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Abstract

Microalloying elements such as Nb, V or Ti are added to steels to improve their mechanical properties through precipitation
strengthening and grain refinement. Due to the strong chemical affinity of these elements for interstitial elements (C, N),
nitrides, carbides or products of their mutual solubility, carbonitrides may form. The basic stereological parameters of
precipitates, such as size, r, and volume fraction, 1, play a key role in determining the strengthening effect and consequently
influence the mechanical properties of steel. The complex computational system for simulating the carbonitride precipitation
process was developed and implemented. One of the most important modules of the system enables simulation of the
precipitate microstructure in microalloyed steels and calculation of the stereological parameters of precipitates. The obtained
results provide quantitative information on the carbonitride precipitation process and the stereological parameters of
precipitates, which may be used as input data for further mechanical property modelling. The developed computational system
is described and validated through comparison with experimental observations.
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1. Introduction 600 MPa are required when discussing advanced high-strength
microalloyed steels. Due to high mechanical properties, achieved
only by small additions of microadditives introduced separately or
comprehensively [1], these steels are increasingly used in
industries such as defence sector, where high mechanical properties
are particularly important. The strong chemical affinity of
microalloying elements such as Ti, Nb or V for interstitials
elements (C, N) results in the formation of binary compound,
nitrides, carbides or products of their mutual solubility,
carbonitrides, M(C,N). The mechanical properties of microalloyed

In technical applications of metal alloys, iron alloys (structural
steels) play a crucial role. Among structural steels, microalloyed
steels with a ferritic-pearlitic structure are the largest group. They
are characterised by high mechanical strength, good weldability
and ductility. The basic requirements for microalloyed steels are a
high yield strength, R, in the range of 450-600 MPa, good
ductility, crack resistance and good weldability (when the carbon
content is between 0.02% and 0.2%). High yield strengths above
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steels are significantly affected by carbonitride precipitation, which
contributes to the precipitation strengthening effect and grain
refinement. The size and distribution of precipitates are
significantly influenced by the chemical composition of the steel
and processing parameters, such as the cooling rate from the
austenitising temperature, the temperature and duration of
isothermal holding. The chemical composition of austenite at a
given temperature is determined by the conditions of
thermodynamic equilibrium. The size distribution of precipitates is
an important parameter affecting the precipitation strengthening
effect and the final mechanical properties of the steel after the
manufacturing process. In austenite, precipitates can influence
austenite grain growth, whereas in ferrite they contribute to
precipitation strengthening effect.

Some thermodynamic models to calculate the chemical
composition of austenite and carbonitrides was developed [2-6].
All of them are based on the regular solution model for
stoichiometric phases proposed by Hillert and Staffansson [7].
Thermodynamic models of carbonitride precipitation under
equilibrium conditions allow the determination of the equilibrium
volume fraction and chemical composition of undissolved
precipitates, as well as the chemical composition of the austenite
matrix. These models are based on thermodynamic calculations of
systems comprising iron, microalloying elements (V, Nb, Ti, Zr
and Al) and carbon and/or nitrogen. The Adrian model is one of the
advanced thermodynamic models developed for describing the
precipitation of microalloying elements in the form of carbides,
nitrides and carbonitrides [2]. Adrian’s work contains a description
of thermodynamic models for the precipitation of simple
compounds, such as carbides and nitrides, as well as complex
carbonitrides. A series of models have been developed to calculate
the kinetics of the precipitation process from supersaturated
solutions, based on the model developed by Kampmann and
Wagner [8] (KWN). The KWN model is based on the classical
theory of nucleation, growth and coarsening, allowing the
simultaneous description of nucleation, growth and coarsening
processes during precipitate evolution. Combined with accurate
thermodynamic functions, the KWN approach enables a
quantitative description of precipitate evolution as a function of
time, including their size distribution and stereological parameters.
Recent advances in the use of computational power have
significantly contributed to research on its application in the
simulation of physical phenomena. The high computational speed
and the modern possibilities of numerical tools, enable the
modelling of phenomena during the carbonitride precipitation
process. In response to the growing demand for high strength low
alloyed steels (HSLA), the complex computational system includes
a proprietary solution for kinetic and thermodynamic models,
based on a hybrid combination of the two existing Maugis-Gouné
and Adrian models [9], which are considered to be among the most
advanced approaches for describing carbonitride precipitation
process, has been developed. General information concerning the
carbonitride precipitation process in steels has been reported in
[7,10]. One of the key modules of the system enables the simulation
of the evolution of precipitate microstructures in microalloyed
steels and the determination of their stereological characteristics.
The obtained results provide quantitative information on
carbonitride precipitation behaviour, including precipitate
characteristics, which can be used as input data for further

modelling of mechanical properties. The developed computational
system is described and validated by comparison with experimental
observations. The experimental verification presented in this work
is focused on the validation of the precipitation model and
predicted precipitate characteristics, rather than on the direct
prediction of mechanical properties.

