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APPLICATION OF THE CALPHAD METHOD FOR FERRITIC
BOILER STEELS

André Schneider'

Abstract

Some applications of the CALPHAD method are shown with reference to seamless tubes and pipes for
high-temperature service in power plants. The focus is on concepts on the improvement of creep strength. In view of
developing or improving steels for the application in conventional power plants, various elements have been tested with
respect to a controlled precipitation of chromium carbides, carbonitrides and the intermetallic Laves phase.The kinetic
simulations are focussed on diffusion-controlled transformations during heat-treatment and application in the power plant.
A key-issue is to include important aspects such as nucleation density (in terms of pre-defined cell sizes of the model),
growth, and dissolution of precipitates.
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APLICACAO DO METODO CALPHAD A ACOS FERRITICOS
PARA CALDEIRAS

Resumo

Algumas aplicagées do método CALPHAD a tubulag6es para aplicagao a alta temperatura em plantas termoelétricas
de alta temperatura sao apresentadas. O trabalho é focalizado no desenvolvimento de concepcdes que resultem em
aumento da resisténcia a fluéncia. Visando desenvolver e aprimorar agos para a aplicagdo em usinas térmicas convencionais
varios elementos de liga foram investigados com vistas a precipitacdo controlada de carbonetos de cromo, carbonitretos
e a fase intermetalica de Laves. As simulacdes cinéticas sao focadas em transformacdes controladas por difusao que
ocorrem durante o tratamento térmico e durante a aplicacao do aco nas usinas. Um ponto chave é a inclusao de aspectos
importantes como a densidade de nucleos (expressa como um tamanho de célula pré-definido no modelo), o crescimento
e a dissolucao dos precipitados.

Palavras-chave: Aco; CALPHAD; Caldeiras; Simulagao de difusao; Microestrutura.

| INTRODUCTION

Main parts of conventional power plants are built of
avariety of seamless tubes and pipes. Figure | illustrates the
application of ferritic and austenitic steels in the currently
existing ultra super-critical (USC) technology and their
respective potential usage in the future advanced ultra
super-critical (A-USC) technology, which is considered
also to incorporate Nickel-based alloys. The efficiency is
intended to be increased from 45% for USC up to 50%
for A-USC by increasing the steam parameters from up to
300 bars and 600°C towards 700°C and 350 bars. Figure
|. Boiler Materials used for the current USC and the future
A-USC technology [1].

Figure 2 shows an example of the production of
large diameter and thick wall tubular products at Vallourec
Reisholz mill according to the Ehrhardt process (see [1]).

Vallourec is a world leader in its markets and provides
tubular solutions that are the benchmark reference for the
energy sector and other applications that present the most
demanding challenges. The Group relies on its six Research
and Development centers worldwide and more than 500
researchers to maintain its technological leadership and
meet its customers’ latest requirements. Figure 2 illustrates
that tubes and pipes for power plant applications undergo
various temperature cycles during production before being
continuously exposed to high temperatures during service
operation. The production processes result in microstructural
changes of the steels. Typical heat-treatments of 9-12%Cr
steels is normalization (1020 — 1070°C) and heat-treatment
at 730 — 780°C [2-3].
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Application of the CALPHAD method for ferritic boiler steels

. usc AUSC
Waterwalls  Headers Economizers
| Today Tomorrow
' 600°C /620°C 700°C
S heater & - -
“%he rvn 300 Bar 350 Bar
o 45% N 50 % N
Piping

Figure |. Boiler Materials used for the current USC and the future A-USC technology [1].

Figure 2. Manufacturing of tubular goods in the Vallourec Reisholz mill according to the Ehrhardt process: (a) piercing, (b) drawing, (c) final
product [I].
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In order to meet the requirements with respect to
increasing steam parameters the performance of materials
used in power plants need to be improved [|]. This paper
refers to some examples of how the so-called CALPHAD
approach [4-7] can be applied in the frame of boiler materials
development.

