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ADVANCE IN THE THEORY OF CERAMICS/LIQUID METAL
SYSTEMS WETTABILITY. PECULIARITY OF CONTACT
PROCESSES FOR TRANSITION AND NON—TRANSITION
METALS

Abstract

The review and some general comments devoted ¢émtga: problems
of high temperature wetting and adhesion in systeqnsgl metals—solid
ceramic materials were done including the analgéidata received in a
last time. The theoretical treatment of high terapge wetting processes
and mechanism based on traditional thermodynamiom® and new
approach on atomic and atomic-electron level weeselbped. As
ceramics various substrates namely substrates ppgtiominated ionic
interatomic bonds (oxides for example) which ugubakrdly wetted by
liquid metals are considered first of all.

The contribution of nonequilibrium and equilibriyvarts of adhesion
to wetting process are considered and analysed.

The "active” metals viz metals with high enough el affinity for
solid phase atoms or iones were divided on tramsitnetals (d-electron
orbitals are partly occupied by electrons) and raodition metals (d-

orbitals are empty or completely full by electrans)
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The wettability in first case (transition metals i much more
intensive than that for nontransition metals inspf thermodynamic
factors (chemical affinity of metal for atoms afid phase are closed).
Many experimental data illustrate these regularity.

The Ligand field theory is proposed to explane andive treatment
on electron level superiority of transition metalsdhesion activity.

An adhesion activity of nontransition metals to idosubstrates
(oxides) is much low or moderate and dewettingnphgeena are
frequently observed in this case. This especiufe is explained by
formation at the interface nonstable of intermexliaalency compounds
which can be subjected to reaction of dispropodiimm.

Some practical recommendations related to regulaiad governing
wetting processes in various technological proceslurere done.

Keywords: high temperature wettability, adhesion, ceramicansition
and nontransition metals, d-electron orbitals andgahd field theory,

dewetting, reaction of disproportionation.
I ntroduction

The wettability of ceramic materials by liquid mistes important factor
for high technology development in various areaad¥anced materials
manufacture including composites processing, cerafto—metal
joining, many metallurgical problems. The wettdpjlias a part of
surface and interface phenomena is important foveldping of
nanosystems science.

Ceramics (ionic or ionocovalent substrates) — msyatems as the
most contrasted in viewpoint of difference in iat@®mic bonds nature in
contact pair are of special.

The wettability and adhesion at liquid metal—cemmierfaces are
intensively studied in the last thirty or forty yeaThe data received
before 1980 are discussed in the review [5]. Inl#s time numerous
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new data were obtained, which were considered atInternational
Conferences on High Temperature Capillarity (HTC-SB7, -2000, -
2004, -2007, -2009, -2012) and at the NATO works{i§97).

That demands further development of a theoreticahcept
describing high temperature wettability processaking into account
that a number of wettability process peculiaritresnain not clear or
hardly understandable and debatable; and in theH&€-international
conferences and in the most publications genedaliegiew or special
invited lectures devoted to the problem questidrib® high temperature
capillarity discipline are practically absent.

The aim of this paper is to consider some key tijuesin the theory
of high temperature wettability and interface stumwoe for liquid metal-
solid nonmetal substrates and make further stepth®® better
understanding of high temperature wettability pheapa. The new
approach is proposed to consideration of interfpcecesses and
adhesion mechanism including treatment of wettgbifirocess on

atomic—electron level.

Some general comments

The classic thermodynamics of surface phenomena 4]l4s a
background for high temperature wettability proesss
Among the interface parameters which describe tmact systems

solid-liquid-gas, namely surface energies at thenbary

liquid—gas 0ojg
isel-gas  Ogg
dig—solid oy,

only liquid—gas surface tensiarn, and contact anglé can be measured
experimentally with sufficient accuracy. As gy and o, we have to

recognize that numerous attempts to obtain thene wethe whole not
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successful in the case of rigid solids, and novipranately, in the most
scientific works no attention is paid to this imgamt question.

The difficulty in obtaining of solid (rigid!) surfze energy consists in
not only absence of accurate reliable experimemtihod but also in
complexity of the very notion of the surface eneajysolids. A solid
phase barierred by surface in the most cases isimdhe state of
thermodynamic equilibrium (in difference from liguphase). Also we
must account the specific solid surface structysbenomena of
relaxsation of surface atoms after surface arimuination of specific
surface crystal lattice and symmetry differentemirfrbulk structure [23,
24]. Now these processes are under intensive stddiieoretically (ab
initio calculations) [26, 28] and experimentally - g. Low energy
electronic diffraction method (see foot-note aslwepage 5).

As to the experimental methods of solid surfacerggnebtaining by
microscopic studies of the morphology of an integfaarea closed to
triple junction liquid—solid—gas with dihedral amgmeasurements (or
so colled "sine rule®) like in earlier Kingery'sam works (see e. g. [45])
in which the measurements ofg for Al;O3 and ZrQ ceramics and
interfacial energies of these ceramics contactdajoed Ni were carried
out or in the last separated works [61—63], we san that all these
measurements have drawbacks inasmuch as we caametdarantee,
that equilibrium state of contact system is readadl interface solid/gas
remains flat up to the triple line of liquid droghig late relates especially
to [62, 63]).

Nevertheless the scientific works in this importaintection (solid
surface energy obtaining) should be continued. &pevlit is necessary to
performe systematic investigations of separatedestaf complicated
methodology for measuring the surface energy ofl smmdy.

Some examples of such investigations can be thé&swf@4, 65]

where dihedral angles formation processes weraestuekperimentally

6 ISSN 0136-1732Aare3us paciiiaBoB u naiika matepuanos, 2013.Cnensbin. 46



and analyzed for couples of metal — metalquia (policrystal Ni and Pb,
and bicrystal Mo — NiMo alloy [64]. Such system® af more simple
(it is lightly to reach equlibrium state) than aare — metal systems. But
even in these (metal/metal) systems (Fe/Mn—Cu [66ifJace energy of
solid substrate could be evaluated with the aidsoine theoretical
calculations.

At the same timeaoig and contact anglé values allow to calculate

work of adhesion using Young’'s equation

N¥E 0 (1 + co9). (2)

It is work of adhesion can be related directly tolids—liquid
attraction forces and bonding energya Walue is always positive, some
attraction between solid and liquid always exiS€s. called “work of
immersion”: product oy Ocod (really “adhesion tension” — the
parameter and terminology introduced by Freindirch924 to describe
the behaviour of a liquid in capillary space), ignschanged value and,
we should consider, not suitable to characterize liquid—solid
energetic processes of bonding and interactiont gwaposed to be
considered in some works [6—8].

But of course we should note that due to compbeaf atomic
structure of a solid surface, particularly the éedtion” of the surface
atoms after surface is formed, in some theoretiwatks (ab initio
calculations) correction of W is performed by introduce definition
Wa-separation (). In the last time both Wvalues are calculated (see
first of all Finnis works [27, 28].

There are many difficulties when transferring thessical capillarity
concepts, which are stated on and operate in lempeérature
equilibrium systems, to high temperature reactiystesns area. For

nonequilibrium  systems and nonreversible conpaotesses in many
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cases one can believe that the equilibrium (pceygibbrium) is reached
in narrow interface region and thermodynamic cagrsiion can be
applied.’

Ceramics are usually badly wetted by liquid metalgystances with
high values of surface tension, which cannot beanree to spread by
weak physical van der Waals liquid—solid interactidA commonly
accepted point of view is that a good enough waeitalis realized in
contact systems which are deviated from equilibrisstate and
conditioned by chemical forces, chemical interfegactions. Historically
this assertion was pointed out in different formg rhany authors:
A. Levin (1952 [9]), Kingery, (1956 [10]), our ing#gation (1954—
1958 [11, 12]), Jordan and Lane (1962 [13]), Zhwitis&@y (1964 [14]),
Ono and Kondo (1960 [15]) , Aksay, Hoge, Pask (195)).

A classification of the contact systems liquid atsplid, dividing
them on equilibrium and nonequilibrium ones andlgses of wetting
process in each type of the systems were donEijn(1968). According
to [12] for any contact systems

),N: WA nonequil + WA equily (2)

where WA nonequil = f(piL—uf'); u-°is chemical potential ofi-
component in liquid and solid phases, arjd# pu°> for nonequlibrium
contact systems. MW equi IS function of difference in nature and
properties of phases, which are in contad®® and Ps,
Wa equil = ¢( PL — Pg); the difference of phase properties is the very

reason for positive interface tensiona W is equal W equil for the case

when the phasé a phases are closed on chemical nature and are in

" The thermodynamic of nonequilibrium processes lmarused if system deviates not
far from equilibrium state (linear Onzager eqoias); But these theory is developed
not enough for use it in real contact systems.
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conditions of thermodynamic equilibrium at theirntact (of course
temperature and pressure in each phases mearetual.”

Chemical interface reaction gives directly an eagecgcontribution to
wettability and adhesion. This last assertion ietimes debatable and
only the role of a new intermediate phase which farened at the
interface is declared [17—19]. But free energy bé&mical reaction is
identically equal to the energy of chemical bonstslglished (in our case
interfacial bonds). So this assertion as a matteflact is evident and
confirmed by many experimental data, namely by togrelations
between wetting and energy chany® (Gibbs potential change when
reaction occurs) for various systems. Let us carssdme examples.

On Fig. 1 data for simple (monocomponent) solidri{oa—
graphite)/liquid metal systems wettability are pred [25]. The
wettability was measured for alloys, containinghsiion metals Ti, Ta,
Nb, V, Cr, Mn dissolved in Au, and Ge. The enunefa¢lements are
characterized by high enough (but different!) cheahaffinity for carbon
and form carbide layers at the interface.

