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Influence of modification of the cast metal structure by solid"phase particles on the
nucleation of crystallization centers@nd“their stability

The inoculation method has wide possibilities for improving théymechanical and operational proper-
ties of cast metal, which makes it possible to createjartificial centers of crystallization due to the di-
rect introduction of dispersed refractory particles into'the melt, The efficiency of such particles serv-
ing as crystallization centers is due to the presence of an\activated transition layer on their surface. In
this regard, it is promising to use complex modification/in which activating additives are introduced
into the melt together with dispersed refractory patieles, which form a transition layer with the de-
sired properties on the particles. At the s@me time, the features of the interaction of particles with ac-
tivating additives have not been sufficiently studied. A theoretical assessment of the influence of dis-
persed particles on the nucleation offenystallization centers and their stability was carried out on the
basis of a study of the phenomemagef wetting, adsorption, and dissolution using the relationship be-
tween the critical size of additional 'quclei, their wetting angle, and supercooling of the melt. It is
shown that if between the particle and the cladding layer the difference in chemical potentials of the
contacting phases will existhroughout the entire process, and on the surface of the complex it will
have a low value of susface temsion, then such a particle will be stable, which takes place during ad-
sorption of a surfage-active,component from a melt. Therefore, the efficiency of melt heterogeniza-
tion and modifigationgt the cast metal structure is determined by the thermodynamic activity of the
substancelef the| transitien‘layer to the material of the solid phase particle. The obtained conclusions
make it possiblegte,select the composition of complex modifiers that allow controlling the structure
of castings, in the process of their crystallization.

Key #vords: cast metal, suspension, modification, particles, crystallization, adsorption, wetting, interfacial en-
ergy, structure

Introduction

Of considerable interest for improving the quality of cast metal is the use of the modification method by
creating artificial crystallization centers due to the direct introduction of refractory inoculant particles into
the melt [1-9]. The efficiency of such particles as crystallization centers is characterized by the presence of
an activated transition layer on their surface. Therefore, it is advisable to use complex modification, in which
certain elements are introduced into the melt together with inoculator particles as activating additives (pro-
tectors), with the help of which it is possible to form a transition layer with the desired properties on the par-
ticles [10, 11]. However, the features of the interaction between the inoculant particle and the protector metal
have not been sufficiently studied. This work is devoted to this problem.
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Analysis of the processes of nucleation of crystallization centers and their stability during the complex
modification of foundry metal with particles of dispersed powders

To assess the effect of complex modification of dispersed powder particles on the nucleation of crystal-
lization centers and their stability, the concepts presented by B. Chalmers [12] were used, based on the rela-
tionship between the critical size r* of prenuclei, their wetting angle € and supercooling of the melt AT,
shown in the diagram (Figure 1), from which it follows that with a decrease in 8, AT decreases. This provi-
sion can be taken as a working hypothesis when solving the issue of increasing the efficiency of modifying
the structure of steels and alloys using natural and artificial solid-phase substrates (inoculator) activated by
surface-active elements (protector) or intermetallic compounds and heterogenizing the melt as a result of se-

lective adsorption of chemical elements from the alloy.
ar

Figure 1. Conditions for heterogeneous nucleation of crystallization centers with radius r at different contact angles 6

The study of the phenomena of wetting§ladsorption, dissolution, and nucleating activity of solid phase
particles was carried out on the model ofithe structure of a suspension with particles in a metal melt, shown
in Figure 2.

