S&l

https://doi.org/10.15407/scine22.05.041

KONONENKO, G. A."2 (https://orcid.org/0000-0001-7446-4105),
PODOLSKYI, R. V. (https://orcid.org/0000-0002-0288-0641),
KIMSTACH, T. V."3 (https://orcid.org/0000-0002-8993-201X),
KLEMESHOV, E. S." (https://orcid.org/0000-0001-6486-5319),
PODOLSKA, O. A." (https://orcid.org/0000-0002-4032-4275),
and [DEMENTIEVA, Zh. A]' (https:/orcid.org/0009-0002-3194-9975)
TIron and Steel Institute of Z. I. Nekrasov

of the National Academy of Sciences of Ukraine,

1, Ak. Starodubova Sq., Dnipro, 49107, Ukraine,

+380 56 790 0514, okc.testcenter@ukr.net

2 National Technical University “Dnipro Polytechnic,”

19, Dmytro Yavornytsky Ave., Dnipro, 49005, Ukraine,

+380 56 796 55 66, rector@nmu.org.ua

3 Ukrainian State University of Science and Technology,

2, Lazaryan St., Dnipro, 49000, Ukraine

+380 56 373 1505, office@ust.edu.ua

PREDICTION OF CONDITIONS FOR OBTAINING
NANOSTRUCTURED BAINITE BASED
ON A COMPREHENSIVE APPROACH

Introduction. Modern resource-efficient engineering requires the production of thick steel plates from
advanced high-strength steels (AHSS) of the latest generation with a nanostructured bainitic micro-
structure that combines high strength and adequate ductility.

Problem Statement. A major challenge is predicting microstructure evolution in heavy plate pro-
ducts subjected to different cooling conditions while accounting for the chemical and structural hetero-
geneity formed during solidification, which exerts a hereditary influence on subsequent microstructural
evolution during hot deformation and heat treatment.

Purpose. To investigate the formation of gradient microstructures in experimental AHSS steels and
to optimize cooling rates through prediction of the conditions required for the formation of a nanostruc-
tured bainitic microstructure.

Materials and Methods. A comprehensive computational approach has been employed to predict the
phase constitution after continuous cooling at rates of 1—97 °C/s, given the experimentally determined
microhardness distribution in the as-cast condition of AHSS steels with different chemical compositions.
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Numerical simulations were performed using the QForm, CallPhad, and JMatPro software packages. Microstructural
characterization and microhardness measurements have been carried out using standard metallographic techniques.

Results. The relationship between the non-uniform microhardness distribution in the as-cast condition and the mic-
rostructural heterogeneity of low-alloy AHSS steels after subsequent hot deformation and heat treatment has been
established. An adaptive approach for predicting microstructure evolution while accounting for the hereditary effect of
chemical heterogeneity has been developed. The optimum cooling rates required for the formation of nanostructured
bainite have been determined, and the predictive capability of the proposed model has been experimentally validated using
steels of the investigated compositions.

Conclusions. The proposed approach has enabled optimization of the cooling schedules for AHSS steels to control
the formation of gradient microstructures during heat treatment while accounting for the hereditary influence of
chemical heterogeneity formed during solidification. The developed methodology has provided an effective tool for

predicting the evolution of the final phase constitution in thick-section steel products.

Keywords: modeling, gradient microstructure, thermal processing, heterogeneity, phase transformation, steel.

Heavy steel plate occupies a key position among
metallurgical products and is widely used in brid-
ge engineering, shipbuilding, the aerospace indust-
ry, and automotive manufacturing. Owing to the
increasing demand for improved service perfor-
mance and extended service life under severe ope-
rating conditions, considerable attention has recent-
ly been paid to the production of advanced high-
strength steels (AHSS) with large cross-sections [1].

This class of steels extends beyond the chemical
composition of conventional high-strength low-
alloy (HSLA) steels, thereby providing greater po-
tential for simultaneously achieving high strength
and ductility. As reported in Refs. [2—6], AHSS
are commonly classified into three generations.
The first generation includes dual-phase (ferrite—
martensite) steels, in which ferrite provides duc-
tility while martensite serves as the strengthening
phase, as well as TRIP (Transformation-Induced
Plasticity) steels [2], which possess a polygonal fer-
ritic matrix and are strengthened during heat treat-
ment within the o +y two-phase region. The second
generation comprises TWIP (Twinning-Induced
Plasticity) steels, whose strengthening mechanism
is based on deformation twinning promoted by
alloying. The third generation includes medium-
and low-alloy TRIP steels [4] subjected to quen-
ching and partitioning (Q&P) treatment invol-
ving an isothermal transformation process [5],
together with nanostructured bainitic steels [3, 6],
which develop a stable nanoscale lamellar o/Fe;C
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structure resembling pearlite but formed through
a different transformation mechanism.

