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ABSTRACT

The paper presentsabroad array of macro- and
microstructures of gas-eutectic materials (gadzasgd

on experimental data obtained by the author asutref

his work conducted in the former USSR, Russia, ikra
and United States from 1979 to date. The paper also
reviews the main mechanical and physical propeufes
gasars based on different chemical compositionssi{sno
Fe, Ti, Al, Mg, Ni, Cu alloys). Gasar production timeds

and system designs for laboratory and industrial
production of gasars are discussed. A part of Hpepis
dedicated to the latest results obtained in theusiig
fundamentally new method for gasar manufacturing —
Plasma Scanning System (PSS) and PSS device.

INTRODUCTION

The history of gasars begins since 1980, wherfithe
publication [1] appeared in the former Soviet Union
indicating that a gas-eutectic reaction can be used
produce porous metals with controlled porosity and
demonstrating the first photo of a copper-basedugds
same year first gasar patent was obtained [2].hin t
former USSR, this technology has been developirtg qu
rapidly since 1981, and 5-6 years later significasults
were achieved bringing it very close to industrial
production. However, the use of these materialthen
USSR was strictly military-oriented and no inforioat
could be made available to the public. After «Peodsa»,
gasar research in Ukraine as well as in Russia was
practically suspended due to lack of financing. tha
other hand, it became possible to publish inforamati
about gasars in the open editions as well as ab/ad
result, a first publication about gasars in Enghgipeared
in 1989 [3]. This moment signifies the beginning af
second period in the history of gasar developmbut,
this time — on the international level. In 1993stiUS and
German patents were published [4, 5]. In 1995, lkaa
specialists constructed for the US a small gasauafie at
the Navy Research Laboratory. In 1996, Ukrainian
scientists helped building a large-size facilitggable of
producing 50 kg of material) at the Sandia Natidrets,
thus enabling commercial production of gasars. 9861
H. Nakajima (Osaka University) visited Ukraine tetg
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familiarized with gasar technology. Than first gasa
furnace for Japan was designed in the Ukraine, and
number of Japanese colleagues were trained by hi&rai
specialists in technology of gasar production. Sitgasar
research was initiated and has been conductedeat th
Osaka University (Japan) since 1997. As far as m@mwk
gasar research is also being conducted in Chinag&Ko
and Brazil from 2000.

Based on the results from the previous years, gasar
possess a variety of very attractive propertiesasgmg
them from a number of known porous materials. Hawev
no large scale commercial production exists so far
anywhere in the world. Practical utilization of ges is
currently limited to tens or hundreds of articletended

for rocket and space technology, military aircrafil-
processing industry and medicine. 28 years haveepas
since gasar inception, however, as of yet, no rapid
progress in this technology development has been
achieved worldwide. The question is: WHY? This grap
attempts to summarize accumulated information and
provide the answer to this uneasy question.

SCIENTIFIC BASIS OF GASAR TECHNOLOGY

As it is known [6-11], the main principle of prodng
gasars is a gas-eutectic reaction, which take®pladng
crystallization of metals and alloys saturated with
hydrogen (or other active gas). Hydrogen is the tmos
universal gas, which can be used with majority etats,
except for such hydride-forming metals, as titanium
zirconium, niobium, vanadium, etc. It could be
advantageous to use gaseous hydrocarbons, e.gamaeth
[12], although in this case materials may get sl
with carbon. A combination of hydrogen and oxygen
(water vapor) may also be used to produce gasdrsnwi
acceptable range of pressures to facilitate mastuption

of gasars [13].

Nitrogen can also be used for producing gasars, [14]
however, it forms chemical compounds with a nunifer
metals, which seriously limits its use in gasahtesogy.

It is more advantageous to use nitrogen in comiainat



with hydrogen in the form of ammonia [15] and samil
compounds.

