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Abstract: The ferrite fraction and phase distribution of duplex steels depend strongly on the temper-
ature evolution during hot deformation and are correlated to different mechanical behaviors during
hot deformation as well as cold deformation. Therefore, the control of microstructure evolution
during hot forming is relevant for target-oriented material design. In flow stress modelling for
hot forming, the influence of microstructure beyond the ferrite fraction is often neglected. In the
present work, a new method is demonstrated to also consider the influence of grain size in flow
stress modelling. For this purpose, different initial microstructures with different ferrite fractions
and phase distribution were tested in compression tests at 1100 ◦C and 0.1 s−1. The microstructure
was analyzed before and after forming and it was observed that the differences in ferrite fractions
vanished during the compression tests. Those microstructure data were used in a model including
a rule of mixture and Hall–Petch relationship to extract the single-phase flow curves of ferrite and
austenite. Based on the flow stress of the single phases, in combination with ferrite fraction and
individual grain size, the flow curves of the different material conditions were calculated and the
concurrent influence of ferrite fraction and phase distance on the mechanical behavior was discussed.

Keywords: microstructure; duplex steel; characterization; simulation; rule of mixture; Hall-Petch

1. Introduction

The combination of high strength and good corrosion resistance makes duplex stain-
less steels interesting materials for extreme environments, such as in chemical or oil/gas
industries, offshore applications, subsea umbilicals, or pipelines in severe environmental
conditions, such as desalination plants or in the sewage industry. The attractive mechanical
and chemical properties are based on the chemical composition and the microstructure.
Duplex steels provide a dual-phase matrix of around 50% delta ferrite and 50% austenite.
In addition to the corrosion resistance and high strength, the high impact toughness at
low temperatures is another outstanding proper of duplex stainless steels. However, it
was shown by Haghdadi et al. [1] that the morphology of the same amount of austen-
ite phase after different thermomechanical process routes, e.g., equiaxed, elongated or
Widmanstätten-structure, results in different impact toughness at low temperatures below
0 ◦C. In the work of Iza-Mendia et al. [2] the influence of different microstructures in the
as-cast and as-wrought condition on the mechanical behavior during hot forming was
discussed. While in plane-strain compression tests both microstructures exhibit a similar
stress-strain behavior, in torsion tests the yield stress deviates significantly due to the
different orientations of elongated austenite grains toward the principal stress direction
in both microstructures. These results highlight the importance of understanding the
microstructure evolution of duplex steel during hot forming. In the past, most research
was focused on characterizing the microstructural evolution of duplex steels and empiri-
cal modelling of hot flow curve characteristics such as the peak and saturation stress in
dependence of temperature and strain rate. While the change in ferrite fraction is often
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considered by a rule of mixture, the impact of grain size and phase distribution is neglected
in the flow curve modelling. In the present work, the characterized duplex steel exhibits a
nonlinear correlation of ferrite fraction and peak stress in compression tests investigated
at the same strain rate and test temperature. This strange behavior is comparable to the
deviations in stress due to the phase orientation in the work of Iza-Mendia et al. [2] and
can be attributed to various initial phase distributions in the present work. To cover this
nonlinear stress behavior in the present work in addition to the ferrite fraction, the phase
distribution should be taken into account in order to model the stress strain behavior.

During hot deformation, a duplex steel undergoes significant microstructure changes.
Next to temperature activated processes such as dynamic recovery (DRC) and recrystal-
lization (DRX), an additional factor is the change of ferrite and austenite phase fraction.
Several authors have reported that ferrite fraction increases with the temperature [2–4].
Both phases, austenite and ferrite, show a different microstructural evolution during hot
deformation. While in austenite conventional DRX occurs, the ferrite phase undergoes
continuous DRX with a gradually increasing misorientation and distance of low angle
boundaries [5]. The single-phase ferrite exhibits a higher ductility at high temperatures
compared to austenite. This is caused by the DRC, with its annihilation of the dislocation
density and the rearrangement into subgrain boundaries. As a result of this ongoing
process, an equilibrium of the subgrain size occurs, which leads to a steady state in the
flow stress value [6]. During hot forming, single-phase austenite undergoes dynamic
recrystallization with significant flow stress reduction due to low resistance of new formed
grains compared to the deformed microstructure [3]. While both single phases exhibit a
good hot workability, their combination in a duplex microstructure leads to a decrease in
ductility [3]. Due to the differences in stress, the strain accumulates in ferrite phase regions,
while austenite is almost undeformed in the early stage of deformation [3]. Even at the
end of the forming process, the strain distribution shows higher strains in ferrite than in
austenite [7]. Due to the high strain accumulation in ferrite, a faster softening behavior of
ferrite can be observed [8].

In a single-phase material, the grain size evolution and, consequently, the mechanical
response of the material during hot deformation is dominated by hardening, recovery,
recrystallization, and grain growth. In the case of a dual-phase material, the fraction and
distribution of phases must also be taken into account for the calculation of the mechanical
properties. In the literature, a rule of mixture is commonly used to calculate the strain, as
well as the stress partitioning of duplex steels based on single phases. In general, a stress
and strain partitioning according to Equations (1) and (2) is used:

σD = fδ ∗ σδ + (1− fδ) ∗ σγ (1)

with the volume fraction of ferrite fδ and the stress of single-phase ferrite σδ and austenite
σγ. Accordingly, the strain can be divided in the parts of both single phases:

