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Despite of their excellent combination of high mechanical strength, toughness and corrosion
resistance, duplex stainless steels (DSS) are susceptible to sigma phase formation, negatively affecting
their superior properties. Sigma formation continuous cooling transformation (CCT) diagrams can be
auseful tool to avoid sigma formation during cooling from solution treatment temperatures; however,
non-isothermal information about sigma formation in DSS are scarce in literature. This work presents
a methodology to simulate CCT diagrams in DICTRA® software, showing excellent adherence to
literature data. The methodology here presented was also able to describe sigma phase formation

behaviour for different DSS compositions.
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1. Introduction

Duplex stainless steels (DSS) are largely used in industrial
equipment that need the combination of high mechanical
strength, toughness, and corrosion resistance, such as the
ones found in chemical and petrochemical plants, pulp and
paper industries, offshore structures and machinery, and
desalinization plants. The desired properties were obtained
through an ideal microstructure consisted of approximately
equal amounts of ferrite (o) and austenite (y), both with
high amounts of Cr, Mo, and N, after a solution treatment
between 1000 °C and 1200 °C'.

Cooling from solution treatment temperatures were
conducted at high cooling rates, since undesirable phase
formation can occur in the temperature range from 1000 °C
to 600 °C ¢. The most deleterious phase formed in this
temperature range is sigma, due to the large amounts of
Cr and Mo in its composition, causing impoverishment
of those elements, which are essential to a proper passive
film formation”®. Sigma phase, characterized by a brittle
behaviour, is also responsible for loss of toughness, leading
to brittle fracture of components, even if only small amounts
of sigma are formed”!?. Development of higher Cr and Mo
DSS, creating the so-called superduplex or hyperduplex
stainless steels for even higher corrosion resistance in the
solution-treated condition, worsens the problems involving
sigma formation, since higher amounts of Cr and Mo facilitate
nucleation and growth of sigma!!12,

Kinetics of sigma phase formation, specially using
models based in Kolmogorov-Johnson-Mehl-Avrami (KIMA)
equation, can be found in literature'*'¢, allowing the creation
of isothermal Time-Temperature-Precipitation (TTP) diagrams
of sigma formation in DSS. However, when cooling from
the solution temperature is the key to avoid sigma formation,
TTP diagrams are not the best instrument of analysis, being
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the continuous cooling transformation (CCT) diagrams the
most indicated feature. However, literature has rare examples
of non-isothermal formation of sigma, probably due to the
difficulty of obtaining experimental data'>"’.

One alternative to the experimental data on sigma phase
formation under non-isothermal conditions is the computational
simulation. Thermo-Calc® and DICTRA® showed promising
results describing, respectively, equilibrium of phases and
diffusion-controlled transformations of DSS'820-%,

This work studied sigma phase formation in different DSS
compositions under different continuous cooling rates from
solution treatment temperatures, developing a methodology
for creating sigma phase formation CCT diagrams using
DICTRA® software, and validating it with literature results.

2. Methodology

Three DSS compositions were chosen for modelling
using Thermo-Calc® and DICTRA®, as presented in Table 1,
characterizing the most important basic compositions related
to corrosion resistance: duplex, superduplex and hyperduplex
stainless steels, that were based on from the literature
data®10142325 " Ag can be seen in Table 1, the hyperduplex
grade has the highest Cr, Mo, and N contents.

Thermo-Calc® equilibrium simulation was performed,
using TCFE9 as thermodynamic database, to obtain the
temperature were only ferrite and austenite are present, in
equal volume fractions, characterizing the ideal solution-
treatment temperature. Chemical composition of ferrite (o)
and austenite () in this solution-treatment temperature (T,)
can be found in Table 2.