Oxygen was proposed for gasar production applicdtio
1987 [16]. It is even more chemically active and te
used in pure form only for producing silver-basedays.
However, due to interaction with carbon and foroatbf
gaseous carbon oxides, it can be used indirecty. F
example, since 19century a cellular structure of unkilled
steel is known, which is formed as a result of gatectic
reaction: liquid, saturated with oxygen and hydmge
breaks down into hard steel and CO gas when sielitdif
If crystallization proceeds directionally, an oreér
cellular structure, typical for gasars, is formeeg(l).
This takes place naturally in millions of tons afkilled
steel without utilization of any special equipment
technologies. However, this phenomenon is consitiere
be rather harmful, and in order to produce dersel,sthe
latter is densified using the process of hot ptasti
deformation. Hence, millions of tons of steel gasar
vanish without even revealing themselves. Therads
doubt that this phenomenon will be used in the fiigare
for producing steel gasars commercially.

Fig.1 Oxygen-produced steel gasar (a) and hydrogen-
produced magnesium gasar (b), average pore sizem.2

Even such a superficial analysis reveals that agefth
knowledge of interaction between gases (oxygen,
hydrogen, nitrogen) and metals/alloys is requiredrder

to scientifically substantiate gasar productionwad! as
predict process conditions. The framework of such
knowledge comprises metal/gas equilibrium diagrams.
These diagrams provide a correct and quick answtret
primary question about possibility of producing &yas
within given system. However, there is a significan
shortage in such diagrams to date, since this wegoh
rather complicated experimental work, especially tfee
“metal-hydrogen” systems in the vicinity of the tirgd
point. For example, equilibrium diagram for theofir
hydrogen” system was only created in 1972 [17]eLaa
number of practically important equilibrium diagram
were created [18] for the following systems: copper
hydrogen, chromium-hydrogen, aluminum-hydrogen,
magnesium-hydrogen, manganese-hydrogen, beryllium-
hydrogen, molybdenum-hydrogen, titanium-hydrogen,

tungsten-hydrogen, nickel-hydrogen, cobalt-hydrogen
vanadium-hydrogen and zirconium-hydrogen. It wass th
shape of these equilibrium diagrams, closely resamb
ordinary eutectics, that made Ukrainian scientisitsk of

a possibility of obtaining ordered “metal-hydrogen”
structures in future gasars in 1980. It is alsodntgmt to
note that successful construction of the “metalrbgen”
equilibrium diagrams was a result of inventing the
original and reliable device for measuring hydrogen
content in metals [19].

Due to these diagrams, practical methods were
developed for producing gasars based on coppegstiem,
molybdenum, nickel, aluminum, iron, cast iron,
magnesium, cobalt, beryllium, chromium, Ni-Ti (50%)
alloy, high-temperature super alloys. All the emgiring
solutions (about 150 patents) were patented in UBSR
1981-1989.

In addition to the equilibrium diagrams, it is very
important to know crystallization patterns of mefand
specifically, alloys. Producing gasars based onpema
doped alloys poses a serious problem. This refults
the fact that in complex-doped alloys, dendrite
crystallization is well established, while to preéugasars,
a flat cellular crystallization front is requiretiow to
make complex alloys crystallize in such a way? Such
research studies are also quite tedious and exerigit
are absolutely necessary to develop reliable cowiaier
technology.

Of great particular importance are research studidbe
field of gas phase formation in the liquid and g@dhe
“crystal-liquid” border. This process is the oneatth
determines a number of pores per unit area duririli
stage of structure formation as well as during potidn
of gasars with alternating porous and monolithigets.
By controlling the process of gas bubble formatigasar
structure can be varied significantly. However,réhare
numerous problems in this field as well. Specifical
scientists are still debating whether homogeneous
formation of gas in the liquid is possible near thelting
point, or the presence of solid phase is required.

There is absolutely not enough information conaegra
growth mechanism of the gas phase in contact with b
liquid and solid phases, especially in presence of
impurities. This process determines the intensftpare
coagulation, growth halt and change in pore shapthé
process of growth. Without this knowledge, it is
practically impossible to reliably produce poresadjiven
shape in bulk of the material. Usually, a noticeabl
enlargement of pores is seen immediately afterrimégg

of the solidification process, which continues Liits
completion. And only by putting significant efforbne
can obtain pores with comparably identical diamatet a
length of up to 500 mm.



Thus, at the present time, there is a serious lafck
fundamental knowledge required to develop reliable,
scientifically proven technology for producing gasa
materials on the commercial scale. And of courfgreat
importance is the equipment used to carry out giescéc
reaction.

