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Abstract. The study provides a detailed analysis of the effects of high-speed cooling methods and the use of rapidly cooled charge materials (ferro-
alloys, modifiers, alloying additives) on the microstructure and performance properties of ferrous metallurgy alloys, with a particular focus on
ductile iron (nodular cast iron). Experimental results demonstrate that precise control of cooling rates within the range of 10° — 10° K/s enables
the targeted formation of fine-grained and homogeneous structures with enhanced strength, impact toughness, and wear resistance. It was estab-
lished that the use of rapidly cooled master alloys, such as Cu—Mg, not only increases magnesium recovery to 50 — 60 % but also significantly
improves modification kinetics: the duration of the exothermic reaction is reduced by 1.5 — 2.0 times, while the formation of nodular graphite
becomes more stable and reproducible. The highest efficiency is achieved at cooling rates of 800 — 1650 °C/min, which promotes phase refinement,
reduces segregation, and increases tensile strength by 15 — 20 % compared to conventional methods. Special attention is given to ferroaluminum
modifiers (25 — 33 % Al), for which the possibility of controlling the size and distribution of structural components solely by adjusting the cooling
rate — without subsequent heat treatment — was confirmed. This opens the prospects for energy-efficient technologies. The study demonstrates
that rapidly cooled materials not only enhance mechanical properties but also offer technological advantages: reduced consumption of alloying
elements, improved process repeatability, and environmental benefits due to lower emissions. The results hold significant practical potential for
developing new generations of alloys with tailored properties, combining high performance, resource efficiency, and compliance with environ-
mental standards. Thus, the application of high-speed cooling techniques and rapidly cooled charge materials represents a promising direction
in modern metallurgy, enabling optimization of both structural and process parameters in production.
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AHHomayus. B pabote mpencTaBieH JeTalbHbINH aHAIN3 BIUSHUS METOI0B BBICOKOCKOPOCTHOTO OXJIAXK/ICHUS X TIPUMEHEHUSI OBICTPOOXIIAXKICHHBIX
HIMXTOBBIX MarepuaoB ((peppocIuiaBoB, MOIU(PHUKATOPOB, JIETUPYIOIIHUX J00ABOK) HA MUKPOCTPYKTYPY U OKCIUTyaTal[MOHHBIC CBOIMCTBA CILIABOB
YEPHON METAJUTYPIrUH, C 0COOBIM aKI[EHTOM Ha YyT'YH C IIAPOBHAHBIM rpaduToM. Pe3yabTaTsl SKCIEPUMEHTOB MOKa3bIBAIOT, YTO TOUHOE PEryJin-
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POBaHHE CKOPOCTH OXJakIeHus B auanasone 10° — 10° K/c mo3sosser neneHanpasieHHo GOpMUPOBATh MEIKO3EPHUCTHIE H TOMOTEHHBIE CTPYK-
TYpBI C MOBBIIICHHBIMH IPOYHOCTHBIMHU XapaKTePUCTUKAMH, YIAPHOH BA3KOCTBIO U H3HOCOCTOMKOCTBIO. YCTaHOBIICHO, YTO IPHMEHEHUE OBICTPO-
OXJIQKJICHHBIX JIUratyp, Takux kak Cu—Mg, He TOJIbKO YBEINYMBACT yCBOCHHE MarHus 10 50 — 60 %, HO M CYLIECTBEHHO YJIy4LIaeT KHHETHKY
MOIHGUINPOBAHUS: IPOROIKUTEIBHOCTD THpo3(ddexra cokpamaercs B 1,5 — 2,0 pasa, a 06pa3oBaHue MIapOBHIHOTO IpaduTa CTAHOBUTCS OoJiee
CTaOMIBHBIM M BOCIIPOU3BOMMbIM. Hanbonbimas sdhexTuBHOCTb nocTUraercs npu ckopoctsix oxnaxaeHus 800 — 1650 °C/mun, 4yro criocodcrt-
BYET JIHCIICPTHPOBAHUIO (a3, CHIDKCHHIO JINKBALlMU H MOBBINICHUIO IIpefeia MPOYHOCTH Ha 15 — 20 % 1o cpaBHEHHUIO ¢ TPaAUIHOHHBIMH METO-
namu. Ocoboe BHUMaHHE YIeJIeHO UCCIIEIOBAHUIO (heppoanioMuHUEBbIX MOAU(PHUKATOPOB (25 — 33 % Al), 171 KOTOPBIX MOATBEPKICHA BO3MOX-
HOCTb YIIPaBJICHUS Pa3MEPOM U PACIIPEEICHIEM CTPYKTYPHBIX COCTABILIIOMINX HCKIIOUUTENBHO 32 CUET BAPHPOBAHMS CKOPOCTU OXJIAXKICHUS,
6e3 HeOOXOMMOCTH TOCHENYIOMeH TepMUYECcKoi 06paboTKH. DTO OTKPHIBACT MEPCHEKTHBBI IS SHeprocoeperaromx TexHonorui. Mcenemo-
BaHHE [T0KA3BIBACT, YTO OBICTPOOXTIAKICHHBIC MaTEPHAIIBI 00ECIICINBAIOT HE TOIBKO YIydIIeHNEe MEXaHHUCCKUX CBOUCTB, HO M TEXHOIOTUYECKIE
MPEUMYIIECTBA: CHIKCHHE PACXOfa JICTHPYIOLINX 3JIEMEHTOB, MOBBILICHUE BOCIPONU3BOANMOCTH IOTYYCHHBIX ITOKa3aTeleil U KOJIOTHYHOCTh
IPOIIECCOB 3a CUET yMEHBIICHHS BEIOPOCOB. [lomydeHHBIe pe3yabTaTsl 00IaJaloT 3HAYUTENBHBIM [IPAKTHYCCKUM IOTCHINATIOM IS Pa3padoTKu
HOBBIX MOKOJICHHH CIUTABOB C 3aJaHHBIMH CBOMCTBAMM, COUYCTAIOIINX BBICOKYIO MPOU3BOAUTEIBHOCTD, PECypcodI()EKTUBHOCTD M COOTBETCTBHE
SKOJNIOTUYECKHM cTaHAapTaM. TakuM o6pa3oM, IPEMEHEHNE METOI0B BEICOKOCKOPOCTHOTO OXJIaXKICHUS H OBICTPOOXIIAXKACHHBIX ITUXTOBBIX MaTe-
PHAJIOB MPEACTABISICT cO00H MEPCIEKTHBHOE HANPABICHHE B COBPEMEHHON METaJUTypriy, MO3BOJIIONICE ONTHMH3UPOBATh KaK CTPYKTYpHBIC,