In recent years, third-generation AHSS, parti-
cularly TRIP steels and nanostructured bainitic
steels, have attracted increasing interest in a wide
range of engineering applications, including me-
chanical engineering, shipbuilding, and related in-
dustries [7, 8]. This interest is primarily driven by
their potential for structural optimization through
the use of advanced materials [9], as well as by
opportunities for resource conservation through
reduced fuel consumption resulting from lighter
structures [10]. Consequently, the application of
these next-generation steels makes it possible to
simultaneously address two major engineering
challenges: increasing structural strength while
reducing component weight through the use of
thinner sections.

However, the production of heavy steel plate
from these steels remains technologically challen-
ging, labor-intensive, and costly. These difficulties
arise from the need to achieve a homogeneous mic-
rostructure and minimal variation in mechanical
properties throughout the thickness of products
with different geometries while accounting for the
effects of hot plastic deformation and cooling con-
ditions. Therefore, the principal materials science
challenge is to achieve the required service proper-
ties and the desired distribution of microstructural
constituents throughout the thickness of heavy steel
plate intended for critical structural applications.
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In recent years, numerous studies [11—14] have
been conducted to establish the mechanisms go-
verning the formation of gradient microstructures
throughout the thickness of heavy steel plate under
industrial processing conditions. These studies ha-
ve demonstrated that desirable service properties
can be achieved through the formation of approp-
riate gradients in grain size and microstructure
across the plate thickness of experimental steels. It
is well recognized that attaining an optimal combi-
nation of service properties, particularly in AHSS,
requires careful consideration of the effects of al-
loying systems, the initial microstructural state, me-
chanical properties, and section geometry. These
factors remain among the most important research
topics in modern applied materials science.

Achieving superior service performance in AHSS
continues to represent a major challenge in app-
lied materials science. Addressing this challenge
requires a comprehensive understanding of the
influence of alloying systems, microstructural cha-
racteristics, mechanical properties, and the geo-
metric profile of steel products.

Next-generation steels combining high strength
and high ductility are highly attractive for modern
industrial applications. However, the development
of high-strength steels is generally accompanied
by a reduction in ductility [15—19], which is prima-
rily attributed to a low strain-hardening rate [17, 18].
To overcome this limitation, several strengthening
approaches have been proposed while maintai-
ning adequate ductility, including the development
of gradient microstructures [19], heterogeneous
lamellar architectures [21, 22], and heteroge-
neous grain structures [23]. Materials with gradi-
ent microstructures have attracted considerable
attention because of their potential to achieve an
exceptional synergy of strength and ductility by
adapting their microstructure to service loading
conditions [24, 25].

The formation of gradient microstructures is
typically achieved through controlled alloying,
which promotes localized spatial redistribution
of chemical elements. This redistribution influen-
ces phase transformations and phase constituents,

ISSN 2409-9066. Sci. innov. 2026. 22(5)

thereby improving the microstructure, mechani-
cal properties, and overall service performance of
the material [26—28].

This unique combination of properties has sti-
mulated growing interest in these steels and has
generated substantial industrial demand, largely
because of their suitability for a wide range of ser-
vice conditions and their potential to improve
economic efficiency.

The industrial implementation of these advan-
ced steels has created a demand for energy-efficient
technologies capable of consistently achieving the
required mechanical properties, which remains a
challenging task. One promising solution is to
utilize the rolling reheating temperature to deve-
lop the desired microstructure directly during
thermomechanical processing, thereby elimina-
ting the need for secondary heat treatment while
simultaneously retaining the dislocation structu-
re generated during plastic deformation.

The objective of this study is to investigate the
formation of gradient microstructural constituents
in experimental AHSS grades in order to optimi-
ze cooling rates through predicting the conditions
required for the formation of a nanostructured
bainitic microstructure.