Figure 2. Model of the structure of a particle of a complex modifier in a metal melt: 1 — particle core; 2 — transition
layer; 3 — adsorbed layer; 4 — metal melt

The core of such a complex is a refractory particle of the solid phase 1 with radius ro<r*, the surface of
which is clad with a layer of substance 2 formed by the product of the interaction of the protector metal with
the material of the particle and chemical elements adsorbed from some volume 3 of the melt 4. The boundary
between 3 and 4 However, in volume 3, which is depleted in the content of chemical elements that have re-
acted with the material of the cladding layer, adhesion forces can act on the surface of the particle, forming a
concentration fluctuation [13].
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Wettability in the system solid (s) — liquid (1) — gas (g) is usually considered by the example of the
contact of a flat substrate with a melt drop [14]. If a flat substrate is rolled into a sphere of radius r, then the
wetting conditions — the values of the wetting angle (6) and the values of surface tension (o) will change,
oy will decrease, and the work of adhesion between the solid and liquid phases WA will increase, since from
the Dupre equation follows:

CSsl:Glg—'_cysg_\x]A’ (1)

Wy =W+ W, 2)

where W5 and W™ are the equilibrium and nonequilibrium parts of Wa: W5 =W, P,V
Here W X is the energy of cohesion of the liquid and solid phases at a steady state equilibrium ‘of cheémical

bonds; W XD Y is the energy of the Van der Waals interaction. As r decreases, thegcontfibution of W XD Y to

Wz increases. Therefore, in equilibrium systems, the interfacial energy oy is the smaller, the smaller the
difference in the structure of the contacting phases.

If there is a chemical interaction between the S and L phases, thengo,»will change with time and can be
extremely low [15].

It follows from Dupre's equation (1) that the more intensively théyphases interact, the less gy When the

system approaches equilibrium, when the chemical potentialsfithe phases are equalized (,ul-s R ,U,-I ), osican
increase due to the action of the transition layer (the effect 6f'A.A. Zhukhovitsky) [16].

This property of the interacting phases ensures the stability of the solid phase in the melt in the case of
the formation of a refractory transition layer withha low diffusion mobility of atoms, which is characteristic
of metallides or intermetallides.

Change o, depends on the difference in chemical*potentials of the contacting phases Au and is found
by the formula

AGw2M - Au 3)

where M is a constant.
The stability of suspensiemparticles with a transition layer between a solid core and a melt can be esti-
mated by a criterion obtained ffond\formal thermodynamic relations [17]:

K=0,-G,-050,. 4)

The systemyis considered stable if K>0, i.e. G, >G,,-0,50,, . This condition is satisfied when gy is

sufficiently small. If a chemical potential difference Ay exists between the particle and the cladding layer
throughout thé entire process, then, according to formula (3), Aoy is sufficiently large, and a low value
w ~w willloccur on the surface of the complex at oy, and such a particle will be stable. This is noted during

the adsorption of some surface-active component from the melt, the transition of one of the components
through the phase boundary, or during partial dissolution of the solid phase. According to the Neumann
equation K = O (cos#-0,5), and considering adhesion to a solid K =W, —(3/2) O, . The boundary between

K>0 and K<0 is at@ ~ 60°, and the evaluation criterion acquires a positive sign, which is a sign of suspen-
sion stability.

Based on the studies of the mechanism of homogeneous nucleation during steel deoxidation, carried out
by S.I. Popel and M.P. Dokhov [18, 19], and the possibility of using the Gibbs equation instead of the Helm-
holtz function for small volume changes during the formation of a spherical nucleus with a critical size »*,
can be written:
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where o is the interfacial energy; Vp — molar volume of the embryo; 4G is the total change in the free
energy of the system. With a small change in volume, the change in stresses in the old phase can be neglect-
ed, then 4G can be represented by the sum:

AG, = — 4LATmr/(3T.) is the change in volumetric and surface free energy, where 7. rium
melting temperature; AT is the difference in melting and crystallization temperatures (S&p ing); the
volumetric heat of transformation. Then the critical radius of the equilibrium embryo is e%

v, =20V,T, (LAT). (7)

The calculation of r; according to expression (7), performed by abaskin [20], showed that at

AT =320 °C for pure iron »,” = 1.3 nm. If a surfactant is introduced into\the melt, then the value of o can

decrease, for example, to 10™ J/cm?. Then the nucleus will reach'the c 1 size at supercooling AT = 160
°C.

