
Izvestiya. Ferrous Metallurgy. 2026;69(1):51–58.
Lobanov D.A., Sheshukov O.Yu., Yablokov P.S. Modern trends in application of rapidly cooled charge materials for modifying cast iron

51

UDC 669.15
DOI 10.17073/0368-0797-2026-1-51-58 Original article 

Оригинальная статья

©  Д. А. Лобанов, О. Ю. Шешуков, П. С. Яблоков, 2026

  summerdanny@yandex.ru
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 105 – 106 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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Аннотация. В работе представлен детальный анализ влияния методов высокоскоростного охлаждения и применения быстроохлажденных 

шихтовых материалов (ферросплавов, модификаторов, легирующих добавок) на микроструктуру и эксплуатационные свойства сплавов 
черной металлургии, с особым акцентом на чугун с шаровидным графитом. Результаты экспериментов показывают, что точное регули-
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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 

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, 
a research 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.

рование скорости охлаждения в диапазоне 105 – 106 К/с позволяет целенаправленно формировать мелкозернистые и гомогенные струк-
туры с повышенными прочностными характеристиками, ударной вязкостью и износостойкостью. Установлено, что применение быстро
охлажденных лигатур, таких как Cu – Mg, не только увеличивает усвоение магния до 50 – 60 %, но и существенно улучшает кинетику 
модифицирования: продолжительность пироэффекта сокращается в 1,5 – 2,0 раза, а образование шаровидного графита становится более 
стабильным и воспроизводимым. Наибольшая эффективность достигается при скоростях охлаждения 800 – 1650 °С/мин, что способст-
вует диспергированию фаз, снижению ликвации и повышению предела прочности на 15 – 20 % по сравнению с традиционными мето-
дами. Особое внимание уделено исследованию ферроалюминиевых модификаторов (25 – 33 % Al), для которых подтверждена возмож-
ность управления размером и распределением структурных составляющих исключительно за счет варьирования скорости охлаждения, 
без необходимости последующей термической обработки. Это открывает перспективы для энергосберегающих технологий. Исследо-
вание показывает, что быстроохлажденные материалы обеспечивают не только улучшение механических свойств, но и технологические 
преимущества: снижение расхода легирующих элементов, повышение воспроизводимости полученных показателей и экологичность 
процессов за счет уменьшения выбросов. Полученные результаты обладают значительным практическим потенциалом для разработки 
новых поколений сплавов с заданными свойствами, сочетающих высокую производительность, ресурсоэффективность и соответствие 
экологическим стандартам. Таким образом, применение методов высокоскоростного охлаждения и быстроохлажденных шихтовых мате-
риалов представляет собой перспективное направление в современной металлургии, позволяющее оптимизировать как структурные, 
так и технологические параметры производства. 

Ключевые слова: быстрое охлаждение, высокопрочный чугун, ферросплавы, модификаторы, модифицирование, чугун, микроструктура спла-
вов, механические свойства, ресурсоэффективность
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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 
105 – 106 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 
ML5. 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-



Известия вузов. Черная металлургия. 2026;69(1):51–58.
Лобанов Д.А., Шешуков О.Ю., Яблоков П.С. Современные тенденции в применении быстроохлажденных шихтовых материалов ...

54

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 

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. 1. Master alloy after grinding

Рис. 1. Лигатура после измельчения

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; 
c – 0.8 % master alloy; d – 1.2 % master alloy

Рис. 2. Структура графита в чугуне, обработанном различными 
добавками медь‑магниевой лигатуры, 100×: 

a – исходный серый чугун; b – 0,5 % лигатуры; 
c – 0,8 % лигатуры; d – 1,2 % лигатуры
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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 Fe3AlCx , 
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 FeSi2 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.

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

Рис. 3. Микроструктура сплавов Fe – Al, охлажденных 
со скоростью:

 a – 174 °С/мин; b – 360 °С/мин; c – 1650 °С/мин
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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 105 – 106 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 Fe3AlCx . 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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