TaK 1 TEXHOJIOI'MYCCKUE MapaMETPhl IIPOU3BOACTBA.
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A substantial potential for improving the service and
technological properties of ferrous metallurgy alloys lies
in effective control of their microstructure and physi-
cal and mechanical properties. These objectives can be
achieved through the scientifically justified selection and
introduction of special charge components into the metal-
lic melt, including:

— ferroalloys of various compositions;
— complex modifiers;

— selective alloying additions;

— other functional additives.

This integrated approach enables purposeful cont-
rol over crystallization processes and the formation
of the final alloy structure, ultimately resulting in mate-
rials with a predefined level of strength, wear resistance,
and other critically important service characteristics.

Accordingly, the introduction of finely dispersed
charge materials into alloys for modification or alloying
purposes represents a promising method for controlling
metal structure and properties. This approach promotes
significant refinement of structural constituents (pearlite,
ferrite, cementite, etc.) during crystallization, increases
the metallic matrix homogeneity, and improves the ove-
rall set of mechanical and service properties of finished
castings. A key role in this process is played by high-
temperature nucleation complexes present in the charge.
These include refractory carbide phases, thermally stable
oxide compounds, as well as intermetallic formations
and other heterogeneous inclusions. Acting as active
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crystallization centers within the melt volume, such
high-temperature nucleation complexes may also initiate
the formation of new phases on the surfaces of existing
substrates. As a result, the number of grains in the metal
structure increases significantly, leading to natural grain
refinement and, consequently, to enhanced strength and
service properties of the final product.