There is a good correlation between wettability Al for reaction
of carbide formation Me + C. MeC +AG. The moreAG value the
better wettability degree. (Action of nonequilibmy reactive
contribution to V¥ value). Separate deviations from strict succession
AG — contact angle dependence can be explained fhyemte of
different thermodynamic activity of elements Ti,, Mg Nb, Cr, Mn in a
solution of these metals in Au, Ge. The data ferrtodynamic activity
in many cases are not known, but cunsideratioroaesponding phase

diagrams of alloys allows to remove some contramhct

" For values ofP, and Ps various characteristics of liquid and solid phétse of
chemical bonds — e. g. share of ionicity of boradectronegatiuty, electrocouductivity,
equlibrium concentration of one of components aegitemperature of phase diagram,
e. c.) can be taken.
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Fig. 1. Wettability of graphite by Au—melts)( and Ge—melts hj):
concentration dependencies of contact angle= 1200 °C. Gibbs
potential changes when metal—carbon reaction ocaodscarbides are
formed AGuga ¢ for Mn (3,5), Cr (12), V (27), Nb (32),
Ta (36), Ti (47)
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(Thermodynamic activity of Mn in Mn—Au alloys is aNable, andayn,

at concentration region 0 30% (at.) is very low and corresponding
curve for Mn in Fig. 1a will be really displaced to left and down in
Fig. 1, but succession &fG° values for different metals and corellation
wettability —AG® will be nevertheless observed).

It should be added that adhesiactive elements tigedsd form at the
interface alloy/graphite the layer of metallikarbides, which itself can
be wetted by liquid metals (action of equilibriurpin total WA). But in
this case it is hard to find the correlation (if db exists) between
wettability degree and properties of correspondiagbide. As a rule
thermodynamically stable carbides (like TiC) arettesd worse than
chromium or tungsten carbides.

Another example clearly shows important role of ctee
nonquilibrium part of VY (see table 1 [25, p. 62—64]).

The metals of VIII group of periodic systems — Wip, Fe and Pt,
Pd wet graphite surface only due to dissolutiorcess of carbon in these
metals.

The dissolution of carbon in liquid Ni and otheuarerated metals is
chemical process, chemical reaction and while tuoe high enough
wetting degree takes place. The metals saturatechiyon up to limit
concentration (at the given temperature conditiadm)’'t wet graphite
surfaces > 9C). In this case the chemical potentials of carboliquid
and solid phase are equal and contribution of naifibgum term in the
total work of adhesion is zero. Ni, containing ~12%at.) C
(T ~1500°C) is hardly closed on properties to pure grapbiethat
equilibrium term to VY total cannot be significant (it is possible — on
the level of van der Waals energy interaction).

The next point. It was revealed [58] that metaltrspkeading (alloy

CuweSmyTizp and other Ti-containing melts) on graphiteface is very
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T a b | e 1.Wettability of graphite by liquid metal—pure and
saturated by carbon [25]*

Liquid
metal
Liquid T.°C o° saturated by T.°C 0°
metal carbon,
% (at.)
Fe 1550 37 Fe+157C 1550 107
Co 1500 48 Co+155C 1550 120
Ni 1500 45 Ni+13C 1550 115
Pd 1560 44 Pd + C** 1560 116
Pt 1800 87 — — —

* Experiments were performed by sessile drop metinodigh vacuum

with the aid of special set up, which allows to theetal sepcimen and
graphite without contact of one to another to terappge we need and
then to place drop on graphite surface. Experimerte performed with

G. A. Kolesnichenko.

**Carbon concentration is closed to saturation one.

fast process. After the moment of liquid—solid @mttoccurs, wetting
angle dropping from 160—180to 20—30 takes only ~10 sec
(experiments were performed with the aide of supgh speed photo
camera: 1500—5000 frames/sec). In such case itard o expect
formation of 3D layer of titanium carbide. One @y about adsorption
process of titanium on the graphite surface. In] [t® process of
chemical adsorption of one of component of liquidage on solid
substrate surface is treated as essentially diffefeom chemical

interface reaction. But chemical bonds (includiragiSorption” bonds)
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are formed in both cases, and energy of these bghas direct
contribution to the total adhesion at the liquidioontact.

Further the most contrast systems as to naturatefatomic bonds
namely liquid metals and ionic solid phases (egi@ith predominated
ionic bonds) will be considered.

In liquid metal—oxide contact systems when oxidatieduction
interfacial reaction produces a layer of a newrmeiate oxide (oxide
of liquid metal phase) the greatest wettability réegwill take place for
oxides in which metallic properties are the mosbnpunced. In
particular for Ti-containing melts contacted todes AbOs;, MgO, SIQ
this is clearly illustrated experimentally [30]. faaare presented on
Table 2. If TiO oxide is formed at the interfaceoigp | in the Table 2)
adhesion is the much more (circa by factor 2) thdhesion in case of
Tio,O3 formation (group Il in the Table 2). Simple ex@#ion of the fact
is as follows: TiO-oxide is the more metallike campd in comparison
with Ti»Os-oxide (last compound is closed to semiconductivessate,
in which electroconductinity of metal type is masfed at high
temperature. The change of Gibbs potential for Ti@mation
(-387,74.a.9 only some more than that for s (-380,0%y.9; so
that in this case one can talk about significate m wetting process of
equilibrium part of total W.

Nevertheless at consideration on the whole depe&edefh contact
angles on Ti concentration (system Cu—Ti®@d) one can observe
intencive action of nonequilibrium, reactive factas well. Moreover
there is possibility to divide the action of nongipuium and equilibrium
factor in wetting process. This illustrates Figwhere wettability — Ti
concentration dependence is presented for systemis—Al,O; and

CuTi—TiO114 For CuTi—ALOs; total contact angle dropping when Ti-

" TiO, 14 Oxide has been specially synthesised, this subssa&losed on composition to
TiO oxide.
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Fig. 2. Wetting of AlO; and TiQ 14by CuTi alloys, T = 1150°C

concentration increases from 0 to 8% (at.) is @9 + 15 = 119 it is
caused by action of both factors—reactive and dxitim ones.

For pure Cu contact angle wetting of TiQis 82 viz the contact
angle dropping (comparatively to &) is 129 — 82 = 47and such a
contact angle change must be conditioned by adfi@guilibrium factor.
Further not so significant contact angle droppisgwee can see on the
Fig. 2 for CuTi—TiQ 14 System can be explained by some remaining
reactivity (TiO 14 contains some more oxygen than TiO) and changing
liquid phase composition from pure Cu to Cu—Togdl. We should pay
attention, that steepness of the curve of obraagle dropping for
reactive systems CuTi— &Ds in interval 0—2% (at.) Ti is much more
than that for Cu—Ti®14 Systems, closed to equilibrium one.

In sum as to Eustathopoulos point of view [17] tiectiv term role
in adhesion and wettability is negligible one cay that such assertion
cannot be accepted. Authors [17] insists that ..rretersible

contribution to wetting would be effective only the case of very
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intensive reactions locallised at the triple lirfgfiear boundary liquid—
solid—gas). Such formulation causes many quest@amd containes
vagueness. For example: there are to much consgifmmmanifestation
of irreversible contribution to wetting process.

Besides author in [17] evaluate the action of ngacfactor by
thickness of interface layer —;0s3 arised at the liquid/solid boundary in
system CuPd—Ti(15% (at.)) contacted to@d, mullite, SiQ; 1475 K.
But it is clear that thickness of an intermediatgel in experiment [17]
and on the whole, say e. g. thickness of oxides@tmn an solid metal
surface at oxidation of metal is "kinetic* factatetermined (excluding
may be for noble metals) by diffusion mobility obraponents in
compounds, structure of and defects in solids satfes{new and base
one) and cannot be cryterium of reactive, chemitability* of
components at the interface.

So at the end we need to take account of the bmtkributions to

wetting processes: nonequilibrium  (reactive) cdmiion and

equilibrium one.

It should be noted that the processes consideredealfor Ti-
containing melts—oxide systems are especial intedesTitanium is a
transition metal, that is metal in which its atoare characterized by
partly filled d-electron orbitals. Only transitiometals can form the
oxides with significant share of metallic interaiorbonds and metallic
properties.

The question about the role of d-electron orbitalgshe adhesion
processes for contact systems metal melt—solidesxwdll be discussed

below in details on atomic—electron level.
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Table 2The work of adhesion at the interface of liquid—sad in
systems Ti — containing melts (2% (at.) Ti) — AIO3;, MgO, SiO,and
chemical composition of interface layer [30]

Method of

Wa, Intertace identification

Group Systems T,°C mJ/n? layer of interface
compound

Cu—Ti—Al,O3 1150 2100 TiO X — ray*
Cu—Ti—MgO 1150 1894 TiO visual**
Cu—Ti—SIiO, 1150 2185 TiO visual

Au—Ti—Al 203 1150 1100 Ti203 X —ray
Ni—Ti—Al 203 1500 1220 Tzog X —ray

Ni—Mo—Ti— 1500 <1500 TiO3 X — ray
Al,O3
Sn—Ti—SIiG 1150 867 TiOs visual

* The identification of different Ti oxides was parfted by investigation
of its crystallographic structure with the aid efay debyegramms which
were received on sapphire and other oxides as gbde. The seamples
of oxides were prepared in shape of cylindricalogsv(1 ~1 mm, 10—
15 mm long) with well polished surface. Such piveesre immersed in
metal melt and then extracted from one. Temperattime—high
vacuum regime was the same in the all manipulatibn® to not full
wettability of solid surface covered by TiO or®k oxide layer by metal
melt @ ~30—40), after pivot extraction surface of seamples waret
and “dry”. Then seample (cylindrical pivot) is péaktin x-ray camera and
debyegramm was produced at revolving of seample.

