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Abstract

Relevance. The technological process of manufacturing parts from high-strength cast irons is simpler and more
economical than the process of manufacturing parts from steel. Cast irons are less sensitive to stress concentrators
and strike loads. Spheroidal graphite cast irons can achieve DI 70 grades even in the cast state. Through
hardening heat treatment or additional alloying, it is possible to produce cast irons of higher strength (grades
DI 80 and above). As the strength properties of cast irons increase, disadvantages in the form of low ductility
and plasticity become increasingly apparent. These problems can be compensated by providing an ausferritic,
bainite or bainite-austenitic structure of the metal matrix of cast irons. A good solution is to obtain cast irons with
a complex structure of the bainite-ausferrite type. In this regard, the relevance of this work is due to the fact that,
in the practice of modern mechanical engineering, high-strength cast irons are increasingly used.

Purpose. The purpose of this work is to study and obtain the bainite structure due to isothermal hardening. To
achieve which specific features of isothermal transformation in high-strength cast iron with spheroidal graphite
have been considered.

Methods. This research was based on a theoretical method (analysis, synthesis, concretization, generalization,
modeling), and empirical methods (study of research experimental works of scientists and their experience in
this or similar field with the application of similar designs and study by experienced specialists).

Results. The possibility and efficiency of obtaining the bainite structure in economically alloyed nickel, copper
and molybdenum, in the amounts, respectively, of 1.0; 0.5 and 0.5%, of cast irons using continuous cooling in
air has been established.

Conclusions. The results and conclusions formulated on their basis can be used in the future as an effective
scientific basis for studying the prospects of application of isothermal hardening of alloyed and unalloyed
high-strength spheroidal graphite cast irons
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Introduction

With the creation of eco-friendly technologies, includ-
ing resource-saving technologies, the development of
mechanical engineering is gaining a rapid pace. Such
technologies make it possible to significantly increase
the performance as well as the mechanical properties
of castings, thereby reducing their metal consump-
tion and dimensional accuracy. After high-strength
cast iron with spheroidal graphite shape isothermal
hardening, it becomes the optimal material for man-
ufacturing parts used in abrasive and shock-abrasive
wear conditions. In alloyed cast irons the processes
of structure formation are characterized by increased
sensitivity to kinetic factors. Castings from high qual-
ity cast irons, form a cast structure. This is primarily
due to the crystallization process and the occurrence
of conditions that determine the nature of the primary
phases formed. After all, the nature of distribution,
shape and number of phases depends on the chemical
composition, factors of iron production in metallurgy.
In the melt, under conditions of deep supercooling
and oversaturation with carbon, the “nucleation” (i.e.
inclusion) of graphite occurs. In turn, during eutectic
crystallization of high-strength cast iron, the graph-
ite phase develops around austenite and produces an
equiaxed form of eutectic graphite inclusions. This is
mainly due to the course of diffusion processes. Stress
concentrators to some extent accelerate the nucleation
and development of cracks, which is fraught with the
destruction of the part. Such inclusions can occur in
castings made of alloyed high-strength cast irons, due
to the high chemical activity of the alloying elements.
Casting defects or any other nonmetallic inclusions
other than concentrators can also occur.

In order to obtain homogeneous austenite, the
castings are heated to the critical region and held to
form homogenization, which is the first stage of heat
treatment. Considering the initial structure of the iron
base and its chemical composition, the austenitizing
temperature and holding time are selected. Ferrit,
which is in large quantities in the initial matrix struc-
ture, does not allow at hardening temperatures to
achieve the desired saturation (at 0.6-0.7% carbon, C)
of austenite, as reported in two papers by J. Hernando
etal. [1; 2], where the microstructure of austenite was
investigated. As a result, the austenite is less resistant
and the start of its decomposition in isothermal condi-
tions decreases in the data of the incubation period. In
order to dissolve carbides and homogenize austenite,
provided there are free carbides or cementite at least
in small amounts, it is necessary to increase the dwell
time and quenching temperature. H. Hu et al. [3]
reported that the decomposition of austenite during
isothermal hardening accelerates with complete dis-
solution of carbides, other particles and stabilization of
austenite, which can be achieved with prolonged hold-
ing time in the range of 950°C and above. However,
significant heating during austenitization can lead to

an increase in the austenitic grain, which implies a
decrease in ductile properties. But at the same time,
there is an enrichment of residual austenite and a de-
crease in the diffusion time. For example, in the work
of S. Hasan et al. [4] reported that the amount of
spherical graphite and the degree of spherules, affect
the properties of bainite cast iron, the increase in the
number of inclusions as a result gives a uniform fine-
grained structure of the input iron, and consequently
an increase in its mechanical abilities.

