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Selection of inoculant additives for modifying nickel alloys

Heat-resistant nickel alloys are widely used in the production of castings for aircraft and industrial gas turbine
engines. Structural factors are the main determinants of the performance properties of cast nickel alloys. The
main disadvantage of castings obtained from these alloys is the coarse-crystalline structure, uneven grain size
and columnar crystals in the cross-section. Therefore, the creation of an optimal alloy structure is an im-
portant condition for obtaining high properties and ensuring the increased operability of cast parts. Obtaining
a fine-grained structure has a beneficial effect on the level of mechanical and operational properties of cast
metal. The most promising way to create such a structure is to introduce a small number of additives into the
melt that cause heterogeneous formation of crystal nuclei, i.e. modification of the melt with dispersed parti-
cles of refractory elements and inocular compounds. To select the type of inocular particles required to initi-
ate crystallization of a particular phase, it is necessary to have a set of data that allows one to form a theoreti-
cal understanding of the principles of such a choice. The paper provides a rationale for the selection of the
type of particles of inoculators capable of causing the process of artificial changes in the structure of cast
metal. For a heat-resistant nickel alloy, the use of refractory particles of ultra-dispersed titanium carbo nitride
powder as inoculators are the most effective. When introduced into the melt 0.025 wt. % of such particles, a
fine-grained structure of the alloy is obtained, and its ductility in comparison with the unmodified one is more
than doubled.

Keywords: high-temperature nickel alloy, melt, modification, crystallization, inoculators, particles, properties,
structure.

Introduction

Heat-resistant nickel alloys of various alloying degrees are widely used in many industries. They are
mainly used in the production of castings of the most critical, highly loaded parts for aircraft and industrial
gas turbines of engines [1, 2].

Heat-resistant cast nickel alloys are complex multi-component hetero phase systems. Structural factors,
along with chemical composition, are the main factors that determine such properties of nickel alloys as duc-
tility, heat resistance, fatigue resistance, and others [3]. The disadvantage of castings obtained from these
alloys is a coarse-crystalline structure, uneven grain size and columnar crystals in the cross-section. There-
fore, the creation of an optimal structure for a given alloy is an important condition for obtaining the required
properties and ensuring increased material performance.

The most versatile tool that has a beneficial effect on the level of mechanical and operational properties
of cast metal is to obtain a fine-grained structure [2, 3]. The greatest effect of dispersion of the primary struc-
ture should be expected when it is formed as fine equiaxed grains. To obtain such a structure, certain condi-
tions must be created. One of these conditions is the creation of the entire volume of the melt of a minimum
temperature gradient, which would be distributed within the range of crystallization of the alloy. In this case,
the nucleation of crystals would occur simultaneously throughout the entire volume of the bath. The most
promising way to create such crystallization centers is to introduce into the melt a small number of additives
that cause heterogeneous formation of crystal nuclei, i.e. modification of the melt with dispersed particles of
refractory elements and inocular compounds. This modification method is a universal way of controlling the
crystal structure of cast metal [4—6].

At the same time, to select the type of inocular particles required to initiate the crystallization of a par-
ticular phase, it is necessary to have a set of data that allows one to form a theoretical understanding of the
principles of such a choice. The available information is extremely contradictory. Thus, J.V. Wood [7]
showed the universality of the action of only two types of particles: TiC and ZrB, in steels crystallizing
through o- and y- lattices. As established by J. Campbell and J.W. Bannister [8], TiC refines grain in steel
with a-grid, and there are no reliable inoculators for phases with a y-grid. G.S. Ershov and V.A. Chernyakov
[9] concluded that only TiN, ZrN, and ZrB, can serve as stable inoculators of steel.
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Ahlroth & Kettunen [10] found that as a result of the introduction of 0.3... 0.4 % of refractory metal
particles (molybdenum, niobium, tungsten) into nickel alloys with a size of 200400 microns, the metal
structure changed significantly, which led to an increase in the plastic properties of the resulting castings. In
[11], a similar positive effect was obtained when modifying chromium-nickel stainless steel with refractory
metals.

Using the available factual material, it is possible to formulate the basic requirements for inoculating
particles. They must have:

— high thermodynamic stability in the melt;

— the highest possible electrical conductivity compared to the melt;

— possibility to differ less from the melt in terms of density.