2. Kinetic and thermodynamic models

The kinetic model implemented in the complex computational
system is based on the Classical Theory of Nucleation and Growth
(CTNG). The model describes changes in the free energy, AG,
associated with the formation of embryos in a supersaturated solid
solution. The precipitation process is divided into three stages:
nucleation, growth and coarsening, which can occur
simultaneously. A detailed description of this model is presented in
[11]. The most important equations are presented below. The
chemical composition of the outer layer of carbonitride MCy, N, _,,
can be calculated from a system of nonlinear equations [7,11-12]:
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where: Yy ¢y - the atomic fractions dissolved in the matrix, Yy ¢ y
- the atomic fractions at the matrix—precipitate interface. Dy ¢y -
the diffusion coefficients in the matrix. Lcy - the interaction
parameter. Ky c(r) and Ky (1) - the solubility products.

The system of equations (1) describes the approximate
thermodynamic equilibrium at the matrix-precipitate interface and
the equality of atomic fluxes, J of elements diffusing into the
precipitate layer:
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Because the diffusion coefficients of interstitial elements, C and N,
are significantly higher than those of substitutional elements, M, it
can be assumed that the concentrations of C and N in the precipitate
layer are equal to their concentrations in the matrix.
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From the system of equations (4), Yjis calculated from the first
equation of the system.
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Substituting this result into the second equation yields a nonlinear
equation that allows the value of y; to be calculated.
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To solve the nonlinear equation, the Newton method is applied
using the general form:

Xn+1 = Xn — %)
The derivative of equation (7) is given by:
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After calculating the value of y;(within the interval (0,1)), the
sought value of Y};is determined from equation (5).

The presented equations were implemented in the cellular automata
module of the computational system to simulate the carbonitride
precipitation process, generate images of precipitate distributions,
and calculate the stereological parameters of precipitates.

3. General assumption of the complex
computational system

The complex computational system (Fig. 1) enables the
accelerated development and optimization of new steel grades by
allowing changes in chemical composition and processing
parameters. The system consists of several integrated modules that
together form a coherent computational framework. The main
modules include:

1. Pre/Postprocessor (interactive graphical interface).

2. Thermodynamic model (e.g. chemical composition of
precipitations).

3. Kinetic model (e.g. the mean radius of precipitations).

4.  Cellular automata (CA) model for simulating the spatial
distribution of carbonitride precipitates and generating two-
dimensional images for comparison with experimental
observations.