εD = fδ ∗ εδ + (1− fδ) ∗ εγ (2)

with εδ and εγ being the micro-strains in the single phases and εD being the macro-strain
of the duplex material. This rule of mixture was validated for cold forming of a 1.4507
(AISI F255) super duplex steel by Cho et al. [9] using measurements of micro-strains in
ferrite and austenite and calculated stress-strain curves of ferrite and austenite single phase
based on Ashby’s one-parameter theory. For hot deformation, the rule of mixture was used
by Zhao et al. [8] to estimate the stress-strain partitioning coefficient at a total strain of
0.25, which indicates the degree of stress transfer from soft ferrite to hard austenite. The
partitioning coefficient increases with the deformation temperature, which means that
strain at high temperatures is more homogenously distributed between both phases. In
addition, the higher ferrite fraction in one of the characterized materials leading to a higher
partitioning coefficient and, therefore, a more homogenous strain distribution.
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There are several authors investigating the kinetics of hot deformation flow curves of
duplex steels showing dynamic recrystallization (DRX) with a classical peak and steady
state stress; thereby, the characterization is either done directly at the duplex microstructure
or at single-phase microstructures. In these cases, a DRX model for single austenite and
ferrite is determined. In general, the classical hyperbolic sine equation with the Zener–
Hollomon parameter Z is used to describe the relation of peak stress σp or steady-state
stress σs during hot deformation, test temperature T, and strain rate

.
ε:

Z = A[sinh(ασi)]
n =

.
ε exp

(
Q
RT

)
, (3)

with A and n being constants, α the inverse of the stress associated with power-law
breakdown, Q the activation energy for hot working, and R the universal gas constant.
Cabrera et al. [10] investigated the parameters of this function for two duplex steels with
different nitrogen content, i.e., 1.4462 (AISI F51/AISI F60) and 1.4410 (AISI F53), to describe
the relations among steady-state stress, temperature and strain rate. The parameters,
such as activation energy, were estimated with steady-state stresses from the dual phase
material. Hence, it is mentioned that this activation energy is a kind of weighted average
of the activation energies of each phase, including an additional term that accounts for
the synergistic effect arising from the interactive deformation between the two phases.
Farnoush et al. [4] and Momemi et al. [11] estimated the parameters of Equation (3) for
a stainless duplex steel, 1.4462 (AISI F51), as well as for the single-phase materials for
the steady state stress. Based on these parameters for the corresponding three different
microstructure conditions, the strain rates of the single phases were calculated for the
steady state stress. With the implementation of the rule of mixture for the strain rates,
it was possible to estimate two strain interaction coefficients for the strain in austenite
and ferrite. Their work showed that both interaction coefficients are related to the Zener–
Hollomon parameter, and show a physically reasonable evolution with temperature and
strain rate, which is in alignment with experimentally observed phase transformation of
ferrite to austenite at lower hot forming temperatures.

While most authors use the empirical approach of Zener–Hollomon to calculate the
correlation between characteristic stress values, e.g., peak stress or steady state stress, and
strain rate, as well as temperature, the calculation of a complete stress-strain curve needs
additional modelling, which calculates the evolution of stress with strain. For example,
Momemi et al. [12] extended their model to describe the strain rate and temperature
dependence of peak- and steady-state stress with an additional strain dependency. This
means parameters such as activation energy, stress exponent, and other constants have to
be determined in dependence of the strain. With the help of this modification, whole flow
curves could be calculated with Equation (3). Another investigation on the dual-phase
material 1.4462 (AISI F51) as well as single-phase austenite and ferrite was performed by
Spigarelli et al. [3]. The activation energy used to describe the dependence of peak stress
on temperature and strain rate within the Zener–Hollomon relationship was detected to
be higher for the duplex steel compared to the single phases of austenite and ferrite at
the same temperature. It is assumed that the reason for this is the increasing of the soft
ferrite fraction caused by increasing the temperature. An empirical model to calculate
the stress-strain curve until the peak-stress for ferrite and austenite was developed and
validated with experimental duplex curves. It takes into account the localized strain, as
well as changing the strain rate in the single phases, and also uses the rule of mixture.
The drawback of this method is that the softening due to recrystallization of austenite
is neglected. Haghdadi et al. [13] used the Zener–Hollomon relationship to describe the
peak stress as well as the steady-state stress of an 1.4162 lean duplex steel for different
temperatures and strain rates. The parameters were estimated at the dual-phase material.
The hardening behavior between yield stress and peak stress is calculated by a physically
based Kocks–Mecking approach, using the evolution of dislocation density during plastic
deformation. To also consider the softening due to dynamic recrystallization, the authors
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added an Avrami model to calculate the stress evolution between peak stress and steady-
state stress. Compared to other models, this model has the advantage that a full curve for
hot deformation, considering the physical hardening and recrystallization phenomena, can
be calculated.

While the model of Haghdadi [13] already considers recrystallization during hot de-
formation to calculate the stress, the main drawback is that neither phase transformations
nor changes in grain sizes were considered in this model and, therefore, it is limited to a
simplified thermomechanical process chain and no extrapolation to other initial microstruc-
tures is possible. The Hall–Petch relationship was used by Siegmund et al. [14] to calculate
the yield stress of single-phase ferrite and austenite for different temperatures based on the
yield strength of polycrystals with infinite grain size at room temperature. With increas-
ing temperature, the contribution of the grain size strengthening seems to decrease until
yield strength of both phases over 600 ◦C is close to the same, with ferrite being slightly
harder than austenite. At room temperature, the ferrite phase will be much harder than the
austenite, which means that the yield stress vs. temperature curves of both phases cross
each other, close to a temperature of 600 ◦C. This drop in yield strength at temperatures
above 600 ◦C for ferrite is named Hall–Petch breakdown by Schneibel et al. [15].

When summarizing the work of other authors, it is apparent that there are many
investigations into the strain rate and temperature dependency of stress behavior of duplex
steels. Concerning the influence of microstructure, most authors limit research to the
change in ferrite fraction with temperature. Few authors demonstrate models to cover a
whole flow curve that includes softening due to DRX. Therefore, the aim of the present
work is to introduce a method for calculating hot flow curves of duplex steel in dependence
of different initial microstructures. In that sense, not only the ferrite fraction is considered
as a parameter of the microstructure, but also the phase distribution of ferrite and austenite.