The experimental materials consisted of labo-
ratory-produced steels manufactured using an
ITPE-0.01 induction melting unit. Melting was
performed by remelting without forced oxidation
of impurities. Alloying elements were introduced
into the molten steel by immersion in a protective
metallic container. The actual chemical composi-
tion of the produced steels is presented in Table.

Hot plastic deformation was performed under
laboratory conditions using specimens measuring
70 x 70 x 80 mm, machined from the experimen-
tal ingots. The specimens were compressed to a
50% reduction in height. Prior to deformation, the
specimens were heated to 1260 °C, which closely
approximates the rolling temperature employed
under industrial processing conditions.

Experimental heat treatment was carried out
using a SNOL 1.6/1100 laboratory furnace. Tem-
perature was monitored with a Type K (chromel-
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alumel) thermocouple inserted to a depth of 2 mm
at the center of each specimen. Cylindrical speci-
mens with dimensions of @10 x 10 mm were
heat-treated according to schedules established
from mathematical modeling and continuous
cooling transformation (CCT) diagrams.

The microstructure of the experimental steels
was examined using an AxioVert 200M Mat opti-
cal microscope in bright-field mode. Metallogra-
phic specimens were prepared following standard
metallographic procedures using a Struers Labo-
pol-5 grinding and polishing system with diamond
suspensions and polishing pastes. The microstruc-
ture was revealed by etching with 2% atal. Mecha-
nical characterization focused on the microhard-
ness of individual microstructural constituents,
which was measured using an LHVS-1000Z mic-
rohardness tester under a 50 g load. The analyzed
area measured 2.4 x 2.4 mm.

Phase diagram calculations were performed
using the JmatPro software package with thermo-
dynamic databases. The chemical composition lis-
ted in Table 1 was used as the actual alloy compo-
sition. To ensure that the simulations closely re-
produced industrial processing conditions, the
modeling incorporated the results of optical mic-
roscopy together with the experimentally measu-
red cooling curves obtained after heat treatment.
The simulations were conducted under non-iso-
thermal conditions, assuming that the disordered
face-centered cubic (FCC) matrix formed throu-
ghout the specimen volume, whereas the remai-
ning phases nucleated and developed predomi-
nantly along prior-austenite grain boundaries.

Actual Chemical Composition of the Studied Steels

To predict the cooling rates required for the for-
mation of the desired microstructure and to deter-
mine the distribution of gradient microstructural
constituents throughout the thickness of the exper-
imental steels, numerical simulations were perfor-
med using the previously developed CAD model
[5]. The simulations were conducted using the finite
element method (FEM) implemented in the Qform
software package. FEM is a numerical technique
that transforms a system of differential equations
into a system of algebraic equations suitable for nu-
merical solution. In the present study, the numeri-
cal implementation of the finite difference formula-
tion of the Fourier heat conduction equation was
employed, in which the temperature field, T (x, y),
was represented by a grid function, where i and k
denote the nodes of the two-dimensional computa-
tional mesh. A uniform mesh was used, with iden-
tical grid spacing in the x- and y-directions [5].

The finite element simulation of the cooling
process for the experimental CAD model consis-
ted of the following stages.

1. Construction of the geometric model. The geo-
metry of the experimental CAD model was crea-
ted in SolidWorks and exported to QForm in the
.stp format. The computational domain was then
discretized into four-node planar finite elements
with an element size of 2 mm. Each node was as-
signed a single degree of freedom corresponding
to temperature.

2. Specification of the initial conditions. The ini-
tial temperature prior to quenching was set to
820 °C, with a holding time of 1 min per millime-
ter of section thickness.

Element content, % wt.

Steel

Si Cr Ti

Al Ca Nb S p N Cu B

0.313
0.329
0.321
0.251

0.35
0.74
0.54
0.65

0.384
1.68

0.368
0.284

2.86
2.26
0.81
0.98

2.54
1.92
2.26
1.84

0.451
0.455
0.356
0.317

0.0057
0.153
0.148
0.133

0.0031
0.0024
0.026

0.0012

[ O I N R

0.012
0.007
0.0035
0.0071

0.03
0.03
0.03
0.271

0.002
0.001
0.002
0.002

0.014
0.024
0.043
0.026

<0.0001
0.0004
0.003
0.0003

<0.004
<0.001
0.002
0.029

0.018
0.007
0.022
0.022

0.011
0.004
0.02

0.022

ity
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3. Specification of the boundary conditions. The
quenching media considered were water and oil,
whose thermophysical characteristics were incor-
porated into the QForm material library in the
.qdat format. Each cooling medium was charac-
terized by its temperature and heat transfer coef-
ficient. The heat transfer coefficient was defined
as a temperature-dependent function of the metal
surface temperature.