DICTRA® simulations described phase transformations
during cooling from Ts temperatures (Table 2) under several
cooling rates, from 0.001 to 100°C/s. Thermodynamic data
needed for local equilibrium simulations were provided by
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Table 1. Chemical composition of the studied materials.
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Element [mass %] %Cr %Mo %Ni %N %Fe
Duplex 22.0 5.0 3.0 0.17 Balance
Superduplex 25.0 7.0 4.0 0.3 Balance
Hyperduplex 27.0 7.0 4.8 0.4 Balance
Table 2. Composition of ferrite (o) and austenite (y), and the solution-treatment temperature (T,) for each studied material.
Material phase %Cr %Mo %Ni %N T, [°C]
o 23.6 3.76 3.68 0.025
Dupl 1041
upiex y 204 6.23 232 0.320
o 26.2 5.49 4.87 0.053
dupl 1141
Superduplex Y 238 313 851 0.548
o 27.7 5.47 5.86 0.051
H dupl 1107
yperaupiex y 263 8.53 3.73 0.750
TCFE9 database, and mobi.lit.y dat.a were c?btaiped in MOBFE4 — inactive
database. Planar and unidirectional diffusion flux model . .
was created, constituted by a ferrite cell placed at the right
side of an austenite cell. Sigma, inactive in the beginning of 1§
simulation, can be formed in the ferrite-austenite interface 50um " 50um

when a thermodynamic potential for sigma formation of
10 RT was reached, being R the universal gas constant
(8.314 J/mol K) and T the absolute temperature in [K]. Each
phase cell has an initial size of 50 um, and 100 points per
phase cell, placed in a geometric distribution along the cell
length, allowing a large numbers of calculation points in the
vicinity of the ferrite-austenite interface, where sigma will
be formed. Figure 1 presents a schematic representation of
the computational cell.

Sigma definition in both TCFE9 and MOBFE4 databases
did not consider nitrogen as a constituent. For this reason,
DICTRA® simulations were divided in two steps. This is
necessary considering that between Ts and the maximum
temperature where sigma is possible ina DSS (T° , exemplified
in the equilibrium diagram plotted in Figure 2) ferrite and
austenite are the only phases present, and all alloying
elements must be partitioning between them, influencing
volume fraction of phases and their compositional gradients.
A first step in simulation must consider all alloying elements,
including N, at least between T and T° .

However, even below T° , thermodynamic potential for
sigma formation may not be reached, and an undercooling
below T°_ was necessary to reach the desired thermodynamic
potential for sigma formation. To estimate the temperature,
below T° , where the sigma phase formation starts, initially in
DICTRA® a pre-simulation was performed without nitrogen
in the chemical composition of the phases, to identify at
which temperature there is thermodynamic potential for the
formation of the sigma phase at the austenite-ferrite interface,
a temperature called T_. This simulation is performed in a
single step, starting at the solution temperature presented in
Table 2 up to 741°C. Values of T*, (determined in equilibrium
diagrams like the one in Figure 2) and T_ (determined in
this pre-simulation step) for the duplex stainless steels here
studied are found in Table 3.

Knowing the temperature at which the sigma phase
would precipitate during cooling (T,) the first step of cooling
in proposed simulation model happens from T to T . In
this first step, nitrogen is present with the other elements

Figure 1. schematic representation of the computational cell,
where austenite (y) is placed at the left of the model, ferrite (o) at
the right, and sigma (o, inactive in the beginning of simulation,
only formed after a thermodynamic potential for sigma formation
of 10 RT was reached).
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Figure 2. Equilibrium diagram for the studied superduplex stainless
steel obtained in Thermo-Calc® (TCFE9 database), showing ideal
solution treatment temperature (T ) and the maximum temperature
where sigma is possible (T¢ )

in a linear function, corresponding to the partition of the
elements between the ferrite and austenite phases, at T,
temperature. At the end of the first step, when T _is reached,
computational cell size and the composition gradients of the
elements on ferrite and austenite phases are extracted, to
be used as initial conditions for the second step of cooling,
which takes place from T_temperature up to 741°C. In this
temperature range sigma phase precipitates, so nitrogen is
not added to the chemical composition of the phases. This
methodology was called “2-step methodology”. Figure 3
presents a schematic representation of the thermal cycles
and simulations performed in the 2-step methodology here
proposed. In Figure 3a, pre-simulation for estimation of
T, is described, without N in chemical composition of
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Figure 3. Schematic representation of the 2-step methodology: (a) pre-simulation; (b) first step, including N, to allow partitioning of
alloying elements between ferrite (o) and austenite (y); (c) determination of equilibrium between a and y at T ; (d) second step, without

N, allowing o formation at o-y interface.

Table 3. T° and T_ for the studied alloys.

