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Abstract
Recently, much attention has been paid to studying the micromechanical behavior of multiphase
materials by virtue of their extensive engineering applications. A strong heterogeneity in stress
exists in two-phase materials during loading due to the different thermal expansion coefficients
and the respective mechanical properties of each individual phase. For one duplex stainless
steel under uniaxial compression, the distributions of microstrains were characterized with the
strain response of multiple reflections to the applied external stress for each phase by employing
in situ neutron diffraction experiments. Based on these, the anisotropic elastoplastic properties
of the duplex steel on microscales, i.e. phase size and grain size, were modeled using a
two-phase viscoplastic self-consistent (VPSC) model involving lattice rotation (texture
evolution). Good agreement between predictions and neutron diffraction measurements was
found. The stress partition between phases and orientated grains was discussed to characterize
the phase stress and the grain-orientation-dependent stress, thus the particular micromechanical
properties of two-phase materials may be explored.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

For multiphase materials now in most extensive engineering
applications, internal stresses can arise from differences
in thermal expansion ability, yield stress, and stiffness
among not only the different phase constituents but also the
variously oriented grains. Those stresses characterizing the
elastoplastic properties of materials on different microscopic
scales, i.e. phase size and grain size, are closely combined
with the mechanical processing of components subjected to
service. Thus, evaluating the micromechanical behavior for
multiphase materials is of great scientific and engineering
importance. In recent years, much interest has been triggered
on the study of anisotropic micromechanical behaviors of
engineering materials by performing diffraction measurements
on in situ experiments. Accordingly, many efforts are
being made to develop numerical and analytical models
aiming at the accurate evaluation and reliable prediction
of mechanical performances of materials based on these
measurements. However, most work is concerned with single-

phase materials [1]. As for multiphase materials, only a
limited number of measurements and simulations have been
accessed [2, 3]. Thus, understanding the grain-to-grain and
phase-to-phase interactions in multiphase materials remains
ambiguous.

The material used in the current investigation is an
austenite–ferrite (γ –α) stainless steel of increasing scientific
and engineering interest owning to its exceptional strength
and corrosion resistance. In our previous work [4], based
on in situ neutron diffraction experiments, the distribution of
microstrain in this duplex alloy was measured for respective
phases. After this, the development of phase stress and grain-
orientation-dependent stress during uniaxial compression was
described by using one simplified elastoplastic self-consistent
(EPSC) model [5], in which the complex interaction between
the austenitic and the ferritic phases was ignored and only the
grain-to-grain interaction in respective phases was considered.
The present work details the application of a newly developed
two-phase viscoplastic self-consistent (VPSC) model based
on these neutron measurements. Thermal residual stresses,

0953-8984/08/104259+07$30.00 © 2008 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/20/10/104259
http://stacks.iop.org/JPhysCM/20/104259


J. Phys.: Condens. Matter 20 (2008) 104259 N Jia et al

Figure 1. Optical micrographs of the duplex steel in different sample
directions.

initial microstructure and grain orientation, together with
texture evolution of the material, are involved in the simulated
mechanical process. The elastic and plastic interactions
among grains with their specific crystal orientations and
mechanical performances are considered within the mixed
phases, according to which the stress partition between phases
and among orientated grains are characterized by the phase
stress and the grain-orientation-dependent stress. Therefore,
a clear exploration into the micromechanical behavior of two-
phase materials may be obtained.

2. Materials and experiments

The studied stainless steel, SAF 2507, with a nominal chemical
composition (wt%) of 25 Cr, 7 Ni, 4 Mo, 1.2 Mn, 0.8 Si
and 0.3 N (remainder Fe), was supplied in solution annealed
(1100 ◦C) and water quenched condition. The material
thus has an austenitic–ferritic microstructure, which is free
from grain boundary carbides and intermetallic phases. The
microstructure, that consists of 58% austenite (γ ) and 42%
ferrite (α) (by volume), is shown by metallographical sections
in figure 1. X-ray diffraction reveals that, with the notation
of {hkl} ‖ ND and 〈uvw〉 ‖ RD characterizing texture type
{hkl}〈uvw〉, initial textures in γ and α phases are dominated
by the {110} 〈001〉 (Goss) component and the relatively strong
{100} 〈001〉 (Cube) component, respectively. RD is the rolling
direction and TD and ND denotes the two radial directions
perpendicular to each other. The 0.2% offset yield strength
and fracture tensile ductility of the duplex steel are 606 MPa
and 30%, respectively.