The simulations were performed for the exper-
imental steels with the actual chemical composi-
tions listed in Table 1. For each alloy, the evolution
of the microstructure and microhardness during
cooling was predicted using the corresponding
continuous cooling transformation (CCT) diagram.

4. Determination of thermophysical and phase
transformation properties. The thermophysical
and phase transformation characteristics of the
experimental steels were determined using the
CALPHAD approach implemented in JMatPro.
Based on the chemical composition of each steel,
JMatPro was used to predict the evolution of the
microstructure during cooling. The following tem-
perature-dependent material properties were in-
corporated into the thermal model: density, spe-
cific heat capacity, and thermal diffusivity.

5. Specification of numerical solution parameters.
The thermal simulations were performed using
the following computational settings: a quasi-static
solution scheme, an iterative numerical algorithm,
and implicit time integration.

6. Model calibration and validation. In the final
stage of the simulation, the numerical model was
calibrated against the actual process by comparing
the predicted values at selected control points with
the corresponding experimental measurements,
followed by iterative refinement of the model.
The simulated temperature distributions at diffe-
rent depths within the model were compared with
experimental data derived from the continuous
cooling transformation (CCT) diagrams. When-
ever significant discrepancies were observed, the
numerical model was adjusted accordingly.

The primary outputs of the quenching simula-
tion were the cooling-rate profiles and the corres-
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ponding time-dependent microstructural evolu-
tion diagrams.

The cooling rates in different regions of the ex-
perimental CAD model were determined by sol-
ving the transient heat conduction equation (Fou-
rier equation) using the finite element method.
Simulations were performed for different quench-
ing media, with temperature data recorded at the
center of each representative volume element of
the model. The model consisted of cubic elements
with edge lengths ranging from 5 to 100 mm. The
simulations predicted cooling rates ranging from
0.9 to 67 °C/s for the experimental steels.

The primary objective of this study was to inves-
tigate the influence of cooling parameters on the
development of gradient microstructures. As a pre-
liminary stage of the investigation, the characteris-
tics of gradient microstructure formation during
solidification were evaluated together with the cor-
responding mechanical properties, specifically the
microhardness, in the as-cast condition (Fig. 1).

The results of the microhardness measurements
showed that the experimental steels exhibited the
following microhardness ranges: Steel 1: 3525—
4570 MPa; Steel 2: 3665—4665 MPa; Steel 3: 2390—
3274 MPa; and Steel 4: 2760—3670 MPa. Based
on these results and previously published data, the
principal microstructural constituents were iden-
tified as nanostructured bainite, lath martensite
containing regions of retained austenite [29], and
microstructures formed through diffusion-cont-
rolled transformation (Steels 3 and 4).

It should be noted that Steels 1 and 2 have ex-
hibited average microhardness values approxima-
tely 23—27% higher than those of Steels 3 and 4. In
contrast, Steel 4 has demonstrated a more uniform
hardness distribution, with only an isolated decrea-
se in microhardness to approximately 1890 MPa.

Analysis of the microstructure and microhard-
ness distribution in Steel 1 has revealed a pronoun-
ced but uniformly distributed segregation pattern.
Although this segregation has not significantly
affected the overall microhardness distribution, lo-
calized increases in microhardness have indicated
the presence of local chemical inhomogeneities.
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Fig. 1. Microstructures and microhardness distributions of the microstructural constituents
in experimental steels 1 (a), 2 (b), 3 (c), and 4 (d) in the as-cast condition after solidification
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The microhardness distribution in Steel 2
has exhibited isolated hardness peaks exceeding
4415 MPa, suggesting local microstructural hete-
rogeneity associated with the formation of acicular
microstructural regions resulting from the loca-
lized non-uniform distribution of slowly dissol-
ving alloying elements.