EQUIPMENT FOR PRODUCING GASARS

The first apparatus for producing gasars was a
hermetically sealed cylinder (Fig. 2) capable dfating
by 180 degrees [20]. Installed at one end of thlsxder
was a smelting furnace, at the other — a crystalliand in
between — a funnel. Metal was melted and after its
saturation with hydrogen the apparatus was tuneti8fy
degrees allowing the melt to flow into the crystat,
where the formation of porous structure took plaldas
apparatus had one advantage — it had a very sitegign
and was easy to handle.

Soon enough, it was noticed that the qualitygagars
depends on the rate, at which metal was poured anto
crystallizer. However, this design did not allowr fo
controlling the pouring rate, nor did it allow for
controlling the movement of the liquid inside the
crystallizer in the process of pouring as well asnits
completion. Turbulent motion of the melt before frant
of crystallization disturbed the ordered pore dsttion
and uniformity of pore sizes. In order to reduadtlence,
the melt was supplied to the crystallizer in pariaising
an intermediate cavity, or incident to a movingetl
plane made of refractory material [21]. These messu
produced positive result, however were still ingigt to
reliably control the pouring rate of the melt and i
turbulence.

Fig. 2 Schematic of gasar-furnace rotating by 18@reles
(left — view during melting of metal and saturatiath

hydrogen; center — after turning by 180 degreegtri-

after solidification and obtaining radial porositygnd 12
— lids; 2- casing; 3- radial crystallizer; - 4- hem metal
or alloy; 5- heater (resistance or induction fuej)a®-

melting crucible; 7- seal between covers and cas®ig
pouring funnel; 9- gasar with radial porosity; lgasar
with parallel porosity; 11- water-cooled crystadiizfor

producing parallel pores.

As a result, a stationary apparatus was design2{ ii2
which smelting furnace was located in the uppetipoy
crystallizer — in the lower portion, and a funnelin-
between of the two (Fig. 3). The bottom of the tingl
crucible had an opening covered with a stopperclaiz

to the end of ceramic rod. In the cold zone, thid was
connected to a steel rod extending outside thralgliop
cover. After melting and saturation with hydrogehe
stopper was lifted and the melt was poured into the
crystallizer. The pouring rate of the melt could be
controlled by the height, to which the stopper rwas
lifted. However, this design also revealed serious
disadvantages. The main one resulted from the stopp
developing such a strong connection with the ciacib
opening, that it was impossible to lift the stoppar the
stopper rod would lift, but not the stopper, whigbuld

get destroyed, thus blocking the opening. As altethe
metal would solidify inside the crucible causing tlatter

to be thrown away. In addition, such design made it
practically impossible to produce gasars basedteal s
and other higher-temperature refractory alloys¢esithe
lifting rod would get destroyed during lifting, or

chemically reacted with the melt, or melted.

e

Fig.3 Schematic of stationary gasar-furnace withstopper
mechanism for pouring melt into the crystallizeeft(l—
before pouring metal inside the crystallizer; centeafter
pouring; right - after solidifying): 13- window faybserving
melting and saturation with hydrogen; 14- stopped;r
remaining positions correspond to those shown dn Fi

Taking into consideration shortcomings of theaatus
with a stopper and the apparatus capable of rgtdyn180
degrees, a new apparatus was designed [23], inhvthie
crucible was placed at an angle of 70-120 degreds w
respect to the axis of the funnel with crystallifer . 4).
During melting and saturation with hydrogen, thecile
was positioned vertically, then the apparatus wetated by
about 90 degrees and the melt was pored into yfstatlizer
through the funnel. The pouring rate in this appss could
be controlled either by speed of its rotation, or the
diameter of the funnel opening. In addition, a diogeuring
could be performed in several steps. A big advantdghis



apparatus was a possibility of observing meltingl an
crystallization of the metal through windows lochi a
90 degree angle with respect to each other. lropimion,
such a design is the most suitable for the teclyicdd
scheme of “melting — saturation with hydrogen -
crystallization in the casting mould”.
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Fig. 4 Schematic of gasar-furnace, rotating by 8@rees,
for pouring metal into a crystallizer (positions oine
drawing correspond to those shown in Figs. 2 andeg)
— before pouring; right after pouring and solidification.

