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SPECIFIC FEATURES OF THE FORMATION
OF STRUCTURAL HETEROGENEITY IN CARBON STEEL
DEPENDING ON MANUFACTURING TECHNIQUE

Introduction. Uniform and homogeneous microstructure of dimensional steel products is the most important for
ensuring the required set of properties.

Problem Statement. Modes of deformation and heat treatment, which are used today, need to be adjusted,
depending on the characteristics of steel smelting to ensure high properties of metal products.

Purpose. 1o analyze the effect of the size of original continuous-cast billet, its geometry, the degree of treat-
ment of the finished railway axle and to study the influence of steel purity on the structural properties of railway
axles as finished product.

Material and Methods. All test samples are taken from half-neck thick rough railway axles. The axles have
the same size of @ 218 mm. All axles undergo two temperature normalizations (820 and 840 °C, respectively). The
microstructures are photographed by Axiovert 200 MAT.

Results. The experimental findings have shown that the structural formation of the final structure in railway
axles manufactured with the use of dif ferent production methods has significant differences. Importantly, these
differences have also been observed during the experimental heat treatment of non-deformed billets. The process
of deformation solely contributes to the softening effect on the original structure casting processes and reduces
liquation inhomogeneity, imperfections, and other related structural irregularities.

Conclusions. In the context of the optimal chemical composition of steel for the production of crucial railway
components, careful consideration shall be given to the steel production method, raw materials, and technological
aspects that are specific to the metallurgical facility. This is imperative since steel samples with similar chemical
compositions can exhibit distinct patterns of structure formation. In particular, it has been observed that the de-
velopment of a ferrite boundary adjacent to sulfide inclusions shares similarities with the formation of gas bubbles
and exhibits a characteristic structure. The sulfide inclusions are present in the liquation zone together with other
liquates and gases in the steel.

Keywords: microstructure, railway axle, carbon steel, deformation, and liquation heterogeneity.

Citation: Babachenko, O. L., Balakhanova, T. V., Safronova, O. A., and Podolskyi, R. V. (2023). Specific Fea-
tures of the Formation of Structural Heterogeneity in Carbon Steel Depending on Manufacturing Technique.
Sci. innov., 19(4), 47—56. https://doi.org/10.15407 /scine19.04.047

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2023. This is an open access article under the
CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd /4.0/)

ISSN 2409-9066. Sci. innov. 2023. 19 (4) 47



Babachenko, O. I, Balakhanova, T. V., Safronova, O. A., and Podolskyi, R. V.

In previous works [1—4], for the first time, the
difference in the influence of some chemical ele-
ments of railway axles steel, in particular, the
content of sulfur and manganese, on the impact
toughness for several grades of steel for the ma-
nufacture of railway axles has been found. In par-
ticular, it has been assumed that joint deoxygena-
tion and sulfur content in steel influence the for-
mation of microhardness heterogeneity across
the cross-section of cast steel for railway axles
and structure microheterogeneity of individual
sections. In the study of the effect of micro-lique-
faction of steel on the formation of a homogene-
ous structure and the effect of homogenization on
the mechanical properties of carbon steels, the
most noticeable effect has been observed in the
samples with pulled inclusions [5]. In [5], the ef-
fect of sulfides and silicates on changing shape
properties has been studied. It has been shown
that the mechanical properties after heat treat-
ment (10 min at 1315 °C) improve due to fining
or coarsening inclusions rather than because of
changing liquation. The importance of control-
ling the shape of inclusions to optimize the me-
chanical properties has been emphasized. Back in
1971, Grange 6] showed that elongated non-me-
tallic inclusions had the greatest influence, fol-
lowed by the effect of phase and structural in ho-
mogeneities. Numerous studies have shown that
elongated, striped inclusions of manganese sulfide
complicate the diffusion of carbon and thus con-
tribute to liquation [7].

The thermodynamic calculations have shown
that the area of ferrite formation increases as sul-
fur content grows, with sulfur stimulating ferrite
formation. According to [8], MnS inclusions are
the nucleation site of pre-eutectoid ferrite, and
the number of isolated MnS inclusions is posi-
tively correlated with the fraction of the area of
isolated pre-eutectoid ferrite. With the use of the
FIB-TEM technique, the relationship between
the orientation and crystal structure of the MnS
inclusion and pre-eutectoid ferrite has been stu-
died. The results have shown that MnS inclusions
are not directly related to the formation of pre-
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eutectoid ferrite. The Mn depletion zone around
the MnS inclusion observed in the EDS and
EPMA results is a direct factor inducing the for-
mation of pre-eutectoid ferrite in medium carbon
sulfur steel.