For Steel 3, both microstructural observations
and microhardness measurements have confir-
med pronounced structural heterogeneity. The
darker regions have most likely corresponded to
interdendritic areas, representing former liquid
microvolumes enriched in alloying elements du-
ring solidification. However, the microhardness
measured at the centers of the former dendrite
arms (light regions) has remained comparable to
that of the darker regions, averaging approxi-
mately 2822 MPa, whereas reduced microhard-
ness has been observed primarily at the interfaces
between these regions.

Steel 4 has contained light regions with a dis-
tinct acicular morphology, indicating the presence
of martensite with microhardness values reaching
3225 MPa.

Opverall, the results have demonstrated that the
investigated alloying systems promote pronoun-
ced chemical segregation during solidification,
which subsequently influences the final micro-
structure and mechanical properties. These fin-
dings have therefore provided an essential basis for
predicting the evolution of gradient microstruc-
tures and for assessing the influence of inherited
solidification features on the development of the
final microstructure.

Analysis of the mathematical simulation per-
formed using the CAD model and the specified
input parameters demonstrated that the micro-
structures of Steels 1 and 2 (Fig. 2, a), within the
investigated cooling-rate ranges of 1—67 °C/s
and 1—97 °C/s, respectively, are predominantly
composed of martensite and retained austenite.
In contrast, simulation of Steels 3 and 4 (Fig. 2, b)
over the cooling-rate range of 0.9—93.7 °C/s pre-
dicted the formation of martensite, bainite, and
retained austenite without the occurrence of lo-
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Fig. 2. Predicted distribution of the martensitic phase
in Steel 2 (a) and Steel 4 (b) across the cross-section of
the experimental model, based on the experimentally
determined properties of the as-cast condition (Fig. 1),
after water quenching (cooling rate: 4.5—97 °C/s and
4.5—93 °C/s, respectively)

calized regions of phase heterogeneity that could
indicate the influence of chemical segregation
within the framework of the simulation.

The results obtained from the mathematical mo-
del (Fig. 2) further demonstrate that incorporating
experimental data on chemical and structural he-
terogeneity, represented by the measured micro-
hardness distribution of the structural constituents
(Fig. 1), makes it possible to predict the persistence
of the hereditary relationship between chemical
heterogeneity in the as-cast condition and the final
microstructure after subsequent heat treatment.

Therefore, the obtained results provide prelimi-
nary evidence supporting the adequacy of the pro-
posed mathematical modelling approach, which
incorporates experimentally determined material
characteristics, for predicting potential structural
heterogeneity. Consequently, the proposed method
enables simulation-based assessment of the here-
ditary influence of the initial microstructure on
the final phase constitution after heat treatment.
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Fig. 3. Continuous cooling transformation (CCT) diagrams of the experimental Steels 1 (a), 2 (b), 3 (c), and 4 (d)
with the cooling-rate ranges predicted by mathematical modeling (blue region: 1—67 °C/s, 1—97 °C/s, 0.9—
93.7 °C/s, and 0.9—93.7 °C/s, respectively) and the cooling rates employed during the experimental heat treat-
ment: red — 0.1 °C/s, green — 0.43 °C/s, and yellow — 5.1 °C/s

Figure 2 presents the results of the mathema- | mentally determined mechanical properties and
tical simulation incorporating the initial struc- | microstructural characteristics of the as-cast
tural heterogeneity through the use of experi- | condition.
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The mathematical simulations have shown that
the microstructures of Steels 1 and 2 (Figs. 3, a—b,
respectively) have consisted predominantly of lath
martensite with the formation of fine acicular pa-
ckets together with retained austenite over the in-
vestigated range of cooling rates. These results indi-
cate that the developed Steels 1 and 2 are comparable
to advanced steels employed in ballistic protection
applications [30].

For Steels 3 and 4 (Figs. 3, c—d), the simula-
tions have predicted microstructures composed
primarily of martensite, bainite, and retained aus-
tenite throughout the investigated cooling-rate ran-
ge. According to published studies, this type of
gradient microstructure has demonstrated con-
siderable potential for shipbuilding applications
because of its favorable combination of strength
and toughness [31].

Based on the simulation results, heat treatment
using cooling rates in the range of 0.1—5.1 °C/s
has been recommended for subsequent experi-
mental validation.