** The colour of TiO and TiOs is strongly different. So identification of

such oxides can be perfomed by visual observasomedl.
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The atomic mechanism of interface bonds formation in metal

melts/solid substrates (mainly—oxide compounds)

The oxides surfacesandomly oriented are formed mainly by oxygen
ions, which are of significantly more dimensions darhigher
polarisability than that for cations.

When crystal is breaking on some plane the cationsurface due to
its low dimention and more mobility under actionfoifce field of crystal
are displaced beneath the geometrical crystal saifiavel, in the depth
of crystal. It means that liquid metal at contacbkide surface interacts
mainly with oxygen (anion) on oxide surface. Alletle assertions are
based on many works, beginning with Madelung [Z3@nt [21], Weyl
[22], Adam [4]. Really the surface atoms due tdklat neighbors and
under action of force field of crystal are displddeom its position in a
bulk of crystal. These phenomena as mentioned abogeknown as
atomic relaxation and surface reconstruction (see [23, 24]).

The formation of interfacial strength bonds canrbaged of follows.

Terminal metal atoms of liquid phase contactingediy to solid

surface (oxides) have to participate simultangous) in the ionic

bonds to the oxide, giving a part of their valeglectrons to p-level of
oxygen in initial solid oxide (oxidation-reducti@hemical process which
leads to formation of a new oxide, viz oxide of ate&f liquid phase) and
b) in metallic bonds to other, more deeply posihiquid metal phase
atoms.

This last bond will be weakened because of nagyaation in it of
electrons leaving terminal metal atoms and accepyedxygen of solid

phase. The resultant bond at the interface liquedaifsolid oxide and

" We talk about so called "common oxides“— like®4, MgO (oxides of nontransition
metals). It is possible to enlarge these consiaeraton the other ionic or ionocovalent
substrates, viz galogenides (fluorides), somedswsfi soltlike compounds.
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wettability will be conditioned by weak link in trehaine: metal atom in
the depths of melt — terminal metal atom — oxygesalid oxides, and

two cases can be realized:

i. If metal of liquid phase is of low chemical affipitor oxygen (noble
metals for example) interface (in atomic treatmeethains between
terminal layer of metal phase atoms and solid axi@esak ionic or
only van-der Waals bonds will take place).

ii. If metal of liquid phase is of high chemical affinifor oxygen,
strength ionic bond will be formed between termimaital atoms and
oxygen of solid oxides. That will result in sige#int weakening of
bond of terminal layer of liquid metal phase toastimetal atoms in
the depths of melt due to excluding of a part ofewaelectrons from
metal-metal bonds. Displacement of an interfacd wgcur from
initial  position of first metal layer/oxide suriacto position of

first/second metal layer of liquid phase.

Such a hypothesis, formulated early (1980—81) 8, & confirmed
by “ab initio” calculations for contact systemstaile-oxide [26, 27]. In
this sense Finnis works are especially interested Nb—ALO3; system
Finnis [27] shows that bond of terminate Nb atonmalayer to oxygen
layer on AbOs surface (ionic bonds), is strong, stronger thar—Ni

and Nb—AlIl bonds. In the atomic chain

O—Nb terminate —— Nb volume — Nb volume

the most weak link is

NBminate — ND volume bond.
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It is beneficial for good adhesion when only pdrivalent electrons
are excluded from metal—metal bond, i. e. boundapms of metal
phase (now — are ions!) must be in the statentgfrinediate valency.
The stable state of intermediate valency is charatic of transition

metals.

Transition elements — element with partly occupiggtlectron
orbitals are characterized by easily moveable mpitt structure, an
ability to form the different electronic configui@ns with close energy
(hybrid Sd and Spd — orbitals) or in chemical laagel — ability to
form a number of stable compounds with differem¢rimediate valency
or in many cases with significant deviation fromacstiometry, arising of
vacancies in crystallographic lattice and even weat®ugh area of
homogenety in constitutional diagrams of alloys

Taking all that into account let us consider sompeeimental data
including received in the last time for thermodynastable oxides (like
Al,0O3, SIG,, MgO) wettability by liquid metals. As liquid phes alloys
containing transition metals — Ti, V, Zr, Cr, Sdie considered. And
for comparing nontransition metals Al, Si, Mg arid alloys will be
considered as well. All listed metals possess Bagmt (although

somewhat different) affinity to oxygen.

The wettability process for transition metals

Pure Al, Si, Mg wet (but moderately) oxide surfacentact angles are
70—80 (see Table 3).

The addition of these metals (silicon, aluminiumagmesium) to
inactive metals, viz metals with very low energyoafde formation, like
Cu, Au, Sn, Pd and others at concentration 5—108dsleo contact

" As it is said in [31] “Transition elements maniféise much more variety of chemical
bond types than any element of the main subgrotiiseoperiodical system. They can
exist in many different oxidation states”. The samim [56] “For all transition elements
a great number of their oxidation states is charastic of ...".
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angles dropping from 120—13@ 60—80 [5, 19, 29, 52] (Fig. 3 ), viz
AB ~50—60.

According to [19] wetting action of Mg in liquid P@ystem Pd—
Mg—AI,0s, 1565°C) is as follows: at Mg concentration ~4—10% (at.)
contact angle drops from 1%75° (pure Pd) to 84 A8 ~40°.

So one can say that reactive (nonequilibrium) wgttaction is
significant, but some restricted, for systems abersd.

The wetting of Ti, V, Zr is much more strong. At reolower
concentration of these metals — 2—15% wettabilityA,O3 by alloys
on base of Cu, Sn, Au and others is high; contagtes are 10—30
very high of adhesion activity is observed for Sonzell (see Fig. 3 and
Fig. 6).

T able 3Wetting of oxides by pure nontransition metals

Systems T.°C 9° Refer.
Al,O:—Si 1450 82 [44]
Al,O:—Si 1417 80 [40]
MgO—Si 1450 101 [44]
BeO—Si 1450 76 [44]
Al ,O5—Al 1600 61—70 [50]

Al,Os—Mg 720 78 [46]
Al,0;—Mg 700 65—70 [47]
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Fig. 3. Comparative data for wettabilitty of 8k by alloys Cu, Au, Ge,
Ga with nontransition metal (Si, 1150—12%0) and transition metals

Ti, V, Zr [28, 30, 48]. (The data for Au—Si alloyse presented more

exactly on Fig. 8)
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Fig. 4. Comparative data for wetting activity of [®9] and Ti
[30], dissolved in Sn at contact to,8k, T = 1000°C
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The same one can see at comparing of a weak weitingty of Al
and strong activity of Ti, dissolved in liquid SRkid. 4). So transition
elements possess much more adhesioactivity, thaontramsition
elements.

The main reason for it according to mentioned ahkisvas follows:
transition metal atoms (in difference from nontiaos ones) can

participate _simultaneouslin interatomic bonds of different kinds —

metal, ionic, covalents; strict valent relationscoimponents are not so
importent in this case.

So, if terminate atomic layer of liquid metal arairhed by him of
mono- or several atomic dimentions layer of a m&erface compound
(oxide in this case) to consider as a link, bondiggid metal and solid
ionic substrate, it is necessary to allow that inetams of this layer take
part in bonds of different type — ionic and metalBoth bonds — ionic
and metallic have to be of high strong in ordemgttability would be
high enough. The transition metals mitt these domt on the whole.
But it is necessary to define this rule with mocewaacy end explain it
on atomic — electron level.

To understand the nature and reasons for arisingnetal type
bonding in a ionic substrates, electronic structofean intermediate
oxides of low valency at the interface in relatfmnwetting processes
have to be considered. Ligand field the¢®l—33] can be propose to

use for it.

Ligand field theory as it is known was firstly démeed for complex
compounds of transition elements and then enlangedarious refractory
compounds by american works (Morin [34] and esplgci@udinough
[35]) and by russians (Geld-Shveikin works [36—)3@érticularly for
transition metals oxides.

The essence of this theory (for oxides particu)aif/as follows:
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* In monoxides (MeO) of Sc, Ti, V, Nb, Zr, Hf with E&
structure;

* In oxides (MeOs3) with corundum structure;

* In bioxides (MeQ@) with rutile structure;
transition metal cation is in an octahedral (ostalted octahedral)
interstice of an oxygen anion sublattice. The tedstatic interaction
between negative oxygen ions (Ligands) and posttigasition metal
ions causes a splitting of energy of d-cation etectevel (initialy five
multiple degenerated) to a more stable triply esegated st level
(three-dy, d,,, d,, atomic orbitals) directed away from neighboring
oxygen anions, and a less stable double degenergtievel (two-d.,
dyo _y2 Orbitals) directed towards neighboring aniongy(f). In all
above mention oxides the splittidg (difference between energy of t
and g levels) is smaller than the intra-atomic electexchange energy
Eex Viz A<Ec(Fig. 5,a8). So d-electrons, at least ikh in according to
Hund’s rule, will in a high-spin state and will ready” to coupling and
bonding neighboring cations (Fig. B); (n is number of d-electrons in
cation).

The direct cation—cation interaction via overlagpication d-
electron wave functions of neiboring cations widlke place and
intercations bonds (including metal—like ones!) camse if distance
between cations is lower than some critical value.

It means that lower oxides of transition elemesitsiated at the left
part of periods of periodic system (n < 5) can pessnetallic properties.