From a review of modern scholarly research
literature, it becomes clear that a ferrite border is
formed around non-metallic inclusions only un-
der the condition that manganese is displaced
during the formation of sulfide. At the same time,
the inclusion is a factor affecting the difference in
microsegregation rather than a substrate for the
formation of ferrite. However, the authors of the
available studies have not developed the idea of a
relationship between sulfur inclusions and steel
gassing. Although it is known that the type of
sulfide inclusions and the time of their formation
depend on the oxygen content in steel [9]. In [3],
when studying a small array of data, the authors
have assumed that the formation of pre-eutectoid
ferrite depends not only on the content of sulfur
and manganese, but also on the deoxidation of
steel. Therefore, the problem of the influence of
the features of carbon steel manufacture in this
research has been studied more thoroughly, by
the example of the features of the structure for-
mation of railway axles, as a type of metal pro-
duct, the quality of which is subject to strict re-
quirements, including for the homogeneity of the
microstructure.

The rough railway axles were manufactured by
one manufacturer, with close temperature and
time regimes of deformation processing. The main
difference was technique for producing the origi-
nal continuous-cast billets (CCB), and the task
of the work was to investigate how the morpho-
logical features of the steel structure of railway
axles were formed with the same normalized
chemical composition of steel and the same defor-
mation and heat treatment. The origin, size, and
chemical composition of the billets are given in
Table 1.

All test samples are taken from the half-neck
thick rough railway axles. The axles have the
same size of @ 218 mm. All axes undergo two tem-
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perature normalizations (820 and 840 °C, respec-
tively). The railway axles are manufactured by
standard technology at PrJSC KAMET-STEEL.
All metal, both manufactured by KAMET-STEEL
PJSC and by other manufacturers, besides the
same deformation and thermal treatment regimes,
undergoes mandatory anti-flocculation treatment,
despite a relatively low hydrogen content, in ad-
dition to the treatment in a vacuum cleaner. Such
measures are necessary, first of all, for removing
internal stresses that could contribute to the
emergence of internal defects and result in rejec-
tion of defected pieces during ultrasonic control
of finished axles rather than for removing hydro-
gen from the billets [10]. Such a selection of
samples makes it possible not only to analyze the
influence of the size of the original CCB, its geo-
metry, the degree of treatment of the finished
railway axle, but also to investigate the effect of
steel purity on the structural properties of rail-
way axles as finished product.

Electrical steel is now considered purer in
terms of non-metallic inclusions. Steel for railway
axles produced by DNIPROSTAL is processed in
a liquid state in a vacuum cleaner, in a furnace-
ladle unit, and while being poured undergoes
electromagnetic stirring. Vacuuming of steel not
only removes the total gas content, but also sig-
nificantly reduces the amount of hydrogen. At
KAMET-STEEL, the metal undergoes out-of-

furnace processing at the universal forge and rol-
ling mill, but is not vacuumed because of the ab-
sence of a vacuum cleaner in the process scheme
of steel production. It should be noted that railway
axle prototypes are subjected to two normaliza-
tions, although in recent years the technology for
thermal treatment of railway axles includes one-
stage normalization with controlled slow cooling
(self-tempering) of axles in special wells [8]. Such
heat treatment has shown a greater positive ef-
fect on the formation of a uniform structure.

The type of used ferroalloys, the content of im-
purity elements in them, which is not regulated
by standards, the sequence of their introduction
into the semi-finished metal, and the use of cer-
tain solid slag mixtures — all these factors have a
certain influence on the formation and removal of
non-metallic inclusions. Because of the lack of
complete information, this issue has not been con-
sidered in this paper. High purity of steel in terms
of non-metallic inclusions of certain types, sizes,
and quantities can be achieved by creating a sci-
entifically based approach to the selection of te-
chnological parameters at each stage of the smel-
ting, refining, and pouring process (crystalliza-
tion of steel with a regulated residual content of
oxygen (sulfur) and active deoxidizing elements,
as well as their certain ratios). In [10], it has been
found that, other things being equal, the number,
type, and size of non-metallic inclusions depends