2 EQUILIBRIUM

In the framework of alloy design, chemical elements
are usually classified according to their stabilizing effect on
various phases such as ferrite or austenite. The stabilizing

effect of an element is determined by its effect on the
phase boundaries. Thus, an element leading to a widening
of the ferrite phase field is called ferrite stabilizer. The same
holds for austenite stabilizing elements. This effect is
quantitatively scaled relative to the reference elements Cr
(ferrite stabilizers) and Ni (austenite stabilizers). Using this
approach a so-called Schaeffler diagram modified according
to H. Schneider [8] can be constructed [3] by introducing
so-called Cr- and Ni-equivalents. An early version of such
a Schaeffler diagram has been used for welding [9]. Such a
diagram is very useful for determining the limits for the
occurrence of d-ferrite after austenitization treatment
(normalization). The various candidate alloy compositions
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Figure 3. Schaeffler diagram modified according to H. Schneider [8] (Cr-eq= Cr+2Si+1.5Mo+5V+5.5Al+1.75Nb+ 1.5Ti+0.75W/

Ni-eq=Ni+Co+0.5Mn+30C+0.3Cu+25N) [3].
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Figure 4. CCT diagram for the steel VM12-SHC [3].
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can be introduced in this diagram (see Figure 3) in order
to predict (with a certain probability) the nature of the
resulting microstructure.

An optimal result for a martensitic/ferritic 9-12Cr steel
is to be positioned in the lower left area (100% martensite).
For example, the boiler tube grade VM 12-SHC showsa CCT
diagram allowing for reaching a martensitic microstructure
after cooling (Figure 4).

The applicability of such Schaeffler diagrams is
proven to be reliable by checking the limits of extrapolation
of the various stabilizing elements [10]. Such calculated
data show quantitatively for each alloying element in

Fe-Ni-Cr, T=1273K
Fe-Ni-Cr, T=1073K

Application of the CALPHAD method for ferritic boiler steels

what extent they can be reliably calculated following the
equations represented in Figure 3. The calculated isothermal
sections for the ternary system Fe-Ni-Cr at 800, 1000,
and 1200°C in Figure 5 clearly show that the choice of the
austenitization temperature determines the positioning of
the phase boundaries between the y- and a-fields. Thus, it
is an important boundary condition for the application of
the Schaeffler diagram. The tie-lines in Figure 5 determine
the equilibrium chemical composition of the phases in the
two-phase equilibria.

The ferrite stabilizer Vanadium is chosen for the
calculation (using Thermo-Calc) of the effect of V on the
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Figure 5. Calculated isothermal sections for the ternary system Fe-Ni-Cr at 800, 1000, and 1200°C.
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Figure 6. Calculated effect of V on the solubility limits of ferrite and austenite relative to the effect of Cr at | | 50°C. The factors 2.8 and 2.5 are

the Cr-equivalent factors of V (according to [10]).
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solubility limits of ferrite and austenite relative to the effect of
Crat | 150°C (see Figures 6 a, b). It can be clearly seen that V
leads to a widening of the ferrite phase field. The Cr-equivalent
factors vary between 2.5 and 2.8. Such calculated results
are used in addition to the experimentally determined ones
available in literature by searching for the best compromise,
since also the experimental data can be very different.

Another way of using thermodynamic calculations
is illustrated in Figure 7 showing the amount of d—ferrite
(left) at 1070°C and A, temperature (right) as a function of
the amount of the respective alloying element (austenite
stabilizers Cu, Ni, Co, and Mn). The possibility to calculate
different types of diagrams for binary, ternary, and higher
order systems is one of the strengths of the thermodynamic
calculations.