For articles in the form of tubes with radialrpsity, a
promising design was the one described in [24}ylich
filling of a crystallizer takes place from the hmtt up
through a ceramic tube inserted into a cruciblehtite
melt (Fig. 5). This happens due to the suction ctffe

which occurs when the pressure inside the hermetic
chiller drops. In this case, molten metal acts as a

hydroseal. Experiments have shown that when ugiisg t
method, filling occurs rather rapidly with a minimu
turbulence of the melt.
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Fig. 5 Schematic of stationary gasar-furnace witktah
filling of a crystallizer using suction: left — e pouring;
center — after pouring; right — after solidificatio24-
ceramic tubing; 25- valve, which opens to suck he t
melt into a crystallizer.

Devices were developed for producing gasarsowith
traditional casting mould (Fig. 6, 7) — by “froginmetal
onto water-cooled chillers of different shapes insed
into the melt [25]. In case of such design, thestalizer
is lowered into the melt after melting and sataratwith

hydrogen. Gasar is directionally crystallized oe thiller
surface forming either parallel pores (in case ofla
chiller), or radial pores (in case of a cylindricililler). The
flat chiller can be raised as gasar “frosting” kdace,
which is similar to how crystals are grown accoglito
Chokhralskiy method.

Fig. 6 Schematic of gasar-furnace for producingagaby
drawing from the melt: left — before the beginning
solidification process; in the center, gasar forarabegins
at the end of the water-cooled chiller; right — eafl
solidification of gasar with parallel pores (23-tesacooled
copper disk-shaped crystallizer)

Fig. 7 Schematic of gasar-furnace for producingagady
“frosting” onto cylindrical chiller: left — beforethe
beginning of solidification; in the center, gasarmation
begins at the surface of the water-cooled chitight — end
of solidification of gasar with radial pores andrextion the
gasar piece from the melt

In 1980’s, devices and methods were also devdlgpe .
8) for continuously gasar production in the formaofape,

sheets and cylinders [26]. Those devices will na b

described in details here, since they are verylaintd the
traditional equipment for continuous casting oestar zone
induction re-melting of metals with the only difézice
being that the entire device is enclosed withireartetically
sealed housing with controlled atmosphere.



Fig. 8 Schematics of gasar-devices for producingaga
using a semi-continuous method: a- pouring inside a
stationary crystallizer and drawing of an ingot devards;

b- pouring onto the surface of a rotating waterledo
cylinder: 21- water-cooled rotating crystallizer

It is also possible to produce gasars withoigting
mould and a crucible — by re-melting a monolithax r
inside the annular induction furnace (Fig. 9) ireth
atmosphere of hydrogen. By varying the rod movement
rate and position of the molten zone with respect t
inductor, it is possible to change pore directiongasar
rod. The shape of the articles in this case dependbe
shape of cross-section of a monolithic rod andapslof
the corresponding inductor. For such type of présluc
this method can be considered the most applicabiee
there is no contamination of the melt with foreign
particles from a crucible and a casting mould. A
disadvantage of this method is difficulty of cooration
between the movement rate of a monolithic rod dmad t
of the gasar rod.
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Fig. 9 Left: re-melting of a monolithic rod insidbe
annular inductor resulting in parallel pore forroati(rod
and gasar move downwards); right: re-melting of a
monolithic rod inside the annular inductor resugtim
radial pore formation (rod and gasar move downwards
17- base material in the form of a monolithic racagipe;
18- annular inductor

A method for producing gasars [26, 27] using a high
temperature plasma torch shall be described ingreatail.
Due to ionization of hydrogen, nitrogen or othetivazgas,

a high concentration of the gas within a small ewlt
portion of metal is achieved. Therefore, in ordeptoduce
gasars using such method, a high-pressure activésgao
longer required. Utilization of this method allowsducing
gasars based on practically any metal or alloyluding
such refractory metals as tungsten and molybdenum.

Fig. 10 General schematic of producing gasars lgh-hi
temperature plasma torch melting: 15- high-tempeeat
plasma torch; 16- plasma flow; 4- liquid saturatedh
hydrogen or other active gas; 9 and 10 - gasarelsp@7 —
water cooling copper scull crucible

Once modified [28], this method can be used rtdpce
porous coatings on monolithic products by meltingt ja
surface layer of the material (Fig. 11). In thisedydrogen
or other active gas is supplying in arc plasma (835000 C).
The gas is ionizing and saturating small liquid Ipaay fast.
Than during cooling and solidification gas-eutecgaction
takes place. And gasar structure is forming in sheface
layer. In that way closed and open porosity caolitained
(Fig. 12, 13).

