
m2
mol/(m3·Pa1/2)
(mol/m3) 2

ρ ⋅ (C P + L ⋅

∂f L
)
∂T

J/kg⋅K
mol/m3
J/kg⋅K
mol/m3
mol/m3
mol/m3
mol/m3
mol/m3
mol/m3
mol/m3
mol/m3

C – C0

9.81

mol/m3
m2/s
m/s2
J/mol
J/m3
J/mol
J/mol
J/mol

6.626176⋅10-34

k = CS/CL
1.380662⋅10-23

J⋅s
m
m
J/mol
m
m
m
m
J/K
mol/(m3·Pa1/2)
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distance from bubble to melt/gas
interface
latent heat of fusion
inter-pore spacing
latent heat of fusion per unit volume
coefficient
molar mass of dissolved gas

l
L
LS
LV
m
m0

M
MC
N
NS

NP

p
peff
pj
pM
Δpb
P
P0

P1, P2
PAr
PH
PHmax
Pb
Phyd
Ptot
Pσ
P(s)

m

L V = 2 rs

J/kg
m
J/m3
J/m3
g/mol

number of roots
coefficient
nucleation rate

J/mol
1/s

number of nucleation sites per unit area
on solid/melt interface
number of open pores on solid/melt
interface
porosity
effective pressure

1/m2

local ingot porosity
partial gas pressure
driving force
pressure in gas bubble
constant
pressures
partial pressure of neutral gas (Ar) in
surrounding atmosphere
partial pressure of active gas in
surrounding atmosphere
partial pressure of active gas in
surrounding atmosphere which provide
maximum gasar ingot porosity
gas pressure in pore
hydrostatic pressure in melt
total pressure in melt
extra pressure due to the curvature of
gas/melt interface

-

peff =

F12 PH

Δpb = pM - peff

Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa

Pb = PH+PAr+Phyd+Pσ
Phyd = ρgl
Ptot = PH+PAr+Phyd
2σ gl
Pσ =
rg cosθ

Pa
Pa
Pa
Pa

probability
pressure drop across curved meniscus
in equilibrium

Pa

constant

-

quantity of gas enters into pore i for
time Δt
density of heat source
quantity of gas entered into all pore for
time Δt
number
radial coordinate
critical radius for nucleation

mol

m
m

rg

radius of gas/melt interface

m

ri

current radius of pore i

m

rp

pore radius

m

rp0

initial pore radius

m

ΔP
q
qiG
Q
QG

QR
r
rC

W/m3
mol
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rp0

average value of rp0

m

rp*

equilibrium pore radius

m

rs

radius of equivalent area

m

rs*
R
Rb
Rm
RP

equilibrium radius of equivalent area

m

s
sm
S
Ss
Sl
SI

t
t0
t1, t2
Δt
T
T0
TA
Tb
TB
TC
TCr
TH
TF
TI
TL
Tm
TS
TU
ΔT
VG

the gas constant
radius of bubble
inner mold radius
radius of conical pit at the level of
meniscus
arbitrary position on solidification front
position on solidification front of
maximum gas concentration
shape factor
relative part of bubble surface
contacting with solid
relative part of bubble surface
contacting with liquid
area of gasar ingot cross section
time
time for formation of thin nonporous
solid layer
times
time interval
temperature
initial temperature
gas temperature around ingot
temperature of bottom mold surface
blowing (cooling) gas temperature
gas temperature above melt
eutectic transformation temperature
heater temperature
mold temperature
ingot temperature far from mold
liquidus temperature
melting temperature
solidus temperature
melt temperature
melt undercooling
volume of gas enters into all pores for
time Δt

8.31441

J/mol⋅K
m
m
m
m2
s
s

TI < TS

TU > TL
Tm - T

s
s
K
K
K
K
K
K
K
K
K
K
K
K
K
K
K
m3

Vi G

volume of qi

m3

VM
VI

volume of metal solidified for time Δt

m3

volume of gasar ingot formed for time
Δt
gas volume released during melt
solidification for time Δt
gas volume entered to pore for time Δt
volume of metal solidified for time Δt
constants
space coordinate

m3

ΔV
ΔVgas
ΔVmet
w1, w2
x

G

m3
m3
m3
m
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y
z
X0, Y0, Z0
ZS / L
Z L2 / S
Z L3 / S

α i , i=1,2,…6
χ1 , χ 2

μ
η
ρ
ρl
ρs
ρg
σ
σy
σUTS

σgs
σgl
Σ
θW
θC

λ

ν
νb
vcr
vz

∇

space coordinate
space coordinate
Cartesian sizes of considered volume
vertical coordinate of solid/melt
interface
vertical coordinate of solid/melt
interface at level h2
vertical coordinate of solid/melt
interface at level h3
heat exchange coefficients

m
m
m
m

mass exchange coefficients between
melt and ambient gas
number of moles
melt viscosity
density
melt density
solid density
gas density
surface energy
yield strength
ultimate tensile strength
surface tension for gas-solid interfaces
surface tension for gas-liquid interfaces
surface on solidification front
contact angle of melt on solid inclusion
half angle of conical pit
heat conductivity
velocity
terminal velocity of bubble
solidification front velocity
z – component of ingot velocity

m/s

differential operator

m
m
W/m2⋅s

Pa·s
kg/m3
kg/m3
kg/m3
kg/m3
J/m2

MPa
MPa
J/m2
J/m2

deg
deg
W/K⋅m

m/s
m/s
m/s
m/s

⎛ ∂ ∂ ∂⎞
⎜⎜ , , ⎟⎟
⎝ ∂x ∂y ∂z ⎠

-
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