The aim of this study is to provide a comprehensive
analysis of the effects of modern rapid cooling methods
applied either to the melt itself or to the charge mate-
rials added to the melt, on the final product composition.
Of particular interest is rapid cooling of ferrous metal
melts, as well as the introduction of rapidly cooled charge
components (including ferroalloys and modifying addi-
tives), and their influence on the final chemical composi-
tion and structural characteristics of the resulting casting
products (cast iron and steel).

The relevance of this work is confirmed by stud-
ies conducted by leading research groups. In particular,
aresearch team led by S.G. Menshikova [1 — 3] demonst-
rated that melt cooling rates of approximately 1000 °C/s
result in high material density without pores or shrinkage
defects, excellent structural homogeneity, and the forma-
tion of a fine-grained crystalline structure [3 — 5]. In addi-
tion, the obtained samples exhibit improved strength
characteristics, enhanced service properties, and uniform
properties throughout the product [5 — 7]. These effects
appear to be universal and are observed during the pro-
cessing of a wide range of alloy systems, indicating sig-
nificant potential for industrial implementation of this
technology.
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In addition to the work of Menshikova’s group,
the influence of cooling rate on melt quality has been
examined by a research team led by V.I. Gladkov, with
particular emphasis on ultrarapid quenching. Their
studies describe ultrarapid quenching from the melt as
an advanced materials processing technique capable
of inducing profound changes in the structure and pro-
perties of metallic alloys. At extremely high cooling rates,
this approach enables the formation of unique structural
and phase states that cannot be achieved under conven-
tional crystallization conditions [8].

The application of ultrarapid quenching enables seve-
ral key microstructural and phase transformations:

—significant refinement of structural constituents,
including the formation of submicron and nanoscale
structures, resulting in a marked improvement in mecha-
nical properties;

— expansion of component solubility limits, leading
to the formation of supersaturated solid solutions with
unusually high concentrations of alloying elements;

— stabilization of metastable phases through the reten-
tion of intermediate states that are unstable under equilib-
rium conditions and rapidly decompose.

Under these conditions, cooling rates reach
103 — 10° K/s or higher, suppressing diffusion processes
characteristic of equilibrium crystallization. This pro-
motes the formation of nonequilibrium structures with
unique properties and enables the production of amor-
phous and microcrystalline states [8; 9].

The authors emphasize that ultrarapid quenching pro-
vides new opportunities for the development of mate-
rials with tailored properties for hydrogen energy sys-
tems, aviation and rocket engineering, microelectronics,
and other high-technology sectors [9]. Accordingly, this
method represents a powerful tool for designing innova-
tive metallic materials with unique service characteris-
tics.

The service properties of alloy products are largely
governed by two key factors [10]:

— composition and properties of the metallic matrix;

— morphological characteristics of nonmetallic inclu-
sions, including their size distribution, shape, and spatial
arrangement.

An effective approach to controlling these parameters
is the phenomenon of structural heredity [11; 12], which
involves the transfer of structural features of charge
materials through the liquid phase into final ingots and
castings.

In the study by V.I. Nikitin [12], an important relation-
ship was established between the effectiveness of heredi-
tary modification (alloying) and the degree of phase
dispersion in the master alloy. Specifically, finer struc-

tural constituents in the initial charge and a more homo-
geneous phase distribution result in a more pronounced
manifestation of structural heredity. This finding high-
lights the possibility of purposeful alloy structure design
at the stage of charge material preparation, ultimately
enabling the production of components with predefined
service characteristics.