Especially favourable case is when d-electrons reunib transition

metal cation rx 3; the electrons occupy onlyg tevels, and cation-cation

" Really covalent interaction due to overlappingafrbitals of oxygen and d-orbitals of
metal and electron-spin interaction (exchange aufwn) take place; in our case we
neglect these effects (for simplicity). So thagdty of “crystal field” in essence is
under consideration.
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Fig. 5. Spliting of energy of d-cation electrondéyinitialy five multiple
degenerated) on more stable triply degener@igdevel (threedyy, dy,,
dy, orbitals) and less stable double degenerategd level

(twodzz, dXZ-yz orbitals) — a, and metal bond formation between
neighboring metal ioned)

interaction is very strong (stronger than the cafaion-cation
interaction). Point is thatg@rbitals directed towards neighboring anions
(Ligands) and electron on these orbitals caus@usion colomb forces,
increasing parameter of crystal lattice of compoamd cation-cation
distance, and overlapping of its orbitales de@sa#\n absence of
g electrons allows a minimal separation between hi®gng cations
and maximal overlapping ofgtelectron wave functions, and if cations
have half—or—less—filled cation orbitals viz pa#rtyilled
electroconductive zone, such compounds have tepsssally the metal
properties: electroconductivity of metallic type, eak Pauli

paramagnetizm, metal luster.

" Really repulsion can be caused by exchanged enérggctrons as well.
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Metalic preperties of intermediate phase are \mgeficial for good
wetting in contact systems with liquid metals.
Quantitative numerical parameter determining intgnef cation-

cation interaction is integral of overlapping oftioa-d-electron wave
functionsjwiwjdv , Where, andy; are wave functions gl dyz, 0y in

our case) for neighboring cations-delement of volume, which was
calculated by Shveikin and coauthors [36—38] varous oxides of d-

transition elements.

The overlapping integral Iwilﬂjdv characterizes strength of

cation-cation metal bonds in ionic compound of $raon metals and can
be consider as electronic criterium of metalicifyianic substrates. In
our case we are talking about compound (intermedatde), arised at
the interface of metal melt, containing transitrortal—solid oxide as a
result of chemical interaction between metal mall @dase solid oxide.
So in adhesion and wetting in system metal/oxide parameter can be
of key factor (of course beside chemical thermaaiyic factor—affinity
of metal of liquid phase for oxygen (Gibbs potentizangeAG when the
chemical reaction metal—oxide occurs).

As above mentioned in our earlier works [30] moighhwettability
degree was revealed for systems in which at therfades lower TiO
oxide arises comparing to systems whereO7i was identified
(see Table 2). This fact has been explained on ¢maple
phenomenogical consideration: TiO is more mdaltompound than
Ti0s.

The Ligand field theory allows to give the more plegbeoretical
treatment of these phenomena. On the Table 4 rehctproperties of
titanium oxides put in conformity to wetting behawviof titanium in

different alloys which are in the contact tg,@4, MgO, SiQ.
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For TiO interaction cation—cation is strong and ahéype bonds
are provided by two d-electronsg(@lectrons), overlapping integral is
0,02 (it is not so little value). The wettability systems with TiO at the
interface is as follows: contact angle drops fro29-+133 for pure Cu
as liquid phase to 14—1dor alloy Cu—8% (at.) Ti. In oxide 70Os
cation has only one d-electron; there is moeeratation-cation
interaction; overlapping integral is lesser, B§n0,012; TiO3 — is
semiconductor with narrow energy gap, metal typ@&doactivity is
observed only at high temperature. The wettabilitysystems where
Ti,O3 arises at the interface is less intensive; Cordagte drops at the
same concentrations of Ti — 8% (at.) to 65-=8Bleanwhile in both
type systems (with TiO and Jd; at the interface) nonequilibrium
(reactive) and equilibrium contributions to adbeswork act in the
same favorable direction increasing the wettability

The work of adhesion for the first case ("TiO cgsi“much more
than that for "T4O3 case”. (These data were presented in Table 2).

TiO, — dielectric, insulator; d-electrons for cation-tioa
interaction bonding are absent; overlapping irdkigrO; Bonds between
cations is realized only through anion oxygen \iz*F— 0, - — Ti**

For such a material only nonequilibrium reactivatabution can act
(first term of equation 2).

The experimental data for wettability by Ti — caniag melt for
case of TiQ as intermediate phase formed are absent. But #rerdata
[39] for systems where the intermediate phag®glis formed (closed by
composition to TiQ). For such system (Ni55Pd45—Ti/8);) TisOg was
identified at the interface, and contact angle driopm 112 to 92only.
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Thus on the whole there is correlation betweentepiz structure of
intermediate phase formed at the liquid/solid baumand wettability in

system.

The decrease of the val'{léJilledV causes decrease of metallic

bounds in compound. For oxides of various valenc®he and the same
transition metal, metallic properties are the grstator lower oxides and
decrease down to those which inherent insulatdostamces (with
maximum valence of metal).

In distinction from data of Table 4, where relatf wetting activity

for one and the same metal (T different valence state, electronic

structure and overlapping integral for d-electromves functions is
considered, we can try to ascertain how much thetingeactivity of
different transition metals (at least for the same period}h@ same
oxidation state ME (monoxides) relates to electronic properties of
interfacial oxides and corresponding overlappirtggrals.

(Geld-Shveikin [36—38] calculated overlapping inedgvalues for
monooxides MeO, where Me—transition metals in 3taAd 5d periods
of periodic systems; Table 5).

The experimental data-namely concentration depeamsderof the
wettability in the systems with 3d elements — S¢ VI Cr (as additions
to nontransition metals) at contact to oxides ar&lable and fitted to
compare [41, 42]. Let us consider these data.

Sn—Sc/AbOs, In—Sc/AbO; systems can be compared with the same
systems with titanium. The wetting activity of i Ga-melts contacted
Al,O; and SiQ can be also compared with that of vanadium and
chromium (Fig. 6, 7, Table 6).

Scandium being dissolved in indium and tin was shosvdecrease
sharply the contact angle in contact systems witfDAand SiQ (see
Fig. 6a, b). Wetting action of scandium is stronger panng to the
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T a bl e 5Electronic structure of monoxids (MeO) of 3d-transtion

metals—overlapping  integrals of d-electronic wave functios

jwi(//jdv. (Geld’'s—Shveikin’s calculation). For comparing the

data for 4d- and 5d- transition metals are present

3d-metals
Metal Sc Ti V Cr Mn ... Fe
[gwdv 002 o008 — —  0,0004
4d-metals
Metal — Zr ND
[gpav 0,077 0,057
5d-metals
Metal o " Ta e
[g,av o128 0108

* The values for hypothetic monooxides.

T a bl e 6The wettability (contact angles, deg) of AlD3; and SIO,

(solids) by In—melts containing additions ofSc and Ti

Melt T, °C Solid substrates
composition,
% (at.) Al,03 SO,
IN—2% Ti 600 52 —
700 48 64
IN—29%6 Sc 600 35 35
700 10 12
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t
Fig. 6. Wetting of AJO3 (a) and SiQ (b) by Sn—Sc, and Sn—Ti

melts [41]
action of titanium. There are data [60] showingttBaO is of cubic

structure (NaCl typea = 4,54,&) and possesses metallic properties—

metallic electroconductivity evidently similao TiO. Integral of

" The question about existence of two-valence Sc oammgs is under discussion. In
[48 (1964)] one believes that only "Scvalence compounds exist, but in more later
works [60 (1974)]St valence compounds (ScO) was declared to obtaitse; i
crystallographic structure and some properties vudestified. Evidently we can follow
to these later work.
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Fig. 7. ALO; wettabilty by Ga base melts,
T =1050°C [48]

overlapping of wave d-electron functions is nobwknfor ScO. But we
can suggest that this integral would be higher nthaat for TiO in
accordance with the general tendency considesgliee That can
explain more higher Sc wetting activity.

Ti promotes wettability much more than V (Fig. The contact
angle decreas&8 for Ga—Ti melt/ALO3z at 1050°C is near 60 when
Ti concentration is ~2% (at.); in the same tiche ~30 for Ga—V melt
at the same conditions. This is in accordance witinch higher value for
the overlapping integral of 3electronic orbitals for Ti-iones in TiO
oxide (0,02); the such value for vanadium oxide YM® equal 0,008.
Thus the electronic structure of VO is less bemafifor the wettability
than the structure of TiO. The difference in wegtactivity of Ti and V
is also conditioned by different affinity of thesestals for oxygeniH.gs
for TiIO and VO equal 124, and 98/, respectively). This
difference is not so significant and it is probablyt enough to explain
the markable difference in the wetting behaviofibfand V- containing
alloys (taking also into account that thermodynaautivity of Ti in Ga-
melt must be much lower than that for V. This candeduced from
corresponding constitutional diagrams Ga—Ti and—&aalloys). At
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least we can consider that the change of the qyarg degree of 3d

electron orbitals does not contradict to the cleamg wettability. So

value of IwqujdV is important factor for characteristic of miét

interatomic bonds formation and metallic properixé lower oxides of

transition elements. Higher vaIu.Ll-pqujdV is favourable for the good

wettability of solids oxides by liquid metals.

Adhesion activity of chromium is low (Fig. 7). Cawct angle
decreases only by ~5-=>7for the system Ga—Cr/AD; at Cr-
concentration 10% (at.) and at temperature 1060 At the same
conditions contact angle for the systems with dama decreases by
~3(0°. It is hard to explain such data only by lessén@y of chromium
for oxygen (1/3AH,9s for Cr, Oz is 90 ¥y aom 02 this value for
vanadium oxideAHyes for VO is 98 *@/...). Reason for such weak
wettability of chromium containing melts must betire peculiarity of
electronic structure of chromium and its lower @sdwhich can formed
at the interface.