A change in the chemical composition of the liquid al certainly affect the value of the interfa-
al ‘pattern of formation of metal-like compounds
tructure and high values of the adhesion work
s nucleation crystallization centers by carbide
phases in iron-carbon alloys, in accordance with the ¢ in the free energy of formation of compounds,
33 decreases in the following series of chemical elements: Zr - Ti - Ta - Nb - Cr - V — Si — Fe [18,
19].

ced into the melt, for example, particles of ultrafine pow-
, hitride- and oxide-forming elements Ti, Cr, Mo, V, Y, Zr, Ta,
he scheme of suspension formation may look like that shown in

and the melt will contain C, N,
Figure 3.
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Figure 3. Schemes of the formation of a suspension with an ultrafine particle (a) and transition layers (1-2) on UDP (b)

and a change in the concentration of the adsorbed element Cy and the melting temperature T, in the adsorbed layer (3)
and the volume of the melt (4)
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In this case, the equilibrium constant K. of the reaction of a metal cladding a particle with a non-
metal — carbon C (Me + C = MeC) will be inversely proportional to the product of the activity of the
components:

K, =1/(a,, 'ac)‘ )

Then, near the interfacial surface, the carbon activity will be close to zero; therefore, the melting
temperature of the alloy T; (Fig. 3b) in melt layer 3 will approach the melting temperature of pure metal
Twme. In this case, concentration supercooling can form in layer 3, which slows down the destruction of the
complex.

Studies of the crystallization of alloys in the concentration and temperature fields are givenyin [21].
Using the results of these studies, the heterogenization of a metal-carbon-alloying element alley belonging
to a pseudobinary system can be represented considering local concentration fluctuations'in hetérophase
complexes. The composition of alloy 4 in subsequent sources (Fig. 3b) will be depleted injthe outcome
(component).

Crystallization of an ordinary alloy under non-equilibrium conditions will begin ac@ording to a meta-
stable diagram in the temperature range Ti-Ts with supercooling AT relative 0 the equilibrium diagram.
Crystallization of the heterogenized melt will begin according to the metastable diagram with a larger
metastability range than that of the original alloy. At a content of 107 pdrticlés inpl cm? of the melt, the
spheres of action of adsorption forces can overlap, and to start crystallization, an atom needs to overcome
the sum of the adsorption forces G, and the activation energy of the transitionté the solid phase Gy.

But G, and G, have opposite signs, so G, compensates Gif [GI=|Gal, G is the change in free energy
during the formation of a solid phase. Then G,—G,=G-, and the atom needs to overcome the energy barrier
G: (potential well) in order to occupy a position in the crystal latticelef the solid phase with a higher level
of free energy. Therefore, the crystallization of suchian alloy willpbegin with a metastability interval ex-
ceeding this value for the original alloy, and may be aceompanied by a decrease in density (decompres-
sion). If the impurity concentration Co in the fransition [ayer is close to zero (Fig. 3b), then the cooling
curve should show a plateau due to the precipitation of puire metal, and crystallization will be completed
earlier than in the initial alloy, since clustering and adsorption forces change integral free energy of the
system, and the duration of crystallization of the treated melt will be less than that of the original.

The kinetic law of continuous grewith,[221498 expressed by the formula

V=#D, -AH, -AT, /(a-k,-T?) 9)