The properties of cast iron produced with the addi-
tion of rapidly cooled master alloys were investigated
in detail by A.G. Slutsky and A.S. Kalichenko [13 — 15].
They demonstrated that the graphite morphology in cast
iron depends on the amount of introduced Cu—Mg master
alloy, transitioning from vermicular graphite at an addi-
tion level of 0.5 % to fully nodular graphite at 1.2 %.
The rapidly cooled master alloy was produced by melting
in a graphite crucible using a high-speed induction furnace.
After complete melting of the calculated amount of cop-
per, the melt was deoxidized with aluminum to remove
dissolved oxygen. A sodium silicofluoride-based flux
was then applied to the melt surface to form a protec-
tive layer. Subsequently, a specified amount of cerium
in the form of MC60 master alloy was introduced, fol-
lowed by the rapid addition of crushed magnesium alloy
MLS5. This processing sequence minimized magnesium
losses due to oxidation, maximized the recovery of active
components, and ensured uniform distribution of alloy-
ing elements. The resulting master alloy melt was poured
into pre-cooled metal molds, providing rapid solidifica-
tion and resulting in a dense structure free of macropores
and segregation defects, as well as optimal hardness
for subsequent mechanical grinding (coarse fragmenta-
tion) [16 — 17]. The use of cooled molds enabled the pro-
duction of a master alloy with a homogeneous fine-grained
structure, characterized by sufficient brittleness for grin-
ding, a stable chemical composition, and high reactivity
during subsequent use (Fig. 1) [17 — 18].

In addition to the formation of nodular graphite in
cast iron due to the introduction of rapidly cooled mas-
ter alloys, the residual magnesium content increased
from 0.016 to 0.051 %. Metallographic analysis showed
that additional copper alloying (from 0.36 to 0.96 %)
introduced via the master alloy promoted pearlitization
of the metallic matrix, which in turn led to an increase
in hardness from 196 HB in the base alloy to 255 HB,
depending on the master alloy addition level.

Eutectic cementite inclusions are present in the struc-
ture of ductile iron that has not undergone secondary
graphitizing modification. However, the growth mecha-
nisms of the graphite—austenite eutectic differ fundamen-
tally between cast irons with nodular and flake graphite
morphologies. In gray cast iron, flake graphite acts as
the primary growth phase and remains in direct contact
with the melt. In contrast, during spheroidal crystalliza-
tion, graphite inclusions are enveloped by an austenite
shell, which markedly retards their growth. As a con-
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sequence, ductile iron exhibits a significantly higher
tendency toward undercooling. Even at relatively low
cooling rates and in alloys with a high carbon equiva-
lent, localized thermal and compositional undercool-
ing may develop within microvolumes, ultimately pro-
moting cementite formation. This behavior is attributed
to the isolated growth of nodular graphite and restricted
carbon diffusion through the surrounding austenite shell,
which together create conditions favorable for metastable
crystallization. The graphite microstructures observed in
the produced cast irons are shown in Fig. 2.

In industrial practice, achieving the required mecha-
nical properties of ductile iron with nodular graphite
involves the application of a special high-temperature
heat treatment., during which extensive redistribution
of structural constituents takes place. This treatment
results in the formation of a fine pearlitic structure which,
in combination with uniformly distributed spherical
graphite inclusions, produces a distinctive combination
of mechanical properties. The coexistence of fine lamel-
lar pearlite and isolated graphite spheroids provides an
optimal balance between strength and ductility characte-
ristic of high-quality ductile iron, leading to increased
tensile and yield strength while maintaining adequate
impact toughness and wear resistance [16 — 18].

Overall, the studies conducted confirm the high effi-
ciency of rapidly cooled spheroidizing master alloys
in the production of ductile iron with nodular gra-
phite. The principal advantage of this approach lies in
the accelerated dissolution of the master alloy, which
ensures a higher degree of magnesium recovery —
up to 50— 60 % — during ladle treatment of the liquid
melt. This value is significantly higher than that achieved
using conventional modifiers, for which magnesium
recovery does not exceed 35 — 45 %.