2. Materials and Methods

The present work investigates the influence of phase fraction and phase distribution
on flow stress at one single strain rate and temperature via compression tests. A schematic
overview of the methods used is given in Figure 1. Within the experimental part of
the present work, different microstructures were produced by solution annealing and
quenching. With these microstructures, compression tests at 1100 ◦C and 0.1 s−1 were
performed. The ferrite fraction and mean phase distance of the different microstructures
were analyzed before and after the compression tests. Within the modelling part of the
present work, a model is derived to map the influence of the microstructure on the flow
stress. The microstructure data before and after tests were used in this model, including
the rule of mixture and Hall–Petch relationship, to extract the single-phase flow curves of
ferrite and austenite from the measured duplex flow curves. Based on the flow stress of the
single phases in combination with the ferrite fraction and individual mean phase distances,
the corresponding flow curves of the different microstructures were calculated and the
concurrent impact of the ferrite fraction and the mean phase distance on the mechanical
behavior is discussed.

The Duplex steel used in the present work was the 1.4462 (AISI F51) with the chemical
composition given in Table 1. A hot worked steel bar with a diameter of 18 mm was
used as starting material for the experiments; therefore, all samples were taken in a
longitudinal direction. This material was delivered in the solution annealed condition and
represents semi-finished bar material, as it is often used for the forging of complex parts
for oil and gas industry. The forging procedure of these parts consists of a pre-heating
to high temperatures, upsetting, forging and several reheating steps. In this procedure,
the austenite-ferrite ratio varies for each forging step. To characterize the different ratios
of austenite and ferrite, the material was solution-annealed at different temperatures for
1 h and quenched in water to stabilize the austenite-ferrite ratio. Afterwards compression
tests at 1100 ◦C and 0.1 s−1 were performed at a servo-hydraulic press to measure the
stress-strain response.
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microstructure to flow stress of duplex steels within the present work.

Table 1. Steel composition in weight percent, measured by spectral analysis.

C Mn Cr Ni Mo N Si

0.019 1.624 21.896 4.884 3.272 0.118 0.421

In order to disregard friction effects, Rastegaev sample geometry [16] and a glass
lubricant were used. The samples were heated, rising from room temperature to 1100 ◦C
during pre-heating of 3 min or 5 min before the compression test started. The compression
tests took 2–8 s depending on the final degree of deformation. After the tests, the samples
were quenched in water within 10 s to avoid any further microstructural changes. Flow
curves were determined from the compression test data by using a compensation technique
for elastic deformations [16]. The samples for metallographic analysis were electrolytically
etched in 20% NaOH for 12 s and 2.5 V. Two methods were used to measure the ferrite
volume fraction. The volume fraction before the compression test was measured by the
metallographic point counting method according to ASTM E 562. After the compression
tests the volume fraction of ferrite, except the material condition after 1250 ◦C solution an-
nealing, was measured in the center of the sample with the help of a Fischer FERTISCOPE ®

MP30 (Fischer, GER). Instead of a grain size, the mean phase distance was measured, due
to the fact that only phase boundaries are visible with the used etching method. The mean
phase distance as one mean value for ferrite and austenite was also measured by the line
section method, which also included fine austenite clusters in the determination of the
mean value.

For the modelling of the hot flow curve of the duplex steel, a new method was evolved
within the present work. It was assumed that a basic ferrite and austenite single-phase
flow curve for the boundary conditions 1100 ◦C and 0.1 s−1 can be used within the rule
of mixture in addition to the Hall–Petch relationship to cover the different measured flow
curves observed in experiments.

The influence of the ferrite-austenite ratio on the flow stress is considered in the
commonly used stress partitioning of Equation (1). For reasons of simplification, the
application of the strain partitioning is not considered to date.

The influence of grain size on the flow stress is considered by the Hall–Petch rela-
tionship. Regarding the Taylor law, the mean free path for dislocation glide defines the
strength of a material. In addition, the grain size contributes to the limits of this mean-free
path. According to this, the Hall–Petch equation is often used to describe the effect of grain
size to the material strength empirically:

σ = σ0 +
k√
d

(4)
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with basic strength, e.g., solid solution strength σ0, as well as the mean grain size d and the
Hall–Petch parameter k. Equations (1) and (4) can be combined to consider a variable grain
size also in the stress partitioning:

σD = fδ ∗
(

σδ,0 +
kδ√
dδ

)
+ (1− fδ) ∗

(
σγ,0 +

kγ√
dγ

)
(5)

Due to recrystallization or phase transformation during hot deformation, the grain
size of ferrite and austenite can change significantly. In the present work the values of
kδ,RT = 225 MPa

√
µm and kγ,RT = 503 MPa

√
µm were used as room temperature con-

stants, according to Siegmund et al. [14]. Due to the assumption of Hall–Petch breakdown
in the present work, ki,1100◦C was chosen much lower than the room temperature parame-
ters. The ratio of both Hall–Petch parameters was chosen to be kδ,1100◦C/ky,1100◦C = 0.5.

For the estimation of the single-phase flow curve from the duplex flow curve, two
flow curves with different ferrite volume fractions are necessary. Equation (5) is set up
for two different ferrite-austenite ratios, fδ1 and fδ2, and transferred to calculate the basic
strength of ferrite σδ,0. The first one of fδ1 is given as an example:

σδ =
σD, fδ1

− (1− fδ1) ∗ σγ

fδ1
(6)

And including the Hall–Petch effect in Equation (6):

σδ,0 =

σD, fδ1
− (1− fδ1) ∗

(
σγ,0 +

ky√
d fy1

)
fδ1

− kδ√
d fδ1

(7)

Assuming that the single-phase material response is always the same depending on
the test temperature and the strain rate, the changing ferrite fraction should not influence
the stress-strain behavior of the single ferrite phase. In this case σδ,0 calculated from σD, fδ1
must be the same, which is calculated from σD, fδ2

in Equation (7). Therefore, Equation (7)
can be used on both sides of the equals sign for fδ1 and fδ2:

σD, fδ1
− (1− fδ1) ∗ σγ

fδ1
− kδ√

d fδ1

=
σD, fδ2

− (1− fδ2) ∗ σγ

fδ2
− kδ√

d fδ2

(8)

