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The paper deals with numerical modelling of precipitation processes in HR3C austenitic steel used in
supercritical power units. Thermodynamic and kinetic modelling was performed using, respectively,
ThermoCalc and TC-PRISMA software. Both programmes use the CALculation of PHAse Diagrams
method. The thermodynamics calculations predicted the formation of M23C6 carbide, σ-phase and Z-
phase in HR3C steel at working temperatures of power units. Verification of the modelling stage was
performed by ageing the steel samples at 700◦C for 100 and 500 h. It was found that during a such
short time of ageing, M23C6 carbide precipitated mainly at austenite grain boundaries, while NbX and
Z-phase particles precipitated inside the grain.

topics: modelling, ThermoCalc, TC-Prisma, austenitic steel

1. Introduction

The HR3C steel is well known and widely used
creep resistant austenitic steel. High resistance to
creep, as well as high-temperature corrosion and ox-
idation resistance in steam, makes this steel a suit-
able material for the components of supercritical
power units, including, for example, boiler super-
heaters working at 650–660◦C [1]. The excellent
properties of HR3C steel are related to its chem-
ical composition giving rise to the solid solution
and precipitation strengthening. The performance
of this steel may be further improved by modifying
the chemical composition targeting at the atoms’
interaction in the solid solution and modifying the
kinetics of precipitations processes occurring dur-
ing the heat treatment and under the service con-
ditions.

Recent advances in computational thermody-
namics allow for an accurate description of the be-
haviour of complex systems. Accordingly, the ther-
modynamic and kinetic modelling of phase dia-
grams is widely used to design the chemical com-
position as well as the heat treatment conditions of
new materials. In general, the approaches used for
this purpose include atomistic and continuum mod-
els. Atomistic models are computational tools for
modelling the collective behaviour of atoms in larger
systems, including molecules and crystals [2]. In
the continuum methods of modelling, the complex

systems are represented by phenomenological con-
tinuous functions [3]. The viability of using the con-
tinuous function to describe complex systems was
first recognised at the beginning of the twentieth
century [4, 5]. However, a substantial progress in
computational techniques is dated from the works
of Kaufman [6]. The aim of this paper is to present
the capability of the CALPHAD (CALculation of
PHAse Diagrams) method to predict the behaviour
of HR3C steel during ageing at 700◦C.

2. Research methodology

The test material was HR3C austenitic stainless
steel with the chemical composition presented in
Table I. The test specimens were taken from a pipe
section with dimensions of 50.1×12.5mm2 and then
subjected to ageing at 700◦C for up to 500 h.

Thermodynamic and kinetic modelling was per-
formed using, respectively, ThermoCalc and TC-
PRISMA software. Both programmes use the CAL-
PHAD method. The calculations presented in this
paper were performed using the ThermoCalc soft-
ware (v. 2022a) and the database TCFE11.

TABLE IChemical composition of HR3C steel [%].

C Si Mn P S Cr Nb Ni N
0.10 0.40 0.74 0.018 0.001 24.80 0.30 22.10 0.25
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Fig. 1. Isoplethal section of the phase diagram for
HR3C steel at 700◦C.

Fig. 2. Variation of (a) equilibrium mole fractions
of phase constituents and (b) chemical composition
of austenite in HR3C steel as a function of temper-
ature.

The microstructure investigation was carried out
using the Jeol JSM 6610LV scanning electron mi-
croscope (SEM). The precipitations were identified
using the FEI Titan 80-300 transmission electron
microscope (TEM).

3. Results

3.1. Thermodynamic simulations using
ThermoCalc

In the beginning, the effect of crucial components,
Cr and Ni, on the phase boundaries was calculated
at 700◦C (Fig. 1).

In the calculations, all elements of HR3C steel,
with the exception of Cr and Ni, were fixed. The
calculated set of the stable phases for the chemical
composition of the steel include FCC_A1 (Austen-
ite), M23C6, σ-phase, Z-phase, and HCP_A3 phase.
The dependence of the mole fraction of phase con-
stituents in the equilibrium of HR3C steel on tem-
perature is shown in Fig. 2. The most important
phases for the performance of this steel include
M23C6 carbide, σ-phase, and Z-phase. The process
of their formation is accompanied by the depletion
of the austenite matrix in chromium (Fig. 2b).

Fig. 3. Variation of (a) equilibrium mole fraction
and (b) chemical composition of M23C6 in HR3C
steel, as a function of temperature.

Fig. 4. Variation of (a) equilibrium mole fraction
and (b) chemical composition of σ-phase in HR3C
steel, as a function of temperature.

Fig. 5. Variation of (a) equilibrium mole fraction
and (b) chemical composition of Z-phase in HR3C
steel, as a function of temperature.