In the following, it is shown how computational
thermodynamics can be used to reduce the number of
laboratory heats in the framework of an alloy design including
testing the mechanical, especially creep properties [I1].
The example is taken from a study on novel heat-resisting
martensitic/ferritic steels for application in conventional
power plants with service temperature of 650°C. The creep
resistance should be achieved by a well-balanced choice
of alloying elements for controlled precipitations of M,.C,
carbides, MX carbo-nitrides, and the intermetallic Laves
phase. With respect to the above mentioned heat-treatment
temperatures and the application temperature the boundary
conditions are give as follows. In order to introduce a
significant amount of Laves phase at application temperature
one has look at the diagrams shown in Figure 8. It can be
deduced from these diagrams how much of the Laves phase
forming elements Mo, W, Nb, and Ta is needed to result in
the respective precipitation reaction and appropriate volume
fraction. The other pre-condition is set by the austenitization
temperature. The two parameters T and x(Mo,W,Nb,or Ta)
need to be within the y-field in order to result in a fully
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martenistic microstructure (see also the above mentioned
explanation, Figures 3 and 4). A similar consideration is
included for the heat-treatment. Here the equilibrium diagram
should show a significant tendency for the formation of M,.C,.
Although all four elements are indeed Laves phase forming
elements, only the alloy systems containing Mo and W fulfill
the requirements within a certain, limited composition range
(1.2 < %Mo < 2, and 1.2 < %W < 3.7). Niobium and
Tantalum lead to shrinkage of the y-field and therefore their
amount cannot be increased above 0.3 wt% with respect
to keeping a single y-phase field. On the other hand their
contents must be above | wt.% Nb and 1.9 wt.% Ta in
order to achieve Laves phase at service temperature. Thus,
these variants can be excluded from further considerations,
i.e. no lab heat is to be cast for these compositions.
Certainly, the validity of the models needs to be proven
experimentally for various cases, as it is demonstrated in
Figure 9. The light-optical microscopy (LOM) and also the
transmission electron microscopy (TEM) results reveal a
microstructure in accordance with the tendency deduced from
the equilibrium diagram (calculated mole fractions of phases
as a function of temperature for Fe-1 1.85Cr-0.39Si-0.135C-
0.055N-4.02W-0.19V-4.45C0-0.28Mn-1.0Cu-0.0068B).
Such complex systems are not likely to reach equilibrium
within reasonable time periods, but the equilibrium results
are useful to identify the “direction towards equilibrium”
predicting (with a certain probability) the phases being formed.

3 KINETICS

In this section the application of the software DICTRA
is shown for some model assumptions which should show
the general directions and kinetics of phase transformations.
DICTRA is the abbreviation for Dlffusion Controlled phase
TRAnsformations and was developed by J. Agren and G.
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Figure 7. (a) The effect of austenite stabilisers on the amount of 3-ferrite at 1070°C, and (b) the effect of austenite stabilisers on the A,
temperature of a [2Cr-0.15C-0.05N-0.2Si-0.2V-4W steel (wt.%) calculated by Thermo-Calc [11].
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Figure 8. Phase diagram sections of the system Fe-12Cr-4.95Co-0.2Si-0.2V-0. | C (wt.%) with addition of (a) Mo, (b) W, (c) Nb, and (d) Ta,
calculated using Thermo-Calc [ 1].
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Figure 9. Calculated mole fractions of phases as a function of temperature for Fe-11.85Cr-0.39Si-0.135C-0.055N-4.02W-0.19V-
4.45C0-0.28Mn-1.0Cu-0.0068B and related microstructures by LOM (upper micrograph) and TEM (lower micrograph), according to [1 |-12].
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Inden et al. [13-17]. The fundamental concepts and model
assumptions for this work are described in [18-19].

For a better understanding of the simulation results,
only simple systems (Fe-Cr-C, Fe-Cr-Si-C, Fe-Cr-W-Mo-C,
etc.) are chosen for the study on the effect of growth and
dissolution of metastable phases on the growth of stable
phases. In afirst step, equilibrium calculations are performed
to get an idea of how to define the set-up of the kinetic

simulation. The corresponding diagrams in Figure 10 show
equilibria for various Cr contents (left diagram). It can be
seen that the alloy with 12Cr shows a stable equilibrium
a+M,,C, whereas the one with 7.3Cr shows a.+M,C,. For the
consideration of an alloy composition (e.g. Fe-12Cr-0.1C)
which will show carbide precipitation within a 100% ferritic
matrix it makes sense to consider the so-called iso-activity

lines. These lines will give a hint of driving forces towards
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Figure 10. (2) Calculated isothermal section of the Fe-Cr-C phase diagram at 800°C. The various points represent model alloys used for the
simulations reported in [18]. (b) Blowing-up of the diagram in a) showing the metastable extensions of the various phase boundaries. The point
defines the alloy Fe-12Cr-0.1C. The various lines represent iso-activity curves in ferrite corresponding to the carbon activity of the carbides
(M,C, M.C,, M,,C,) with the same Cr/Fe ratio in the alloy. This consideration is useful with respect to the discussion of the phase transformation