From this comparison, an equation for the estimation of σγ,0 can be derived:

σγ,0 =

kδ√
d fδ1
− kδ√

d fδ2
− σD, fδ1

fδ1
+

σD, fδ2
fδ2

+
(1− fδ1)∗kγ√

d fγ1

− (1− fδ2)∗kγ√
d fγ2(

(1− fδ2)
fδ2
− (1− fδ1)

fδ1

) (9)

With the help of Equations (7) and (9), the basic flow stresses can be calculated with
a variable combination of volume fractions of ferrite for every strain increment of two
experimental flow curves σD, fδ1

and σD, fδ2
. At this point, the strain partitioning is neglected,

therefore the resulting flow curves are not comparable to experimental flow curves of the
single phases at this state of the model. This means that only the stress partitioning is
considered. From a couple of combinations of different volume fractions, the basic flow
curves of ferrite and austenite can each be averaged to achieve two mean flow curves with
a wider range of validity. Material condition combinations of samples solution annealing at
1000 ◦C & 1170 ◦C, 1000 ◦C & 1200 ◦C, as well as 1050 ◦C & 1200 ◦C were used to calculate
the different basic flow curves. The material conditions after the annealing at 1100 ◦C,
1130 ◦C, and 1250 ◦C were not used to calculate the basic flow curves of austenite and
ferrite and can, therefore, be used for the validation of the model.
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By having the mean flow curves of ferrite and austenite at 1100 ◦C and 0.1 s−1 for
arbitrary ferrite-austenite ratios and grain sizes, the flow curves of duplex microstructure
can be calculated under these boundary conditions using Equation (5). Three material
conditions of the experimental investigation, as well as the literature data, were used for
the validation of the presented method. The different ratios of ferrite and austenite ratios
are coupled to an individual mean phase distance of both phases. Therefore, firstly, a
duplex basic flow curve will be calculated considering the phase ratio, and secondly, the
influence of phase grain size will be added. For every strain an individual grain size is
used; this is necessary as the phase ratio and grain size change during the compression
tests. While the change of grain size is considered in the model, the change of the phase
fraction is not considered in the physical manner, due to numerical problems, which lead
to high artefacts in the flow curve, reducing the phase fraction difference close to zero.

3. Results
3.1. Experimental Characterization

Due to the solution annealing for 1 h at different temperatures, the microstructure
of the duplex steel is changed significantly in dependence of the annealing temperature.
While the annealing at 1000 ◦C results in a microstructure with a ferrite content of 57% and
a mean phase distance of 7 µm for ferrite and austenite, the annealing at 1200 ◦C leads to a
ferrite fraction of 75% and a coarser microstructure with a mean phase distance of 21 µm.
In Figure 2 the coarsening of the microstructure and decrease in the austenitic phase (white)
due to the increase in annealing temperature is visible. The microstructure data measured
from optical microscopy are given in Table 2.
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Table 2. Microstructure parameters of the duplex material after solution annealing of 1 h at different
temperatures and after forming at 1100 ◦C and 1 s−1 measured from optical microscopy.

Annealing
Temperature

[◦C]

γ+δ Mean
Phase Distance
before Forming

[µm]

γ+δ Mean
Phase Distance
after Forming

[µm]

Ferrite Fraction
before Forming

[−]

Ferrite Fraction
after Forming

[−]

- - - 0.49 ± 0.10 -
1000 6.54 ± 0.62 12.18 ± 1.25 0.57 ± 0.09 0.58 ± 0.01
1050 7.20 ± 0.11 13.54 ± 0.83 0.58 ± 0.13 0.59 ± 0.02
1100 9.71 ± 0.85 17.98 ± 1.77 0.60 ± 0.12 0.59 ± 0.01
1130 12.07 ± 0.49 18.19 ± 1.76 0.62 ± 0.12 0.58 ± 0.01
1170 17.53 ± 0.20 22.17 ± 3.21 0.71 ± 0.11 0.59 ± 0.01
1200 21.16 ± 1.52 19.94 ± 3.08 0.75 ± 0.12 0.58 ± 0.01
1250 32.54 ± 3.71 14.38 ± 0.51 0.84 ± 0.11 0.56 ± 0.09

The pictures were taken from the plane, which is located transversal to the forging
direction; therefore, the lamellar structure of the elongated grains is not visible. Using
these different initial microstructures as an input for the compression tests with a strain
rate of 0.1 s−1 and a testing temperature of 1100 ◦C results in the stress strain behavior
as given in Figure 3. The yield stress decreases with increasing ferrite fraction due to the
lower strength of ferrite compared to austenite at high temperatures. The microstructure
condition of 84% is an exception to this trend because the yield stress is higher than that
of the 62% ferrite. Therefore, the existing models based on the ferrite and austenite phase
content are not sufficient to cover this material behavior due to the additional effect of the
phase distribution. While microstructure conditions with lower ferrite fractions show a
clear peak stress, the microstructure conditions with a ferrite fraction of 71% and 75% show
minimal softening. However, the microstructure condition with a ferrite fraction of 84%
shows significant softening behavior again. At the end of the compression tests, there are
two different steady-state stresses for the different tested microstructure conditions. The
first steady-state stress is reached with ferrite fractions of 57–62% and the second one is
reached with the ferrite fractions of 71–84%.
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During deformation, the duplex microstructure undergoes extreme changes. Firstly,
the ferrite fraction is changed due to heating to another temperature during forming,
compared to the temperature of the solution annealing. At the end of the compression
test, all microstructure conditions, independent from the starting fraction, exhibit a ferrite
fraction of approximately 59%, which is the equilibrium ferrite fraction at 1100 ◦C. From
Figure 4a two groups of microstructure changes can be defined. The first group consists
of an initial ferrite fraction from 57% to 62%, where the change in ferrite fraction of
initial microstructure and final microstructure is marginal. The second group has a higher
ferrite content of up to 84%, where the ferrite fraction decreases significantly during
the pre-heating and hot forming. This group definition also corresponds to the effect
of the two different steady-state stresses in the flow curves shown in Figure 3. The high
standard deviation of ferrite fraction measurements before compression tests for all material
conditions and for the interrupted tests of 84% initial ferrite fraction is caused by the optical
method of measurement. In contrast to this, the variations in measurements with the
ferritscope are less.
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Figure 4. (a) Initial and final ferrite fraction measured by the line section method or ferritscope for
the different solution annealing temperatures Tsol . (b) Initial and final ferrite fraction for material
condition of 60% (1100 ◦C) and 75% (1200 ◦C) and evolution of ferrite fraction during pre-heating, as
well as during the compression test of 84% (1250 ◦C).
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In addition to the change of ferrite fraction, the orientation of the phases is changed
during deformation. The beginning isotropic phase distribution was measured transverse
to the elongated forging fiber course. This straight fiber course is rotated during plastic
deformation and transformed to a more lamellar microstructure with elongated austenite
islands, as shown in Figure 5. Grain boundaries are not visible due to the etching technique,
which only allows for the differing of the phases. While the distribution of the austenite
phase is very fine for the initial ferrite fraction of 57%, it is coarsened with increasing initial
ferrite fraction. This means that all microstructures at the end of the compression tests
exhibit the same ferrite fraction, but different distribution of the two phases.