In connection with the above, the work posed substantiating the choice of the type of modifier particles
capable of causing the process of artificial changes in the structure and properties of nickel alloy castings.

Experimental

Alloy Kh10N60K10V10Yu5T3M2B, which is the most prominent representative of the family of high-
alloy heat-resistant nickel alloys, widely used for manufacturing parts for aviation equipment [2], was chosen
as the object of research. The casting of the test ingots was carried out by vacuum induction melting,

in ceramic crucibles, on a U117-7 remelting unit. The chemical composition of the cast metal is shown in
Table 1.

Table 1
Alloy composition Kh10N60K10V10Yu5T3M2B by main alloying elements
C . Content of elements,%
omposition C Cr Co Al Ti Mo W Nb
Requirements for 0.13-0.19| 8.0-9.0 | 9.0-10.1 | 5.1-5.7 | 2.0-2.6 | 1.2-1.7 | 9.5-10.1 | 0.8-1.1
Specifications
Investigated alloy 0.18 8.5 9.9 5.6 2.4 1.6 9.8 0.9

The experiments were carried out on cast samples of alloy Kh10N60K10V10Yu5T3M2B with various
additions of refractory particles in amounts used in the practice of modification. For modification, we used
plasma-chemical synthesis powders with a dispersion of about 100 nm. The introduction of particles into the
liquid metal was carried out using briquettes as tablets. They were obtained by mixing powder components
followed by pressing at a pressure of 10~15 t/cm” on a PG-476 hydraulic press in a specialized press mold of
the size corresponding to the tablet, ensuring its dissolution in the melt for 20-40 seconds.

The ingots were cast using the following parameters:

— Operating frequency of the generator — 25650 Hz;

— Residual pressure in the melting chamber — 10-2 mm Hg;

— Heating temperature of the melt — 1700°C;

— Holding time at a given temperature (power 5 kW) — 5 min;

— Temperature of modifier input — 1650°C;

— Holding time at a given temperature — 3 min;

— Cooling of the melt (power 0 kW) — 10 min.

The macrostructure of the alloy was investigated on thin sections after etching in a solution of ferric
chloride and a Marble reagent. A Carl Zeiss Axio Observer Alm optical microscope was used for metallo-
graphic analysis.

Tensile tests were carried out under the requirements of GOST 1497-84.

Results and Discussion

The choice of inoculars was made based on their resistance to dissolution in the melt, and then their
electrical conductivity and density were taken into account.

Analysis of the heterogenizing ability of refractory compounds of the putative modifiers shows that,
from the point of view of resistance to chemical interaction and dissolution in the melt, they do not all meet
the requirements. Thus, borides are not stable in nickel and its alloys because of the high diffusion mobility
of boron and the ability to form low-melting boron nickelides. Oxides are the most stable in terms of re-
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sistance to chemical interaction and dissolution, but they are poorly wetted by nickel alloys and can only be
introduced together with thermodynamically active elements (Ca, Ba, etc.), the use of which is fraught with
great difficulties. Therefore, the greatest preference when choosing modifiers, especially for high-
temperature alloys, is given to inoculators in the form of nitrides, carbides and some oxides that are well wet-
ted by melts [4, 7, 12—14] (Table 2).

Table 2
Contact angles of wetting 0 in the system refractory compound — Ni *

Compound 0" T, °C Environ
TiC 38/62/30 1 500/1 550/1 450 vacuum
ZrC 24/32/30 1 400/1 500/1 550 vacuum
VC ~0/-/17 1 450/-/1 380 vacuum
NbC ~0/-/18 1 450/-/1 380 vacuum
TaC ~0/-/16 1 400/-/1 380 vacuum
HfC -/-/28 -/-/1 450 argon
TiN 70/-/98 1 550/-/1 450 argon
Si3N, 90/-/105 1 435/-/1 500 argon
ZrN -/10/72 -/1 500/1 550 argon
TiB, 64/-/39 1 480/-/1 550 helium
7ZrB, 55/-/142 1 500/-/1 500 vacuum
CrB, 40/30/20 1 500/1 460/1 500 vacuum