Analysis of Geld’'s-Shveikin’s calculation data, ceming to the
overlapping integrals for the wave d-electron fioed for the oxides of
3d (and 4d and 5d metals), Table 5, shows thab¥kdapping integrals
are the greatest for the elements in the beginmirggperiod and decrease
with increase of the element atomic number alorggpariod. In other
words there is a tendency for the overlappinggrateto decrease from
the left part to the right one of the period ofripdic system.

(Unfortunately we cannot say that such dependergestiongly

" Some more chromium wetting activity was found 48][ For alloy Ni—19,3Fe—
20,7Cr (% (at.)) which was in contact to,@% at temperature 1470C contact angle
decreases from 112or Ni—Fe alloy without cromium to S0for alloy with cromium.

It contradicts mentioned above but can be conditiohy very high temperature and
significant greater chromium concentration.

32 ISSN 0136-1732Anre3ust paciiiaBoB U naiika marepuaion, 2013.Cneusbin. 46



monotonous; extremal points are possible for migdiperiod — when
d- cation electrons number are in range5).

As it has been pointed out above wetting activipehds also on the
thermodynamic factors, first of all on the chemiedfinity of liquid
metals for oxygen. The affinity of metal to oxygeralso changed along
the period from the left to the right part of thewr of elements. The
greatest most valueSH, AG for oxide formation inherent for elements
which are disposed at the beginning of period, eksing to the right part
of period. We have to accent, that “affinity fattgroduces the
nonequilibrium, reactive part of adhesion (firatmein the equation (1);
In prolonging discussion about Cr—adhesioactivityshould note an
electron—valent state of chromium compound.

Many two-valence chromium (Cr") compounds are kmg48, 59].
The lower chromium oxide CrO exists (black chromiauboxide [59])
and is characterized as chemically inert compounhdiemperature
< 700°C. Compound CrO at heating to T > 7@ in vacuum conditions
is transformed to GOs. But if we consider interface of chromium
containing melts/AI0; in conditions of oxiden lack (due to high
thermodynamic stability of AD; and strong Al—O bonds) we can
suggest that chromium suboxide (CrO) can exishatinterface at the
more high temperature. In this case we can diseles$ronic properties
of CrO.

CrO crystallographic structure is not known. We batieve that it is
cubic structure of NaCl type, like TiO and VO stiwe. But in any case
for all (almost) compounds of Cr(ll) (two valencleromium), chromium
cationes are in a octahedral (or partly distortethlwedral) interstice of
anion sublattice — O ligands [48, page 232]. Coordination number for
the cation is 6. According to magnetic measureménitsalmost all
Cr (I) compounds high spin electronic state takdace. Therefore

electronic configuration of CF cation must be 3, &' (but not Bg).
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That means that one of d-electrons will fill theglter d level (g). So

distance between the cations must increase dueegalsion forces
between electrons on thg level orbitals directed to ligands Oand the
overlapping d- electronic orbitals must be smaélhfortunately the
overlapping integral for CrO is not known now. Aotding to the general
tendency and mention above considerations, weegaect that the
overlapping integral for chromium cations electmwirbitals must be
small and lesser then that for vanadium (and ti@)i monoxide and
metallic properties of CrO should be express fgintlhat can explain
poor wetting activity of chromium.

As to mechanism of bonding of terminal atoms ofuilij phase
containing transition metal (Ti for example) withhet layer of
intermediate (lower) oxide formed at the interfacee can allow
possibility formation besides ionic bonds with anmf oxide also metal-
bonds with cations in this oxide. As usual thi& lateraction is weak or
absent for nontransition metal oxides due to ealdrly dimensional
reasons — great anion radiusj@omparatively to the cation radius. For

Al,Os e. g. value

Laion . OOA_ 37

I"a\nion 132A
For oxides of the transition metals (TiO) this tiela is more

favorably by factor ~2

~061

Fanion 1,32

rcation |:| OBA

So bond between positive metal ion of Me oxide and neutral metal
atom in liquid phase can exist. We consider iritenéc transition metal
bonds on the same concept — splitting the d-lewelty and g

sublevels, high spin state of electronic systentsaerlapping of the d-
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electron wave function with creation of the bormgween transition
metal atoms.

The structure of d-electron orbitals and their rimlean interatomic
bond for the transition metals is under discusgiaring many years.
Perhaps beginning with Pauling (and not withstagdioy Mott)
“atomic” treating of d-orbital electrons as localiznear atom framework
(Heitler-London approaching) is declared. Such tatbiare positioned
inside atomic sphere and almost not overlapped h Horbitals of
neighboring atoms. Friedel [57] argued it and pmese a number of facts
which confirm d-d-interaction between the nearésing. Many of these
facts are evident: contribution of d-electrons kecguconductivity and
electronic heat capacity at low temperature; kn@errelation between
degree of occupation of d-orbitals by electrons lboding energy, with
the maximum of bonds value when d-electrons nuneleialed 5 and
others. F. Cotton and G. Wilkinson emphasize that’d-orbitals is
placed in space, extending far away on periphergtams or ions” [48,
page 11]. According to Biltz [49] d-electrons of NWe bonds
particularly in lower titanium compounds of suchtipe, provide the
greatest long-range interaction between ions andtermé

electroconductivity and magnetic properties of sases.

The sum inference can be formulated as followswiegability in the
most contrast (as to nature of interatomic bonds)tact systems metal
melt/solid substrate with predominate ionic bondé ke the most high
when melts containe transition metals with eledtratructure dd°, and
these metals are of high chemical affinity for &lecegative elements—

oxygen, sulfur, fluorides or complex anion like SPQ;™ and others.
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The wettability process for nontransition metals

Below the contact systems nontransition melt/i@rieconocovalent solid
substrate (for example typical oxide like@®) will be considered.

If chemical affinity of metal for oxygen (or oth&lectronegative
element) is high enough, chemical interface reacbocurs and new
phase — compound at contact boundary is formed. Negratomic
bonds arise and their energy — chemical reacti@rggn— gives the
nonequilibrium part of adhesion Monequil(€quation 2).

As pure nontransition metals Si, Al, Mg are consede for which
wettability data are available and which are ofhh&gnough chemical
affinity for oxygen to interact with oxide of solghase.

These pure metals wet (moderately!) thermodynatyicatable
oxides — A}bO3, MgO, BeO. The data are presented in the tabkes3.
one can see the contact angles are 7—8@ometime 100

The contact angles (for Si, Al, Mg) don’t attaissentially low
values (say 20—2% as much as new phases arising at theguid
metal—solid boundary (oxides, spinels) are not esssd metallic
properties, it means that AA\quiibr term in equation (2) is almost not
“working” in this case. The such behavior is @hed in system Pd—
Mg alloys contacted AD; [19]: Mg additions ~10—12% (at.) to Pd—
melt at 1565 C allow to decrease the contact angles from valli®—
12¢° (pure Pd) to ~85only, although the chemical affinity of Mg for
oxygen is very high.

The data in detail were obtained in our works famaby alloys
containing nontransition metals (mainly silicon) additions to base
metals (Cu, Au, Ge, Ni e. c.) contacted oxides (82 SiO2). Systems
investigated are of: ADs/Me—Si, Me—Au, Cu, Ge, Pd, Ni; SiMe—
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Si, Me—Au, Ni, Pd [52, 53]. Alloys Al—Ni contacted AD; were
studied as well [50].

In literature there are data for Si-adhesioactivityAl,Os/Au—Si
system [66], separate single data for Au—31% @it.plloy [68] and
Ni—63% (at.) Si [69] contacted ADs. In all cases final contact angles
were in the range 70—85

So general assertion can be done as follows.

The adhesioactivity of metals investigated (norditean metals Si,
Al, Mg) is significantly lower than that for tranisin metals, say titanium
whose chemical affinity for oxygen is not so gredkaan that for silicon
and close to chemical affinity for oxygen of Al alidj.

Interesting peculiarity observed at systematic stigations of Si-,
Al- containing alloys in our works [52, 53] andllsgarlier in one work
[66] for Si—Au alloys contacted ADs.

At heating such alloys and after total melting $eld to liquidus line)
there is no wetting ~120—130°. Then at further heating contact angles
decrease and at 1100—11%D its values are ~65—75°. For systems:
Au—Si, Pd—Si, Ni—Si contacted AD; or SiQ contact angles after
primary decreasing and after some time holdingoast@ant temperature
attain minimal valuef,,) and then begin increase by circa 15—20° viz

dewetting phenomenon occurs.

The wettability data for systems in which anomalpbgnomena —
dewetting processes are exhibited in Fig. 8—11s iimportant that at
increase of wetting angle the reduction in liquidshe contact square
(“retreat” of the melt) occurs but drop volume em constant. The

process of “retreat” of melt is shown on the phgig. 11 ) for Au—Si.