Metals 2021, 11, 1285 10 of 20 
 

 

islands, as shown in Figure 5. Grain boundaries are not visible due to the etching tech-
nique, which only allows for the differing of the phases. While the distribution of the aus-
tenite phase is very fine for the initial ferrite fraction of 57%, it is coarsened with increasing 
initial ferrite fraction. This means that all microstructures at the end of the compression 
tests exhibit the same ferrite fraction, but different distribution of the two phases. 

 
Figure 5. Microstructures after compression tests at 1100 °C and 0.1 s−1 with an initial ferrite volume fraction of (a) 57%, 
(b) 58%, (c) 60%, (d) 62%, (e) 71% and (f) 75%. Ferrite is depicted as grey and austenite as white. 

The sample with the initial ferrite fraction of 84% was prepared differently to samples 
with other microstructure conditions before being subjected to compression tests. While 
most of the samples were heated up to the testing temperature and held for 3 min before 
compression starts, the sample with 84% ferrite was held for 5 min. For this material con-
dition, the compression test was interrupted at a degree of deformation of φ = 0, φ =0.2, and φ = 0.8. Afterwards the evolution of microstructure was investigated as shown 
in Figures 4b and 6. It was observed that the ferrite fraction had already decreased close 
to 60% during the pre-heating to deformation temperature and that further decrease dur-
ing the compression is only 3%. The change in phase distribution in Figure 6a,b is also 
significant before deformation starts. There is a coarsening of the already existing austen-
ite grains after the annealing due to decreasing ferrite fraction. Additionally, the austenite 
precipitates in fine phase fractions inside the ferrite areas. 
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58%, (c) 60%, (d) 62%, (e) 71% and (f) 75%. Ferrite is depicted as grey and austenite as white.

The sample with the initial ferrite fraction of 84% was prepared differently to samples
with other microstructure conditions before being subjected to compression tests. While
most of the samples were heated up to the testing temperature and held for 3 min before
compression starts, the sample with 84% ferrite was held for 5 min. For this material
condition, the compression test was interrupted at a degree of deformation of ϕ = 0,
ϕ = 0.2, and ϕ = 0.8. Afterwards the evolution of microstructure was investigated as
shown in Figures 4b and 6. It was observed that the ferrite fraction had already decreased
close to 60% during the pre-heating to deformation temperature and that further decrease
during the compression is only 3%. The change in phase distribution in Figure 6a,b is also
significant before deformation starts. There is a coarsening of the already existing austenite
grains after the annealing due to decreasing ferrite fraction. Additionally, the austenite
precipitates in fine phase fractions inside the ferrite areas.

The number of finely distributed austenite fractions decrease slightly during deforma-
tion in Figure 6c,d. At the beginning of the plastic forming, the finely distributed austenite
particle refines the microstructure comparable to the material conditions of an approxi-
mately ferrite fraction of 60%. In Figure 6e two distributions of phase distance, before and
after 5 min pre-heating for compression tests, are given. While the initial microstructure
contains austenitic areas of close to 15 µm diameter and ferrite areas of close to 50 µm
diameter, the large areas of the ferrite were refined by the precipitated austenite after
the annealing, so that the distribution shows a sharp peak below 10 µm phase distance.
Mean phase distance and ferrite fractions of the interrupted compression tests for samples
with 84% initial ferrite fraction are given in Table 3. It can be observed that the mean
phase distance of 14 µm does not represent the peak value of the phase size distribution
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after pre-heating, which is dominated by the small precipitates of austenite. The effect of
refinement of the microstructure due to the austenite precipitations can also be observed in
the flow curves in Figure 3, where the yield stress of the 84% ferrite fraction lies between
the stress of 60% and 62% ferrite fraction.
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Figure 6. Microstructures before and during the compression test at 1100 ◦C and 0.1 s−1 with an initial
ferrite volume fraction of (a) 84%, (b) 59% after 300 s pre-heating at 1100 ◦C, (c) 57% after ϕ = 0.2, (d)
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and after pre-heating of 300 s before compression test for initial ferrite volume fraction of 84%.

Table 3. Microstructure parameters of the material condition of 84% initial ferrite fraction after
solution annealing of 1 h at 1250 ◦C and during forming at 1100 ◦C and 1 s−1 measured via optical
microscopy and ferritscope.

