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Abstract. In mechanical engineering, there are a number of tasks in which it is necessary to predict the
structure of steel after thermal treatment. To predict the properties and structure of steel, it is necessary
to study the structural transformations in steel under thermal stress.

The development of modern computational methods and technology makes it possible to perform
highly accurate calculations of complex processes, including metal forming processes. A relevant aspect
is the application of approaches that describe the structural transformations occurring in metal with
sufficient accuracy. This is the basis for the use of modern numerical modelling methods and computer
programs that allow calculating and predicting the structural and phase composition of the processed
steels.

The article discusses modern mathematical models for predicting the evolution of steel microstructure
during thermomechanical loading, analyses mathematical models for engineering structures, and presents
the results of numerical modelling of the evolution of microstructure of 09G2S steel as the most common
steel for freight car load-bearing systems.

The JMAK method is based on the calculation of the proportion of recrystallised grains and the
average grain size through material characteristics, strain, strain rate, temperature and time. This method
provides information on the processes of recrystallisation and grain growth during thermomechanical
processing of the workpiece.

The paper shows the possibility of using JMatPro software to model the evolution of microstructure.

It is based on the Johnson-Mel-Avrami-Kolmogorov model during hot plastic deformation. The
average size of recrystallised grains and their volume fraction in the process of dynamic recrystallisation
are calculated.

The results of the thermokinetic calculation of the phase composition of steel in the equilibrium state
are presented, and thermokinetic and isothermal diagrams are constructed. The obtained results can
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be used to design technological processes for the production of products for various purposes based on
different types of thermal deformation effects.

Key words: mechanical engineering structures, railway transport, wagon, low-carbon low-alloy steel,
phase transformations, metal structure, thermokinetic diagram, reliability, mechanics, mathematical
models.
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JOCIILI)KEHHSA MATEMATUYHUX MOJEJIENA 3MIHU CTPYKTYPH
CTAJNI MAINUWHOBYAIBHUX KOHCTPYKIIN
HICJA TEPMIYHOT'O HABAHTAKEHHSA

Anomauyin. Y mawuno6yoysanHi iCHy€ HU3KA 3a60AHb, ) AKUX HEOOXIOHO NPOSHO3Y8AMU CIMPYKMYPY
cmani nicis mepmiuHo20 enaugy. /ns npoeHo3ye8aHHs 61ACmMUBOCmel i CmpyKmypu cmaii HeobXioue
00CNIOIHCEHHSL CMPYKMYPHUX NePemBOPeHb Y CIMali nid uac mepmivHo20 HABAHMANCEHH.

Poszsumox cyuacnux o6yucao8anbHux mMemoois i mexniku 0aoms 3mMo2y BUKOHYS8AMU 8UCOKOTNOYHI
PO3PAXYHKU CKAAOHUX NPOYecis, 30Kpema npoyecie 0opooKu memanie Mmuckom. AKmyaioHumM acnekmom
€ 3aCMOCY8AHHs MAKUX Nniodxo0i8, AKi 3 00CMAMHBOI MOYHICMIO ONUCYIOMb CMPYKMYPHI nepemeo-
penns, wo giodyearomuvcs ¢ memaii. L{e € niocmaeoio 01 BUKOPUCMAHHA CYUACHUX YUCETbHUX Memodie
MOOENI0BAHHS MA KOMN TOMePHUX NPo2pam, wo 0ams 3mM02y po3paxos8y8amu i npocHO3y8amu CmpyK-
mypHO-azosuil ckiad obpodeanux cmaiel.

Y ecmammi pozensnymo cyuacni mamemamuyni mooeni 0jisi NPOSHO3YEAHHI e80IOYIL MIKPOCMPYK-
mypu cmani 6 npoyeci mepmMOoMexaHiuHo20 HABAHMANCEHHs, NPOAHANIZ308AHT MamMeMamuyini Mooei
01151 MAWUHOOYOTIGHUX KOHCMPYKYIL, NPeOCmasieHo pe3yibmamu YuUceIbH020 MOOeN08AHHs e80Tyl
mixpocmpykmypu cmani 091'2C sax Hailbinbw po3noecrONCeHol cmani 0l HeCIGHUX CUCMEM BAHMANC-
HUX 6A20HIE.

Memoo JMAK 6aszyemuvcs Ha o64ucienti YacmKu pexpucmanizo8anx 3eper i cepeonb0o2o po3mipy
3epHa uepes xapakmepucmuku mamepiaiy, oegpopmayiro, weuokicmes deghopmayii, memnepamypy ma
yap. Leii memoo oac 3mocy ompumysamu iHpopmayito npo npoyecu pexpucmanizayii ma 3pocmanus
3epeH nio yac mepmMomMexaniyHoi 06pooKu 3a20moeKu.