AL O3 128/-/- 1 500/-/- vacuum
ZrO 118/-/- 1 500/-/- vacuum
TiO, 120/57/- 1 500/1 480 helium/vacuum
Cr,0; 0/56/- 1 400/1 500 argon/vacuum

* Work data are separated with a slash [12], [13], and [14]

The phase diagrams of Ni-C-Me (carbide-forming element) studied by H.J. Goldschmit [15] indicate
that all the most stable carbides (TiC, ZrC, HfC, NbC) exhibit polymorphism in low temperatures and carbon
concentrations region, can be present in the of bcc and hep modifications, and in high temperatures and car-
bon concentrations region, all carbides have an fcc lattice and can serve as crystallization centers.

Polythermal section of the Ni TiC system, investigated by V.N. Eremenko, showed that it is quasi-
binary and has the form of a simple diagram with a eutectic [16]. The maximum solubility of TiC in nickel
occurs at a eutectic temperature of 1280°C and is 6.2 %. The solubility of carbides in liquid nickel alloys
decreases in the order TiC — NbC — ZrC — HfC, but only at moderate temperatures. These carbides, as
well as other interstitial phases, are characterized by a tendency to deviate from the stoichiometric composi-
tion with a deficit in carbon content, which increases the decomposition temperature of carbide systems. The
deviation decreases in the following sequence [15]: TiCg,5 — ZrCy o3 — HfCy s — NbCy .

Deviations from stoichiometry play an important role in the kinetics of diffusion, decarburization, dis-
solution and oxidation processes. The vacancies in carbides can be filled with atoms of components, for ex-
ample N and O. Carbonitrides, and especially oxycarbonitrides, are more stable in metal melts. However, it
is known that in cermets of the MeOx-MeN type, with an increase in the proportion of MeO, the electrical
resistance increases, i.e. the proportion of free electrons decreases and the wettability deteriorates. The con-
tact angles 0 of carbides with nickel alloys are low, nitrides are wetted worse, and oxides are poorly wetted
(Table 2). Improvement of the wetting of refractory compounds with liquid metals occurs after a certain time
of their contact due to ion-exchange reactions and mutual diffusion.

Nitrides are more stable than carbides [4, 15, 16]. At the same time, the use of nitrides for modification
can lead to an increase in the nitrogen concentration in the melt and the formation of eutectic nitrides along
the grain boundaries. However, a moderate increase in the nitrogen content (0.003 %) has a modifying effect
on the structure of heat-resistant nickel alloys. With a further increase in its concentration, the plasticity of
alloys in which there are no primary MeC carbides deteriorates, and in those alloys in which they are present,
an increase in the nitrogen content worsens their morphology, which also has a negative effect on the proper-
ties of the metal.
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Usually, when modifying, coarse nitride powders with a particle size of 10—200 um are used in an
amount of 0.1-0.2 % of the melt mass [4]. The dissolution of such a quantity of nitrides causes a significant
increase in the nitrogen concentration in the melt and contributes to the accumulation of nitrides in the circu-
lating charge. The use of ultrafine powders (UDP) by an order of magnitude reduces the amount of added
additive (0.01-0.02 % of the melt mass) and reduces the risk of nitride accumulation [6].

Considering the above and comparing the properties of the main refractory compounds, it is possible to
choose a number of inoculant additives that most fully satisfy the requirements imposed on them
(Table 3).

Table 3

List of compounds that best meet the selection criteria for inoculators

Compound Density}at \ ' Specific electrical Literary source
1550 °C, 10— kg/cm resistance at 1550 °C, pOhm-cm
TiB, 4.43 105 13
Z1B, 591 66 13
wC 15.49 31 13
TiC 4.73 147 13
ZrC 6.44 175 14
NbC 7.29 120 13
HfC 12.3 140 13
TaC 13.89 112 14
TiN 5.33 132 12
ZrN 7.06 126 12
HIN 12.96 122 12
TiCN 4.9 - 17
VN 6.04 - 13
TaN 14.1 138 14
VvC 5.36 - 14

Examining data from Tables 2, 3, we conclude that for the modification of nickel alloys; it is most ra-
tional to use carbides and nitrides of refractory compounds, primarily titanium as inoculants. An even greater
effect can be expected from titanium carbonitride, which has the highest stability in metal melts [17, 18].
Consequently, for the castings of experimental samples, titanium carbides, nitrides, and carbonitrides were
chosen as inoculant particles during modification.