Table 1. Chemical Composition and Specific Features of Original Continuous-Cast Billets

Cross
No. Manufacturer Manufagturing scgtign Mn Si S P Cr Ni Cu Al
technique of original
CCB
1 |KAMET—STAL | Converter, furnace- | 335 x 400 | 0.47 | 0.80 | 0.26 [ 0.006 | 0.012 | 0.02 | 0.01 | 0.01 |0.033
ladle, without vacu-
uming
2 | Azovelectrostal | Converter, furnace-| @ 400 0.46 | 0.72 | 0.24 1 0.010 | 0.009 | 0.07 | 0.11 | 0.16 | 0.023
ladle, vacuuming
3 | Alchevsk Metal- | Vacuuming, conve-|300 x 1000 | 0.47 | 0.81 | 0.29 | 0.004 | 0.012 | 0.042 | 0.033 | 0.024 | 0.030
lurgical Works | rter, furnace-ladle
4 | M3 Dniprostal | Electrosteel, vacuu- 0470 0.49 | 0.84 | 0.20|0.003]0.013| 0.11 | 0.13 | 0.15 | 0.021
ming
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Fig. 1. Microstructure of the neck of ro-
ugh railway axle made of carbon steel: a —
sample No. 1; b — sample No. 2; ¢, d —
samples No. 3; ¢ — sample from the area
without liquation; d — sample from the
liquation area; e — sample No. 4, x200

Fig. 2. Microstructure of BBC prototy-
pes made of carbon steel manufactured
by different techniques: a — sample No. 1;
i b — sample No. 2; ¢, d — samples No. 3;
# ¢ — sample from the area without mac-
roliquation; d — sample from the liqua-
tion area; e — sample No. 4, x200

primarily on the type and number of used deoxi- The liquation zones are identified by well-known
dizers, the degree of assimilation and their resi- | method for detecting sulfide inclusions that are known
dual mass fraction in the finished metal product. | to be formed in interdendritic liquation areas.
The typical photographs of the microstruc- A sample of non-vacuum steel for railway axles
tures are given in Fig. 1. of converter production (No. 1) has a more uni-
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form structure without local areas of accumula-
ted pearlite or ferrite. It has been shown that a fer-
rite border is formed in the areas of microsegrega-
tion both near manganese sulfides and smallest
oxide inclusions. In electrical steel sample (samp-
le No. 4), despite the lower sulfur content and
gassing of the steel, a significant structural he-
terogeneity is observed, with a dense layer of
pearlite formed around the sulfides. The highest
content of pearlite has been found in the liqua-
tion areas that correspond to the interdendritic
space. It can be seen that the structure of samples
No. 2 and No. 3 (area without macroliquation) is
quite similar. In general, they have a uniform struc-
ture, single large pearlite grains located mainly in
the interdendritic areas. Thus, the presence of
globular sulfides can contribute to the formation
of a uniform structure. The authors of [7] have
made approximately the same conclusion.

At the same time, it should be noted that there
is no relationship between the size of the sulfide
inclusion and the thickness of the ferrite border
around this inclusion. For example, in the photo
of sample No. 1 of KAMET—STEEL, there are
both small and large inclusions that can be iden-
tified as manganese sulfides and complex manga-
nese and iron sulfides during metallographic
analysis. However, the largest amount of ferrite is
observed in the areas that contain very small in-
clusions (<1 um). In [11—13], there have been made
different conclusions on the possibility of the for-
mation of pre-eutectoid ferrite around sulfide in-
clusions larger than 10 pum. However, there is a
direct relationship between the number of inclu-
sions and the content of ferrite: the greater the
number of inclusions, the higher the content of
pre-eutectoid ferrite [14]. At the same time, the
amount of sulfide inclusions depends primarily
on the sulfur content in the steel.

Since in this research, all test samples are selec-
ted from rough axles that undergo multi-stage de-
formation and heat treatment, the influence of the
cast structure and the level of liquation on the for-
mation of the final structure cannot be clearly de-
termined. Therefore, an additional experiment has
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been conducted. During this experiment, samples
of carbon steel for railway axles, which are selected
from the original CCB made by different manufac-
turing methods, undergo a normalization heat
treatment at 840 °C, in order to reveal differences
in the formation of the structure of carbon steel in
laboratory conditions and the influence of the pri-
mary structure and liquation on these processes.
Thus, the effect of external factors is minimized,
and only the influence of the primary structure on
the formation of fine-grained and coarse-grained
structure has been shown. The experiment con-
sists of the following stages: samples are taken from
the CCB at a distance of 1/4 thickness from the
surface. In the rectangular billet, due to the differ-
ence in the length of the faces, samples are taken
from each side. The samples taken from 1/4 cross-
section of the studied CCB are used because of a
distinct difference in the size of the dendrites, their
explicit relationship with the grain structure, and
the absence of macrodefects in these zones.