Y cmammi nokasano moducaugicmes 3acmocysanis npoepamuozo sabesnedenns JMatPro das mooe-
JNH0BAHHA €80NI0YLI MIKPOCMPYKMYPU.

Ha ocnosi mooeni Joconcona-Mena-Aspami-Koamozcoposa nio uac eapsiuoi niacmuunoi degpopma-
yii. Po3paxoeano cepeoniii po3mip pexpucmanizosanux 3eper i ixuio 00'emuy uacmky 6 npoyeci Ouna-
MI4YHOI pekpucmanizayii.

Hageoeno pezynvmamu mepmoxiHemuyHo2o po3apaxyHxy @pazo8o2o ckiady cmani y piHOBANCHOMY
cmani, noOyo0oeano mepmokiHemuyni ma izomepmiuni Oiaecpamu. Ompumani pe3yibmamu MOACYMb
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Introduction. In mechanical engineering, there
are a number of problems in which it is necessary to
predict the structure of steel after thermal exposure.
To predict the properties and structure of steel, it is
necessary to study the structural transformations in
steel under thermal loading. [1].

Experimental study of structural transforma-
tions consists of constructing isothermal and ther-
mokinetic diagrams. Experimental study has limited
application. Thus, isothermal diagrams are used only
for qualitative assessment of the influence of chemi-
cal composition on the process of austenite decom-
position.

Thermokinetic diagrams cannot provide reliable
information about the structure of steel if the thermal
load regime differs from the load regimes during the
experiment [2,3].

In steels under thermomechanical loading, all
phase transformations known for the solid state are
observed: pearlite, intermediate (bainitic) and mar-
tensitic. The possibility of occurrence of certain
phase transformations and their kinetics depend on
from the parameters of thermomechanical action,
such as temperature, heating conditions, holding
time, cooling rate, mechanical load. [4-5].

Relevance of the work. An important feature of
steels is that during the transformation of supercooled
austenite the transition of face-centred cubic (HCC)
crystal lattice to volume-centred tetragonal (VCT)
lattice can occur along with diffusive redistribution
of carbon and alloying elements The transition y — o
can be carried out by both the so-called normal (if
the interfacial boundary is incoherent) and martens-
itic (if this boundary is incoherent) mechanisms, and
martensitic (if the interface is coherent) mechanisms.

As shown by numerous experimental studies,
phase transformations are the cause of the appear-
ance of a certain set of physical and mechanical
properties in a material, which largely depend on the
microstructure of the material, mechanisms of its for-
mation and change. Correct description of changes in
the structure of materials makes it possible to develop
new methods of obtaining materials with a given set

of properties and optimise existing ones [3]. Experi-
mental study of this issue is quite resource-intensive,
therefore, the task of building models describing
the state and evolution of the material structure tak-
ing into account solid-state phase transformations
becomes topical during production in mechanical
engineering.

The study of grain growth is of great impor-
tance for understanding and improving the proper-
ties of materials. Understanding the dynamics and
mechanisms of grain growth allows to predict struc-
tural changes during the manufacturing, processing
and exploitation of materials. This may favour the
improvement of their strength, service life, resis-
tance to wear and corrosion [4].

Meta and historical research. The aim of this
paper is to study mathematical models of steel struc-
ture changes in machine-building structures after
thermal loading. On the basis of the analysis to
choose a mathematical model and apply it to the cal-
culation of steel structure for the most common steel
of bearing elements of gondola.

Materials and research results. A systematic
study of the crystallisation process was carried out by
G. Tamman, who introduced quantitative character-
istics of this process: the number of new phase cen-
tres arising per unit time in a unit volume (nucleation
rate of centres) and the linear growth rate of crystals
from these centres [5-8]. I.L. Mirkin proposed to
study the crystallisation process using two-dimen-
sional schemes [8-12]. According to such a scheme,
a certain number of nuclei of future crystals appears
on the area, at the initial moment of time completely
occupied by the old phase (liquid), within one sec-
ond. During the next second, the nuclei grow at a
certain rate, equal in all directions, and new nuclei
appear on the area still occupied by the old phase.
When the growing nuclei collide, growth in the cor-
responding area stops. The process continues until
the entire available area is occupied by crystals of the
new phase V over a period of time (¢, + 4,)

The phase field method is quite often used
for modelling both diffusive and non-diffusive
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(martensitic) phase transformations at the meso-level
(the modelled region consists of several grains).
This approach [13,14] assumes the presence of a
"blurred", "diffusive" boundary between the phases
in contrast to classical methods using the concept of
a "sharp boundary", when the multiphase structure
is described by the position of the boundary and for
each region a set of differential equations is solved
together with the flow equations and constitutive
equations at the boundary. [15,16].