" Pd, Ni are transition metals, but with almost ctetaly full d-electronic orbitals and
low (or very low) chemical affinity for oxygen.
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(Au—Si) — Al,Os. (The solid line is the change in wetting angléhwi

time at constant temperature (110C); the broken line is the

temperature-time dependence of contact anglealnstintact angle at

T <1000—1100°C is more than 90 these data are not presented

excluding first above left picture)
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It should noted that C. Marumo and J. Pask [67ihirestigation of
Al,O3 (monocrystal) by alloy Au—31% (at.)Si (only onengoosition
was studied) in vacuum and at continious heati®§-{81200°C) found
only contact angle dropping (from 150 to °Y8when temperature

increases.
Treatment and explanation of all these processas be done as

follows.”
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Fig. 9. Time dependence of dewetting process fohla®;

surface with melts of Au—30% (at.) Si (1) and Au-960

(at.) Si (2) at 1150C and Pd—58% (at.) Si (3) at 1200

" In some cases an evaporation of liquid phase ¢dserof volume of liquid drop on
solid substrate surface) and pinning of the ligpithse perimeter on a triple line can
simulate wetting — dewetting processes: at droperation visible decreasing contact
angle is observed (“wetting” increases) and thenegailibrium shape of drop is
restored contact angle increases (pseudo-deweltihgviour). Such “geometrical”
process we don't consider, but chemical processt®aolid—liquid interface resulted

in wetting change are under study.
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Fig. 10. Time-temperature dependence for wettirgjeam
systems Ni—60%Si — Si) Pd—45%Si — SiQQ Au—
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Fig. 11. Photograph of a Au—Si drop solidified on
Al,O3 surface. Concentration of Si is 60% (at.),
T=1150—1200C
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As pointed above for high wettability of iono — mmocovalent
substrates (oxides) is favorable when metalnewa compound arised at
the interface is in the state of intermediate vedgeriower than group
valence in period system. Such ionic compounddracpiently (but not
always!) lightly evaporated (sublimated).

J. A. Chempion et al. [70] which at first performegperimental
investigations of contact system liquid aluminiueduminium oxide
(Al,03 monocrystal) observed reaction rings formationuad the Al
drop at temperature 1350C in vacuum. The reaction rings arise
periodically on the solid surface and periodicatigntact angles are
jumplike changed.

Increase in the contact angle occurs by strong guingm 55—60 up
to ~8C. This process cannot be called as "dewetting“ ha tense
mentioned before, nevertheless it can be beneficiatonsider this
process for understanding in the whole specialitynt@rface interaction
of nontransistion metals Al, Si contacted soliites.

J. A. Chempion et al. [70] believe (postulate) ttheg volatile oxide
of aluminum, A$O is formed at the contact region Al—&)k; (reference
to Brewer and Searcy work [71] (1951)) and progwesdecrease in drop
volume of aluminum melt contacted ,&8; occurs due to intensive
evaporation of both AD and Al. But the more later works M. Hoch and
Jonston [72] (1954), Cochran [73] (1955), A. E. Vo] (1959)showed
that ALO oxide dose not evaporate in vacuum <1 P& (tt®) up to
temperature 1700C. So at interaction of Al with AD; at high
temperature (135€C) only Al is evaporated very intensive. The volume
of the drop Al decreases by more then 0,6 of initelue (1,0) when

holding time was 60 min.
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Thus for Al and at the conditions of high temperaty1350°C) and
intensive Al evaporation the observation of dewetfphenomena is hard
or impossible.

Nevertheless in special work [50] for Al—Ni allogsot for Al pure)
contacted AIO; the very process of dewetting can be reproduced and
investigated. The Al—Ni alloys (15% (at.) Ni and%8@at.) Ni contacted
Al,O; were used. The temperature was 1600—1700 gas media:
purified argon, P ~1 atm was used.

After holding time ~30—60 min the contact anglesnir minimal
values ~60—6% increase: 64.76°; 66-78 (30% (at.) Ni) and
68- 76°(15% (at.) Ni).

Strong Ni—Al bonds and low thermodynamic activiffcomponents
in Ni—Aluminid compounds prevent evaporation ofralaium and drop
volume of alloys are practically no changed, intesppf changes in
contact angles and drop diameter occur periodicayl these
phenomena we can consider as dewetting processes.

The main question is: what is the reason for angsigsbchemical
nature of dewetting processes?

Let us consider once more the literature data rmeetl above
concerning wetting of oxides by silicon and alumami melts in view
point of question formulated.

B. Drevet, D. Chatain, N. Eustathopoulos [66] obed increase in
the contact angle by ~2@dewetting) in Au—Si/ AIO; systems at Si-
concentration % [0 0,13; 0,25; 0,3; 0,5 at almost constant tempegatu
~1000—110CC at holding time 60—2120 min.

Contact angles were as follows:

at Xsi = 0,13;0min = 8C; Bfinal = 94°%;

at Xsi = 0,30;0min = ~65’; Bfinal = ~85;

at Xsi = 0,50;0min = ~63; Bfina = 83;
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According to authors opinion ... “a likely explanatioof this
processes lies in a variation in the concentratbra trace elements
(impurity) probably oxygen”. Oxygen is really actielement influencing
on liguid—gas and liquid—solid boundary, but medbanof the very
dewetting process stay not clear. C. Marumo anBa3$k [68] which
investigated wettability of alumina by alloy Au—31%at.) Si at
continions heating (800—1200C) observed only contact angles
dropping — from 150 to 78

According  B. Drevet and N. Eustathopoulos [68f Bystem
Al,Og/alloy Ni—63% (at.) Si at temperature 120C€ contact angle
decreases from 112 (t = 0 sec) to 95(t ~20 sec) and then exhibits
"small oscillations” around this later value. Antplile of the oscillation
was of 2—3 with the period 5—10—20 sec.

An oscillation of contact angle was explained bgaal topography
of alumina surface contacted Si—Ni alloy. This ptraenon evidently
does not relate to dewetting processes. Note, eitidhis work-review,
published in 2012 don’t refer to their more earpaper (1990, [66]), in
which increase in the contact angle (dewetting) whserved and
discussed.

So in this contradictious situation and the questitentioned above
other approach to solve the problem can be proposed

Point is: there is another factor influenced uptlo® wettability and
contact properties in metal—oxide systems. Namelye ionic
compounds of intermediate valence are inclined _&action of

disproportionationat which the compound of the highest valence (highe

oxides) and metal of zero valence are formed.

For system Al—AJO; when liquid Al interacts with A3 at high
enough temperature (~1200—21300) low aluminium oxide AO (and
AlO as well) is formed.

AbO is formed by reaction: 44 + AloOszsoliay < 3AI0.
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This oxide at the definite temperature — time ctods

(~1000°C) is under went by reaction of disproportionation:
380" - 4AI°+ AL O35,

This reaction will occure, when AD will be accumulated at the
interface and the equilibrium of the reaction (i)l we displaced from
right to left side.

It is especially important that at this processozalence aluminium
is formed, therefore some part of aluminium atomb ke bound to
Al, O3 by week not chemical van der Waals forces; thatideup to

adhesion decrease, contact angle increase andtohewmtienomena will

occure.

The phenomenon of reaction of disproportionatioouth consider
as a guide factor in the treatment of wetting/déweprocesses, and it
allows to explain many peculiarities of contactpittary, adhesion
behavior in systems with nontransition mefals.

About Al,O oxide and its properties mentioned above. Whixpsi
(liquid or solid) reacts to Sioxide at temperature ~1150—12%0 in
vacuum, chemical reaction occurs [67]

Si + 3i0 2Si0

The same tipe reaction for systems Si—&hl oxide must be as

follows:
2Si + Az ~ 2Si0 + ALO

That is at such interaction low valence oxidesfanmed.

" The conception of reaction of dispropotionatiorused in many areas of chemistry,
including transformation in ionic or ionocovalentrustures, particularly, explains
nonstability of monogalogenides of the alkalinetieanetals (see e. g. [54, 55]). It
should be noted that the main reason for nonstgliifi the lower ionic (ionocovalent)

compounds of nontransition metals is a low energthe crystall latice of compound

(thermodynamic general considiration), which intitsn conditioned by abcence in a
compound of the direct bonds between metal atonasiofts): intercation bonds

accomlished only trough anions in distinction frolansition metal compounds of lower
valence, where strong enough direct metal bondsdest cations exist (atomic level
consideration).
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SiO is stable compound in gaseous state atID00°C. At some

lower temperature crystals of SiO were obtainedbicustructure,

a=516A, density is 2,13 g/cth (This later assertion is sometimes
under discussion). When temperature decrease up7@® °C SiO
undergo by intensive reaction of dispproportioorati

790" - Si°+ SiTT0,,
and zero valence Si(Biis formed like as it was declared for Al
containing alloys. For SiO investigation in detalhs performed by
P. Held and M. Kochnev [51], which suppose th& & real chemical
compound, but to keep it in solid state accord®®@j fery rapid cooling
IS necessary.

The situation related to state, stability of Si@,its inclination to
reaction of disproportionation can be some othdrerwnot pure Si but
Si-alloys contacted any oxides are under experiatesttidy, especially
for alloys where thermodynamic activity of Si isM¢75] and there are
strong bonds Si/base metal. Just these cases @a&ized in system Si—
Au alloys and Al—Ni alloys considered and discussbdve. In these
cases we can believe that interface reactions u@inad reaction of
disproportionation) must be retarded.

The reaction of disproportianation can hinder tdimgl (in view
point of high adhesion in system metal/ionic compbudistribution of
the valent electrons of metal, at which optimal pathe valent electrons
are accepted by electronegative element (oxygenokide as solid
phase).

Summarizing all data, we can consider that the ttewgeprocesses in
oxide/nontransition metal systems can be determimedsignificant
degree by reaction of disproportionation.

Nevertheless chemical composition of Al-or Si-alogontacted
Al,O3 or SiQ at high temperature should control after dewegttin

process occured possible changing in ewnation of

ISSN 0136-1732Aare3usi paciiaBoB u naiika matepuanon, 2013.Cnenspin. 46 45



elements (Al, Si) due to its evaporation, or evapon of its lower
oxides.