b

where Vp is the growthfrate; D, — diffusion coefficient in the liquid phase; AH,, — molecular
(atomic) heat of dusion; ATk —* kinetic supercooling; ¢ — interplanar distance, which determines the
position of the interfacialgboundary. As can be seen, the rate of advancement of the interfacial boundary
linearly depends“on supercooling. An increase in kinetic supercooling during melt heterogenization in-
creases the growth Tate. The integral characteristic of the crystallization of a heterogenized eutectic al-
loy, infaceordanee with the hypothesis put forward, can be expressed by the course of the process in the
temperature range with an inflection of the curve within the crystallization range. The low stability of
the crystallization front during directional solidification of a conventional alloy is due to the value of the
equilibriumé@mpurity distribution coefficient kis < 1, which causes the growth of columnar crystals at
high crystallization overcooling (Figure 4a). In a heterogenized alloy, because of modification, concen-
tration supercooling at the crystallization front may be absent, and kinetic supercooling may increase
significantly. The growth of a dendrite in a metal suspension is hampered by a barrier of particles at the
crystallization front, which causes splitting of the stem and separation of the axes. Excess phases are
formed on the substrates in the early stages of solidification and can grow into the dendrite shaft, being
in the metal in the volume of grains, and then the alloy will have a fine-grained structure (Figure 4b).
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Figure 4. Scheme of crystallization of suspensions: ¢ — ordinary alloy; » — modified alloy

The criterion of concentration supercooling, originally obtained by B. Chalmers [12]jin,theyabsence of
convective mixing, characterizes the stability of a flat crystallization front:

T, _mi‘co(l_m)
e (10)

where 77 is the temperature gradient; mi is the slope of the liquidus lineyCyis the impurity concentra-
tion in the melt.

Impurity adsorption on heterophase complexes reduces the concentration of Co in the bulk of the melt,
and the growth rate of Vp with a flat crystallization front, other thingsbeing equal, can be increased. In addi-
tion, an increase in the stability of a dispersed thermodynamig,system will make it possible to increase the
temperature gradient ahead of the crystallization front without the danger of the nucleation and growth of
crystallization centers in the melt volume remote from the growing solid phase.

Thus, the efficiency of melt heterogenization and modification of the cast metal structure is determined
by the thermodynamic activity of the substance ofithe transition layer to the material of a solid phase particle,
to an impurity, or to one of the chemical elements that, make up the alloy. Since all real metal melts are sus-
pensions to one degree or another, the interaction of solid phase particles with thermodynamically active ad-
ditives of modifiers will inevitably have a positive effect on the kinetics of the nucleation of crystallization
centers.

The performed analysis makes if possible to select the composition of complex modifiers for their suc-
cessful practical use [23].

Conclusion

On the basis of the foregeingy it is possible to formulate the basic principles of the crystallization activi-
ty of solid phase particles and the stability of metal suspensions during modification: the particle size of the
solid phase must beleommensurate with the critical size of the nucleus of the crystallizing phase; the surface
of the particles ofithe suspension must be activated by the adsorbed substance, in which the thermodynamic
potential of the interaction of the particle with the non-metal (O, N, C, B, etc.) must be higher than that of the
metal of'the solid phase; between the substance of the solid phase and the adsorbed layer, there must be a
chemiical interaction with the release of excess energy; the adsorbed layer should heterogenize the melt due
to thetimereased chemical affinity for one of the chemical elements from the composition of the alloy that
forms thejeutéctic.
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E.H. Epemun

Katrbidaszainb 6e/1eKkTepMeH TONATBIPBLIFAH METAJ KYPbLIbIMBIHBIH
MOAN(PNKANUSICHIHBIH KPUCTAJIAHY OPTAJBIKTAPbIHBIH KAJBINTACYbIHA
7K9HE 0JIaPABbIH TYPAKTBUIBIFbIHA Jcepi