The analysis of the influence of the quantita-
tive characteristics of the pearlite grain structure
and the relationship with the dimensional cha-
racteristics of the original dendritic structure is
beyond the scope of this research, since this prob-
lem has been well discussed in [15].

The microstructure of samples of different CCB
differs in grain size and morphology of pre-eutec-
toid ferrite, which is considered typical for medi-
um-carbon steel (Fig. 2). However, the causes of
the formation of ferrite with different morpholo-
gy in medium-carbon steels of the same composi-
tion and under the same heat treatment condi-
tions have not been explained in the literature.

After one-time normalization of cast metal, the
structure of all samples clearly coincides with the
contours of the primary dendritic structure. In
the structure of the normalized CCB sample, the-
re is a manifestation of the hereditary influence of
the three types of structures: the primary den-
dritic, the cast grain (boundaries of primary aus-
tenite grains), and the final fine ferrite-pearlite.

Samples No. 3—4 correspond to the classic idea
of the formation of a heterogeneous ferrite-pear-
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lite structure in medium-carbon steels. At the same
time, a large amount of pearlite is formed in the
interdendritic areas. Attention should be paid to
Fig. 2, d, where there is shown the bloom sample
that is taken from 1/4 width and falls on the li-
quation zone. There, the level of liquation is such
that without deformation treatment after nor-
malization, the formation of structural inhomo-
geneity is quite evident, as pearlite is almost com-
pletely concentrated in the interdendritic areas,
while inside the dendritic branches there is
formed almost pure ferrite. The presence of small-
er dendrite branches corresponds to a decreased
pearlitic component within the steel. The struc-
tural heterogeneity of pure steel, influenced by
the presence of impurities and gases, aligns with
the conventional concept of striped structure for-
mation. In the case of pre-eutectoid steels, the
emergence of a striped structure characterized by
an uneven distribution of ferrite and pearlite
components can be attributed to the impact of
manganese on A ,. Manganese acts as a y-stabilizer
and exerts a reducing effect on A ,. Consequently,
in steel characterized by a heterogeneous manga-
nese distribution, a distinct pattern emerges du-
ring the cooling process. Specifically, ferrite is ini-
tially formed in bands with lower manganese
concentrations within the austenite matrix. As
the cooling proceeds, carbon atoms diffuse from
the ferrite nuclei and become concentrated in re-
gions possessing higher manganese content. Sub-
sequently, pearlite forms in these carbon-enriched
areas. When the size of the austenite grains is
smaller than the microsegregation wavelength,
ferrite nuclei are generated at both the grain
boundaries of austenite and locations with ele-
vated A, temperatures. These grains exhibit
growth both in the rolling direction and, subse-
quently, transversely to the rolling direction,
forming common boundaries and extending to-
wards Mn-rich regions. Continuous cooling ex-
periments [16] have demonstrated that the de-
velopment of ferrite /pearlite bands in a hot-rolled
alloy characterized by microsegregation of man-
ganese (Mn) and silicon (Si) is directly influ-
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enced by the cooling rate during the transition
from the austenitic state. It is crucial to use a
cooling rate equal to or greater than 2 K/s to ef-
fectively suppress the formation of striped micro-
structures. This observation aligns with previous
research indicating that, even in the presence of
Mn/Si microsegregation, it is primarily the ki-
netics of the phase transformation, particularly of
ferrite, that governs the actual manifestation of
microstructural bands. Notably, pearlite exhibits
significantly faster growth as compared with fer-
rite due to the higher driving force at lower trans-
formation temperatures and the shorter diffusion
length resulting from its layered structure. The
carbon enrichment of austenite, which depends
on the available time for ferrite growth, plays a
crucial role in the nucleation of ferrite or pearlite
in regions with contrasting manganese (Mn)
content under non-isothermal conditions. At low
cooling rates, ferrite nucleation is predominantly
initiated in areas with lower Mn concentrations,
resulting in an extended duration for ferrite for-
mation and carbon diffusion over relatively long-
er distances. Consequently, the occurrence of new
ferrite nucleation in Mn-rich regions becomes
limited, leading to the continuous formation of
pearlite in these areas. Generally, when the differ-
ence in the ferrite nucleation rates remains below
6—8%, a striped microstructure does not manifest
itself. The formation of microstructural bands has
been primarily attributed to the segregation of
substitutional alloying elements, such as nickel
(Ni) and chromium (Cr) [17]. These bands result
in anisotropic flow behavior during significant
deformations, where deformation is restricted to
the stripes composed of solid granular ferrite. No-
tably, the formation of pre-eutectoid ferrite sur-
rounding sulfide inclusions has not been observed
in samples of higher quality steel; however, pearli-
te colonies are formed in close proximity to these
inclusions.