The size of graphite inclusions directly affects
the rate of reaching the equilibrium state of cast iron,
the larger they are, the longer it takes to reach this
state, and, in turn, the rate of dissolution of these in-
clusions, is a diffusion process. Using the diagrams of
isothermal transformation of supercooled austenite,
and taking into account the chemical composition of
cast iron, determine the holding time and the choice
of cooling rate to the temperature of isothermal
transformation. The duration of isothermal soaking
and temperature, have the greatest influence on the
structure of the metal base and, in particular, on its
formation. Isothermal soaking determines the disper-
sity of the matrix as well as the completeness of the
decomposition of austenite. The structure and phase
composition of austenite decomposition products are
quite complex. The shape of bainite changes with de-
creasing temperature, from porous (upper bainite), to
needle-like (lower bainite). Always when quenching
to bainite, the structure contains residual austenite.
As the isothermal holding temperature increases, the
residual austenite content will increase. The impact
toughness and ductility have a fairly wide range of
changes depending on the duration of holding during
isothermal processing, but the strength properties are
not greatly affected. Austenite cannot turn into bainite
if there is insufficient holding time and upon further
cooling, it turns into martensite, which has low duc-
tility but high strength. Generally, because of the high
silica content, carbide formation usually does not occur.
In the work of M. Soliman & H. Palkowski [5] inves-
tigated the properties of martensitic-ferritic steels,
where the results show that the ideal combination of
ductility and strength characteristics, it is considered
the complete transformation of austenite into bainite
and the absence of martensite in the base.

Materials and Methods

This research, fundamentally studied work was based
on a qualitative, reliable combination of proven theoret-
ical methods (analysis, synthesis, concretization, gen-
eralization, modeling), and empirical methods (study
of research experimental works of scientists and their
experience in this or similar field with the application
of similar designs and study by experienced specialists).
The theoretical basis of this scientific work is mainly
thematic studies consisting of scientific, research and



review scientific articles, which include experimental
methods and descriptions of experiments. Analyses,
statistics and other types of works of researchers,
taken from official sources with reliable information,
aimed at the study of a large number of problematic
issues that may appear during the application of the
highlighted methods related to isothermal hardening
of cast iron with spheroidal graphite.

At the first stage of scientific research its ba-
sic theoretical basis was prepared, on the analysis of
which the basis for further conclusions is built. At this
stage of scientific research the search and analysis of
various reliable sources of information was performed.
A large number of information resources devoted to
increasing the strength of cast iron with spheroidal
graphite using isothermal processes were reviewed
and filtered. The collected data were reviewed and
systematized for a simplified, quick and qualitative un-
derstanding of the information. A systematic analysis
of the work and evaluation of tmethods of obtaining
bainite structure in cast irons with spheroidal graphite
was made and other ways of increasing the strength
grade of cast irons were investigated. The main ques-
tions that can be effectively and qualitatively solved
with the help of practical use of modern methods and
technologies are outlined.

At the second stage, authors solved the problem
of determining the possibility of obtaining the bainite
structure in nickel, copper, and molybdenum-alloyed
ductile cast irons using continuous cooling in air.
Heating temperatures from 870 to 930°C were chosen.
The results also show microphotographs for each tem-
perature interval.

At the next stage of scientific research, an analyt-
ical comparison and in-depth study of the materials of
the studied works was performed. Most of them in-
cluded analyses, theoretical information and descrip-
tions of the experience of various methods of improv-
ing the quality of cast irons and steels. Experiments by
scientists on the topics of austenitization and marten-
sitization of metals, as well as the production of nano-
bainite steels, their advantages and peculiarities, were
analyzed in detail. The peculiarities of bainite transfor-
mation in graphitized cast irons, study of structure, me-
chanical and operational properties of cast irons were
studied. The conclusions obtained as a result of research
works were analyzed, specified and verified.

At the last stage, materials were completed,
theoretical and practical conclusions were specified,
and the data obtained were generalized, checked, and
systematized. The results and conclusions formulated
on their basis can be used in the future as an effective
scientific basis for studying the prospects of applica-
tion of isothermal hardening of alloyed and unalloyed
high-strength cast irons with spheroidal graphite.

Isothermal transformations in high-strength cast iron

Results

This study considers the peculiarities of isothermal trans-
formation in high-strength cast iron with spheroidal
graphite. The possibility and efficiency of obtaining
bainite structure in economically — alloyed with nickel,
copper and molybdenum high-strength cast irons with
spheroidal graphite cast in a metal mold by continuous
cooling in air has been established. According to the
standard technology, some parts of shut-off devices,
including the slide valve, made of 40X steel, should be
subjected to extensive hardening or normalization fol-
lowed by nitriding to ensure high wear resistance and
durability. This treatment is not suitable for cast iron.
It is dangerous to subject cast iron parts to bulk hard-
ening because of the possibility of cracking. Nitriding
is also inadvisable because of the considerable dura-
tion of the process and the brittleness of the resulting
layer. High durability of parts made of economically
alloyed cast iron can be ensured by obtaining bain-
ite structure in it by means of isothermal treatment
or by some other method. It is known that a material
with such a structure is not inferior to nitrided cast iron
in terms of wear resistance, because the highest wear
resistance belongs to cast irons with a bottom bainite
structure, while the strength of isothermally hardened
cast irons is at a high level.