The amount of refractory particles in the modifier, which ensures the optimal structure and properties of
the cast metal, depends on many factors: the chemical state of the alloy, technological parameters of melting
and pouring, etc., as a result of which these parameters can be determined for a specific case only experimen-
tally.

Castings from the alloy under study have extremely low plasticity values. So, the values of the relative
elongation of the cast metal obtained by vacuum induction melting are usually in the range of 3.0-3.7 %,
which in many cases does not meet the production requirements [2].

The study of the influence of the type and amount of the selected particles-inoculators on the elongation
(Table 4) confirmed the validity of the theoretical conclusions.

Table 4

Influence of the type and amount of selected particles on the elongation of the alloy

Inoculator Average value of the relative elongation depending on the number of particles (weight),%
0.01 0.025 0.05 0.075 0.1
TiN 4.6 6.2 4.8 4.6 4.1
TiC 4.4 5.5 4.5 4.2 3.9
TiCN 4.9 7.6 6.1 4.7 4.5
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The use of ultrafine powder of titanium carbonitride as particles — inoculators is the most effective. In-
troducing 0.025 wt.% of such particles into the melt increases the plasticity of the alloy by more than 2 times
compared to unmodified, while the results are much worse when other particles are used.

Metallographic studies show that modification of the alloy Kh10N60K10V10YuS5T3M2B with titanium
carbonitride manifests itself in a significant refinement of the macrograins of the alloy (Figure 1).

a — initial; b — modified

Figure 1. Macrostructure of a microsection of alloy Kh10N60K10V10YuST3M2B with a diameter of 60 mm

The macrostructure of an unmodified nickel alloy ingot is characterized by large columnar grains (Fig-
ure la), up to 30 um in size, in which liquation chemical inhomogeneity and pores are revealed. The modifi-
cation prevented the formation of columnar grains. The structure is dominated by equiaxed grains up to 1.5
mm in size (Figure 1b).

This may be because titanium carbonitride has high stability in nickel alloys and has a density close to
the carbide phase of the alloy.

In the mechanism of structure refinement during this modification, two factors can be distinguished that
contribute to this process: mutual blocking and misorientation of dendrites growing in a non-uniform tem-
perature (concentration) field; intensive separation of dendritic branches from the trunk, associated with a
non-uniform concentration distribution. The first factor is realized at the growth stage, the second — during
the transformation of dendrites when they coexist with the melt in a two-phase state. Introducing a dispersed
solid phase into the melt distorts the local temperature and concentration field, which causes a violation of
the columnar structure.

Introducing ultrafine particles of titanium carbonitride causes the creation of inclusions in the melt with
a concentration and temperature different from the main melt and does not allow the formation of a columnar
structure. Changes in the temperature gradient and the rate of movement of the crystallization front signifi-
cantly affect not only the dendritic structure but also the morphology and topography of the components and
the phase composition of heat-resistant alloys.

Conclusions

When modifying nickel alloys, using carbides and nitrides of refractory compounds, primarily titanium
as inoculants, is the most rational choice. We achieved the best results when ultrafine particles of titanium
carbo nitride were used as inoculators, in an amount of 0.25 wt. % providing a fine-grained structure and a
twofold increase in the ductility of castings.
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E.H. Epemun

Huxenbai KopsITHagaapasl TYpJeHAIpy YIIiH,
OHBIH KYPAMBbIH KaKCAPTATBIH KOCNAJAPAbI TAHAAY