°

°

Fig.11 General schematic of producing gasar cositimg
high-temperature plasma scanning system (PSS)vater-
cooled chiller (if it is necessary); 15- high-temgere
plasma torch; 16- plasma flow; 4- liquid saturatedh

hydrogen or other active gas; 10- gasar coating;d2gice
for supplying hydrogen in form of a gas, liquidr(fxample,



water) or solid particles (for example, hydridesYhe arc
burning zone

Fig. 12 Macrostructure of porous coatings havintidso
skin: upper — Ni-Fe bronze, pore diameter aboutning,
bottom — stainless steel
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Fig. 13 Macrostructure of porous coatings havingepo
open to surface: upper — stainless steel; bottditarium

In case we will supply base material in high penature
plasma zone (powder, wire, strip, and so on) we s
gasar structure layer by layer in any shape andsaey[29].
Active gas can be supplied in arc zone not onlystate but
liquid state or solid compounds (water, hydrides,
hydrocarbons, oxides) which decompose at high
temperatures producing the active gases. For P&Boah
gasar producing it is not necessary to utilize higgs
pressure because active gas ionization and vehygliagsma
temperature gives possibility to have high activas g
concentration in liquid pool under plasma torch.wiLo
leaking chamber is necessary for increasing gaddaton.
The chamber can be filled with inert gas or anyaagas at
low pressure. Another advantage of this method is a
possibility of producing gasars of practically asige and
shape with perfectly uniform structure throughdw entire
volume. In order to produce gasars using this ntstino
casting mould is required, since the product itseformed
in a layer-by-layer manner, while the movement lasma
torch is controlled by a computer (Fig. 14, 15, 18). PSS
method can produce gasars based on any metal ay all
includes titanium, tungsten, and molybdenum. As gan
see on Fig. 15 another advantage of this methoelagvely
low cost of PSS and producing gasars.

°

Fig.14 General schematic of producing gasars byh-hig
temperature plasma scanning system (PSS): 23- -water
cooled chiller or graphite plate or ceramic platewoy metal
substrate; 15- high-temperature plasma torch; 1&snma
flow; 4- liquid pool saturated with hydrogen or ethactive
gas; 10- gasar article; 26- device for supplyingrbgen in
form of a gas, liquid (for example, water) or sqfidrticles

(for example, hydrides) to the arc burning zone; @vice

for supplying base material in the form of a powdere or
tape to the arc burning zone.



Fig. 15 General view of plasma scanning system PSS
device at MER Corporation:; 1- computer controlwére
feeder; 3- low leaking work chamber (plasma torch
inside); 4- powder feeder

Fig. 16 Three dimensions titanium gasar articlegirta
open porosity

Fig. 17 Helicopter titanium gasar part (upper) mhgePSS
having closed porosity. At bottom is the part watllhigher
magnification for seeing layer structure

TECHNOLOGICAL STAGES

Melting and Saturation with Hydrogen or other Active
Gas

Melting of metal and its saturation with hydragesually
take place in the same melting crucible, althoughk also
possible to first melt the metal in a dedicatedtimgldevice
at a normal pressure and then transfer the meltamasar
apparatus for saturation with hydrogen and subseque
solidification. Different heating methods can beedisto
facilitate the melting process: resistance furnd2ée];
induction furnace [30]; electric arc furnace [26he most
desirable is the induction furnace, since it hgatt the
metal (not the crucible) and provides less contation to
the liquid metal with non-metallic inclusions amdgurities.

In case of small volumes of metal, saturatiorthwi
hydrogen to an equilibrium state does not posermuse
problem, since diffusion rate in liquid is high. Wever, for
a large amount of metal, achieving a gas-metallibguim
may turn out to be a lengthy process. Besidese aifien an
oxide layer is formed on the surface of the mdit)st
preventing hydrogen from penetrating into the metal
Therefore, when developing commercial technologites
necessary to first study the kinetics of metal sdion with
hydrogen and establishes conditions to facilitatestdr
saturation. At some point of time, a number of tecal
solutions were proposed to accelerate saturatiotargfe
amounts of melts with hydrogen [31] and nowadays th
important step in gasar technology does not pgselsiem.