Many works are currently devoted to the study
of methods for obtaining bainite iron. For example,
one of them is the creation of a bainite matrix in cast
iron. However, this method is complicated, requires
the use of significant complex alloying additives and
does not guarantee a homogeneous structure due to
liquation and micro-liquation of the elements in the
cast iron that develop during crystallization. For duc-
tile cast irons, this method is even more unacceptable,
since they must necessarily undergo graphitizing an-
nealing. Therefore, isothermal hardening is a more
expedient method for these conditions for obtaining
the bainite structure in cast iron. It makes it possible
to form bainite without pearlite inclusions and struc-
turally free ferrite. It makes it possible to form bainite
without pearlite inclusions and structurally free ferrite.
At the same time this method requires special equipment
and additional production area for placing hardening
tubs, the use of scarce alkalis as hardening media. The
complexity of the method also consists in the difficulty
of ensuring the temperature constancy of the tubs, which
is associated with high energy costs.

For cast irons, especially those alloyed with
nickel, copper and molybdenum, in amounts of 1.0;
0.5 and 0.5%, respectively, it seems possible to obtain
a bainite metal base during continuous cooling. The
alloying additives should help to increase the stability of
austenite in the pearlitic area. It is necessary to check
whether it is possible to obtain the bainite structure in
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cast iron alloyed with nickel, copper and molybdenum
under conditions of continuous cooling, what sizes of
additives are required in this case, how homogeneous
is the resulting structure and what level of properties
can be ensured as a result of such treatment. After
all, the presence of structural heterogeneity, as well
as differences in the ratio of phases in the matrix can
significantly affect the mechanical properties of the
alloys under study. It is necessary to assess the degree
of influence of these factors on the level of guaranteed
properties of cast irons. Therefore, this work solved
the problem of establishing the possibility of obtain-
ing the bainite structure in nickel-, copper-, and mo-
lybdenum-doped ductile cast irons using continuous
cooling in air.

Such a treatment can be performed with heating
above and beyond. It does not seem to make sense to
conduct heating in the intercritical region, since this
can lead to strengthening the already strongly devel-
oped heterogeneity in the iron matrix. In addition, it
is important to ensure the stability of pre-cooled aus-
tenite in the area of pearlitic decomposition, and this
will be more fully achieved after heating higher. For
this reason, heating temperatures from 870 to 930°C
were chosen for the study. The heat treatment uses
tightly controlled temperature modulation to improve
certain wanted characteristics of the metals, such as
performance and durability. Isothermal hardening is a
heat treatment process designed for the treatment of
metals with medium to high carbon content. The main

purpose of isothermal hardening is to reduce defor-
mation while increasing the strength and toughness of
the metal. This is done by heating the product until the
metal becomes austenitic and then hardening to precise
temperatures and leaving it there for intervals of time.

Alloyed and, for comparison, unalloyed sphe-
roidal graphite high-strength cast irons were subjected
to isothermal hardening. The structure of bainite de-
pending on the temperature of isothermal aging was
studied on unalloyed cast iron samples. At the same
time, the aim was to establish the connection between
the initial structure of the matrix and the rate and
completeness of the bainite transformation. The last is
important in the development of production technol-
ogy. The austenitizing temperature was 910°C, which
is 50°C higher for the alloy under study. The holding
time was 15 min, isotherm temperatures: 350, 400
and 450°C. During hardening, ferritic and pearlitic
iron samples were subjected to the same heating in
the furnace and simultaneously transferred to the tub.
Exposures in the tub ranged from 30 s to 20 h. After
isothermal soaking the samples were cooled in water.
At low dwellings in the tub the cast iron acquired high
hardness. This was due to the presence of a signifi-
cant amount of martensite formed during precooling
of the samples from the isothermal temperature in
water. The bainite transformation in ferrite cast iron
develops slower in the beginning than in pearlitic cast
iron, as evidenced by their high hardness. The results
obtained are shown in Table 1.

Table 1. Hardness of ductile iron with nodular graphite after isothermal quenching

450 |

400

| 350

Cooling time of cast iron (t.

)

isot.

30s 50s 100s 16m 2h  60s = 90s 10m 16m = 2h  90s = 120s 10m 16m 2h

pearlitic

512 444 340 321 - - 387 375 321 - | 425 402 364 351 351
ferritic

512 512 512 - 248 496 496 283 241 187 532 512 340 283 -

Source: [6]

The bainite transformation starts to develop in-
tensively in cast irons with a ferritic initial structure af-
ter more than 10 minutes of holding. At temperatures
of 400 and 350°C it practically ends in 15-16 minutes,
the obtained microphotographs are shown in Figure 1.