THERMODYNAMIC MODEL |

USER
INTERFACE

respansible for the

evolution of carbonitrides
KINETIC MODEL . - .
— £ . 1
S | U S

CELLULAR AUTOMATA MODEL

chemical composition
process parameters

rasponsibla for the
precipitation process of
carbonitrides

Fig. 1. Scheme of the complex computational system

One of the key modules of the complex computational system
is the module responsible for the simulation and visualization of
carbonitride precipitate distributions. The two-dimensional
representation of precipitate microstructure is generated using the
Cellular Automata (CA) model. The computational domain is
divided into individual cells, each assigned a specific state: (1)
matrix phase (austenite/ferrite), (2) precipitate, and (3) precipitate
boundary. Each cell contains internal variables, including spatial
coordinates (x, y, z), parameters related to precipitate radius, local
concentrations of C, N and microalloying elements. Based on
predefined transition rules, the state of the automaton evolves by
updating individual cell states during subsequent time steps. After
completion of the simulation, the final automaton state is used to
generate the precipitate distribution and calculate stereological
parameters. The CA model consists of cubic cells arranged in a
three-dimensional space. The computational domain is defined by
dimensions Ax, Ay, and Az. A cross-sectional plane pl,and a layer
with thickness 2d,,; are selected, within which precipitate nuclei
located near the observation plane are generated. The model
represents precipitates using discrete cells. Therefore, their
geometrical appearance results from the adopted -cellular
discretization rather than their actual physical shape. A Moore
neighbourhood was selected, meaning that all cells located along
the edges and at the corners of a given cell are considered
neighbouring cells. Each automaton cell contains variables
defining its state and interactions with neighbouring cells during
subsequent time steps. These variables include the coordinates
(x,y,z) of the cell centre, cell state information (matrix phase,
precipitate or precipitate boundary), cell size, local concentrations
of M, C and N, and the cell identification number. Based on the
calculated maximum number of nuclei at a given time step,
precipitate nuclei are randomly generated within the computational
domain and their states are updated accordingly. Cells that have
already become nuclei are excluded from further random selection.
Using parameters obtained from the precipitation kinetics model,
including the current matrix composition and precipitate radius, the
number of growth layers is determined for each nucleus based on
information from neighbouring cells. The thickness of the growth
layer depends on the radius increment Ar and the cell size. When
the calculated layer thickness exceeds the cell dimension,
neighbouring cells are incorporated into the precipitate and their
states are updated. This stage corresponds to precipitate growth.
The subsequent stage is precipitate coarsening, which involves the
dissolution of smaller precipitates with radii below the critical
radius and the growth of larger precipitates. The magnitude of the
radius increment is calculated; negative values lead to a reduction
in the number of precipitate layers, which may result in dissolution,
whereas positive values correspond to precipitate growth. The
transition rules applied in the CA model are based on the physical
mechanisms of nucleation, growth and coarsening described by the
kinetic model.
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Fig. 2. Graphical presentation of the method of obtaining a image
of carbonitride precipitate distributions

Fig. 2 presents a graphical illustration of the method used for
simulating two-dimensional representations of carbonitride
precipitate distributions. A cubic representative volume element
with an edge length of 7000 nm and a volume of 1um? (10003 nm?)
is considered. The volume represents a selected region of the matrix
containing precipitates. The variable pl,defines the position of the
cross-sectional plane along the height of the computational domain.
The half-thickness of the layer in which precipitates intersecting
the observation plane are considered is defined by the variable
dp,(pl, £ dy;,). A fragment of the cross-sectional plane to be
analysed is selected by specifying its dimensions h,and h,, and the
cellular automaton is defined within this area. The simulated
precipitates located within the analysed region are subsequently
visualized as a two-dimensional precipitate distribution.

The simulation of precipitate distributions using the cellular
automata method is based on the random generation of precipitate
nuclei and their spatial coordinates. The growth and coarsening
processes are described using transition rules governing the
evolution of the cellular automaton. The square appearance of
precipitate cross-sections results from the discretization of the
computational domain into square cells and from the adopted
Moore neighbourhood, in which cells located along the edges and
at the corners of a given cell are considered neighbours. Changes
in the automaton state are stored in appropriate arrays. In the three-
dimensional computational domain, precipitates are represented by
sets of cubic cells. The generation of a two-dimensional precipitate
distribution image involves determining the intersection between
precipitates and the selected cross-sectional plane pl,. If a
precipitate intersects the observation plane, its cross-section is
projected onto the resulting image. Due to the discretization
adopted in the cellular automata model, the obtained precipitate
cross-sections have a square shape, with dimensions determined by
the current precipitate size and the cellular automaton parameters.

4. Experimental verification

Experimental studies were conducted on two types of heat-
treatable steels containing V as a microalloying element and
differing in nitrogen content: carbon—manganese (C—Mn) and
carbon—chromium (C—Cr) steels [11, 21]. Both steels also
contained small amounts of Ti and Nb. For simulations performed

using the complex computational system, input data required for
the calculations were obtained from the literature [13-23]. The
chemical compositions of the investigated steels are presented in
Table 1 (wt.%).

Table 1.

Chemical composition of steels, % mass
steel C N Nb Ti \4 Mn Si Cr Al
CCr 041 0.0047 0004 _ 0016 0.075 094 027 198 _ 0.02
CMn 042 0.0046__ 0.02 0011026 147 0330 0.011
CMn__ 044 00112 0.02 0012015 157 037 __0 0.01

Samples 20x20x10mm were prepared and subjected to heat
treatment. In the first stage, the samples were annealed in an
electric tube furnace under a protective argon atmosphere at
1200°C for 1h to dissolve the carbonitride precipitates present in
the steel. In the second stage, the furnace was allowed to cool
naturally to 820°C for the C—Cr steel and 850°C for the C—Mn
steels. The samples were then held isothermally for 20h, followed
by water quenching.