Neutron diffraction was used to measure the lattice strain
distributions of the duplex steel as the cylindrical specimen was
undergoing uniaxial compression along its original RD. The
lattice strains of the {200}γ, {220}γ and {311}γ reflections
for the austenite, and the {200}α and {211}α reflections for
the ferrite, were measured in two specimen directions, i.e. the
loading and the radial directions, respectively. The specimen
was compressed incrementally up to an applied stress higher
than its yield strength and subsequently unloaded from the
highest load of −700 to −5 MPa, while neutron diffraction
spectra were recorded at each loading level. The gauge volume
defined by the incident and the diffracted beam slits was

Figure 2. Response of lattice strains to the applied stress along the
compression axis for different reflections in the austenite and the
ferrite.

limited within the specimen volume (see [4] for details). The
interplanar spacing dhkl of the hkl plane was obtained by using
Bragg’s law. Before this the diffraction peak position was
determined by fitting a Gaussian function to the diffraction
profile.

The lattice strain εhkl was calculated from εhkl = (dhkl −
d0)/d0, where d0 is the stress-free interplanar spacing of the
specified hkl plane. In the current strain calculation, the
lattice constant d0 is derived by averaging over all the sample
directions and hkl planes in each phase and taking into account
the stress balance between the γ and α phases.

3. Experimental results and model establishment

Figure 2 shows the evolution of lattice strains, εhkl , for different
{hkl} planes measured along the loading direction as a function
of the applied compressive stress. It can be seen that before
loading the sign of εhkl is positive for {200}γ, {220}γ and
{311}γ , and negative for {200}α and {211}α, respectively. The
strains of different {hkl} planes indicate that a thermal residual
stress balanced between the two phases was generated during
the previous heat-treatment of the as-received material. The
signs of strains are in agreement with the fact that the thermal
expansion coefficient of the γ phase is larger than that of the α
phase [6]. Since lattice strains for the five hkl planes have been
experimentally mapped at each constant applied load in various
sample directions, the lattice strain distributions along the
loading direction to the radial direction of both phases could
be obtained, with � defining the angle between the scattering
vector and the loading direction. As plotted in figure 3, in
the measured results, the negative slope for the γ phase and
the positive slope for the α phase indicate the existence of
tensile stress and compressive stress in the respective phases
along the rolling direction of the as-received material. The
linear variation of the lattice strains with sin2� indicates a
homogeneous strain state in all the sampled populations during
the� tilts, meaning that the grain orientation-dependent stress
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Figure 3. Measured and simulated lattice strain distributions for
different reflections in (a) austenite and (b) ferrite, before loading.

may not exist in the as-received material. The discrepancy in
the lattice strains between the experimental and the simulated
results will be discussed later.

A viscoplastic self-consistent (VPSC) model was imple-
mented to simulate the micromechanical behavior of the stud-
ied duplex steel during deformation. In the presented simu-
lation, each grain is considered as an inclusion embedded in
a homogeneous equivalent medium mixed with the austenitic
and the ferritic grains. The external loading acts as the bound-
ary condition of the deformation and is fulfilled by accommo-
dating stress/strain distributions within the material at the grain
level. For each single crystal, the hardening function of its i th
slip system is calculated as

τ i(�) = τ i
0 + (τ i

1 + θ i
1�)

[
1 − exp

(
−θ

i
0 · �
τ i

1

)]
, (1)

where � is the shear increment accumulated on all systems
over the deformation history and τ i is the instantaneous
flow stress as a function of �. The initial deformation
is characterized by τ i

0 (the critical resolved shear stress)
and θ i

0 (hardening rate), while the asymptotic hardening is
characterized by τ i

1 and θ i
1. To predict the elastoplastic process

of the duplex steel, calculations were performed for 2592
and 1877 ellipsoidal inclusions (with the axis ratio of 1:1:3
corresponding to ND, TD and RD) representing grains of
austenite (58%) and ferrite (42%). The initial orientations of
the crystallites corresponding to the experimental textures are
used as the input data for each phase. For the austenitic phase
with the fcc crystal structure, slip is considered on the close-
packed {111} planes and in the 〈110〉 close-packed directions.
For the ferritic phase, since there is not a close-packed structure
in bcc materials, slip is considered to take place on many slip
systems, with the 〈111〉 direction in common, i.e. {110}〈111〉
and {112}〈111〉 are considered in the simulation.

To introduce the initial thermal residual stress into the
simulation of the subsequent deformation, a thermal process
with the temperature gradient corresponding to the process of
water quenching was modeled. The specimen is assumed to
be in the hydrostatic state and stress equilibrium is considered
between the two phases, i.e.