One of the methods for modelling recrystallisation
kinetics are Johnson-Meil-Avrami-Kolmogorov
expressions (JMAK) [18].

These expressions calculate the recrystallised
volume fraction as a function of strain and tempera-
ture (for dynamic recrystallisation), and time and
temperature (for metadynamic and static recrystal-
lisation)

Static recrystallisation occurs after deformation,
during which the resulting degree of strain is less
than some critical degree of strain c¢. The critical
strain is usually given as the fraction of peak strain
p at which the yield stress reaches its maximum (the
yield stress then begins to decrease due to dynamic
recrystallisation, which de-strengthens the material).
The value of p is determined experimentally and is
usually a function of strain rate, temperature, and ini-
tial grain size, i.e., the strain rate, temperature, and
initial grain size.

(1

g, = a;dy ™ exp(Q,/RT) + ¢y

£. = A3E (2)

el

Since static recrystallisation occurs through the
formation of nucleation and their subsequent growth,
a description of the relationship between the fraction
of volume recrystallised and time is the kinetics of
isothermal annealing of recrystallised volume and
time is the kinetics of isothermal annealing, usually
described by the Avrami equation:

Y =1-em[-6.(5)"] o)

tos = ﬂ3d235n3é'm3 exp(Q3/RT), 4)

where t 0.5 denotes the time in which 50%
recrystallisation occurs. The recrystallised grain size
is a function of initial grain size, strain, strain rate
and temperature:

10

dspy = agdysc™sc™sexp(Qs/RT) + 6, (5)
if dgpy > do, then dgpy = d,.
Metadynamic recrystallisation occurs after

deformation when the degree of deformation at the
end of deformation is greater than the critical degree of
deformation (Fig. 1). Metadynamic recrystallisation
is modelled similarly to static recrystallisation, but
with a different set of material constants:

.
e =1 -exp |8 (] ©)
tos = a4dh45ﬂ4ém4 EXD((L,/ RT) 7

ypy = a?dg TemEm exp(Q, /RT) +¢,,  (8)

if dMRX > do, then dMRX = do.

Mathematical modelling of microstructure
parameters of 09G2S steel in the process of thermal
loading using Johnson-Mel-Avrami-Kolmogorov
model. The computational analysis was carried out
on the basis of the JMatPro software package, which
uses the CALPHAD (CALculation of PHAse Dia-
grams) method of thermodynamic calculation of the
equilibrium state of the system [17], which is adapted
to perform calculations of multi-component alloys
used in industry (steel, aluminium, magnesium,
heat-resistant nickel, titanium and other alloys). The
mathematical modelling of phase transformation is
shown in (Fig. 2).

Modelling of the material under consideration is
carried out at different temperatures, according to the
protocol of the real technological process. Based on
the need to ensure the plastic properties of the metal
for these conditions of deformation, the temperature
is 800 ° C. Thermokinetic calculations of possible
phases at equilibrium crystallisation of 09G2S steel
(in coordinates "phase percentage from temperature")
were performed in the range of temperature values
from 1200 to 25°C with a step of 5°C

Fig. 3. Shows the results of modelling the phase
composition of 09G2S steel at temperatures 1200
and 800°C.

As aresult of modelling it was found that at 1200°C
the steel has an austenitic structure with a small content
of MnS (0.02%)and austenite (99.98%). During
rolling, the steel strip is cooled at 1200°C, which leads
to the formation of a two-phase structure due to carbon
diffusion. At the rolling temperature at 800°C, a two-
phase structure consisting of ferrite (55.86%), austenite
(44.13%) and MnS (0.02%) is already formed.
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Fig. 1. Metadynamic recrystallisation in the JMAK model
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Fig. 2. Post-application of mathematical modelling of phase transformation
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Fig. 3. Phase composition of 09G2S steel at dressing and welding temperature: a — 1200°C; b — 800°C
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It is known from literature sources [20-22]
that the crystallisation onset temperature of the
investigated steel is below the temperature of
1200°C. At this temperature, liquid phase is present,
hence the crystallisation end temperature is lower
than 1200°C. The lower the phase transformation
temperature, the greater the concentration difference
between these phases. On cooling below 723°C,
austenite decomposes into ferrite and cementite.