A detailed microstructural analysis of the samples and
carbonitride precipitates was performed using transmission
electron microscopy (TEM). Thin foils and double-sided extraction
replicas were prepared and examined using a JEOL JEM-200CX
transmission electron microscope. Observations were carried out at
magnifications ranging from 10.000-59.000x.

Fig. 3 shows microstructure images with revealed grain
boundaries of former austenite in C-Cr steel, austenitized for 1 hour
at temperatures 850, 1000, 1200°C and Fig. 4 for C-Mn and C-
Mn(1) steels, austenitized for 1/2 hour at 1200°C and cooled freely
in the furnace to 850°C and holding for 20 hours next with
subsequent cooling in water.

a) C-Cr, T,=850°C, t=1h

Fig. 3. Revealed grain boundaries of C-Cr steel for austenitizing
temperatures of 850, 1000 and 1200°C for 1 hour
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Fig. 4. Images of microstructures with revealed grain boundaries
of C-Mn and C-Mn(1) steels

Fig. 3-4 present the experimentally observed prior austenite
grain structures of the investigated steels after different heat-
treatment conditions. These micrographs are included solely to
characterize the experimental materials used for validation of the
developed computational system and to illustrate the influence of
heat treatment on the prior austenite grain structure. They are not
intended to represent the results of the Cellular Automata (CA)
model or to predict the final mechanical properties of the
investigated steels. The CA simulation results, describing the
spatial distribution of carbonitride precipitates within a
representative austenite grain, are presented separately in Fig. 6-8.
The principal objective of the present study is the validation of the
precipitation model through comparison between experimentally
observed and simulated precipitate distributions and their
stereological parameters.

Between 6 and 20 TEM micrographs of precipitates were
acquired for each steel, containing between 200 and 1000
precipitates in total. The micrographs exhibited significant contrast
variations, which complicated the quantitative analysis of
precipitate characteristics. Therefore, the original experimental
images were re-analysed using newly developed image-processing
and computational procedures, allowing a more accurate
determination of the stereological parameters required for
validation of the developed computational system. The quantitative
analysis of carbonitride precipitates was performed using
SigmaScan PRO 4.01, an original image-processing program
developed by the authors, together with publicly available
software, including MS Excel and GIMP. Images of thin foils and
extraction replicas were additionally digitised to improve the
quality and accuracy of the image analysis.

Fig. 5 compares the average precipitate radius obtained using
three different approaches: the experimental data reported in [11,
21], manual image analysis using SigmaScan PRO, and simulations
performed with the developed computational system. Its purpose is
to validate the precipitation kinetics module of the developed
computational system rather than to evaluate the final mechanical
properties of the investigated steels. Fig. 6-8 present the precipitate
distributions generated by the Cellular Automata (CA) module of
the developed computational system together with the
corresponding TEM micrographs and their processed versions used
for quantitative analysis. Since carbonitride precipitates are only a
few to several tens of nanometres in size, the CA simulations were
performed for a single representative austenite grain. This approach
enables direct comparison between the simulated precipitate

distributions and the experimentally observed precipitates while
focusing on the local precipitation process within an individual
grain. Fig. 9 presents the empirical distributions of Feret diameters,
whereas Fig. 10-11 show selected electron diffraction patterns
together with their interpretation, confirming the crystallographic
identification of the carbonitride precipitates.

a) C-Cr
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Fig. 5. Comparison of experimentally measured and simulated
average carbonitride precipitate radius
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Fig. 7. Microstructure of C-Mn steel, after heat treatment
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Fig. 11. Result of microscope analysis for C-Mn(1)

5. Results discussion

To explain the differences observed in the average precipitate
radius, it is necessary to consider the heat-treatment procedure
applied during sample preparation. The samples were heated in a
tube furnace under a protective Ar atmosphere to an austenitizing
temperature of T, = 1200°C and subsequently cooled in the
furnace to T,, = 850 °C (C-Mn steels) or 820 °C (C—Cr steel).
Ideally, the samples should have been cooled rapidly from the
austenitizing temperature to the isothermal holding temperature in
order to suppress precipitation during cooling. However, this was
not possible due to technical limitations of the experimental
procedure. Consequently, carbonitride precipitation occurred
during slow furnace cooling from T, = 1200 °C to the holding
temperature, resulting in a higher number of precipitates observed
experimentally than those predicted by the developed
computational model.