Cooling in the tub at 350°C leads to the formation of the
lower bainite (Figs. 1; 2), at 400 and 450°C to the upper
bainite. In the structure of the samples treated at 450°C,
with dwell times of more than 16 min. In Figures 3-5 it
can be clearly seaw the small isolations of carbides.



Isothermal transformations in high-strength cast iron

Source: [6]

Source: [6]

Source: [6]

Figure 4. Microphotographs of carbide isolation

Source: [6]
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Figure 5. Microphotographs of carbide isolation

Source: [6]

The isothermal hardening process hardens
medium- and high-carbon iron alloys, as well as car-
bon steel, by heating the metal to a temperature that
breaks down its crystal structure until it becomes aus-
tenitic. Once the work becomes austenitic, the processes
of martensitization or austenitization diverge into mar-
tensitization and austenitization.

Martensitization:

— to prevent austenite from turning into bainite or
pearlite, this piece is quickly and successively hardened;

— having reached a homogeneous temperature of the
material in front of the initial temperature of formation
of martenite, the transition to the last step follows;

— air cooling to room temperature.

Austenitizing:

— having converted to austenite, the next step is
to harden this piece to a temperature just above the
temperature at which bainite begins to form;

— to turn austenite into bainite, the part must be
kept at the required temperature for a while;

— finally, the piece is air-cooled or hardened in water.

Austenitizing and martensitizing have a wide
range of advantages for many industries. The main ones
are:

— increased strength. The crystalline structure of
martensite or bainite, after isothermal hardening sig-
nificantly hardens the metals, unlike untreated metals.

— impact strength. Where untreated metals can tear
or crack, austenitic components are likely to withstand
impact while retaining their shape. Hardened metals
have this property because of their exceptionally strong
crystalline structure.

- reductionn of distortion. They show less defor-
mation compared to untreated steel because of the
ductility acquired during the hardening process. For
thin components, which need to maintain their di-
mensions during and after treatment in this way, this
is a particularly useful property.

The main differences between austenitic and
martensitic hardening:

1. Achievable hardness:

— martensitization — Rockwell hardness up to c65;
— austenitizing — Rockwell hardness up to ¢35-54.

2. Physical properties:

- martensitization — high strength, good impact
toughness;

— austenitization — high strength, highest impact
toughness.

3. Distortion control:
— martensitization — very good;
— austenitizing — excellent.

For example, a carburized gear wheel with a
required Rockwell hardness of ¢ 61-62 that is outside
the austenitic tempering range should be subjected to
martensitic tempering. A lawn mower blade requiring
a Rockwell hardness of 46-48 should be austenitized
to give it greater hardness to resist dents in use. Aus-
tempering is a special type of heat treatment in which
austenite is converted to lower bainite. Generally, in
conventional heat treatment, the austenitic structure
turns into pearlitic or martensitic structure during
continuous cooling methods. The process proceeds as
follows: Heating the steel above the austenitizing tem-
perature, hardening in a tub (usually a salt tank) at
a constant temperature above the temperature of the
particular steel (200-400°C), waiting in the tub until
the bainite transformation is complete and finally cool-
ing the steel part to room temperature with air or any
other preferred method. In the literature, the austen-
itizing process is sometimes referred to as isothermal
hardening or because of the isothermal heating mode
of the process.

Tempering tubs play a crucial role in the auste-
nitic tempering process, since maintaining the same
temperature for a period of time is the basis of this
heat treatment. However, because of the relatively high
tub temperatures, oils are not a suitable hardening
medium for this process. Instead, various molten salts
are used in these tubs. Salt tub furnaces are pot-type
furnaces that contain mixtures of salts with low melting
points that are heated/melted by a pair of electrodes.
They can also be used for numerous heat treatment
processes such as liquid carburizing, cyaniding, liquid
nitriding, martensitic tempering and austenitic tem-
pering. It is not as eco-friendly due to the formation of
gaseous products in the process, but it provides efficient
and consistent heating of metal parts.

There are many variations in the chemical com-
position of the salt tub. In general, the use of molten
salt tubs with nitrate/nitrite is common practice for
the austenitic tempering heat treatment process. If we
heat steel or cast iron until its constituents are con-
verted to solution, then harden to 1200°F and hold
at that temperature long enough, we will cause that
microstructure to turn into the softest microstruc-
ture, perlite. If instead we had cooled this austenite



to 600°F before aging, we would have avoided the
pearlite transformation and instead created a much
harder microstructure, bainite. Finally, if we cool this
metal billet quickly and sufficiently, the formation of
both pearlite and bainite would be eliminated, turn-
ing into the hardest structure, martensite. The studies
conducted and the results obtained have established
that the initial structure of the metallic base of ductile
cast irons has a significant influence on the kinetic pa-
rameters of the bainite transformation. In the ferritic
initial matrix the transformation proceeds faster and
more completely than in the pearlitic one. However,
the incubation period in ferritic cast iron is longer.