blcTeikka Te3iMImi HHKeNh KOPBITIANAPH YIIAKTAp MEH OHIIPICTIK Ta3 TypOWHAibl KO3FANTKBIIITapFa
apHaJFaH KYIO OHJIpiCiHAe KeHiHeH KoyimaHbuiagsl. KypbUIBIMIABIK (akTopiaap — KyHbUIFaH HUKeITb
KOPBITIIAJIAPBIHBIH TaiilajlaHy KacHeTTepiH aHbIKTayIIbl OOJBIN caHamansl. Bysl KopbITHanapiaH ajblHFaH
KyWMajapJplH Heri3ri KeMIIUIri — ipi TYHIpIIIKTI KypbUIbIM, TYHipHIikTepAiH OipKeJKi eMecTiri joHe
KnuMasa OaraHasbl KpucTanaapablH 60sybl. COHABIKTaH, KOPBITIAHBIH OHTAIIBI KYPBUIBIMBIH XKacay JKOFapbl
KacHeTTep/i ally jKoHe KyWbUTFaH OeJIIEeKTepIiH calajibl OHIMIUIITIH KaMTaMachl3 €TYAiH MaHbI3/Ibl IapThI
Ooubin Tabbutanel. KyibutFaH MeTaIbpIH MEXaHUKAIBIK JKOHE TaiilaiaHy KaCHEeTTepiHiH AeHreiine maiinans
acep eTeTiH eH oMbebarn Kypai — OyJT ycak TYHipIIiKTI KypbUIBIMIB! aty. MyHIai KYpBUIBIMABI KYPYIBIH €H
MEPCIIeKTUBANBI KOJNBI — OaJKpIMara a3 MeJIeple KPUCTAUl YHWBITKBICHIHBIH TETepOTeHIl TY3UTyiH
TyOBIPATBIH ~ KOCTIANAPIBl  €HTi3y, SFHU OalKbIMaHbl Oasy OaJKUTHIH OJIEMEHTTepHiH IUCIEPCTi
OeJIeKTepiMeH JKOHE MHOKYJISPIIBI—KOCBUIBICTApBIMEH TypieHaipy. Hakrel Oip ¢azaHbIH KpUCTaIIaHYBIH
0acTailThIH KOXKETTI MHOKYJIAPIIBI OOJIIEeKTepAiH TYpiH TaHaay YIIiH, OCBIHIAl TaHAay NPUHIUIITEP] Typabl
TEOPHUSUTBIK TYCIHIK KaJIBIITACTHIPyFa MYMKIHIIK OepeTiH MaliMeTTep JKHBIHTBIFBI 00sybl Kepek. JKymbicTa
KYHBUIFAaH METal KYPBUIBIMBIHBIH KacaHAbl ©3repy TMpPOLECiH TyIbIpybl MYMKiH HHOKYJISITOpIAp
OeImIeKTepiHIH TYPiH TaHIAay Heri3ZeMeci kenTipinreH. bICThIKKa Te3IMII HUKETh KOPBITIIACH! YIIIH THTAaH
KapOOHUTPUIIHIH YIBTPAJAUCIIEPCT] YHTAFBIHBIH Oasy OaKUTHIH OOJIIEKTePiH HHOKYIISTOP PETiHAE KOJIIaHy
THIMII eKeHiri kepcetinreH. bamkeiMara eHrisrenne 0,025 canmak, sfHH MyHIald OemmektepmiH % —bl
KOPBITIAHBIH YCaKTYHIpIIIKTI KYpBUIBIMBIH ally apKbUIBI KaMTaMachl3 €TUIedl, al OHBIH HJIEMILTIT
TYpJIEHOET€HMEH CalbICThIPFaH/Ia €Ki €CeICH acTaM apTaJbl.

Kinm co30ep: bICTBIKKA TO3IMJIi HUKEIb KOPBITIIACKI, OaKbIMa, TYPICHAIPY, KpUCTANIaHy, HHOKYIISITOpIIap,
GeuiexTep, KACHETTePi, KYPBUIBIMBIL.
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Bbi0op nHOKYIMPYIOIIUX 100aBOK 11 MOAN(PUIIMPOBAHUS HUKeEIEBbIX CILUIABOB