In sample No. 1, there is observed a relatively
uniform structure within the dendritic branches,
whereas the interdendritic regions exhibit a no-
table presence of ferrite. This occurrence of fer-
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rite is directly associated with sulfide inclusions.
Additionally, in Sample No. 1, ferrite is formed in
close proximity to a cluster of small non-metallic
inclusions, followed by the development of a
dense pearlite rim surrounding it. This particular
structure bears resemblance to a defect common-
ly referred to as a “gas bubble” in the metal struc-
ture. The pearlite areas appear elongated. A dis-
tinct white ferrite band is observed at the bounda-
ry inherited from the primary grain during cast-
ing. Large ferrite regions emerge at the junction
areas of secondary and tertiary dendritic branches,
with the size of these regions showing minimal
dependence on the presence, size, and number of
sulfide inclusions. Remarkably, a ferrite border
can be formed even in the absence of visible large
inclusions. Near one large inclusion, there may be
present a relatively thin layer of ferrite, contras-
ting with a rougher layer near other inclusions.
Quantitative analysis, examining the size of
sulfide inclusions and the thickness of the sur-
rounding ferrite layer, has not established any
correlation. The formation of a ferrite border ex-
clusively around sulfide inclusions (attributable
to local decreases in manganese concentration)
has not been generally acknowledged. At the sa-
me time, between the branches of dendrites of the
same order, the ferrite-pearlite structure is formed
around sulfide inclusions, while oxide inclusions
are found independently of the structural compo-
nents [5].

The composition of sulfide inclusions is not
constant. For example, complex sulfides of iron
and manganese increase the content of manga-
nese in their composition during hot deformation
(forging) and cooling. As already mentioned, the
formation of a structure in the places of growth of
dendritic branches is similar to the formation of
gas bubbles. In the steel, there are various gases,
such as carbon monoxide, nitrogen, hydrogen,
silicon monoxide, as well as fusible metal vapors.
Carbon monoxide usually makes up 70—-80% of
the gases released during solidification of boiling
steel. During the crystallization of carbon steel,
the places where dendritic branches grow are en-
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riched not only with alloying elements and gases,
but oxygen is found in the steel only in com-
pounds (CO, MnO, SiO,, and FeO).

The author [18] has suggested that stress re-
laxation in steel with a lower carbon content oc-
curs earlier and is carried out along the austenite
grain boundaries, causing grain boundary sliding,
a change in their structure, and the formation of
pre-eutectoid ferrite. Impurities have different
effects on the surface energy of grain boundaries
that determine the ability of grains to recrystal-
lize. In [18], it has been established that in the
area of shrinkage pores, the metal integrity is pre-
served until the shrinkage reaches 20—25%, and
the grain size, according to visual assessment, is
approximately 2 times smaller than in the bulk of
solid metal of the casting. Since the shrinkage is
proportional to the metal deformation, in the area
of the shrinkage pore the deformation is bigger by
>15% than in the rest of the casting. The author
mentions that the cause of the formation of a
smaller grain is the presence of a bigger shrinkage
and, consequently, deformation. At the same time,
the presence of non-metallic inclusions of parti-
cularly small size is not taken into account, and
the formation of large pearlite grains occurs in in-
terdendritic areas in relatively pure steels.