Discussion

With its good tribological properties and low cost, cast
iron is a fairly current material, but the lack of the re-
quired mechanical properties leads to the fact that its
main areas of application have become those in which
the combination of heat and material wear plays a key
role, for example in piston ring and liner cylinder sys-
tems. To reduce weight and save energy, it is neces-
sary to improve the tribological and mechanical prop-
erties of cast iron, which, in turn, can be achieved by
improving its microstructure, for which many studies
have been conducted to improve its microstructure.
With excellent thermal conductivity and an excellent
endurance limit, compacted graphite cast iron is an
excellent substitute for gray cast iron, for example in
piston rings or cylinder liners. Thanks to the coral-like
morphology of the graphite particles between ductile
and nodular forms, such an excellent combination of
tribological, physical and mechanical properties has
been achieved in compacted graphite cast iron.

Laser hardening techniques by V. Writzl et al. [7],
addition of stabilizing pearlitic elements Y. Lyu [8],
surface alloying by J.J. Feng et al. [9] and induction
hardening by T. Slatter et al. [10], have become an
excellent solution for improving the wear resistance of
cast iron with compacted graphite. Another way to im-
prove mechanical properties is through austenitic tem-
pering heat treatment. Several studies have shown a
significant effect of the microstructure on improving
the wear resistance of compacted graphite iron (CGI)
after hardening, especially felt differences in compari-
son with pearlitic metal matrix under dry sliding con-
ditions A.R. Ghaderi et al. [11], R. Ghasemi et al. [12]
studied the austenitic tempering parameters of CGI
ferritic cast iron and noticed a strong influence of
temperature on the microstructure: at 275°C less aus-
ferrite transformation was observed, in turn, when
austenitizing was performed at 375°C, the final aus-
ferrite was large due to higher carbon diffusion rate.
Also in these studies, the authors showed little effect
of processing time, summarizing that only at times up
to 120 minutes did hardness increase slightly due to the
emergence of carbides.

Isothermal transformations in high-strength cast iron

Isothermal ductile iron is produced by heat
treatment of ferritic ductile iron without the addition
of costly alloying elements. In terms of efficiency and
economy, isothermal ductile iron is an extremely suit-
able solution for the production of very large parts
requiring a high level of static and fatigue strength,
such as pump heads for hydraulic systems, knuckles and
axle center housings. isothermal ductile iron has higher
performance than nodular cast iron and is more af-
fordable than austenitic ductile iron, the benefits of
which we will be discussd next. As reported in Dg. Eiken
et al. [13], the matrix structure of isothermal ductile iron
consists mainly of ferrite and pearlite, two elements
which, due to a different distribution compared to con-
ventional ductile cast irons, increase the mechanical
characteristics of the finished castings. Therefore, iso-
thermal ductile iron is a worthy alternative. With ma-
chinability comparable to that of perlitic ductile irons
commonly used in machine shops, isothermal ductile
iron is also suitable for machining. It has a mixed fer-
rite-pearlite structure, which means that it can also be
surface hardened only where necessary, thus increas-
ing the wear resistance of the parts. The advantages of
isothermal ductile iron include:

— lightness: the specific weight of isothermal ductile
iron is 10% lower than that of steel, which allows vehicles
to either increase their maximum load or reduce fuel
consumption;

— complex shapes: thanks to the melting technology
and excellent casting ability the material can be applied
only where it is necessary;

— fatigue strength: comparable in characteristics to
pearlitic ductile cast irons;

— economical: no alloying elements are required

— elasticity: even at temperatures below 0°C (down
to -40°C) the material guarantees stable mechanical
characteristics in very thick castings or parts with variable
thicknesses.

Two well-known tempering methods use isother-
mal hardening and martensitization. These two pro-
cesses have much in common, their main differences
being in the temperatures to which they are hardened,
the time they remain at those temperatures, and the
end result. To fully understand these processes, it is
worth using the C-shape curve. During heat treating,
the microstructure of the workpiece is transformed to
produce the desired properties. C-curves are important
for the metallurgist to understand when certain trans-
formations occur in the metal and at what tempera-
tures. The austenitic metal is stronger, more ductile,
more impact resistant, and less prone to deformation.
As reported in M. Rahaman et al. [14], martensitiza-
tion quickly and effectively quenches austenite to avoid
the formation of pearlite or bainite, resulting in the
hardest microstructure, martensite. Examples of the
major benefits of the austenitizing process are higher
ductility and toughness at high hardness values, lower
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internal stresses and improved fatigue properties. For
example, in A.I. Belyakov et al. [15] the authors show
a number of advantages that it has in comparison with
conventional hardened and tempered steels. Austen-
itizing also cools quickly, but not as low as martensitic
hardening, because perlite formation is avoided and
the temperature is maintained in the hardening until
the billet becomes completely bainite. Typically, this
process is used to create thin, yet strong ductile iron
or carbon steel components. Common austenitized
components include:

— agricultural machinery components;

— automotive transmission gears;

— construction machinery components;

— cutting blades;

— weapon parts;

— clips;

— clips, seat belts in automobiles.