KyiibuFraH MeTajJblH MEeXaHHKaJbIK JKOHE MaiilajlaHy KacHeTTepiH apTTHIPYIbIH KeH MYMKIHAIKTepi Iuc-
nepeti o0TKa Te3imMji OenekTepai OankbiMara TiKellei eHri3y apKbUIbl JKacaH[bl KPHCTAJIIaHy OpTaJbIKTa-
PBIH KypyFa MyMKiHAIK Oepetin Moandukarys oaicine ue. Kpucrangany opTaiblKTapbl peTiHae KbI3MET eTe-
TiH MyHIail OeJIIeKTepaiH THIMALTIT oJap/bH OeTiHae OenceHipiireH oerneri KabarTeiH OodybIHa Gaiina-
HBICTBL. J{ucmepcTi 0TKa Te3iMai OeieKTep KOChUIFaH epiTiHaire OemeKkTepae KaKeTTi KaCHeTTepre ue oT-
meni KabaT Ty3eTiH OeJceHipuIreH Kocmaigap KOChUIaAbl, Oy jkarmaiiia KelleHIl TYPJACHAIPYIi KOJmaHy
MepCHEeKTUBTI G0t TaObuansl. COHBIMEH KaTap, OeIIIeKTepaiH OeICeHAIpYIN KOCHalapMeH dpPEKeTTeCy
epeKIIeTiKTepi TONBIK 3epTTenMereH. Kpucranaany opTalbIKTapbIHBIH Maiifa OOoMybIHA )KOHE ONapJIbiH Op-
HBIKTBUIBIFBIHA TUCTIEPCT] OOIIIIEKTEPIiH SCePiH TEOPMSUIBIK Oaranay cyiay, oCKiHHIH KPUTHKAIBIK OJIIeMi-
He JIeHiHTI CIHIpYy MEH epyi apachlHOaFbl TOYEIIUTIKTI KONJaHy, OJapibl cylay OYpBIIIbl XKoHE OalKy/IbIH
CYBITBLTYBI KYOBUIBICHIH 3€pTTEy HerisiHne >xyprizinai. Erep Oemnek meH kantama KadaThl apachlHAAFb! Oaii-
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JaHbICaThIH (ha3anap/blH XUMMSIIBIK IOTCHIMANAPbIHBIH ailbIpMalIbLIBIFEl TOJIBIK MpoLecc 6apbichiHaa O6ap
Oosica, ai KenmeHHIH OeTiHae—O0eTTiK Kepiy a3 MoHre ue 6osnca oHxa OyHIail Oemmek OpHBIKTHI 00aIbl, O
OeTTik—OeNnceHi KOMIIOHEHTiHIH OajKpIMazaH aacopOuus OapbIChiHIA OpbiHFa e Oomansl. COHIBIKTAH
OaNKyIbIH TeTepOreHU3ALMSACH JKOHe KYWBUIFaH METaIbIH KYPBUIBIMBIH TYPJCHAIPY KarThl (a3a Oesmreri
MaTepHajblHa 3aTTHIH OTIeNi KaO0aThIHBIH TePMOANHAMUKAIBIK, OSJICEHIUIITT apKbUIBI aHBIKTANIAIbl. AJIBIHFAaH
KOPBITBIH/BUIAP KYWMaHBIH KYpPBUIBIMBI MEH KPHCTAJIaHy IIPOLecTepiH Oackapyra jKy3ere achbIpaThiH Ke-
meH i Moanu(pHUKaTOpIapBbIH KYpPaMbIH TaHJayFa MYMKIHIIK Geperi.

Kinm co30ep: KyibUIFaH METalI, CyCIeH3Hs, TYpJeHy, OelIeKTep, KpUCTAIIany, CiHipy, cynay, ¢asa apa-
JIBIK KyaT Ke3i, KypbUIbIM.

E.H. EpemMun

Bummsinne moanpuuupoBaHusl CTPYKTYPHI JIUTOT0 METAJLIA YacTRLAMMA
TBepAoii (a3bl Ha 3apoKAeHHe HEHTPOB KPUCTAUIN3AUMMA 1 UX YCTQHUYBBOCTH