As part of the experimental program, a pilot batch
of copper—magnesium master alloy was developed and

Fig. 1. Master alloy after grinding

Puc. 1. Jlurarypa nociie u3MelbaeHus
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produced by casting, followed by rapid cooling and sub-
sequent crushing into fractions. Laboratory investigations
demonstrated that the addition of rapidly cooled master
alloys has a pronounced effect on the chemical composi-
tion, microstructure, and service characteristics of high-
strength cast iron.

The key technological advantage of the new master
alloy is the reduction in the duration of the exothermic
reaction by a factor of 1.5 —2.0. This reduction not only
enhances the efficiency of the modification process but
also substantially decreases the volume of harmful emis-
sions released into the workshop atmosphere, thereby
improving the environmental safety of the technological
process.

The influence of rapidly cooled ferroalloys and modi-
fiers on the structure of the final Fe—Al ingot was inves-
tigated directly by a research group led by V.P. Erma-
kova [19 —21].

At the initial stage of these studies, the authors eva-
luated the feasibility of modeling the structure of charge
materials — such as ferroalloys and modifiers — with
the aim of optimizing their subsequent introduction into
cast iron and forming a structure that provides enhanced
heat resistance. The analysis showed that several techno-
logical approaches can be used to create dispersed phases:

—development of alloys with an optimal content
of key alloying elements;

— controlled influence on the liquid metal through
regulation of the cooling rate;

Fig. 2. Structure of graphite in cast iron treated
with various additions of copper-magnesium ligature (100):
a — original gray cast iron; b — 0.5 % master alloy;
¢ — 0.8 % master alloy; d — 1.2 % master alloy

Puc. 2. Ctpyxrypa rpadura B uyryHe, 00pabOTaHHOM pazIn4HbBIMU
JI00aBKaMH Mejlb-MarHueBoi sirarypsl, 1007
@ — UCXOMHBII cepslif uyryH; b — 0,5 % nurarypsr;
¢ —0,8 % nurarypsr; d — 1,2 % nurarypsl
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—selection of appropriate heat-treatment modes
for the solid metal [22]. For ferroaluminum, which is
a typical representative of ferroalloys, only the first two
approaches are applicable, since this class of materials
is not subjected to heat treatment. This limitation must
therefore be taken into account when developing techno-
logical solutions for cast-iron modification.

Subsequent investigations [22 —24] demonstrated
that the structure of charge materials, particularly alumi-
num-containing ferroalloys, can be purposefully formed
by regulating the cooling rate from the liquid state. Expe-
rimental results showed that, to obtain an optimal structure
of cast iron with increased heat resistance, the ferroalloy
should contain 25 — 33 % aluminum. As a continuation
of this work [23], the authors formulated the task of deve-
loping a methodology for modeling a ferroalloy structure
that would be most suitable for subsequent introduction
into cast iron in order to achieve the required heat-resis-
tant characteristics. Within the experimental framework,
ingots weighing up to 1 kg were produced under labo-
ratory conditions, with aluminum content varied within
the specified range. To examine the effect of crystalli-
zation conditions on structure formation, three indust-
rially applicable cooling methods were employed: cool-
ing on a steel plate or a water-cooled roller (cooling rate
~1650 °C/min), casting into a metal mold (360 °C/min),
and casting into a sand mold (174 °C/min). This approach
made it possible to obtain a comprehensive dataset
describing the relationship between microstructure and
technological parameters.

Fig. 3 presents the typical structures of alloys cooled
from the liquid state at different cooling rates. Micro-
structural analysis showed that increasing the cooling rate
to 1650 °C/min promotes not only refinement of the non-
metallic phase but also the formation of a fine cellular
structure [20 — 23].

Based on several additional experimental series,
the authors formulated the following conclusions.

Optimization of melt homogenization. Experi-
mental results confirmed that a homogeneous melt state
is achieved exclusively when cast iron is alloyed with
rapidly cooled ferroaluminum FA30. Under these con-
ditions, homogenization begins at a minimum experi-
mental temperature of 1470 °C, while the homogeneity
region is maintained up to 1766 °C. These parameters
ensure the formation of a uniform structure in the solid
metal. Notably, ingots alloyed with rapidly cooled FA30
exhibit a minimal content of the brittle phase Fe AlIC ,
which is responsible for the optimal mechanical proper-
ties of the final product [22; 24].