Strain [−] Annealing Time [s] γ & δ Mean Phase
Distance [µm] Ferrite Fraction [−]

0 0 32.54 ± 3.71 0.84 ± 0.11
0 300 12.54 ± 1.68 0.59 ± 0.09

0.2 302 11.67 ± 1.42 0.57 ± 0.09
0.8 308 14.38 ± 0.51 0.56 ± 0.09
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3.2. Modelling of Flow Curves

In Figure 7a the simplified evolution of the mean phase distance of the different
microstructure conditions is plotted. It is assumed that the mean phase distance evolves
linearly between the initial and the final phase distance. Microstructure input parameters
from Table 4, which are based on the experimental data from Table 2, were used. A smaller
distance was only used for the initial phase distance of 84% ferrite, due to the extremely
inhomogeneous microstructure of large areas of austenite and significant refined ferrite.
Due to the assumption that strain is accumulated in ferrite in the early stage of forming [3],
the smaller phase distance of the regions of ferrite with austenite precipitates is used instead
of the measured mean phase distance. In Figure 7a most material conditions show an
increase in the mean phase distance during hot deformation. Only the material condition of
75% ferrite shows a decreasing mean phase distance. Additionally, the material condition
of 84% ferrite may be explained by the fine distributed austenite fractions at the beginning
of the compression test, which does not coarsen much until the end of the forming process
in Figure 6d.
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Table 4. Microstructure parameters for modelling the flow curves of duplex steels with different
phase distributions.

Annealing
Temperature

[◦C]

γ+δ Mean
Phase Distance
before Forming

[µm]

γ+δ Mean
Phase Distance
before Forming

[µm]

Ferrite Fraction
before Forming

[−]

Ferrite Fraction
after Forming

[−]

1000 7 12 0.57 0.57
1050 7 14 0.58 0.58
1100 10 18 0.58 0.58
1130 12 18 0.59 0.59
1170 18 22 0.63 0.60
1200 21 20 0.63 0.60
1250 7 14 0.63 0.60

Two problems concerning the changing ferrite fraction were observed during the hot
forming and had to be addressed in the modelling. Firstly, the exact ferrite fraction of
each material condition at the beginning of deformation is unknown due to the significant
change of ferrite fraction during pre-heating. This is especially visible at the flow curve
with an initial ferrite fraction of 84%. Secondly, the ferrite fraction of all material conditions
changes to the equilibrium fraction of 58–59% during forming.

Because the single-phase flow curves were calculated using the differences between
two different microstructural conditions, the decreasing ferrite fraction is a problem. The
difference of the two ferrite fractions should not reach zero, because in this case Equation (9)
is no longer valid. These two problems forced an exchange of the experimentally observed
ferrite fraction, as listed in Table 2, to the assumed one, which are listed in Table 4, for the
modelling. The assumed evolution of the ferrite fractions of the different microstructure
conditions are plotted in Figure 7b. For the first group, with a ferrite fraction (57–62%) close
to the equilibrium ferrite fraction, the ferrite fraction in the model of Table 4 is assumed to
remain constant over the forming process. The second group, with an initial ferrite fraction
of 71−84%, is assumed to have a decrease in ferrite fraction to 63% before deformation and
further decreases down to 60% during the forming process.

Using Equations (7) and (9) for the combinations with an initial ferrite fraction of 57%,
58%, 71% and 75% the single-phase austenite and ferrite flow curves as shown in Figure 8a
can be calculated. For this calculation, the initial ferrite fraction of Table 4 was assumed
to stay constant during deformation. The mean flow curves for ferrite and austenite were
calculated for each strain-step based on these three different single-phase flow curves.
In Figure 8b, the mean flow curves of the single phases are compared to data from the
literature. Here the parameters from Sellars et al. of Table 5 were used from the work
of Iza-Mendia et al. [2] in Equation (3) to estimate the peak stress of austenite and the
steady-state stress of ferrite. For the calculation, the boundary conditions 1100 ◦C and
0.1 s−1 were used. From comparing the single-phase flow curve of austenite with the peak
stress from the literature, it is demonstrated that the peak stress of the duplex model in the
present work overestimates the peak stress from the work of Iza-Mendia et al. In the case
of a ferrite flow curve, the steady-state stress calculated by the duplex model of the present
work is higher than the stress calculated with the model of Iza-Mendia et al. Moreover,
the stress for low strains from the ferrite flow curves is as low as the yield stress in the
measurements of Fischer et al. [17].



Metals 2021, 11, 1285 14 of 19
Metals 2021, 11, 1285 15 of 20 
 

 

 
(a) 

 
(b) 

Figure 8. (a) Basic true stress vs. true strain curves calculated from different material condition 
combinations and averaged curves for ferrite and austenite. (b) Mean single-phase basic stress-
strain curves and single-phase curves considering mean phase distance, as well as stress-strain 
curves for duplex material with 57% ferrite from experiment and duplex model. 

Due to several unknown input parameters in the model, a sensitivity analysis was 
performed. Next to the previously shown results for a Hall–Petch parameter of 𝑘ఋ,ଵଵ଴଴°େ =10 MPa√µm and a constant ferrite fraction during forming in Figure 10a, the influence of 
changing ferrite fraction and higher Hall–Petch parameters were tested. Using a variable 
ferrite fraction during forming means reducing the initial ferrite fraction to the final values 
as given in Table 4, leading to an increase in peak stress and steady-state stress of the 
austenite. At the same time, this changing ferrite fraction leads to a more curved stress 
evolution of ferrite, see Figure 10b. The differences in the duplex flow curves are not sig-
nificant. For the case that, in addition to the variable ferrite fraction, a higher Hall–Petch 
parameter of 𝑘ఋ,ଵଵ଴଴°େ = 20 MPa√µm is also used, the peak stress as well as the steady-
state stress of austenite phase is reduced and the stress of ferrite is increased, see Figure 
10c. Considering the duplex flow curves, especially the interpolated and extrapolated 
curves of 62% and 84% ferrite fraction changed. While the flow stress for low strains of 
both material conditions can be calculated by the model, the steady-state stresses were not 

0 0.2 0.4 0.6 0.8
True strain, -

0

20

40

60

80

100

120

Tr
ue

 s
tre

ss
, M

Pa 1000°C & 1170°C austenite
1000°C & 1170°C ferrite
1000°C & 1200°C austenite
1000°C & 1200°C ferrite
1050°C & 1200°C austenite
1050°C & 1200°C ferrite
mean austenite
mean ferrite

0 0.2 0.4 0.6 0.8
True strain, -

0

20

40

60

80

100

120

Tr
ue

 s
tre

ss
, M

Pa

mean austenite
mean ferrite
ferrite
austenite
exp 57% ferrite
model 57% ferrite

p austenite [2]

s ferrite [2]

Figure 8. (a) Basic true stress vs. true strain curves calculated from different material condition
combinations and averaged curves for ferrite and austenite. (b) Mean single-phase basic stress-strain
curves and single-phase curves considering mean phase distance, as well as stress-strain curves for
duplex material with 57% ferrite from experiment and duplex model.