In our experiments chemical analysis was perforrfeed Pd—Si
melts contacted ADs;. Two alloys with initial concentration of silicon
45% (at.) and 58% (at.) (18% (mass.) and 27% )& accordingly)
were used.

Analysis was performed after initial wetting preseccurredf dec-
reases from ~12Qo ~75) and therf increases to ~85—9(lewetting).
The results of analysis are presented on Tabl€h@é. data received
showed an increase (not decrease!) of Si contemteln (in zone closed
to interface): from 18% (mass.) to 32,56% (maSs.and for other alloy
from 27% (mass.) to 36,0% Si. Evaporation of Si@ really took place
could be resulted in decreasing Si-content in métuminum
concentration in Pd—Si melts (45% (at.) and 5884 &) being initially
zero, after contact processes of melt withkQ3lbecomes 4,75 and 6,42%
(mass.) accordingly. These data (related to Algnote the partial
dissolution of alumina in Pd—Si melt (chemicakiriaice interaction).

The process of “retreat” of the melt is shown oe pioto (Fig. 11)
for Au—Si drop on the AlD; surface. The same picture is observed for
Pd—Si drop on AlO; surface.

Profilographic investigations of AD; surface after removal of Pd—
Si drop show that same very small (~1—uth) Pd—Si alloy goes deep
in to Al,O3 substrate.

So it is possible that increase of Si-content ir+d alloy observed
in experiments can be conditioned by some segmuyati silicon at the
interface  Pd—Si alloy/ADs; (polymolecular adsorption, aluminum
silicate layer formation). Part of this can be n&arzone of action of

instrument VG-900 (see figure in the table No. 7).
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T abl e 7. Results of mass-spectrometric analysis (instrument
VG-9000) of chemical composition of Pd—Si drops wbih contacted
Al,O3 during 60 min at T = 1200°C

Content of element (Pd—45% (at.) Si)/(Pd—58% (at.) Si)

C, ppm 17,998/0,126
O, ppm 41,597/12,316
Mg, ppm 752,530/854,650
Al, % (mass.) 4,75/6,424
Si, % (mass.) 32,562/35,998
Fe, ppm 3284,800/4036,900
Ni, ppm 1160,900/1328,700
Mo, ppm 4499,800/11196,000
Pd, % (mass.) 60,966/53,117
W, ppm 5087,200/18971,000

1 ppm = 1¢f % (mass.)

The scheme of mass-spectrometer analysis

Pd—Si drop, separated from sapphire

Initial depths in metal melt at
""""" \ =" which analysis was performed

(4—6 um)

Bottom surface of a metal drop (separation waslpadhesive).

55

The base of a drops after separation from th®©-Alas analyzed in i
mass spectrometer in a glow discharge (instrumeat9u00) at the

depth ~4—@um.
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So most facts and theirs discussion bear the vgttiesg main reason
for dewetting processes observed in systems ionibsteates
(oxides)/metal melts containing nontransition elatae(Si, Al) is the
reaction of disproportionation — disintegration lofv (intermediate)
nonstable compounds arised at the interface solgl##el and formation
of zero valence metal and high (group) valenceaxid

On the whole nontransition metals (pure or as addi} even with
high enough affinity for anion of solid ionic ornocovalent compounds

can provide only moderate wetting degree.

The practical recommendations related to wetting process control and
regulation in systems liquid—metal/ceramic materials

The wettability degree is key factor in many tedbgeal operations-
joining of dissimilar materials, composite matesiamanufacture,
deposition of metal coating on ceramics et. c.

The considerations of the physico-chemical natufe contact
processes at the boundary liquid metals/solid noainseibstrates allow
to formulate the methods in order to govern andnghaa wettability
degree in direction we need. In the most cases high enough
wettability and adhesion must be reached.

We will talk about the most contrast systems relai@ chemical
nature and interatomic bonds in contact par metal/ionic or
ionocovalent ceramic materials.

Typical interface interaction at the liquid—solidundary are as
follows:

1. Dissolution of solids in liquid melt.

2. Diffusion of liquid phase atoms in solid substrate.

3. New interface compound formation.

This last process should be considered as the pevspective for

wettability regulation and it will be discussed @&l
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In this case wettability degree will depend in thieole on agregate
state of a new phase — solid, liquid, gas. Fordssiate of a new phase
wettability will depend on chemical nature (typeimteratomic bonds in
interface compound and its properties — ionic, tEwva metalic
substrates).

General requirement for high wettability is faivablte combination
of great nonequilibrium part in adhesion work amghicant equilibrium
contribution to adhesion liquid/solid boundary, vioth terms of
equation (1) must be high enough. It means thantmsive chemical
interface interaction mast be occurred with gsat— Gibbs potential
change, high chemical affinity of liquid metal folid substrate (oxygen
for oxides) that will result in formation at thatérface intermediate
oxide. It is very favourable if this oxide will psgsss metallike properties.

The Ligand field theory explanes the possibilityesistence metalic
interatomic bonds in ionic structures (oxides). A®ntioned above

significant d-electronic orbitals overlapping ofilm@uring cations, high

value of overlapping integraﬂ.l//il//jdv have to lead up to strong direct

cation— cation bonds of metalic nature between atoms (cationd) an
metalic properties in new oxide at the interface.

Such a situation is realised if interfacial oxidase formed by
transition elements of 3d, 4d, 5d periods of pecaystem and such
elements are placed at the left part of periodpesfodic systems viz
namber of decronshave to be = 5 (preferably n 3). These elements
are: Sc, V, Zr, Hf, Nb and some others. These elsrare as a rule used
as adhesioactive additions to nontransition mdiieés Sn, Cu, Ag, Au
and others.

By other words for high wettability of stable oxgdef type A}Os,
BeO, MgO, SiQ by liquid metals favourable combinations of

thermodynamicAG—Gibbs potential changing, when reaction occures
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and electronic _fél/,(// jdV) factors for contact system are necessary.

Such a combination is possible for transition nsetal

The nontransition metals in pure state or as amditeven with high
affinity to oxygen allow to get only low or modegatettability of above
mentioned oxides.

The fulfilment of given instructions results in ghi enough
“chemical” stength of liquid metal/solid ceramiderface (high adhesion
and wettability values).

High wettability (contact angle value must be ~1®33determins
very possibility of formation of brazing joint oomposites processing by
liquid phase sintering or infiltration.

For practice we need to get high enough mecacmatiact strength
as well. It is special questions, which demandsarsgp detale
consideration. Now we can say that high chemicedriace strength is
nesessary (but not enough) condition to reach higbanical strength,
nevertheless one can say, that at least at abidaintiee elementary
technological conditions, for example, if the coménts of thermal
expantion of dissimilar materials to be joined wbbk different not so
significantly, correlation between mechanical amgrical strength of
brazing joint will be take place.

Another point. For ceramic/metal joining by brazimgcess brazing
alloys have to containe adhesioactive elements ZTiNb and others.
These metals are caracteristic of high chemicahigff for oxygen,
nitrogen, sulfur and other nonmetal atoms. So teldgical process must
be performed in high vacuum ($6-10* Pa) or in gas media — helium,

argon of high purity.
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Conclusion

The review concerning to high temperature wettingpcpsses in
ceramics-liquid metal systems including analysis tbé new data
received in the last time are presented. New tlieafeconceptions are
proposed to treat wettability phenomena.

In the whole case for nonequilibrium contact systeamd when
chemical interaction at the interface occures, wafrladhesion can be
written down by equation

ANVE W equilibr- + WA nonequilibr. )

Where WA terms are of equilibrium and nonequilibrium partgotal
work of adhesion.

W nonequitibr. — 1S direct contribution of chemical interface sian to
wetting. As this assertion in some works up to newdenyed or is
debateble, special consideration of this key qaestias been performed
for various contact systems. It has been shownrdaly free energy of
chemical interface reaction is identically equattie energy of chemical
interface bonds established and gives direct dmutian to liquid/solid
adhesion.

The consideration of atomic mechanism of interfageds formation
especially for the most contrasted as to naturentefatomic bonds in
substrates contacted — metal melt/ionic or ionolemtacompounds
(oxides first of all, like AJOs;, MgO, SiQ, BeO) allows to drow
conclusion as follows: for high enough wettabilégyminate atomic layer
of liquid metal atoms must participate simultandpus interatomic
bonds of different types — metallic bonds with dggpaced metal atoms
and ionic bonds with solid substrate (oxide in tha&se). Transition
elements — elements with partly occupied d-electarbitals are
characterized by easily moveable electronic stracibility to form the
different electronic configurations and to be ire thtable state of

intermediate valency mitt these requirements.
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The both bonds—ionic and metallic have to be ohhstyength in
order to adhesion and wettability would be high wgio So at the
interface liquid metal/solid oxide intermediate lovalency oxide of
metal of liquid phase is formed. It is especialwdurably when such
oxides are possessed of metallike properties. Wdlsé¢ processes are
considered on atomic-electron level. Ligand fidlddry was proposed to
use for it. Quantitative numerical parameter debeimy intensity of
cation—cation interection and stregth of metal ra¢don bonds is

integral of overlapping of cation-d-electron Wa\mcftionsjwiwjdv,

whereW; an¥; are wave functions of electrons for neiboring aadi

The chemical compounds of intermediate valencw (lloen group
one) for nontransition metals are as the rule ratstsubstrates, inclined
to reaction of disproportionation (metal of zer@raly and compound of
the highest valency are formed). The dewetting ggsaccures, contact
angle increases, and wettability degree in this catow or moderate.