The simulation results enabled prediction of the
optimum cooling rates required to achieve the tar-
get microstructures during subsequent heat treat-
ment. Based on the results of the mathematical
modeling, experimental heat treatments were per-
formed using different cooling media to reproduce
cooling rates representative of those expected ac-
ross the thickness of heavy plate products under
industrial processing conditions. Considering the
dimensions of the laboratory specimens, the recom-
mended cooling rates were achieved under the
following conditions: furnace cooling (0.1 °C/s),
cooling under a heat-resistant insulating blanket
(0.43 °C/s), and cooling in still air (5.1 °C/s).

Experimental heat treatment performed using
the recommended cooling rates demonstrated that
the microstructure of Steel 1 (Fig. 3, a) cooled at
0.1 °C/s consisted predominantly of bainite toge-
ther with troostitic-sorbitic transformation pro-
ducts. It should be noted that these constituents
were distributed non-uniformly throughout the
metallographic section, indicating the inherited
influence of chemical segregation on the final mic-
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rostructure. Increasing the cooling rate to 0.43 °C/s
resulted in a microstructure composed primarily
of upper and lower bainite, accompanied by a
small fraction of acicular martensite and retained
austenite, suggesting a non-uniform distribution
of slowly dissolving alloying elements inherited
from melting and solidification. At a cooling rate
of 5.1 °C/s, the microstructure consisted mainly
of highly alloyed martensite with different levels
of dispersion together with retained austenite.

Microstructural analysis of Steel 2 after cooling
at rates between 0.1 and 5.1 °C/s (Fig. 3, b) showed
that the microstructure consisted predominantly
of martensite with different morphologies and dis-
persions (the martensite becoming finer at 5.1 °C/s)
together with regions of retained austenite. The re-
tained austenite regions most likely corresponded
to areas previously affected by chemical segrega-
tion observed in the as-cast condition (Fig. 1, b).

Microstructural examination of Steel 3 revea-
led that cooling at 0.1 °C/s produced a micro-
structure composed mainly of ferrite and pearlite
with different degrees of dispersion, together with
small amounts of bainite and retained austenite.
Increasing the cooling rate to 0.43 °C/s resulted
in the formation of bainite and troostite, accom-
panied by isolated laths of fine martensite and re-
tained austenite. The presence of these isolated
martensitic regions indicates localized chemical
heterogeneity that influenced the final micro-
structure. After cooling at 5.1 °C/s (Fig. 3, c), the
microstructure consisted predominantly of mar-
tensite together with isolated regions of nano-
structured bainite and fine pearlite, while the dis-
persion of the martensitic phase increased.

Microstructural analysis of Steel 4 (Fig. 3, d) af-
ter cooling at 0.1 °C/s showed a microstructure
consisting of carbide-free bainite, ferrite, and troos-
titic—sorbitic pearlite. Increasing the cooling rate
to 0.43 °C/s resulted in the formation of nano-
structured bainite together with fine multidirec-
tional martensitic laths. After cooling at 5.1 °C/s,
the microstructure consisted predominantly of
quenched martensite with a small fraction of na-
nostructured bainite.
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Opverall, the results demonstrate that the inves-
tigated steels exhibit a pronounced tendency to
form nanostructured bainite under relatively slow
cooling conditions, accompanied by the develop-
ment of a homogeneous multidirectional arran-
gement of alternating a/Fe;C lamellae.

CONCLUSIONS

1. Based on the results of the mathematical mode-
ling and experimental heat treatment, the charac-
teristics of gradient microstructure formation in
the experimental steels intended for heavy plate
applications were identified over a cooling-rate ran-
ge of 0.1—97 °C/s.

2. A computational model was developed and
calibrated using an integrated physics-based
and mathematical approach, enabling predic-
tion of phase transformation mechanisms thro-
ughout the cross-section of the CAD model
while accounting for the initial chemical hete-
rogeneity during continuous cooling. The pro-
posed model can be applied to determine the
optimum heat-treatment parameters for heavy
plate products required to achieve the target mi-
crostructure and hardness distribution across
the section as a function of the steel chemical
composition.
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[MTPOIT'HO3YBAHHA YMOB OTPIMAHHA HAHOCTPYKTYPHOT'O
BEMHITY HA OCHOBI KOMIUIEKCHOTO IIJIXOOY

Bceryn. [l BupillleHHs Cy4acHUX 3ajad pecypco3bepeskeHHsA Y MAallMHOOyyBaHHi € MoTpe6a y BUpOOHMITBI
JINCTOBOTO IIPOKATY BEJIMKOTIO Iepepisy 3 BAOCKOHA/IEHNX BUCOKOMILIHUX cTatelt (AHSS) 0cTaHHbOTO MOKOJIiHHSA
31 CTPYKTYPOIO HAHOCTPYKTYPHOTO O€HITY.