As a rule, no structural heterogeneity is ob-
served in austenitic and ferritic steels. In steels,
usually there is a decarburized zone near the bub-
ble cavity. Often near the bubbles, there are sul-
fides of manganese and iron, as well as a little
amount of small globular oxides of manganese and
iron such as FeO and MnO. It can be assumed
that the number of oxides is much greater than
observed. However, their sizes are much smaller
than the minimum detectable by light microsco-
py. The formation of the steel structure near gas
bubbles has been understudied. In the places of
accumulation of oxides around the cavities, there
is observed a decarburized zone, with a border of
pearlite grains. This border is often bag-shaped,
which is very similar to the pattern of structure
formation observed by us in the places of growth
of dendritic branches, especially in sample No. 3
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taken from the area of macroliquation. However,
this description is typical for gas bubbles with a
size of 10—70 mm, which is hundreds of thou-
sands times larger than the observed zones of ir-
regular structure. It is also known from the litera-
ture that the size of the decarburized zone is much
larger than the defect itself (more precisely, the
cavity). The peculiarities of the structure are pre-
served from the ingot to the finished roll. In steel
with a high oxygen concentration, a carbon oxi-
dation reaction takes place, resulting in the re-
lease of carbon oxide or carbon dioxide.

It is important that as a result of the experi-
ments, it has been shown that the main differen-
ces in the formation of the final structure, which
are found in ready railway axles made of billets
produced by different manufacturing methods,
are also observed during the experimental heat
treatment of the undeformed billet. Deformation
leads only to softening the effects of the cast ori-
ginal structure, liquidation inhomogeneity, im-
perfection of the structure, etc.

The measures to be taken to obtain the final
uniform structure of carbon steels used for the
manufacture of railway axles, of almost identical
chemical composition, but produced by different
manufacturing methods, differ significantly. For
the railway axles completely manufactured at
KAMET—STEEL (starting from the original bil-
let), it has been found that the reduction of the
number of normalization treatments to one is ef-
fective, with the prolongation of exposure at
these temperatures, due to the reconfiguration of
non-metallic inclusions, improving the structure
and properties [8]. It can be assumed that such
heat treatment for steels that are purer in terms
of non-metallic inclusions and gas content can
only increase the manifestations of liquation he-
terogeneity. To eliminate the effect of liquation, it
is necessary to strengthen the deformation effect
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and to add heat normalizing treatments with a
shorter exposure time. Thus, the purer is the steel,
the more deformation is required to obtain a
higher level of properties. It can be assumed that
there is an optimal content of non-metallic inclu-
sions (the degree of steel deoxygenation), which
allows obtaining a uniform homogeneous struc-
ture of railway axles made of carbon steel.

CONCLUSIONS

1. The authors have shown that deoxygenation
and sulfur content in steel have a significant in-
fluence on the formation of inhomogeneity of mic-
rohardness across the cross-section of cast steel
for railway axles and that individual sections
have a microheterogeneous structure. With an
extremely low or increased content of harmful
impurities, the maximum liquation is formed both
along the cross-section of the ingot or CCB, and
in micro-areas.

2. In the context of the optimal chemical com-
position of steel for the production of crucial rail-
way components, careful consideration shall be
given to the steel production method, raw mate-
rials, and technological aspects that are specific
to the metallurgical facility. This is imperative
since steel samples with similar chemical compo-
sitions can exhibit distinct patterns of structure
formation. To ensure high properties of metal pro-
ducts, the modes of deformation and heat treat-
ment used today need to be adjusted depending
on the characteristics of steel smelting.

3. It has been observed that the formation of a
ferrite boundary adjacent to sulfide inclusions
shares similarities with the formation of gas bub-
bles and exhibits a characteristic structure. The
sulfide inclusions are present in the liquation
zone together with other liquates and gases in
the steel.
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IncturyT wopnoi metamyprii im. 3.1. HexpacoBa HAH VYkpainn,
. akaz. Crapony6bosa K., 1, [{ninpo, 49107, Ykpaiua,
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OCOBJUBOCTI ®OPMYBAHHS CTPYKTYPHOT HEOJTHOPIJTHOCTI
Y BYIVIEIIEBIN CTAJIT 3AJIEKHO BIJI CTIOCOBY BUTOTOBJIEHHA

Beryn. TomorenHa, 0HOpiiHA MiIKPOCTPYKTYpa TabapUTHUX METAJIEBUX BUPOOIB € HANOIIBIN MepeBaskHOTO MpH 3abe3mevdeH-
Hi HeOOXIZHOTO KOMILIEKCY BIaCTUBOCTEM.