(1 − Vα)× totσγ + Vα × totσα = Mσ, (2)

where Vα is the volume fraction of the α phase and totσγ and
totσα are the total stresses for the γ and α phases averaged
over their constitutive single crystals. Mσ is the macrostress of
the two-phase material, which is zero in these circumstances,
as under heat treatment no external stress is applied on the
specimen volume.

Also as shown in figure 2, when the load comes to
−150 MPa, the strain values of all the lattice reflections
become compressive in the axial direction and continue to
increase with the increasing applied stress. When the stress
is continuously elevated step by step, the evolution of elastic
strain varies among the different hkl reflections of both phases
due to their respective elastic properties. Linear responses
of the lattice strains to the applied stress are observed for
all the investigated hkl planes in the specimen before loading
up to −250 MPa, which indicates that the elastic behavior is
dominant at this stage in both phases. Because of the similar
elastic constants for the α and γ phases [9] (table 1), the same
hardening parameters θ(α)0 and θ

(γ )

0 , that denote the plastic
response of the two phases at the onset of microyielding, are
used in the simulation. After loading to −500 MPa, the non-
linearity is evident for all the hkl planes, indicating that the
microscopic yielding has started and the plastic behavior is
dominant in both phases. For all the reflections, microscopic
yielding occurs below the macroscopic yielding stress of the
material (606 MPa) but at different macrostresses among the
various grain populations.

These differential yielding points determine the mi-
croplastic properties of the individual phases, thus they are
used for fitting the critical resolved shear stress τ0 for the γ
and α phases in mechanical simulation. Since the slip planes
in the ferrite are not close-packed as in the case of the austen-
ite, higher shear stresses are necessary for slip in ferrite than
in austenite. When the loading is applied in the plastically
deformed stage and even further, the slope of lattice strain
continues to be differential among different crystallographic
planes, indicating the different degrees of plastic anisotropy.
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Table 1. Single-crystal elastic constants Cij , diffraction elastic constants (E) and Poisson’s ratio (ν) for the austenite (γ ) and the ferrite (α).

C11 (GPa) C12 (GPa) C44 (GPa) E (GPa) ν

{200}γ 149 0.345
Austenite (γ ) 204.6 137.7 126.2 {220}γ 213 0.278

{311}γ 184 0.309

Ferrite (α) 236.9 140.6 116.0 {200}α 175 0.331
{211}α 225 0.283

Namely, a noticeable nonlinearity for the {200}γ , an insensi-
tive response for the {311}γ and an upward deviation of lin-
earity for the {220}γ are observed (figure 2). As for the α
phase, the slope for the {211}α is obviously higher than that
for the {200}α. Similar observations have been reported based
on in situ diffraction experiments performed on single-phase
austenitic and ferritic alloys [7, 8]. In this range, the lattice
strain evolution depends on the relative hardening of the two
phases. By fitting the simulation to the experimental slopes
of each individual hkl plane, the ratio of asymptotic hardening
parameters (θ (α)1 /θ

(γ )

1 ) of 0.12 is determined for the austenite
and the ferrite. The value of θ(α)1 + θ

(γ )

1 mainly influences the
slope of the macrostress–strain curve of the two-phase mate-
rial; thus, the absolute values of the hardening parameters θ(α)1

and θ(γ )1 could be finally determined by fitting the predicted
macrostress–strain flow curve of the duplex steel to the mea-
surements from mechanical tests. It should be stated that, using
the present method [3], which is essentially based on neutron
diffraction measurements on individual lattice reflections of the
respective phases, the initial critical stress and the hardening
parameters can be determined independently for the austenite
and the ferrite. However, this is rarely straightforward if only
conventional mechanical approaches are applied.

4. Discussions

4.1. Response of lattice strains to loading

Figures 4 and 5 show both the simulated and the neutron
diffraction measured responses of lattice strains against the
macroscopic applied stress, parallel and perpendicular to the
loading direction respectively. It can be seen that after
the settlement of the model parameters for each phase an
excellent agreement between simulation and experimental
results could be obtained along the loading direction, which
is of especial importance since it proves that the present
two-phase self-consistent formula is reliable for generally
predicting the interaction between elastically and plastically
deformed phases. In both directions for measurements,
deviations from an elastic linear response caused by the
preferential yielding of some grains with their specific
orientations and mechanical properties are predicted far below
the macroscopic plasticity for the austenite (∼−250 MPa)
and close to the onset of macroscopic yielding for the ferrite
(∼−500 MPa), respectively, owing to the fact that the stress
redistribution caused by both the grain-to-grain interactions
within one phase and phase-to-phase interactions has been
involved in modeling the elastic and plastic behavior of the
two-phase material. In addition, this nonlinearity in lattice

Figure 4. Measured and simulated response of lattice strains to the
applied stress along the compression axis for different reflections in
(a) austenite and (b) ferrite.

strain response occurs at different macrostresses for one
specific family of grains between the two sample directions,
i.e. in the axial direction and the transverse direction. This
indicates an effect of the diffracting elastic module and
Poisson’s ratio for one hkl lattice plane.