kinetics (see [18]).
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Figure 1 1. Two-cell simulation of competitive growth of stable M,,C, and metastable M,C, in Fe-12Cr-0.1C at 800°C [18].
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growth of stable and also metastable carbides. It should
be mentioned that the definition of the matrix to be best
represented by ferrite is a simplified condition which differs
from the real case, i.e. martensite. Carbide nuclei have to be
defined as a starting condition for the DICTRA simulation.

In Figure 11 two simulations are shown. One is on
growth of stable M,.C, only which is reaching saturation at
around 20000s. The second simulation is on simultaneous
growth of stable M, .C, and metastable M,C, (starting to shrink
at around 10000s). The time period until the equilibrium
volume fraction of M,.C, is reached is significantly prolonged.

The composition profiles in Figure 12 show another
interesting effect. The local equilibrium at the moving phase
interfaces o/M,C, and also a/M,,C, changes continuously
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Application of the CALPHAD method for ferritic boiler steels

during the reaction. This leads to the assumption that the
carbides show a composition profile ones they are formed.

The importance of combining thermodynamics
and kinetics becomes evident by looking at the following
example. In Figure |3 the volume fraction of M,,C, is plotted
versus time for different steels, one ternary Fe-Cr-C, and
two additional ones with Si or Co. The elements Si and
Co are considered not to be dissolved in M23C6, therefore
the carbide can only grow by pushing Si or Co ahead of
the moving phase interface. With respect to kinetics, this
should result in a retardation of the reaction. This is indeed
the case for the alloy with Co, but not for the alloy with
Si (Figure 13). This can be understood by considering the

effect of Si on the activity in ferrite. Silicon increases both
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Figure 12. Composition profiles of Cr in (2) M,C, and (b) M,,C, at various time steps (I nm nucleus, two coupled spherical cells with r=>5um) [18].
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Figure 13. Fraction of M,,C, phase formed during precipitation reaction at 780°C in various ferritic steels. The simulations were performed
for spherical cells of 5 um in radius. The starting particle was | nm (according to [18]).
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Figure 14. Volume fraction of Laves phase formed in Fe-8Cr-0.34Mo-1.65W-0.173C at 600°C. The calculation was performed for different
cell sizes. Experimental data are added from [20]. The average particle distance in these experiments was determined as |.lum [18].

the C- and Cr-activity. This leads to a higher driving force
for the reaction and to an increased growth velocity.

In ferritic steels with W as an alloying element, the
Laves phase can come into play. Again, a simplified approach
is chosen to understand how the simulation can represent the
processes observed in reality (in experiments). The kinetic
behavior of precipitation strongly depends on the cell size
defined in the DICTRA simulation. In the cases shown above,
the cell size was arbitrarily chosen and kept constant in
order to make the results comparable to each other. In the
following study the simulation on Laves phase growth in a
Fe-8Cr-0.34Mo-1.65W-0.173C alloy at 600°C was performed
choosing various cell sizes. By comparing the results with

4 SUMMARY

experimental findings from J. Hald et al. [20], the best fitting
cell size is determined to be I.13 um (see Figure 14).

There are many further examples of applying
CALPHAD for ferritic boiler steels [21-23]. The growth,
dissolution, and coarsening of precipitates during long-term
service at high temperatures is also tackled by various
authors using DICTRA [24-28]. In addition to the concepts
discussed in this paper there is also an approach developed
by E. Kozeschnik including more elements in the simulations
and with the possibility to define complex temperature
profiles. Examples on long-term predictions by Mat-Calc
concerning microstructural evolution in boiler steels - also
including dissimilar welds - are given by [29-31].

CALPHAD thermodynamics is a strong and useful tool in the frame of alloy development. It is applied by academia
and also by industry to tackle various questions concerning alloy design or kinetics of phase transformations. This work
refers to some examples on application of Thermo-Calc and DICTRA for martensitic/ferritic Cr steels.
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