YKaponpouHsle HUKeNEBEIE CIUIABEI HAXOT IIMPOKOE MPUMEHEHHE B IPOU3BOJICTBE OTJIMBOK JeTaNeH aBha-
IIMOHHBIX W IPOMBIIUICHHBIX TQ30BEIX TypOHWH nBurarteneid. CTpyKTypHbIE (aKTOPHI SBISIFOTCS ONPEAENsIo-
M SKCIUTyaTallMOHHEIE CBOWCTBA JIMTHIX HUKENEBHIX CIUIaBOB. OCHOBHBIM HEIOCTATKOM OTIMBOK, ITOJTY-
YEHHBIX M3 STHX CIUIABOB, SIBISIFOTCS I'PYOOKPHCTAUIMYECKOE CTPOCHUE, Pa3sHO3EPHHCTOCTh M HAJIMIHE
CTOJIOUATHIX KPUCTAIIOB MO cedeHuo. [1oaToMy co3maHne oNTUMAaNIbHOW CTPYKTYpPHI CIUIaBa ABISIETCS BaXK-
HBIM YCJIOBHEM IIOJIyYEHHUSI BHICOKUX CBOMCTB M 00€CIEUYECHHUS MOBHIILICHHOW pab0TOCTIOCOOHOCTH JIUTHIX Jie-
taneil. Hanbonee yHHBEpcanbHBIM CPEICTBOM, OKA3bIBAIOIIMM OJIAroNpHUATHOE BIMSHHE Ha YPOBEHb MeXa-
HUYECKHUX U SKCIUTyaTallMOHHBIX CBOWCTB JIUTOTO METAJlIa, SBJIAETCS MOIydeHHE MEIKO3EPHUCTON CTPYKTY-
prl. HanGoree mepcrieKTUBHEIN ITyTh CO3MaHMs TAKOH CTPYKTYPHI — 3TO BBOJ B pacIuiaB HeOOJIBIIOTO KOJIH-
4yecTBa 100AaBOK, BBI3BIBAIOIINX TeTePOTeHHOE 00pa3oBaHue 3apobIliel KPHCTAIUIOB, T.€. MOAU(GHINPOBAHHE
paciuiaBa AUCIICPCHBIME YaCTUIIAMH TYTOIUIABKUX 3JIEMEHTOB M COEIMHEHMI-MHOKYIApOB. [t BEIOOpa THIa
YaCTHI] WHOKYJSIPOB, TPeOyeMBIX VIS WHHUIMHPOBAHMS KPHUCTAIIM3AIMM KOHKPETHOH (a3bl, HE0OXOIUMO
UMETh Ha0Op NaHHBIX, MO3BOJIIIOUIMX C(HOPMHUPOBATH TEOPETUUECKHE MPEACTABICHHUA O MPHHLUIIAX TaKOTO
BbIOOpa. B paboTe mpuBeneHO 00OCHOBaHME BBHIOOpA THUIIA YACTUI] MHOKYISTOPOB, CIIOCOOHBIX BBI3BIBATH
MPOIIECC HCKYCCTBEHHOTO 3MEHEHUS CTPYKTYPHI IUTOTO MeTaiuia. [lokaszaHo, 4To AJs sKapOIPOYHOTO HUKE-
JIeBOTO cIulaBa Hambonee >PQPEKTUBHO HCIOIH30BAHHE B KAueCTBE HHOKYIIATOPOB TYTOILIABKHX YacCTHI
YJIBTPAJUCIIEPCHOTO MOpOIIKa KapOoHuTpuaa Tutana. [1pu BBeneHnu B pacmiaB 0,025 Bec. % TakuxX 4acTHIL
obecrieunBaeTCs MOJTyYCHUE MEJIKO3EPHUCTON CTPYKTYpHI CIUIaBa, a €ro IIACTHYHOCTb, 110 CPABHEHUIO C He-
MOAN(HUIVPOBAHHBIM, YBEJIMIUBAETCs OoJiee UeM B [jBa pasa.

Kniouegvie cnosa: xapolpoyHblii HUKEIEBBIH CIUIaB, paciuias, MOAU(DUIHPOBAHNE, KPUCTAUIN3ALMSA, HHOKY-
JISITOPBI, YaCTHIBI, CBOMCTBA, CTPYKTYpA.

References

1 Reed, R.C. (2008). The superalloys: fundamentals an application. Cambridge University Press, Cambridge, 388.

2 Kishkin, S.T., Stroganov, G.B., & Logunov, A.B. (1987). Liteinye zharoprochnye splavy na nikelevoi osnove [Foundry heat-
resistant nickel-based alloys]. Moscow: Mashinostroenie [in Russian].