[upoxkuMy BO3MOKHOCTSIMU TIOBBIINIEHHSI MEXaHWYECKHX M IKCINTyaTalMOHHBIX CBOMCTE JHTQFOpMETAILIA
obnanaer MeTo ] MOAUGUIMPOBAHUS, HO3BOJAIOIIMI CO3/1aBaTh HCKYCCTBEHHbBIEC ICHTPBI KPHCTAIUTH3ALNY 32
CUeT MPSMOro BBEICHHS B paciulaB AUCIEPCHBIX TYroIUIaBKUX YacTHL. D(deKkTHBHOOTD, TaknX™aCTHL], CITy-
JKaIUX HEHTPaMHU KPUCTAJUTU3alUM, 00YCIIOBIEHa HAIMYMEM HAa UX TMOBEPXHOCHHgaKTMBHPOBAHHOTO Iepe-
XOJIHOTO CJI0sl. B 9TOM OTHOIIGHNH MEPCIEeKTHBHO UCIIOIb30BaTh KOMILIEKCHOE MO MM UIINPOBaHKE, IPH KO-
TOPOM B PacIlIaB COBMECTHO C JUCTIEPCHBIMH TYTOIUIABKIMH YacTHIIAMU BBQISTCSA aKTUBUPYIONIHE 100ABKH,
(opMupyroIIe Ha JaCTUIIAX MEPEXOTHBIN CI0H ¢ HY)KHBIMH CBOMCTBaMH. B To Ke&BpéMs ocobeHHOCTH B3a-
HMMOJEHCTBHS YaCTHI] C AKTHBUPYIOMNUMHA H00aBKaMH N3y4eHbl HEROCTAEOTHO.\ TeopeTnieckas OleHKa BIIHs-
HUSI TUCTIEPCHBIX YacTHI[ Ha 3apOX/ICHUE [IEHTPOB KPUCTAIUTH3ANHAE UX YETOMUHBOCTh TPOBEIECHA Ha OCHO-
BaHWH M3YYEHHUS SBICHUI CMauMBaHUsA, aICOPOLUH U PACTBOPEHKS C MEIIOIb30BAHIEM 3aBHCUMOCTH MEXIY
KPUTHYECKHM Pa3MepoM J03apojbllIel, yrioM MX cMadMBaHfs M llepeoXuakieHneM paciuiaBa. Ilokasano,
YTO €CJIM MEXAY YaCTHULEH U INIaKUPYIOUIUM CJI0eM Pa3HOCTh XMMHUECKUX MOTEHLMATIOB KOHTAKTUPYIOIIUX
(a3 Oyner cyliecTBOBaTh Ha MPOTSHKEHUH BCETO TMPOLECE, a HAMIOBEPXHOCTH KOMIUIEKca OyleT UMEeTh HU3-
KO€ 3HayeHHEe MOBEPXHOCTHOTO HATSXKEHHs, TO ZaKas yacTHlla OyAeT yCTOH4MBOM, YTO UMEET MECTO NpH ajl-
copOuuy M3 paciiaBa IMOBEPXHOCTHO-aKTUBHOTO KOMIOHEHTA. [loaToMy 3¢eKTHBHOCTS TeTeporeHu3aIim
paciulaBa U MOTU(UIMPOBAHHUS CTPYKTYPHI JUTOTO\METAILAA ONIPEAESNIIeTCS TePMOANHAMHIECKON aKTHBHO-
CTBIO BEII[ECTBA MIEPEXOAHOTO CJIOSI K MaTepHary YacTHHBI TBepoi ¢a3bl. [lorydeHHbIC BBIBOABI ITO3BOJISTIOT
OCYIIECTBIISITH BEIOOP COCTaBa KOMITIEKCHBIX\MOAN(PHUKATOPOB, TO3BOJIIONINX YIIPABIATh CTPYKTYPOH OTIH-
BOK B IIPOIIECCE UX KPUCTAIUIU3ALIUH.

Kniouesvie cnosa: muToil MeTaLgCeYeHCH3U, MOAN(UIMPOBAHNE, YACTHLIBI, KPUCTAUIA3AIM, aACOPOIHs,
CMaduBaHue, MeK(a3Hasi JHEPTUsl, CTPYKLypa.
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