Carbonitride precipitates containing Ti, Nb and V, together
with aluminium nitride precipitates, play an important role in the
strengthening mechanisms of microalloyed steels. Due to their
wide range of dissolution temperatures, these precipitates influence
the microstructure through:

a.  restricting austenite grain growth by pinning grain
boundaries at elevated temperatures,

b. modifying  recrystallization  kinetics and  phase
transformation behaviour through the interaction of solute
atoms and precipitates,

c.  providing precipitation strengthening by forming fine
carbonitride particles during cooling or isothermal holding.

Solute elements dissolved in austenite retard phase
transformations and consequently increase the hardenability of
steel. Accurate knowledge of the chemical composition of austenite
together with the volume fraction, size and distribution of
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undissolved precipitates is essential for describing precipitation
behaviour and its influence on the evolving microstructure. These
quantities may subsequently be used as input data for more
comprehensive models predicting the mechanical properties of
microalloyed steels.

Fig. 3—4 present the experimentally observed prior austenite
grain structures of the investigated C—Cr, C—-Mn and C-Mn(1)
steels after the applied heat-treatment conditions. These
micrographs are included solely to characterize the experimental
materials used for validation of the developed computational
system and to illustrate the effect of heat treatment on the prior
austenite grain structure. They are not intended to validate the
Cellular Automata (CA) model or to predict the final mechanical
properties of the investigated steels. In the present study, the prior
austenite grain structure is presented only as supplementary
experimental information describing the investigated materials.
The principal objective of the validation is the comparison between
experimentally observed and simulated carbonitride precipitate
distributions and their stereological parameters.

Fig. 5 compares the average carbonitride precipitate radius
obtained using three different approaches: the experimental
measurements reported in [21], the present image analysis, and
simulations performed using the developed computational system.
The purpose of this comparison is to validate the precipitation
kinetics module by assessing its ability to reproduce the
experimentally observed average precipitate size. In all analysed
steels, the average precipitate radius reported in [21] is the highest.
The present image analysis yields slightly lower values, which are
generally in better agreement with the simulation results. Only for
the C—Cr steel is the average precipitate radius obtained from the
present image analysis lower than that predicted by the
computational model.

Fig. 6-8 compare the precipitate distributions generated by the
Cellular Automata module with the corresponding TEM
observations. The agreement between the simulated and
experimental precipitate distributions confirms that the proposed
computational approach reproduces the main characteristics of the
precipitation process. The remaining differences are mainly
associated with precipitation occurring during slow furnace cooling
prior to isothermal holding, which is not included in the present
computational model.

The Feret diameter distributions (Fig. 9) are asymmetric and
unimodal, with the modal values shifted towards smaller particle
sizes. An increase in nitrogen content results in a reduction of the
average precipitate radius, which is consistent with both the
experimental observations and the simulation results.

Fig. 10-11 present representative electron diffraction patterns
together with their interpretation, confirming the crystallographic
identification of the carbonitride precipitates observed in the
investigated steels.

6. Conclusions

The verification of the developed computational system against
the experimental data presented in this work demonstrates that the
Cellular Automata (CA) module, coupled with the thermodynamic
and kinetic models, is capable of reproducing the spatial
distribution and stereological characteristics of carbonitride

precipitates ~ with  satisfactory  accuracy. The adopted

physicochemical parameters provide simulation results that are in

good agreement with the experimental observations.

The developed computational system enables the simulation of
carbonitride precipitation and the generation of two-dimensional
images of precipitate distributions, which can be directly compared
with transmission electron microscopy (TEM) observations.
Relatively few studies have reported numerical simulation of
precipitate distributions in microalloyed steels; therefore, further
experimental investigations are required to provide additional high-
quality data for comprehensive validation of the proposed
approach.

Carbonitride precipitates play a dual role in microalloyed steels
by restricting austenite grain growth at elevated temperatures and
contributing to precipitation strengthening after phase
transformation. Their stereological characteristics, particularly the
precipitate size distribution and volume fraction, are important
descriptors of the precipitation process and may be determined
using the developed computational system.

The developed computational system provides quantitative
information on carbonitride precipitation behaviour and precipitate
stereological parameters based on the chemical composition of
steel and heat-treatment conditions. These results may be used as
input data for more comprehensive models describing the evolution
of the final microstructure and predicting mechanical properties.
The prediction of mechanical properties itself is beyond the scope
of the present work and requires additional information concerning
the matrix microstructure and other strengthening mechanisms.
Further development of the computational system should include:
a) extension of the model to steels containing multiple

microalloying additions,

b)  validation using a broader experimental database covering a
wider range of chemical compositions and processing
conditions,

¢) coupling of the precipitation model with microstructure
evolution and mechanical property prediction models.
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