However, the single-peak response in the transverse
direction (figure 5) shows some large discrepancies between
the simulated and the measured points, although this may be
partly explained by the experimental scatter and the inaccurate
values of lattice constant d0. In fact, it is mainly induced
by the discrepancy in the initial strains, i.e. the thermal
residual strains for most lattice planes, since quite the similar
tendencies of lattice strain evolution could be found in the
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Figure 5. Measured and simulated response of lattice strains to the
applied stress perpendicular to the compression axis for different
reflections in (a) austenite and (b) ferrite.

simulated and the measured results. It is worth noting that
the macrostress varies with depth in the material, although it
is in equilibrium over the complete specimen. Concerning
neutron diffraction experiments, the determined stresses are
averages over the irradiated volume. Thus, regarding the
measurements in practice, only limited dimension and shape of
the specimen which have been defined by slits on the incident
and the diffracted beams is selected as the diffracting volume.
This means that, before loading, the measured sample volume
actually undertakes a residual stresses balanced with the rest
of the whole specimen, and this stress is non-hydrostatic
on a macroscopic scale [10]. However, this is beyond the
consideration in the current simulation of the thermal process
prior to loading.

4.2. Development of phase stress and
grain-orientation-dependent stress

As for two-phase materials, during elastic and plastic
deformation, the stress distribution inside the polycrystals is
highly heterogeneous, primarily due to not only the grain
orientations but also the variation of phases. Since the
accommodation activity of a constituent grain depends directly

Figure 6. Self-consistent model simulated and isotropic model
calculated total stress of each individual phase as a function of the
applied stress for the duplex steel.

on its local stress, the deformation of polycrystalline materials
depends on the level of accommodation in the phases and
grains, which enables us to use the self-consistent method to
predict the loading response and the resulting performance
among the constituents of two-phase materials. The overall
stress and strain states of one grain aggregate could be
calculated as the weighted averages of the counterparts over
its constitutive grain orientations and shapes.

In another way, based on diffraction experiments, the
stress tensor components of one diffracting grain family could
be determined from the three measured principal strain tensor
components, ε1, ε2 and ε3 (1 denotes the RD, 2 and 3 denote
the two orthogonal directions normal to the RD and ε2 = ε3)
according to the isotropic model using Hooke’s law:

σi = E[εi +ν(ε1+ε2+ε3)/(1−2ν)]/(1+ν), i = 1, 2, 3
(3)

where E is the diffraction elastic constant and ν is Poisson’s
ratio in the subset of grains with their {hkl} crystal planes
normal to the scattering vector. All the parameters determined
by the Kröner model for the austenite and the ferrite are listed
in table 1 [11].

Figure 6 shows the total stress of each individual phase
as a function of the applied stress of the duplex steel by
using self-consistent simulation and calculation based on the
isotropic model. In the isotropic model, calculation is made
merely using the lattice strains measured on {311} and {211}
reflections for the γ and α phases, respectively. It can be
seen that, before loading, the stresses in the γ and α phases
are positive and negative, respectively, leading to a phase
stress of approximately 150 MPa due to thermal mismatch
between the phases. Before loading up to −500 MPa, the stress
discrepancy of this thermal origin remains between the phases
but decreases with the elevated external stress. Moreover,
both the calculations show that the γ phase undertakes less
load than the α phase, indicative of the relative hardness of
the austenite compared with the ferrite at this stage. The
accommodation of the initial (thermal residual) stress with
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Figure 7. Self-consistent model simulated average stresses for
specifically oriented grains along the loading direction as a function
of the applied stress during loading and unloading in (a) austenite
and (b) ferrite.

the intrinsic elastoplastic properties of each individual phase
then acts as the explanation for the decreasing but prominent
stress partition between the phases during this period. At
approximately −550 MPa, when slipping is initiated in all
grains in either phase, the overall stresses of the two phases
continue to approach each other but in a much faster manner.
An evident decrease in stress partition between the γ and α
phases is predicted by both models when macroscopic plastic
deformation reaches ∼−650 MPa. After this stage, the phase
stress starts to increase again, whereas the γ phase starts to
undertake more load than the α phase. The differences between
the self-consistent simulation and the isotropic calculation
indicate a major contribution of grain-orientation-dependent
stresses to phase-to-phase interactions.