The problem associated with hydrogen saturatfon
different — it has to do with a need to increasdrbgen
pressure to achieve required concentration. Thexefm

MER has developed several methods for influencing
solidifying gasars. Each of these methods demamestra
positive results, however, no universal method Veasd,

apparatus for producing gasars has to be not only which would allow controlling pore size and shapesach

hermetically sealed, but also be capable of witiditeg
pressures up to 50 atmospheres at very high tetopera
inside the furnace. This significantly complicattdse
entire technology and makes it expensive and nof ve
productive. Attempts to solve this problem by gsin
preliminary saturation with hydrogen or introducing
hydrides (or other hydrogen-containing compound$) i
the melt prior to crystallization [32] were not edtive
due to two reasons. First of all, no gas-metal léxgiim
can be reached in this case, which is critical #ogas-
eutectic reaction to occur. Secondly, in order ¢éotml
porosity and pore sizes, high pressure is requargavay
practically for all metals.

In this respect PSS gasar production [29] isy ver
promising because gas
saturation speed and gas concentration in liqual pp to
gas-eutectic composition.

Pouring and Solidification

When the melt is simply poured from the crucibi® a
crystallizer, liquid motion inside the crystallizés very
intensive and disorderly turbulent. Besides, thcpss is
accompanied by a mass entrainment of the atmospheri
gas inside the furnace into the melt. This neghtive
affects gasar structure making it disordered onaaro:
and micro-scale.

In order to produce high-quality structures,ealidated
pouring unit is required, which would provide a laar
and symmetric movement of the melt inside the
crystallizer in the beginning and throughout thegesss of
crystallization. At a certain point of time, sevesfective
solutions to this problem were proposed. Howevee o
should agree that there simply is no radical sotuto this
problem. Siphon (the most quiet) pouring methodemvh
the metal enters the crystallizer from the bottasnnot
applicable to gasars since the flow of liquid metal
destroys gasar structure that is being formed.

Solidification of gasars is a final and the most
complicated step, which determines the final stmecaind
properties of the material. As a result of gas-etide
reaction, two phases of a different physical natare
formed, which are governed by different laws. Solid
phase is incompressible and the effect of surrowndi
medium on it is very weak even under very high guess.
Gas phase, on the other hand, is a volatile materia
without shape, and even a slight change in pressure
flow rate of the liquid in contact with a growingilible
can very easily affect the size and shape of theso
Ideally, a gas-eutectic reaction shall be condudtea
completely steady liquid in absence of impuritiesd a
gravitational field. This is possible theoreticallyut can
not be achieved in practice and one could onlyttry
minimize the effect of these factors. To overcormis,t

point of gasar ingot with a 100% reliability. Motdely,
such method just does not exist.

However, a number of other factors were unexpegted|
discovered in the process of these experimentschwhi
significantly affect the structure of gasars. Thdaetors
enabled development of a series of methods forymiad
gasars with pores characterized by vast varietghaipes,
sizes, orientation and different distribution thgbout the
ingot volume [32].

Gasar structure is very sensitive to the rate arettibn of
heat removal from solidifying ingot. Typically, athe
cooling rate goes up, porosity increases and aeepage

ionization sharply increases size decreases. The direction of heat removal méates

pore orientation in gasars. Therefore, it is venportant to
reliably control these parameters.

All gasar crystallizers can be divided into teategories:
water-cooled and massive (not water-cooled). Massiv
crystallizers are much more simple and less expendor
example, copper or graphite moulds and pipes), kewe
gasar structure in them is characterized by sicgmifi non-
uniformity in the direction of crystallization. \Agrstrong
pore coagulation is also observed, since the cgolate
decreases rapidly after a few seconds from thenbegj of
crystallization and continues to drop until it en@ikerefore,
massive crystallizers can be recommended only raalls
gasar articles with the cross-section thicknes4Gofmm or
les

Water-cooled crystallizers are free of such diisatage.
However, in the first such crystallizers it wasfidifilt to
control uniformity of surface heat removal from qr@nt to
another. After numerous experiments, a satisfactolytion
to this problem was found [33] translated into riaciftannel
design of the water-cooled surface of the chiller.