Bassed on all above mention regularities practieabmmendations
to control and govern wettability can be used iniotgs technological

procedures.

PE3IOME. Cpaeman 0030p W TpEACTaBICHBI HEKOTOpBIE OOIIHe
KOMMEHTApHH, KacaloNIMecsi HAyYHBIX MPOOJIeM BBICOKOTEMIIEPATYpHOU
CMaYyMBAaCMOCTH W aJre3ud B CHUCTEMax >KHJKHAE MeTaJUIbIL] TBepible
KCPpaMHUYCCKUEC MATCPUAJIbl, BKIIFOYAasd aHAJIM3 MOJYUCHHBIX B IMOCJIICOAHCC
BpeMs JaHHBIX. Pa3zpaboTaHbl TeopeTHYecKas TPAKTOBKA IIPOIECCOB
BBICOKOTEMIIEPATYPHOH CMAuyMBaeMOCTH M MEXaHHM3M, OCHOBAHHBIA Ha
TPATUIIMOHHBIX TEPMOJINHAMHYECKUX MPEICTABICHISIX, 1 HOBBIA MOIXO/
HAa aTOMHOM H aTOMHO-3JIEKTPOHHOM YypoBHE. B mepByro ouepenp B
KAauecTBE KEPaMHKH PACCMOTPEHBI pa3UYHBIE CYOCTpaThl, a UMEHHO,

CY6CTpaTBI C npeo6na/:[a}ou11/1MI/I WMOHHBIMHU MEXKATOMHBIMHU CBA3SIMU
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(HamprMep, OKCHIIBI), KOTOPbIE OOBIYHO IIOXO CMAYUBAIOTCS KUIKUMU
MeTaJlJIaMHU.

PaccmoTpeH W mpoaHamM3uMpoOBaH BKJIAX B IPOLECC CMaYMBAHUS
HEPAaBHOBECHOW M PaBHOBECHOW COCTABJISIOIINX AATE€3UH.

“ AkTHBHBIE” META/UIbl, @ UMEHHO, METAUIBI C JJOCTATOYHO BBICOKAM
XUMHUYECKUM CPOJICTBOM K aTOMaM TBEpJ10i (a3bl UM MOHAM pa3zeieHbI
Ha TepexoaHble MeTawibl  (O-9JeKTpoHHBIE OpPOUTAMM YaCTUYHO
3alOJTHEHBI JIEKTPOHAMH) U HerepexoaHele MeTamuisl (d-opOuTanu He
3aI0JIHEHBI HJIH MOJTHOCTBIO 3aIIOJIHEHBI JJICKTPOHAMH).

CMmauuBaeMoCTh B MEPBOM cCitydae (IepexoHbIC METAJIbl) HAMHOTO
MHTCHCUBHEE, YeM I HENEePeXOJHbIX METaJJIOB, HECMOTpsS Ha
TEepMOJMHAMHYECKHE (AKTOPhl (XMMHYECKOE CpOJCTBO METaUIOB K
aTomMaMm TBepJaou ¢a3pl OJU3K0). MHOXKECTBO DKCIEPUMEHTATBHBIX
JAHHBIX UJUTIOCTPUPYET 3TY 3aKOHOMEPHOCTb.

Jns  oObsicHEeHMST W TPaKTOBKM Ha DJIEKTPOHHOM  YpOBHE
MPEBOCXOJICTBA TEPEXOAHBIX METAUIOB B  IUIAHE  AATC3MOHHOM
aKTUBHOCTH IPEJI0KEHA TEOPHs OIS JIUTAH/IOB.

AJNre3sMoHHas aKTHBHOCTh HENEPEXOJHBIX METAIJIOB K TBEPAbIM
cyOctpaTaMm (OKCHIaM) HAMHOTO HYDKE WJIM SIBJSIETCSl YMEPCHHOM, W B
TOM Ccllyyae 4YacTo HaOJIONAIOTCS SBJICHUS JeCMauyuBaHUs. OTa
XapakTepHasi 0COOCHHOCTh 00BSCHIETCS 00pa30BaHUEM Ha IMOBEPXHOCTH
paszena HecTaOWJIbHBIX COEIMHEHHUH MPOMEXYTOUYHON BaJeHTHOCTH,
KOTOpbIE MOTYT MOABEPraThCs peaKlUU JUCTPOTIOPIIIOHUPOBAHHUS.

JlaHbI HEKOTOpbIE TPAKTUYECKHE PEKOMEHJALNH, KacaroIuecs
peryaupoBaHUs W YIpPaBJICHHUS MPOLECCAMU CMAYMBAHUS B Pa3IMYHBIX
TEXHOJIOTUYECKHUX MPOLEAYpPaX.

Kntouesvie cnosa:.  svicokomemnepamypHoe cmaduganue, ao2esus,
Kepamuxa, nepexooHvie U Henepexoouvlie memannvl, O-vnexkmpouHbvle
opbumanru u meopus NOAA JIULAHOO08, OecMavusamue, peaxyus

OUCNPONOPYUOHUPOBAHUSL.
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HAW/IIY 10. B.

MPOI'PEC Y TEOPIi 3SMOUYBAHHS Y CUCTEMAX
KEPAMIKA/PIIKUIA METAJIL. OCOBJIMBICTh KOHTAKTHHUX
IMPOLECIB JUIA INTEPEXITHUX TA HEIHEPEXI/THUX
METAJIIB

3pobneHo orisin Ta MOJaHiI NesKi 3aranbHI KOMEHTapi, IO CTOCYIOTHCS
HAyKOBHX MPOOJIEM BHUCOKOTEMIIEPATYPHOTO 3MOYYBaHHS Ta anresii y
cucremMax piaki meranul] TBepHai KepamiuHiI Marepiaiy, BKIIOYAaOud
aHaJi3 OJEpXKAaHMX OCTAHHIM YacoM JaaHuX. Po3poOieHi TeopeTnyHa
TPaKTOBKa IMPOLIECIB BUCOKOTEMIIEPATYPHOTO 3MOUYYBAHHS Ta MEXaHI3M,
o 0a3yeThCsl HA TPATUIIMHUX TEPMOIMHAMIYHUX YSIBICHHSX, 1 TaKOX
HOBMI MiJIXiJl HA aTOMHOMY Ta aTOMHO-EJIEKTPOHHOMY piBHi. Y mepury
4yepry sSK Kepamika po3IJIsiHyTI pi3HI cyOcTpaTH, a came, cyocTparu, e
MepeBakatoTh 10HHI MIKaTOMHI 3B SI3KM (HANpHKIaa, OKCHIH), KOTpi
3BHYAHO MOTaHO 3MOUYYIOTHCS PIIKUMU METaJIaMHU.

Posrnsinyro # mpoaHadi30BaHO BHECOK Y TPOIEC 3MOYYBAHHS
HEPIBHOBAKHOT Ta PIBHOBAXKHOT CKJIaIOBUX aaresii.

“AxTuBHI” MeTaiH, a caMe, MeTajld 3 HOCUTh BHCOKOIO XIMIYHOIO
CIIOPITHEHICTIO 110 aToMiB TBepAoi (a3m abo 10HIB pPO3AUICHI Ha
nepexigHi Mertamu  (d-e’dekTpoHHI OpOiTami  YacTKOBO — 3allOBHEHI
eneKTpoHamu) Ta HemepexinHi meranu (d-opOitani He 3amoBHEHI abo
I[IJIKOM 3aITOBHEHI CJIEKTPOHAMH).

3MouyBaHHS y MEpPHIOMY BHMaAKy (mepexigHi MeTanu) Habarato
IHTEHCHUBHIIIIE, aH1K JIJIs1 HETIEPEX1THUX METaJliB, MOMPH TEPMOJAUHAMIUH]
YMHHUKA (XIMiYHA CIOpPITHEHICTh METaJiB O aTroMiB TBepmoi (asu
Omu3pka). barato eKkcrepuMEHTAIbHUX JaHWX  UIIOCTPYIOTH  ITIO

3aKOHOMIPHICTb.
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Jlns TOsSICHEHHST Ta HaJaHHS TPAKTOBKM Ha EJICKTPOHHOMY piBHI
mepeBard IMepexigHuX MeTajgiB y IulaHl ajare3ifHoi aKTHBHOCTI
3aMpOMOHOBAHO TEOPIFO MOJIS JTITaH/IiB.

AnresiiiHa aKTUBHICTh HENEPEXiAHMX METaNiB O TBEPAUX
cyocrpariB (OkcuaiB) HabaraTto Hrbk4a abo MOMIpHA, 1 B IbOMY BHIIAAKY
YacTO CIOCTEpPIraroThCsl SIBHINA J1e3MOuyBaHHsA. Ll xapaktepHa
0COOJMBICTD  TOSICHIOETBCS ~ YTBOPEHHSM HA  TOBEPXHI  pO3ALTY
HECTaOUIbHUX  CHOJYK HPOMDKHOI BaJ€HTHOCTI, KOTpPI MOXYTh
IIIIaBaTUCh PEaKIIii AUCTIPONOPITIOHYBAaHHS.

[Togani neski TpakTUYHI PEKOMEHJalli IMOAO0 peryaloBaHHS Ta
KepyBaHHS MpoOIecaMd 3MOYYBAaHHA y PI3HHX  TEXHOJIOTIYHUX

npoieaypax.
Knruoei cnoea: sucoxomemnepamyphe sMoyy8amHs, aozesis, kepamika,

nepexioni ma nenepexioni memanu, d-erexkmponni opoimani ma meopis

noJs 1i2anois, 0e3MOUY8aHHs, PeaKyis OUCHPONOPYIOHYBAHHSL.
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