The material after martensitizing has the highest
Rockwell rating of any hardening process. This pro-
cess is used to give parts the properties of minimal de-
formation. For example, in large parts of the aircraft
industry. Some typical hardened parts include: crank-
shafts; gears; parts of industrial equipment; helicopter
props. Common materials with isothermal hardening
include: carbon steels, iron and alloy steels. These ma-
terials are the most hardenable with these methods
because of the large amount of carbon they contain,
which facilitates the transformation at different tem-
peratures.

A significant limitation of austenitic tempering
heat treatment is that it can only be applied to rela-
tively thin cuts because of the requirements for uni-
form heating and temperature. In addition, the auste-
nitic-perlitic transformation of a particular alloy must
be relatively slow and the bainite temperature must
be within reasonable limits when considering the
tempering process from an economic point of view,
mainly the energy consumption during tempering.
A study of the effect of deformation temperature on
phase transformations and microstructure in nano-
structured bainite steel indicates that deformed aus-
tenite with deformation 0.3 at 300°C demonstrates ac-
celerated kinetics of bainite transformation. However,
the amount of bainite in preformed austenite then de-
creases as the deformation temperature increases. In
deformed austenite, a critical deformation tempera-
ture can be detected that determines the possibility
of bainite transformation. In addition, the thickness
of the bainite plate in deformed austenite decreases
with decreasing ausforming temperature. The lower
ausforming temperature contributes to the more se-
vere phenomenon of cross-growth of bainite plates.
For these reasons, low-carbon steels are not suitable
unless they are carburized. Examples of alloys suit-
able for austenitic tempering include the following
groups of alloys: Spring steels (e.g., 50CrV4), smooth

medium/high carbon steels, chromium molybdenum
steels (AISI 4140), tool steels (e.g., H13) and boron
steels (e.g., 94B30). Hardening of cast iron. Austenitiz-
ing iron is a heat treatment process that produces an
ausferritic matrix. This heat treatment process is usually
carried out using these stages:

— the austenitizing of castings usually takes place
at temperatures of 850-950°C for between 15 minutes
and 2 hours, long enough to saturate the austenite
with carbon;

- rapid hardening to avoid the formation of pearlite
in a hot salt bath at 250-450°C (lower than pearlite
but higher than the beginning of martensite);

— isothermal aging in a hot salt tub, for sufficient
time (usually 0.5 to 3 hours) to obtain an ausferritic
matrix, a combination of needle ferrite and high-carbon
austenite.

The factors controlling the cooling process to
room temperature after a given hardening time can
vary depending on the required mechanical properties
(different microstructure), so there are different types
of austenitic iron. Here are the best known of them
and their typical uses:

— high-strength cast iron with austenitic tempering;

— the best known and most used technique;

— hardened gray iron;

— used to make quieter parts (excellent damping
effect);

— bearing shells;

— brake components;

— carbide austenitic ductile iron;

— wear resistance even higher than austenitic ductile
iron;

— hammers;

— parts of threshing drums.

Advantages and applications of austenitic ductile
iron:

- no tempering is required after hardening;

- lower strain rate than that of hardening and
tempering (isothermal transformation);

- savings are achieved by machining before heat
treatment;

- often, wear resistance and strength are also im-
proved;

— for a given surface — increased wear resistance;

— increased ductility and impact resistance for the
same hardness;

— density 10% less than that of steel;

— ductile cast iron from austenitic tempering pro-
vides higher strength-to-weight ratio;

— lower production costs for castings near a given
shape (0.2-0.4% increase in volume);

- good machinability;

— higher damping capacity;

- good casting throwing ability.

Acetylene ductile iron has found successful ap-
plications in many industries, including construction,



mining, agriculture, automotive, heavy truck and rail-
road. It is commonly used in applications where both
strength and impact resistance are required at the
same time. In order to make parts made of economically
alloyed cast iron highly resistant to wear, they can be
isothermally machined into it with a bainite structure.
Material with such structure is just as wear resistant
as nitrided material. It makes no sense to subject the
material to nitriding itself because of the considerable
duration of the process and the brittleness of the re-
sulting layer. In the works of A.I. Belyakov et al. [15]
& V. Dubrov [16] point out that the highest wear re-
sistance is possessed by cast irons having a bottom
bainite structure and the strength of isothermally
hardened irons is at a high level. Isothermal harden-
ing makes it possible to form bainite without pearlite
inclusions and structurally free ferrite. At the same
time this method requires special equipment and ad-
ditional production area for placing hardening tubs,
the use of scarce alkalis as hardening conditions. The
complexity of the method also consists in the difficulty
of ensuring constant temperature of the baths, which
is associated with high energy costs. At low durations
in the tub, cast iron acquires high hardness. This is
caused by the presence of a large amount of martensite
formed during the precooling of the samples from the
isothermal temperature in water. The bainite transfor-
mation in ferrite cast irons is slower in the beginning
than in pearlitic ones, as indicated by their high hard-
ness. The bainite transformation begins to develop in-
tensively in cast irons with a ferritic initial structure
after more than 10 minutes of aging.