The changes in mole fraction and chemical com-
position of these phases as a function of temper-
ature are shown in Figs. 3–5. One can see that
they contain several crucial elements. The main con-
stituent of M23C6 carbide is chromium, however,
this carbide also contains iron and a small amount of
nickel. The content of chromium in carbide increases
as the temperature decreases. Iron, chromium and
nickel are the main constituents of the σ-phase. The
chemical composition of Z-phase includes niobium,
chromium, iron and nitrogen.
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Fig. 6. Simulation of M23C6 carbide precipitation
by TC-PRISMA: (a) particles mean radius, (b) par-
ticles volume fraction, (c) driving force for precipi-
tation, (d) nucleation rate as a function of time.

Fig. 7. (a) Microstructure and (b) the M23C6 car-
bide precipitation in HR3C steel after 100 h ageing
at 700◦C.

It must be emphasised that the ThermoCalc
calculations are relevant for the state of equilib-
rium. For the materials used in the power gener-
ating industry, this state can be achieved in thou-
sands of hours (this specifically refers to σ- and Z-
phase) [7–9]. The precipitation process of M23C6

carbide, on the contrary, proceeds fast and will be
followed in detail in this paper.

3.2. Kinetics simulation using TC-PRISMA

The microstructure investigation of the samples
of HR3C steel has shown that profound precipi-
tation of M23C6 carbide was detected during 100
and 500 h of ageing. Therefore, the simulation using
TC-PRISMA was limited to this carbide. The pre-
cipitation process of M23C6 carbide was calculated
at 700◦C for 1000 h, and the simulation was per-
formed with the assumption that the precipitates

nucleate at grain boundaries. This is consistent with
the microstructural observations. The most impor-
tant parameter used in the simulation is interfacial
energy. This parameter influences all the stages of
the precipitation process. The value of this param-
eter varies from 0.016 to 0.265 J/m2 [10]. The low-
est values correspond to the coherent nucleation. In
the calculation presented in this paper, the value
of 0.23 J/m2 was used for modelling the nucleation
and growth process. The shape of the precipitates
was assumed to be spherical. The results of M23C6

carbide precipitation process simulations with TC-
PRISMA are shown in Fig. 6. It can be seen that
the precipitation process starts as early as the age-
ing process starts. Figure 6 shows that after around
100 h, precipitation the process is ended.

3.3. Microstructure examinations

The HR3C steel in the as-received conditions was
characterized by a typical austenitic microstructure
with numerous annealing twins and numerous pri-
mary precipitates of different sizes arranged inside
grains. The identification of precipitates revealed
the existence of niobium-rich primary precipitations
— NbX phase and Z-phase (NbCrN).

The changes in microstructure due to ageing at
elevated temperature manifest themselves by sec-
ondary phase precipitation processes observed at
the grain boundaries and inside the grains. M23C6

carbides were observed at the grain boundaries,
while the dispersion precipitations of NbX and Z-
phase were identified inside the grains (Fig. 7a).
An example of the M23C6 carbide precipitation is
shown in Fig. 7b. The particle diameter of M23C6

carbides after 100 h of ageing was 280 nm, and after
500 h it grew a little (to 300 nm). A detailed de-
scription of changes in the structure of HR3C steel
is presented in the paper [11].

4. Discussion

The capability of the material behaviour mod-
elling using the CALPHAD method was demon-
strated in this paper, referring to the behaviour
of HR3C austenitic steel during ageing at 700◦C.
Both the ThermoCalc and TC-PRISMA correctly
predicted the equilibrium phases occurring in the
steel and kinetics of M23C6 carbide precipitation.
The simulation results obtained using TC-PRISMA
showed that also the kinetics of the precipitation
processes can accurately be predicted in complex
systems. However, this type of modelling is more
robust since the accuracy of prediction is depen-
dent on many physical parameters that should be
carefully adjusted. The interface energy is the most
important parameter for the modelling. However,
once the kinetics model is scaled, it can be used to
extrapolate the long time performance of precipi-
tates. This feature is specifically advantageous for
the materials used in the power industry.
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5. Conclusions

Microstructure investigation with STEM showed
that the M23C6, NbX and Z-phases precipitations
occurred during the ageing treatment of HR3C
steel. The precipitation of M23C6 carbide nucleate
at grain boundaries. The precipitations of NbX and
Z-phase were observed inside the grains. The size
of the precipitates M23C6 after 100 h did not dif-
fer substantially from the size of precipitates after
500 h of ageing and was around 300 nm. The simula-
tion performed with TC-PRISMA showed that this
is associated with a lowering in the driving force
for precipitation, which finally resulted in growth
suppression. The calculated chemical composition
of the matrix and M23C6 carbides was comparable
with the results of the calculations. Identification
of the current precipitations carried out with the
transmission electron microscope confirmed the re-
sults obtained using CALPHAD method.
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