GASAR STRUCTURE
General Configuration of Gasar Ingot

As opposed to known materials, crystallizatibgasars is
accompanied by a 2-3 times increase in volume. éfbes,
the shape and configuration of gasar ingot aretratl.
Typical gasar ingot is covered with a monolithiastrand
does not have a traditional shrink cavity. Moregviehas a
rat in the upper part, formed by a liquid squeeaetin the
process of gasar formation (Fig. 18). L.V. Boyko4]3
successfully named it “a turban”. A turban is fochas a
result of periodic squeezing and subsequent sigiédibn of
the liquid metal on the ingot surface. Inside of tarban
there are gas cavities, the number of which indsdtow
many times liquid metal was squeezed from undehntiet
hard crust onto the surface of solidifying ingot.



Fig. 18 Examples of gasar ingot appearanceb} and
longitudinal section of an ingot with a turbar),(ingot
diameter ~ 100 mm.

Inside the ingot, different pore distributiorendbe seen.
In the best case, porosity throughout the entitarae of
the ingot is uniform (Fig. 19). However, deviations are
quite frequent. Monolithic areas or large cavitieay be
formed inside the ingot (Fig. 19 b),

Fig. 19 Basic types of gasar ingot macrostructure:
uniform  porosity throughout the entire volume
(cylindrical ingot, diameter ~ 100 mm); b- monoiith
area in the central part of the ingot (sphericajoin
diameter ~ 200 mm);- shapeless cavity in the central
part of the ingot (spherical ingot, diameter ~ 20@)

Pore Structure

The gasar structure strikes by its diversity aray very
well be compared with the structures of multi-phase
alloys. This is amazing, since no one would expedee
vast variety in the “gas bubble — liquid” or “gashible —
crystal” systems. However, it turned out to be true

Classical type of gasar structure, formed as altredu
directional crystallization, contains ellipsoidalorps
oriented in the direction of crystallization (F20 ). The
length-to-diameter ratio can be varied using above-
mentioned tools. This would allow obtaining sphdedi
pores (Fig. 20 b) or practically cylindrical por@sg. 20

).

Typically, the pore shape in the cross-sectioneidgetly
round. However, should the concentration of hydmoge
deviate from the gas-eutectic point to the negaside,
formation of pores along the boundaries of metallic
dendrites is observed resembling typical featufethair
appearance (Fig. 29. Should hydrogen pressure deviate

considerably from the gas-eutectic point to thatp@sside,
formation of coagulating pore structure does ob=griFig.

22 b) resemble a foam structure. Structures of sy can
also be formed in case of pressure decrease during
crystallization. In case of intermediate conditioreval
shape pores are formed (Fig. 32

Fig. 20 Ellipsoidal (), spheroidal (b) and cylindrical X
pores in Mg-based gasars (pore diameter ~ 1 mm)

Variation in pressure during solidification usualtauses
formation of cone-shaped convergent or divergeneqo
However, under different conditions (e.g., in casfea
different hydrogen concentration in the melt) vaoia in
pressure causes pore growth to stop, whether s is
increasing or decreasing. As a result, structuragh w
alternating porous and monolithic layers can beaioktd
(Fig. 21).

Fig. 21 Examples of porous-monolithic structuresMg-
based () and Ni-based (b) gasars

Fig. 22 Dendrite porosity (a), quasi-foam struct(bg oval
pore shape (c)

In multi-component alloys, formation of faceted @®ror
pores of various shapes within one macro-volume lxan
seen (Fig. 23).



Fig. 23 Faceted pores in gasars:diamond faceting; b-
tetrahedral faceting; - combination of various pores
shapes within one volume

The pore surface in gasars is always free ofidor
particles and is usually mirror-smooth (Fig. 24.
However, it could be rough too, when faceted cigsta
protrude through the pore surface (Fig. 24 b), @ron
rough (Fig. 24).