To examine the stress redistribution within the duplex steel
under loading and unloading, the two-phase self-consistent
model simulated average stresses for specifically oriented
grains along the loading direction, i.e. 〈uvw〉 ‖ RD, are plotted
as a function of the applied stress during loading and unloading
as shown in figure 7, in which the overall stresses for each
individual phase are also indicated.

As seen from the variation of stresses among the orientated
grains, before loading, the intergranular microstresses in both

phases are very small. With the increasing external stress,
moderate grain-orientation-dependent stresses are generated
due to the preferential yielding of some plastically soft grains
based on the lattice strain distributions as discussed before.
At above −550 MPa, when yielding has started in all grains
of both phases, the grain-orientation-dependent stresses are
significantly developed because of the strong anisotropy of
plastic properties among different {hkl} reflections in either
phase. The largest grain-orientation-dependent stress is found
at the maximum load of −800 MPa for both phases, which may
be attributed to the strain hardening and texture evolution in
the γ and α phases. These simulated results are in accordance
with previous investigations on stress distributions relevant
to the elastic and plastic anisotropy of single-phase austenite
and ferrite materials [12]. The predicted microstresses
at unloads (−450 and 0 MPa during unloading), also as
presented in figure 7, show that the averaged phase stresses
together with the stress partition between the phases decrease,
whereas prominent intergranular interaction remains among
the different lattice planes in austenite.

As for the neutron diffraction measured results, however,
the examination of the heterogeneity in stress within the
two-phase material may not be straightforward. Although
the nonlinear relationship between lattice strains and sin2ψ

for each diffracting subset indicates the presence of grain-
orientation-dependent stresses of the material undergoing
deformation (which are not shown here), the intergranular
and interphase interactions could not be quantitatively
characterized. The reason is discussed below.

The total stress in the γ phase, totσγ , is the sum of the
macrostress, Mσ , and a microstress component, μσγ , i.e.

totσγ = Mσ + μσγ . (4)

As for the phase stresses, μσγ and μσα , in the γ phase and the
α phase, considering a stress balance between the two phases
in the duplex steel, it holds that

(1 − Vα)× μσγ + Vα × μσα = 0 (5)

where Vα is the volume fraction of the α phase. If the
total stress for each phase is determined from the diffraction
measured strains in individual hkl reflections by equation (3),
then macrostress and phase stresses can be separated by
employing equations (4) and (5). However, it should be
made clear that the stresses determined by diffraction are
averages over the irradiated volume. Thus, the value of total
stress depends on different lattice reflections, meaning that
the macrostress and phase stress obtained with this method
depend on the selection of hkl planes in each phase. That
is to say, the difference in stress obtained from the different
combinations of the hkl in each phase reflects the grain
orientation-dependent stresses existing in two-phase materials,
and this intergranular anisotropy in stress could not be obtained
directly using the isotropic model unless a comparison is
made among the calculations based on various combinations
of lattice reflections for the γ phase and the α phase.

In addition, due to the large effect of the different
lattice reflections on their stress/strain states, the elastic and
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plastic anisotropy of the studied material highly depends
on the selection of the crystallographic planes in diffraction
experiments. If only the neutron measured hkl planes,
i.e. {200}, {220} and {311} for the γ phase and {200} and
{211} for the α phase, are considered in stress calculation
and based on the sin2ψ diffraction method, one may
conclude that the grain orientation-dependent stresses in the
austenite are stronger than those in the ferrite after an
analysis of the mean phase stress (σ ph

11 − σ
ph
33 ) distribution

as a function of the applied stress for each phase [13].
However, the self-consistent simulation provides us with
complete information on intergranular interactions along
various directions (figure 7), showing that comparable grain
orientation-dependent stresses have also been developed in
the ferrite between the {100} and {111} reflections when the
specimen is under plastic deformation.

5. Conclusions

Neutron diffraction has been employed to measure the lattice
strain distributions for respective phases in a duplex steel
under uniaxial loading. Based on those experimental data,
heterogeneous stresses of the two-phase alloy are simulated
using a two-phase viscoplastic self consistent model. The
model has involved the elastic and plastic interactions among
grains of their specific crystal orientations and mechanical
properties, together with texture evolution of both phases.
However, further work is still required to take into account
the influence of initial macrostresses on the deformation
of both phases in the duplex steel to precisely capture
the experimental results. Correlations between the neutron
data and the developed model are discussed, providing a

good understanding of the self-consistent simulation that
manifests the micromechanical behaviors of two-phase alloys.
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