Duplex Superduplex ~ Hyperduplex
T _[°C] 961 1060 1097
T_[°C] 941 1030 1060

phases. First step of the model is represented in Figure 3D,
determining the time t, at a specific cooling rate to reach T
in a system where all alloying elements of Table 2, including
N, can be partitioning between ferrite and austenite. At t,
composition gradients of ferrite and austenite cells (excluding
N), and volume fractions of these phases, became the initial
conditions for the second step of the model, where sigma
is allowed to form in ferrite-austenite interface. The end
of the second step is represented in Figure 3d, where time
t, where obtained, in the same cooling rate imposed in the
other steps described.

At the end of the 2-step methodology, for each cooling
rate, it is possible to create a diagram as exemplified in
Figure 4. The construction of CCT diagram for a specific
volume fraction of sigma formed during cooling demands
the sum of time t, from the first step (Figure 3¢) and the time
for formation of 1%vol of sigma, t_, defined in Figure 4.
In a specific cooling rate, the sum of t, and t_,,, define the
time at that cooling rate when 1% of sigma will be formed.
This time, and the temperature at which t_, was defined,
are the coordinates of one point of the CCT curve for 1%
sigma formation.

3. Results and Discussion

Figure 5 shows Cr composition profiles at the a-y interface
for the superduplex alloy at a cooling rate of 0.001°C/s. Each
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Figure 4. Temperature and volume fraction of sigma as a function
of time for cooling rate of 0.01 °C/s in a duplex stainless steel after
second step of the proposed methodology.

line of the diagrams represents the composition profile for
a given time, the solid line, t = 0, shows the composition
profile at time zero, so it is the initial linear composition
of Table 2 for both phases. With the progress of cooling
the composition profile changes and when the sigma phase
precipitates Cr concentration increases to approximately
32%, which is the expected Cr content of sigma phase.
Figure 5a is a result from the pre-simulation step, where N
was not considered as phases constituent, and the reduction
of austenite content with increasing time (or reduction in
temperature during cooling), characterized by the shift to
the left of the austenite-ferrite interface, can be observed:
this non-expected behaviour is due to the absence of N, and
the consequent odd partition of alloying elements between
ferrite and austenite. Since N is an element notably known
as austenite stabilizer, its absence leads to a decrease in
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Figure 5. Cr profiles during sigma formation in the studied superduplex stainless steel during cooling at 0.001°C/s from Ts temperature
(a) or T_ temperature (b). In (a), the pre-simulation stage, N was not considered in DICTRA" simulation. (b) is the second step of the

“2-step methodology” here proposed.

the fraction of this phase, and an increase in the fraction of
ferrite, even with the reduction in temperature, a fact that
is not expected by the phase equilibrium, as already shown
in Figure 2.

The 2-step methodology proposed did not allow the
reduction on ferrite content, as presented in Figure 5b. The
presence of N in the first step stabilized austenite, allowing
the correct partitioning of alloying elements between ferrite
and austenite between T and T . Since composition profiles
of all times in Figure 5b (except for time t=0, presented only
to mark the position of the initial o-y interface) are related
to the second step of simulation, it is possible to detect
sigma formation in 100 s of simulations at that cooling rate,
with reduction of ferrite content to allow sigma formation,
as previously observed by Morais and Magnabosco??.
Cr-impoverishment at y-c and c-a interfaces can also be
observed, in accordance with other work? that related these
Cr-depleted areas to loss of localized corrosion resistance.

The importance of the 2-step methodology here proposed
can be verified in Figure 6, which presents CCT diagrams

for the hyperduplex composition of Table 1, calculated with
the results of the pre-simulation stage (without N in the
composition) and the 2-step methodology. The higher ferrite
content obtained in the pre-simulation stage, as consequence
ofthe odd partitioning of alloying elements, lead to a ferrite
prior to sigma formation with smaller amounts of sigma
forming elements Cr and Mo, which are diluted in this
higher amount of ferrite formed. With this, pre-simulation
results lead to a slower sigma formation kinetics, and the
CCT curves of this pre-simulation are to the right of those
of the 2-step methodology.