At the same time, in the work of J. He et al. [17]
demonstrate that carbide-free nanobainitic steels
have an excellent combination of high strength and
toughness combined with inexpensive adaptability
through low-temperature isothermal treatment. In a
study by W. Gong et al. [18] reported that the key to
obtaining steels with such properties is to reduce the
martensitization initiation temperature, suppress the
release of carbides and, therefore, create an optimal
microstructure of nanosized plates of bainite ferrite,
in sum with small layers of residual austenite. Such
alloys have the advantage of controlling the number
and size of phases by heat treatment compared to con-
ventional high-strength steels, but are less common
due to the expensive alloying elements present in the
composition.

To properly design a nanobainite alloy, it is
necessary to have an understanding of the effects of
conventional alloying additives on the bainite trans-
formation as well as the resulting properties. The
main dependence of the kinetics of the bainite trans-
formation is the stability of the austenitic and ferrite
phases at temperature, during the transformation.
Also, in the work of S. Hasan et al. [4] the strength
of nanobainite alloy depends on the plate thickness

Isothermal transformations in high-strength cast iron

of bainite ferrite and, in general, its amount, while
its ductility will depend on the amount and stability of
residual austenite in the microstructure. The rate of
bainite transformation is significantly affected by the
addition of martensite (0.29%) along with a moder-
ately high percentage of aluminum (0.9%) by J. Tian
et al. [19], M. Soliman & H. Palkowski [5] & W. Liu
et al. [20]. Provision of high-strength structures of the
metal matrix of cast iron is possible due to rational al-
loying and rationally chosen temperature-time param-
eters of the heat treatment regime. Nanobainitic car-
bide-free steels entail a combination of high strength
and impact toughness combined with inexpensive
adaptability by low-temperature isothermal treatment.
Therefore, the creation of composite structures in
high-strength cast irons with spheroidal graphite is an
effective way to harden it, expanding the field of its
application.

Conclusions

Therefore, continuous air cooling is an effective way
of obtaining the bainite structure in economically al-
loyed ductile cast irons. The optimum mode of heat
treatment providing rational structure and properties
of ductile iron castings with nodular graphite for parts
of stopper devices for oilfield equipment has been es-
tablished. Consequently, the analysis of issues related
to the structure formation of bainite iron shows that
changes in the austenitizing temperature, the time of
isothermal aging of castings, temperature and cooling
rate contribute to a significant change in the physical
and mechanical properties. In contrast to untreated
cast irons, steels subjected to the isothermal process
have a higher strength, and regardless of alloying,
hardening provides the maximum strength value. The
structural formation and kinetics of the bainite trans-
formation in steels have been studied in detail and
are well described in the fundamental literature. But,
unfortunately, the details of austenization and trans-
formation of the matrix into bainite, in cast irons with
spheroidal graphite are not studied as qualitatively.
Heating to a temperature that destroys the crystal struc-
ture of the metal, up to becoming austenitic, hardens
carbon steel and other carbon-rich iron alloys.

The advantages of isothermal hardening are:
increased strength (the crystal structure of martensite
or bainite, after isothermal hardening, significantly
hardens metals, unlike untreated ones), impact resis-
tance (where untreated metals can tear or crack, aus-
tenitic components are likely to withstand the impact
while maintaining their shape, metals with hardening
have this property due to their extremely strong crystal
structure). Reduced distortion (due to the plasticity
acquired during the hardening process, this metal exhib-
its less deformation compared to untreated steel. For
thin components that need to maintain their dimen-
sions during and after treatment, this is a particularly
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useful property). Ensuring high-strength structures
of the metal matrix of cast iron is possible due to ratio-
nal alloying and rationally chosen temperature-time
parameters of the heat treatment regime. The tasks
for further research related to the study of nanobainite
steels, which do not contain carbide, entail a combination

of high strength and toughness in combination with
inexpensive adaptability by low-temperature isother-
mal treatment. Therefore, the creation of composite
structures in high-strength cast irons with spheroidal
graphite is an effective way to harden it, expanding
the field of its application.
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I30TepMiuHi NepeTBOPEeHHS Y BUCOKOMiIITHOMY YaByHi
Pawmis I'acanuti, nram AsieB, Hizami IToragos, Jlana AsimoBa, Tanex Taries