Fig. 24 Pore surface in gasars: mirror-smooth; b-
macro-rough; - micro-rough (mat)

Under certain conditions, formation of smoothyt b
rippled surface takes place (Fig. 25) with varigeseral
pore geometry. Ripples are caused by fluctuations i
pressure of liquid as well as hydrogen concentnagiothe
crystallization front resulting in size variationf ¢he
growing bubble. The pore diameter changes accdsding
In principle, this process can be controlled allogvi
producing shapes with desired ripple effect.

. 25 Ripple effect on the surface of converginy (
cylindrical (b) and diverging § pores (pore diameter ~ 3
mm)

Pore sizes in gasars can be varied in the wadger
from ~ 7 mm to ~ 100 mm (Fig. 26). This allows
producing gasars in the form of a pipe with a ragul
shape without special equipment required to proghige
molding [35].

Fig. 26 Pore size variation in gasars: single pore in
cylindrical molding (pore diameter ~ 53 mm); b- gasith
pore diameter ~ 26m

Plastic deformation of gasars using variety afthods
resulting in material densification is accompanibg
considerable change in structure and propertiegerAf
compacting deformation (cold or hot), a trace & fibrm of
a zigzag line is left in place of each pore (Fig).1This
trace is not exactly a grain boundary. This is ey\stable
formation, which serves as a barrier blocking amyement
of vacancies and dislocations. As a result, thength of
material after deformation (especially cold) inGes
significantly, by far exceeds the strength of a oiithic
material of the same chemical composition. For extam
the yield strength of dense cast copper is 60-7@&.Mmhe
ultimate strength of a Cu-based gasar with porosfty-
20% and pore diameter of ~ 30-B@n is about 90 MPa.
After compacting cold deformation, the strength soich
gasar is 300-350 MPa. This is explained by accutioumaf
dislocations as a result of plastic deformationwasdl as
appearance of new formations — ex-pores, which ose
practically insuperable obstacle for dislocations cross.
The structure of ex-pores has not yet been studiade this
requires new methods and high-resolution electron
microscopy.

Fig. 27 Left — structure of a Cu-based gasar before
deformation (porosity ~ 35%, average pore diamet&0
mm); right — same gasar after cold plastic deforomatby
drawing (porosity ~ 1%).

Ceramic gasars have typical structure almostestran
metal gasars (Fig. 28, a). But sometimes we mesuaiu
lineage structure (Fig. 28, b) we never observametal
gasars. We have no explanation the phenomena yet.



Fig. 28 Typical structure of ceramic gasars (a) larehge
structure (b) (pore diameter about 1 mm)

While concluding a chapter about gasar structitirs
important to note that the name for gasars madénup
Japan (lotus structure) is not very well suiteddose of
the several reasons. First of all, there is nomiéance
whatsoever between the geometric structure of gasad
the shape of the lotus flower. Secondly, gasars Imaag a
variety of porous structures depending on numerous
factors, as shown above. Thirdly, gasars were naased
such back in 1986 [38], long before the first saamphs
obtained in Japan (in 1999). During a San-Francisco
Conference on Porous Materials in 1998, there was a
whole section working under the name of “Gasar-
technology” [36].

CONCLUSION

It is our strong belief, that gasar materialdl Ve
recognized among well-known porous constructiomal a
functional materials because of their diverse s$tmag
attractive properties and potential applications$3].

So far, technology for producing gasars has some
serious problems. The main problem is associatad wi
the need to utilize high-pressure equipment anddgeh
as a major porophore. In addition, it is difficuid
producing gasars with uniform structure and praesrin
bulk quantities. Another very complex problem itated
to production of gasars based on multi-compondays|
including hydride-forming metals (e.g., titanium,
vanadium, and zirconium). Obtaining an ordered gas-
crystal structure in such materials is quite congiéd.

As shown above, these problems can be resofvéuki
nearest future. However, more intensive research is
needed to study the theory of interaction betweaseg
and metals in the vicinity of melting and crystadliion
temperatures. At this point, there is a seriouk tacsuch
data. For example, there are absolutely no theadeti
bases of gas-eutectic reaction pertaining to iteption
and progressing.

There are also reserves in technological appesaéor
producing gasars, such as recently proposed methad
layer-by-layer scanning of a high-temperature pkasm
flow or laser beam resulting in production or gasar
articles without a casting mould. This PSS techgpl@9]
is very well addition to tradition gasar production
methods.
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