Effect of cooling rate on microcrystalline modi-
fiers. The studies showed that modifiers with a composi-
tion of 4.02 — 5.39 % Mg and 49.5 — 51.8 % Si (balance
Fe), when subjected to rapid cooling, exhibit a more dis-

persed and uniform distribution of the primary FeSi, phase
than their slowly cooled counterparts. This microstruc-
tural feature ensures a more uniform distribution of alloy-
ing elements throughout the metal volume, enhances
the stability of the modification process, and improves
the reproducibility of processing results [22 — 24].

Dependence of structure on the cooling rate
of FS65. It was established that increasing the cooling
rate of the FS65 modifier from 12 to 800 °C/min leads
to a threefold reduction in the size of silicon-phase inclu-
sions. As a result, the cast-iron microstructure becomes
highly homogeneous, fine eutectic grains are formed,
and the balance between hardness and strength is
improved [19; 24].

Comparison of modifier production technolo-
gies. A comparative analysis of cored wires containing
45 % Si and 12 % Ca, produced using different cooling
methods, showed that rapidly cooled (chip-type) modi-
fiers increase the tendency of the melt toward under-
cooling, enhance both the rate and density of nucleation,
promote grain refinement, and improve mechanical pro-
perties. In contrast, slowly cooled (ingot-type) modifiers
exhibit a considerably weaker effect [22; 24].

Taken together, these results confirm the technologi-
cal advantages of rapid cooling methods in the produc-
tion of modifying additives for cast iron.

s

Fig. 3. Microstructure of Fe — Al alloys cooled at the rate of:
a— 174 °C/min; b — 360 °C/min; ¢ — 1650 °C/min

Puc. 3. Muxpoctpykrypa cruiaBoB Fe — Al, oxiiaskieHHbIX
€O CKOPOCTbBIO:
a— 174 °C/vumn; b — 360 °C/mun; ¢ — 1650 °C/vun
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- CONCLUSIONS

A key factor governing the improvement of alloy ser-
vice characteristics is control of microstructure through
the introduction of specialized charge materials, inclu-
ding ferroalloys, modifiers, and alloying additives. Rapid
cooling of melts — at rates up to 103 — 10° K/s — ensures
the formation of a fine-grained structure, increases com-
ponent solubility, and stabilizes metastable phases, effects
that cannot be achieved using conventional crystalliza-
tion methods.

The use of rapidly cooled spheroidizing master
alloys — such as Cu—Mg — makes it possible to achieve
increased magnesium recovery (50 — 60 % compared with
35 —45 % for conventional modifiers), reduce the dura-
tion of the exothermic reaction by 1.5 — 2.0 times, lower
harmful emissions, promote the formation of nodular
graphite in cast iron, and improve mechanical properties,
including hardness and strength.

An increase in the cooling rate of ferroalloys and
modifiers — for example, FS65 from 12 to 800 °C/min —
results in a threefold reduction in the size of silicon-
phase inclusions, increased microstructural homogeneity,
grain refinement, and improved strength characteristics
of the final product.

For ferroaluminum containing 25 — 33 % Al, the opti-
mal structure is achieved at cooling rates of 1650 °C/min
(plate or roller cooling), which ensures a minimal content
of brittle phases such as Fe,AIC . Rapidly cooled modi-
fiers (chip-type) exhibit higher efficiency than ingot-type
modifiers, as they enhance nucleation and promote grain
refinement.

Thus, the use of rapidly cooled charge materials in
combination with controlled regulation of the cooling
rate opens new possibilities for producing alloys with tai-
lored properties. This approach is particularly relevant for
high-strength cast iron, heat-resistant steels, and specia-
lized master alloys. At the same time, these methods com-
bine technological efficiency with environmental safety,
making them promising for industrial implementation.
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