The 2-step methodology was then applied to the
compositions of typical duplex, superduplex and hyperduplex
stainless steels (Table 1), enabling the construction of CCT
diagrams for 1%vol of sigma, as presented in Figure 7. It was
found that higher Cr and Mo contents shift the CCT curves
to the left, accelerating the sigma phase formation kinetics,
as these elements increase the thermodynamic potential for
sigma phase formation. Thus, it can be concluded that the
use of 2-step methodology in DICTRA® software describes
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Figure 6. Hyperduplex stainless steel CCT diagrams for 1%vol sigma obtained with pre-simulation or 2-step methodology results.
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Figure 7. CCT diagrams of 1%vol sigma for different DSS using the 2-step methodology.

microstructural behaviours consistent with observed in
literature!®!121517.18,

In Figure 7 the size of each phase in the computational
cell at the beginning of the first step was maintained in
50 pm. However, the size of the phases in the model did affect
results, as presented in Figure 8. Reduction in the size of the
computational cell shifts CCT diagrams to the left, accelerating
the sigma phase formation kinetics. This may be a result of
the increase in the concentration gradient of the elements,
making the thermodynamic potential for the formation of
the sigma phase greater. Similar results were reported by
Pardal et al.>*: authors correlate the increase in sigma phase
formation to the reduction in grain size, which can be related
to the size of the phases in the computational cell. However,
Pardal et al.** associated the smaller grain size to an increase
in the number of heterogeneous nucleation sites, a factor that
has a strong impact on sigma phase precipitation, as also
reported by Melo and Magnabosco®. In DICTRA® software,
the computational model is made of a single ferrite/austenite

interface, without considering the number of nucleation sites,
and there is no viable conclusion regarding nucleation sites.
DICTRA® results here presented indicates that the sigma
phase formation may indeed have a strong diffusional control
component, as reported in previous works'>'*. Considering
those facts, the size of the phases in the computational cell is
another key initial value for the simulations.

The 2-step methodology proposed here was applied to the
experimental data provided by Ferro and Bonollo'’, which
quantified sigma content obtained after continuous cooling
of'a DSS. The chemical composition of the steel was used
in Thermo-Calc® with TCFE9 database, for determination of
the initial austenite and ferrite reported, and the equilibrium
compositions of these phases at the ideal solution treatment
temperature. Those results are the initial conditions used
in the 2-step methodology in DICTRA®, using TCFE9 and
MOBFE4 databases. Information from the work!” that the
average grain size was 20 pm was used as initial size for
ferrite and austenite in the computational cell'?”. CCT curve
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Figure 8. CCT curves of a DSS for 1%vol sigma for different initial sizes of ferrite or austenite in the computational cell.
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Figure 9. CCT curve for 1%vol sigma of a DSS obtained experimentally ['’] compared to the simulated by the 2-step methodology here

proposed.

obtained in the 2-step methodology and the experimental
curve from Ferro and Bonollo'” are compared in Figure 9.
It can be noted that critical cooling rate to avoid sigma
formation declared in'’, between 0.3 °C/s and 0.7 °C/s,
is in good agreement to the one obtained in DICTRA®
using the 2-step methodology, which was 0.5 °C/s. It is
important to note that cooling rates between 0.25 °C/s and
1°C/s can result in very small amounts of sigma*$, and
experimental results can be very influenced by experimental
imprecisions during quantification, or difficulties in ensuring
the representativeness of the sample with the fields analysed
in sigma quantification'’.

Therefore, the methodology proposed here can be a
viable alternative, as it allows the evaluation of modification

of the chemical composition, solution treatment temperature
and computational cell size, simulating for different systems
different CCT curves for a specific condition. This will
be much easier than the experimental method of trial and
error seeking to reproduce experimentally the behavior of
DSS concerning the formation of the sigma phase in non-
isothermal conditions, and consequently helping in real
production processes.

4. Conclusions

1. The 2-step methodology here proposed using
DICTRAP® software is capable of reproducing sigma
phase formation curves during continuous cooling,

and microstructures such as those in the literature.
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By adding the parameters of chemical composition,
solution-treatment temperature, and computational
cell size, it is possible to study the formation of the
sigma phase during cooling for different DSS.

2. Performing a pre-simulation without N to obtain
the temperature where there is thermodynamic
potential for sigma formation in DSS is essential to
describe the correct fraction of ferrite and austenite
before sigma phase formation during cooling from
the solution treatment temperature, and the correct
alloying element partition gradients between ferrite
and austenite before sigma phase formation.

3. Computational cell size showed great influence
on sigma phase precipitation during cooling from
solution treatment temperature of DSS, as with cell
size reduction there is an increase in the concentration
gradient, favoring sigma phase formation.
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