ITpo6nemaruka. [Ipn 11poMy moTpebye BUpilleHHA IPpo6IeMa IPOTHO3YBaHHA CTPYKTYPY MacHBHOTO IPO-
KaTy 3a/IeXKHO BiJl yMOB OXOJIO[>KEHHsI 3 ypaxyBaHHAM XiMiuHOI Ta CTPYKTYPHOI HEORHOPIAHOCTI, 1110 GOPMYEThCs
Iij yac KpucTatizalil i BIUIMBa€ Ha MOfasIblile CTPYKTYPOYTBOPEHHS IIiC/IA rapa4oro feopMyBaHHsA Ta TepMid-
HOTO 00POOIeHH.

Mera. JocnimkeHH:A ocobmuBocTeit GOpMYyBaHH:A IPafliEHTHUX CTPYKTYPHUX CKIafoBUX B focnifnux AHSS
CTa/IAX 3 METOK afanTalil BuOopy LIBUAKOCTEN OXOJIOJPKEHHS Ha OCHOBi IIPOTHO3YBAaHHA YMOB JIOCATHEHH:
CTPYKTYPU HaHOCTPYKTYPHOTO OeiiHiTy.

Marepiann it MeToM. 3aCTOCOBAaHO KOMIUIEKCHMII MiAXix ;0 IPOrHO3yBaHHA $asoBOro CKIany Imicis 6esme-
PEPBHOTO OXOIOMXKEHHs 3 WBUAKOCTAMM 1—97 °C/c 3 ypaxyBaHHAM (PaKTIIHOIO PO3HOALTY MIKPOTBEpHOCTI ¥
TTUTOMY CTaHi cTaneit AHSS pisHOro XiMi4YHOro CK/Iafy 3 BUKOPMCTAaHHAM MOJEMIOBAHH:A Y IPOTPaMHUX CEPeo-
Buiax QForm, CallPhad, JmatPRO. AHai3 MiKpOCTPYKTypM Ta BU3HaY€HHs MIKpPOTBEPHOCTI IPOBEIEHO 3a CTaH-
JBApTHUMV METOIVIKAMIA.

PesynpraTu. BcTaHOB/IEHO 3B’5130K MXK HEPIBHOMIPHICTIO POSIIOAINTY MIKPOTBEPAOCTI B TUTOMY CTaHi Ta MiK-
POCTPYKTYPHOIO HEOTHOPIAHICTIO eKOHOMHOJIETOBAHMX CTaJIell i/ HACTYIIHOTO AeOopMyBaHHs i TepMiYHOTO
06po6yeHHs. Po3po6ieHO afalTMBHMI IiXif ;O IPOTHO3YBaHHSA CTPYKTYPOYTBOPEHHS Y eKOHOMHOJIETOBAHMX
AHSS crajiax 3 BpaxyBaHHAM HEONHOPiHOCT. BsHaueHO peKOMeH0BaHi MBUAKOCTI OXONIOMKeHH Iy (op-
MYBaHHs HAHOCTPYKTYPHOTO O€IHITY Ta eKCIIepMMEHTAIbHO MiITBEPAYKEHO aleKBaTHICTh YJ0CKOHaIeHOT MOzei
Ha CTa/IAX JOC/TiHOTO CKIay.

BucnoBK1. 3anpornoHoBaHuil MiXi J03BOJIAE afJalITyBaTU PEXUMY O0X0nofKeHHA AHSS craneit jia kepy-
BaHHs (GOPMYBaHHSAM I'PafjieHTHOI CTPYKTYPU Mifl Yac TePMIYHOrO 0OPOO/IEHHA 3 YpaxyBaHHAM CIIaIKOBOTO
BIUIMBY HEOHOPifHOCTI, chopMOBaHOI Ha eTarli KpucTaisanii.

Kntouosi cnosa: MofenoBaHHA, IpajiieHTHa MIKPOCTPYKTYpa, TepMidHa 06po6Ka, HeOZHOpifHicTh, Pasosi mepe-
TBOPEHHS, CTalb.
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