Fig. 4 shows the phase composition of 09G2C
steel at temperatures of 600 and 20°C. It can be
seen from the data obtained that at 600°C the ferrite
content is 98.29% and cementite content is only
1.69% (MnS 0.02%). On further cooling to room
temperature, the structure of the steel changes, the
ferrite content decreases to 98.25% and the cementite
content increases to 0.94% (remaining MnS ).

Asnotedin[18-22], simultaneously with the stages
of crystallisation in the temperature range from 730
to 650°C in the structure begin to develop processes
called "pre-rotation phenomena". The essence of
these phenomena lies in the fact that between grains
there is a gradual weakening of boundary bonds,
coexisting with further changes in the dislocation
structure of the boundaries, their composition and
thickness. As a result, at the grain boundaries and
inside them there appear areas, as if prepared for
the beginning of phase transformation (so-called
densification or fluctuations of transformation) and
having a less stressed state than the grains and their
boundaries. Due to this, the grains become even
more active and their temperature mobility increases.

WrerRre: B%
Do 165
Diess: 2%

4 Phasa distbubin (WHE) 2 = B0 C

Fig. 5 shows the results of thermokinetic
calculation of the phase composition of 09G2S steel.

Phases during equilibrium crystallization of
the alloy showed the results presented in (Fig. 5).
According to the obtained data, it was established
that the crystallization start temperature of 09G2S
steel T, = 823°C and the end temperature of recrys-
tallization Ty = 680°C. The obtained results are con-
sistent with the data presented in [22].

The capabilities of the JMatPro software allow
constructing thermokinetic (SST) and isothermal
(TTT) diagrams of the metals under study.
(Fig. 6) shows the calculated diagrams of 09G2S
steel, which are constructed from a temperature
below the austenization temperature of 884°C. When
calculating, the program takes into account that
at this temperature the austenitic phase is already
present.

Thus, the obtained data allowed us to determine
the key phase transformations in the steel under
study, as well as the temperature and rates of decom-
position of austenite into the corresponding structural
components. Analysis of thermokinetic calculations
of possible phases during equilibrium crystallization
of the alloy showed the results presented in (Fig. 6).

Conclusion. A brief review of works devoted
to mathematical modelling of both diffusionless
(martensitic) and diffusive phase transformations
occurring in steels under thermomechanical loading
has been carried out. Main conclusions on the review
of mathematical models of structure change in steel
of machine-building structures after thermal loading.

Wt % Phase

Wrereme- sy

W precz 1%
Dwr: 0%

Wy

b) Phase diskuion ) = WOC

Fig. 4. Phase composition of 09G2C steel: a— 600 °C; b — 20 °C
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Fig. 5. Thermokinetic calculation of the phase composition of 09G2S steel in the equilibrium state
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Fig. 6. Thermokinetic diagram of austenite decomposition and isothermal transformation diagram steel 09G2S:
a — thermokinetic diagram; b — isothermal transformation diagram

1. The mathematical models of austenite decom-
position kinetics proposed in the literature are mainly
focused on decomposition under isothermal condi-
tions. A number of these models do not take into
account the stochastic nature of the process under
consideration, which in turn complicates the further
use of these models for the construction of thermoki-
netic diagrams and prediction of steel structure. The
models that take into account the stochasticity of the
nucleation of phase centres neglect the physics of

13

the process and do not consider the thermodynamic
parameters of the process.

2. In many papers only qualitative results of
research are given, while quantitative analyses are
given only in some papers.

3. digitisation of isothermal and thermokinetic
diagrams using existing software products is very
difficult because they do not take into account all the
features of these diagrams. Therefore, it is expedient
to develop a software module that performs digitisa-
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tion of the diagrams under consideration taking into
account their peculiarities.

4.The variety of used methods and techniques for
predicting steel structures is an indirect evidence that
this issue is far from being solved.Modern studies
related to the modelling of structural transformations
in steel do not provide an opportunity to solve the
problem of quantitative description of structural
transformations at any heating rates, which in turn
does not allow to predict the structure of the part
after thermal loading.

5. Using the Johnson-Mel-Avrami-
Kolmogorov mathematical model, the evolution
of the microstructure of 09G2S steel under
thermomechanical ~ action  characteristic ~ of
straightening and welding is considered.The
characteristics of steel microstructure under this type
of hot plastic deformation are calculated: the average
size of recrystallised grains and their volume fraction.

This physical and mathematical model of structure
evolution allows to predict with high accuracy the
structural parameters of metallic materials, which
allows their successful integration into modern
computational systems of calculation of industrial
processes of metal processing.

The review does not pretend to be complete, since
the number of works in this area is growing very
intensively. The choice of sources is determined by
the potential possibility of developing the considered
models for a more accurate description of phase
transformations under thermomechanical action and,
of course, is not without subjectivity.
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