IIpoGaemaTuka. Peskimu gedopmaitiiiHol ta TepMiuHOT 06pOOKH, SIKi 3aCTOCOBYIOTH COTO/IHI, TIOTPEOYIOTh KOPUTYBaHHS
3aJI€5KHO Bijl 0COOIMBOCTEl BUTIJIABKH CTAJI /JIs1 3a6e31eUeHHS BHCOKOTO KOMILTIEKCY BJIACTHBOCTEH METATOMPOAYKIT.

Mera. Ilpoanasiisysaru BIUIMB po3Mmipy BuxinHoi Gesnepepsrosutoi 3arorosku (BJI3), ii reomerpii, crymeHio mpo-
POGJIEHHS TOTOBOI 3a/I3HUYHOI OCI i JOCHIANTH BILIMB CTYIEHsI YMCTOTH CTali Ha 0COOJMBOCTI CTPYKTYPOYTBOPEHHS BiKe
TOTOBOTO MPOAYKTY — 3aTi3HUYHUX OCEi.

Marepiamu i metoau. Bei gociani spasku BigiGpani 3 1/2 TOBIMHY KKK YOPHOBUX 3a/li3HUYHKX ocell. Posmip oceil
6yB omHakoBuii i cranoBuB & 218 mm. Bei oci mpoiituin a8i Hopmastizariii 3a remmepatyp 820 ta 840 °C siamosigno. Moto
MiKpOCTPYKTYp 3pobieHo Ha Axiovert 200 MAT.

Pe3yabraT. B pesysnbrati mpoBeieHUX eKCIIEPUMEHTIB IIOKa3aHO, 1[0 OCHOBHI BiZIMIHHOCTI CTPYKTYPOYTBOPEHHS KiHIle-
BOI CTPYKTYPH, 1[0 BUSIBJISIMCS Y TOTOBUX 3aJII3HUYHUX OCEil, BUTOTOBJIEHUX 3 3arOTOBOK Pi3HOIO CIIOCOOY BUTOTOBJIEHHSI,
CIIOCTEPITAIOTHCS 1 TIPU MPOBEIEHHI eKCIIepPUMEHTANbHOI TepMiuHOI 06pobKy HexedopmoBanoi 3arotosku. ledopmartis
TPU3BOANTH JIUIIE 10 TTOM SKITYBAJIbHOI il TPOTECiB BIJINBY JUTOI BUXIZHOI CTPYKTYPH, JiKBAIIHHOT HEOAHOPITHOCTI,
HEOCKOHAJIOCTI OY/I0BH TOIIIO.

BucHoeku. BusnaueHo, 110 ipu BUGOPI ONTUMATIBHOTO XIMIYHOTO CKJIA/LY CTaJli [/l BATOTOBJIEHHS BIAIOBIIA/IbHUX JIeTasieil
3aJli3HMYHOTO [IPU3HAYEHHS, HeOOXiZHO GpaTH 10 yBaru crocié BUPOOHUIITBA CTaJI, BUXI/IHI MaTepiaiu Ta TEXHOJIOrYHI 0c00-
JIMBOCTI METAJIyPriffiHOro TiAIPUEMCTBA, OCKIIBKM CTalb HaBiTh OJIM3BKOTO XIMIYHOTO CKJIaZy MOJKE MATH Pi3HY MPHPOLY
CTPYKTYPOYTBOPEHHsT. 3'sIcOBaHO, 110 (hopMyBaHHsI (hepUTHOTO 0OISIMYBaHHs O1J1sT CyIbMIMHUX BKIIOYEHD Ma€ MPUPOLY (hop-
MYBaHHsI, CXOJKY 3 YTBOPEHHSIM Ta30BHX OyJIbOAIIIOK, 1 IGMOHCTPYE XapakTepHy cTpyKkTypy. HasgBHicTb cyabdiIHIX BKIIOYEHD
00yMOBJIEHa HacaMIIepe/l OJHOYACHUM TIepeOyBaHHAM X B JIIKBaIliiiHiil 30HI IIOPYY 3 IHIIUMMU JIIKBaTAMU [ razaMu B CTaJII.

Kniouogi cnosa: MikpoCTpPyKTypa, 3aJli3HUYHA OCh, BYTJICIeBa CTalb, Aedopmallid, JiKkBalliliHa HEOAHOPIJAHICTb.

56 ISSN 2409-9066. Sci. innov. 2023. 19 (4)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