Table 5. Input parameters for the Zener–Hollomon equation from the literature, data from [2], for
single-phase austenite and ferrite to validate the single-phase results of the duplex model.

Phase A α [MPa−1] n [−] Q [kJ/mol]

Austenite 1.6 × 1015 0.0082 4.75 410
Ferrite 3.52 × 1011 0.0115 3.156 261

It must be mentioned that the single flow curves below a strain of 0.1 need to be
discussed carefully due to the fact that the stress in the austenite flow curves decreases
instead of increasing, as is typically observed in experiments. Nevertheless, the austenite
single-phase flow curve shows the often-reported effect of dynamic recrystallization with
the peak stress and a steady-state stress, while the ferrite single-phase flow curve shows a
continuously increasing stress without dynamic recrystallization. To calculate reasonable
duplex flow curves from the single-phase flow curves, the Hall–Petch contribution of the
special microstructure condition has to be added.
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In Figure 8b the results for the case of 57% ferrite are demonstrated. With the help of
those adapted flow curves of ferrite and austenite, the rule of mixture of Equation (1) was
used to calculate the stress of the duplex material for the example of 57% ferrite fraction.

For the calculation of the flow curves from different material conditions of the duplex
steel in Figure 9a the same mean flow curves of ferrite and austenite and the rule of mixture
were used. These material conditions correspond to the conditions used for the calculation
of mean single-phase flow curves. Additionally, the material conditions in Figure 9b exhibit
an interpolation and extrapolation of the method to the material conditions of 60%, 62%
and 84% initial ferrite fractions and can, therefore, be used for the model validation. While
the experimental flow curves in Figure 9a can be represented by the duplex model, the
curves of Figure 9b show more deviation between the experiments and the model. For the
material condition of 84% ferrite fraction, the flow stress shows for low strains a significant
deviation, whereas the steady-state stress is in good congruence. For initial ferrite fractions
of 60% and 62% the stress at the beginning looks good, but the steady-state stress cannot
be represented by the model.
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Figure 9. (a) Comparison of experimental and calculated stress-strain curves of material conditions
that were used to calculate the mean single-phase curves. (b) Comparison of experimental and
calculated stress-strain curves of material conditions that are inter- (int) and extrapolated (ext) with
the duplex model.
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Due to several unknown input parameters in the model, a sensitivity analysis was performed.
Next to the previously shown results for a Hall–Petch parameter of kδ,1100◦C = 10 MPa

√
µm and

a constant ferrite fraction during forming in Figure 10a, the influence of changing ferrite
fraction and higher Hall–Petch parameters were tested. Using a variable ferrite fraction
during forming means reducing the initial ferrite fraction to the final values as given in
Table 4, leading to an increase in peak stress and steady-state stress of the austenite. At
the same time, this changing ferrite fraction leads to a more curved stress evolution of
ferrite, see Figure 10b. The differences in the duplex flow curves are not significant. For
the case that, in addition to the variable ferrite fraction, a higher Hall–Petch parameter of
kδ,1100◦C = 20 MPa

√
µm is also used, the peak stress as well as the steady-state stress of

austenite phase is reduced and the stress of ferrite is increased, see Figure 10c. Considering
the duplex flow curves, especially the interpolated and extrapolated curves of 62% and 84%
ferrite fraction changed. While the flow stress for low strains of both material conditions
can be calculated by the model, the steady-state stresses were not represented. In contrast
to the experimental results, the steady-state stress of 84% ferrite fraction calculation is
higher than the one of 62%.
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Figure 10. (a) Sensitivity study of fitting parameters for the duplex model for (a) constant initial ferrite fractions and
Hall-Petch parameter of 10, (b) decreasing ferrite fractions during compression and Hall-Petch parameter of 10 MPaµm1/2
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4. Discussion

The present work demonstrates the importance of the influence of the microstructure,
e.g., phase distribution and phase distance, on the flow stress of the duplex steel during
hot forming. The flow stress evolution of the different material conditions cannot be
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explained easily by the different ferrite fractions achieved after different temperatures of
solution annealing. From 57% to 71%, the magnitude of peak stresses of the flow curves
in Figure 3 correspond with the initial ferrite fraction, which means more ferrite leads
to less stress. However, in the case of 75%, and especially for 84%, the flow stress of
the material condition is increasing, compared to material conditions with less ferrite.
Furthermore, the fact that all material conditions exhibit the same ferrite fraction at the end
of the compression test is also strong evidence that the different steady-state stresses in the
flow curves were caused by differences in the phase distribution or the phase distance. This
is especially the case for the material conditions (71%, 75%, 84% ferrite fraction), where
the forming temperature does not correspond with the equilibrium temperature of the
initial ferrite fraction. Therefore, significant microstructural changes have been observed
between Figures 2 and 5 during pre-heating and forming at 1100 ◦C in the present work,
which strongly depend upon whether ferrite fraction increases or decreases. For the case
that the ferrite fraction decreases more than 10%, fine austenite particles lead to significant
microstructure refinement and, therefore, to an increase in the materials’ strength.