Azepbaii)KaHChKUH TEXHIYHUHN YHIBEPCUTET
AZ1073, mpocr. I'. [l:xaBiza, 25, M. Baky, A3epbati/pkaHcbka Peciry6itika

AHoranig

AxTyanbHicTb. TeXHOJOTiUHMI IIpolieCc BUTOTOBJIEHHA JeTajell 3 BUCOKOMILIHMX YaBYHIB NpOCTImUi i
€KOHOMIYHIMMH, HiXX IIpollec BUTOTOBJIEHHA JeTasel i3 crasi. YaByHM MeHII YyTJIUBi JO KOHLIEHTPaTOPiB
HampyT i yAapHUX HaBaHTaXeHb. YaByHU 3i chepoizHuM rpadiToM MOXyTh gocaraTu Mapok DI 70 HaBiTh y
JsuToMy craHi. [IaxoM 3MilHIOBaIbHOI TepMiyHOI 06p0oOKY ab0 LOJATKOBOTO JIETYBAaHHA MOXKHA OTPUMYBATU
YaByHU MigBUIIeHOoi MiltHocTi (Mapku DI 80 i Buie). Y Mipy migBUINEHHS MIIlHICHUX BJIaCTUBOCTEN YaBYHIB
Bce Oinblile BUABIAIOTHCI HEJOMIKU y BUIVIAAI HU3BKOI IUIACTUYHOCTI i mwiactuvHocTi. Li mpobieMu MoXKHa
KOMITEHCYBAaTH, 3abe3neunBIny aychepuTHy, 6eliHiTHy ab0 O6eliHiTHO-ayCTeHITHY CTPYKTYPY MeTaIeBoi MaTpHUILi
YaByHIiB. XOPOIIUM PillleHHAM € OTPUMAaHHS YaBYHIB 3i CKJIaIHOIO CTPYKTYPOIO TUITY OeliHiT-aychepuT. Y 383Ky
3 UM aKTyaJbHICTh JaHOI poOOTH 3yMOBJIEHA THUM, IO B IIPAKTUI[ Cy4aCHOTO MAaIlIMHOGYAYBaHHSI BCE IIUPIIE
3aCTOCOBYIOTBCA BUCOKOMIITHI YaBYHH.

MeTta. MeToto faHoi po6OTH € AOCHIKEHHA Ta OTPUMaHHS CTPYKTYpHU OelHITYy 3a paXyHOK i30TepMiuHOTO
3MilHeHHA. [T JOCATHEHHS YOr0 BPAaXOBAHO OCOGJIMBOCTI i30TEPMIYHOTO TEPETBOPEHHS Y BUCOKOMIIIHOMY
yaByHi 3i chepoiganbHUM rpadiTom.

MeTtoau. [laHe ZOCTiKeHHA I'PYHTYBaJOCA Ha TEOPEeTMYHOMY MeToZi (aHaii3, CMHTe3, KOHKpeTH3allif,
y3arajbHeHHs, MOZEJIOBAHHA) Ta eMIipUYHOMY MeToZi (BHMBUEHHHA AOCTiAHUIIBKO-eKCIePUMEHTAIbHUX
poOIT BUEeHUX Ta iX JOCBiAY B 11ii1 abo moAibHil ranysi i3 3acTOCYBaHHAM MOAIOHIX KOHCTPYKIIN Ta BUBYEHHIM
JocBigueHUMHY GaxiBIIMM).

PesynbraTtu. /loBeleHO MOKJIMBICTH Ta epeKTHUBHICTbH OTpUMaHHsS OeHHITHOI CTPYKTYpU B €KOHOMIUHO
JIETOBAaHUX HiKei, Mifi Ta MoJiGAeHi B KiTbKOCTAX BiAmoBizHO 1,0; Betanosneno 0,5 i 0,5 % uaByHiB mpu
MIOCTIHOMY OXOJIO[KeHHi Ha MOBITpi.

BucHoBku. OTpuMaHi pe3ynbTaTu Ta chHOPMYTHOBaHI Ha iX OCHOBi BUCHOBKU MOXYTh OYTH BUKOPHUCTaHi
B MalOyTHbOMY K edeKTHMBHA HAyKOBa OCHOBA /I BUBYEHHS IEPCIIEKTUB 3aCTOCYBAHHS i30T€pMiYHOTO

3MilIHEHHSI JIETOBAHUX i HeJIerOBaHUX BUCOKOMIITHUX YaBYHIB i3 Ky/lcTUM rpadiToM

KirrouoBi csioBa: aychepuTHUI YaByH, i30TepMivHe rapTyBaHHs, YaByH 3 KyJIICTHM rpaditoM, GeliHIT, aycTeHiTH3arlia