3 Sims, C. T., Stoloff, N.S., & Hagel, W.C. (1987). Superalloys II: high-temperature materials for acrospace and industrial
power. Wiley-Interscience, New York, 640.

4 Babaskin, Yu.Z. (1980). Struktura i svoistva litoi stali [Cast steel structure and properties]. Kiev: Naukova dumka [in Rus-
sian].

5 Goldshtein, Ya.E., & Mizin, V.G. (1993). Inokulirovanie zhelezouglerodistykh splavov [Inoculation of iron-carbon alloys].
Moscow: Metallurgiia [in Russian].

6 Kuznetsov, M.A., Kolmogorov, D.E., & Zernin, E.A. (2012). Upravlenie strukturoi i svoistvami metallov metodom
modifitsirovaniia (obzor) [Management of structure and properties of metals by a modification method (review)]. Tekhnologiia
mashinostroeniia — Mechanical engineering technology, 2, 5-8 [in Russian].

7  Wood, J.Y. (1978). Nucleation in steel castings by interstitial compounds. International Conference: Solidification, Sheffield
1977, 179-183.

8 Campbell, J., & Bannister, J.W. (1975). Grain refinement of electroslaq remelted iron alloys. Metals Technology, 2(9), 409—416.
DOI: 10.1179/030716975803276880

9 Ershov, G.S., & Chernyakov, V.A. (1978). Stroenie i svoistva zhidkikh i tverdykh metallov [Structure and properties of liquid
and solid metals]. Moscow: Metallurgiia, 231 [in Russian].

10 Ahlroth, R., & Kettunen, P. (1973). Review on Ni- and Co-base composite materials for the temperature range of
1000...1100 °C. Acta Polytechnica Scandivanica. Chemistry including metallurgy series, 112, 32.

11 Eremin, E.N. (2006). Primenenie modifitsirovaniia dlia povysheniia svoistv koltsevykh zagotovok iz azotosoderzhashchikh
nerzhaveiushchikh stalei, poluchennykh sposobom TsEShL [The use of modification to improve the properties of annular blanks
made of nitrogen-containing stainless steels obtained by the CES method]. Sovremennaia elektrometallurgiia — Modern electrometal-
lurgy, 3, 3-7 [in Russian].

12 Samsonov, G.V., & Vinitskii, .M. (1976). Tugoplavkie soedineniia [Refractory joints] (2d ed.). Moscow: Metallurgiia, 560
[in Russian].

13 Kosolapova, T. A. (Ed.). (1986). Svoistva, poluchenie i primenenie tugoplavkikh soedinenii: Spravochnik [Properties, pro-
duction and application of refractory compounds. Cases]. Moscow: Metallurgiia, 928 [in Russian].

14 Kotelnikov, R. B., Bashlykov, S.N., & Galiakbarov, Z.G. (1968). Osobo tugoplavkie elementy i soedineniia [Particularly re-
fractory elements and compounds]. Moscow: Metallurgizdat, 376 [in Russian].

15 Goldshmit, Kh.Dzh. (1971). Splavy vnedreniia [Introduction alloys]. Moscow: Mir, 1, 224 [in Russian].

16 Eremenko, V.N., & Tolmacheva, Z.I. (1961). Politermicheskii razrez sistemy Ni—TiC [Polythermal section of the system Ni-
TiC]. Poroshkovaia metallurgiia — Powder metallurgy, 2, 21-29 [in Russian].

Cepus «dunsukay. Ne 1(105)/2022 87



E.N. Eremin

17 Stepanova, N.N., Rodionov, D.P., Sazonova, V.A., & Khlystov, E.N. (2000). Structure formation in “001” single crystals of a
nickel-based superalloy solidified with TiCN powder addition. Materials Science and Engineering: A, 284(1-2), 88-92.

18 Artemev, A.A. (2011). Vliianie mikrochastits diborida titana i nanochastits karbonitrida titana na strukturu i svoistva
naplavlennogo metalla [The effect of titanium diboride microparticles and titanium carbonitride nanoparticles on the structure and
properties of the deposited metal]. Metallovedenie i termicheskaia obrabotka materialov — Metallurgy and thermal treatment of
materials, 12(678), 32-37 [in Russian].

88 BecTHuk KaparaHgmMHCKOro yHusepcureTa