While other authors primarily investigate the influence of strain rate, temperature,
and occasionally the ferrite fraction on the flow stress; the evolution of microstructure
distribution during forming is often neglected. In Figure 3, the influence of the initial
microstructure distribution on the peak stress during a compression at 0.1 s−1 and 1100 ◦C
is in the range of 10 MPa. Therefore, this effect is comparable to the differences in the flow
stress due to a strain rate change of 0.05 s−1 or 0.5 s−1 as well as the differences due to a
temperature change from 1100 ◦C to 1200 ◦C. These mentioned changes are seen in the
work of Spigarelli et al. [3]. As a consequence, the phase distribution and evolution of the
microstructure cannot be neglected for precise flow curve modelling.

A possible model to consider the microstructure distribution in the form of the mean
phase distance on the flow stress was introduced in the present work. This model is
based on the assumption that the mechanical behaviour of all material conditions can be
reduced to the same ferrite and austenite single-phase material behaviour, as shown in
Figure 8b, which is then individualized for each material condition by the rule of mixture
and Hall–Petch effect based on the different microstructure data.

One problem that still has to be overcome in the demonstrated method for the inverse
estimation of the single-phase flow curves of ferrite and austenite is the assimilation of
ferrite fraction during pre-heating and forming. Due to the limitations of the method
that ferrite difference cannot decrease to zero, the results of the model contain an error.
Additionally, it has to be mentioned that the calculated single-phase ferrite and austenite
flow curves of Figure 8b would probably not represent experimentally measured flow
curves of the single phases at 1100 ◦C and 0.1 s−1. The reason for this is that strain
partitioning and strain rate partitioning as mentioned by Spigarelli et al. [3] have not
been considered in the model to date. Nevertheless, it is assumed that the error resulting
from the deviation in the ferrite fraction used and the one measured in experiments is
in an acceptable range, as the results of the single-phase curves in Figure 8b are of a
similar magnitude compared to data from the literature. Concerning the disregarding of
strain and strain rate partitioning, it is possible to use the rule of mixture without strain
partitioning if it is disregarded in both directions, means calculating the single-phase
curves as well as mixing the duplex phase curves from single-phase curves. The aim of the
present work is not to calculate perfect single-phase flow curves for austenite and ferrite for
comparison with experimental data. Moreover, the present work has a much simpler aim,
as it shows that effects of microstructure features on the stress response can be considered
with relatively simple microstructure models and, therefore, should be further investigated.
For a precise calculation of the single-phase flow curves, the strain rate partitioning, as
well as the strain rate sensitivity of the stress, should be implemented in a future version of
the model.

The sensitivity study in Figure 10 shows that the concurrent effects of phase fraction
by the rule of mixture and phase distance by the Hall–Petch effect on the flow stress are
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strongly dependent on the fitted Hall–Petch parameters and the assumed input values of
the microstructure, e.g., phase fraction and phase distance. In the present work, only mean
values of the phase distance were used, which is a strong simplification. In the case of an
84% initial ferrite fraction, it is demonstrated that for inhomogeneous microstructures, a
more complex definition of the microstructure parameters than the mean phase distance
is necessary to cover the bimodal phase distance distribution, as shown in Figure 6b.
Therefore, it is important to have as exact experimental microstructure parameters as
possible, including the mean phase distance of each single phase and changing ferrite
fractions. In addition, the Hall–Petch parameter is afflicted with uncertainty due to missing
experimental data for high temperatures. Nevertheless, by choosing reasonable values
based on the experimentally observed stresses from the literature for ferrite and austenite,
the model could be used for the sensitivity analysis.

The calculated peak stresses of the different material conditions in Figures 9 and 10
agree with the experimental data when using the measured mean phase distance from
the experiments. Conversely, the effect of the two different steady-state stresses observed
in the experiment cannot be covered adequately by the model when the microstructure
information from the experiments after forming is used. Especially for the interpolated
and extrapolated material conditions, the model results do not fit the experimental results.
Keeping the ferrite fractions of the model constant during forming (Figure 10b) leads to
not only different steady-state stresses but also to different final ferrite fractions for the
material conditions. However, this is not in agreement with the measured ferrite fractions
of the experiments, which are nearly the same (Table 4). Nevertheless, the two different
steady-state stresses of the material conditions observed in the experiment can be predicted
best with the constant ferrite fractions. While using a higher Hall–Petch parameter in
combination with the more realistic decreasing ferrite fraction (Figure 10c) shifted the
model sensitivity to the phase distance instead of the ferrite fraction. Furthermore, the
mean values of the measured phase distance used in the experiment are not able to represent
the situation of the steady-state stresses for all investigated material conditions. Especially
the interpolated and extrapolated material conditions showed deviations between the
model and the experimental data.

It can be concluded that the combination of single-phase flow curves, rule of mixture
and Hall–Petch relationship is usable to predict the influence of phase distribution on the
duplex flow stress for a homogenous microstructure. For more complex microstructures,
which contains inhomogeneous features, more information than the mean distance of
phases is needed to cover the flow curve.

5. Conclusions

In the present work, the influence of microstructure parameters such as ferrite volume
fraction and phase distribution on the hot deformation flow stress of a duplex steel has
been investigated. Therefore, compression tests at higher temperature were conducted and
a model was developed. Based on the results of the experiments and the modelling, the
following conclusions can be made:

• Modelling of the flow stress based on just the ferrite and austenite fractions and the
rule of mixture is not adequate if there are significant differences in the microstruc-
tural appearance.

• The consideration of the phase distribution is also relevant for the modelling of duplex
steel hot flow curves.

• A possible way to predict the duplex flow curves of material with different austenite
and ferrite phase distributions more accurately is the combined use of single-phase
flow curves, the rule of mixture and the Hall–Petch relationship.

• In a first step, the Hall–Petch relationship can be based on the mean phase distance,
which is quite easy to measure and is able to increase the accuracy for the peak stress.

• The limits of using only one single parameter mean phase distance for a duplex steel
microstructure are visible for the case of strongly inhomogeneous microstructures.
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• Additionally, the inclusion of only the mean phase distance is not enough to describe
the steady-state stress for all material conditions.

• Due to sporadically occurring differences between modelled and measured flow
curves for inhomogeneous microstructures, more information about single phases has
to be collated and included in future models.
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