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Residual stresses and fatigue in a duplex stainless steel

Abstract

Duplex stainless steels, consisting of approximately equal amounts of austenite and
ferrite, often combine the best features of austenitic and ferritic stainless steels. They
generally have good mechanical properties, including high strength and ductility, and
the corrosion resistance is often better than conventional austenitic grades. This has
lead to a growing use of duplex stainless steels as a material in mechanically loaded
constructions. However, detailed knowledge regarding its mechanical properties and
deformation mechanisms are still lacking. In this thesis special emphasis has been
placed on the residual stresses and their influence on mechanical behaviour of duplex
stainless steels. Due to the difference in coefficient of thermal expansion between the
two phases, tensile microstresses are found in the austenitic phase and balancing
compressive microstresses in the ferritic phase.

The first part of this thesis is a literature survey, which will give an introduction to
duplex stainless steels and review the fatigue properties of duplex stainless steels and
the influence of residual stresses in two-phase material.

The second part concerns the evolution of the residual stress state during uniaxial
loading. Initial residual stresses were found to be almost two times higher in the
transverse direction compared to the rolling direction. During loading the absolute
value of the microstresses increased in the macroscopic elastic regime but started to
decrease with increasing load in the macroscopic plastic regime. A significant increase
of the microstresses was also found to occur during unloading. Finite element
simulations also show stress variation within one phase and a strong influence of both
the elastic and plastic anisotropy of the individual phases on the simulated stress state.

In the third part, the load sharing between the phases during cyclic loading is studied.
X-ray diffraction stress analysis and transmission electron microscopy show that even
if the hardness and yield strength are higher in the austenitic phase, more plastic
deformation will occur in this phase due to the residual microstresses present in the
material. These microstresses were also found to increase from 50 MPa to 160 MPa in
the austenitic phase during the first 100 cycles when cycled in tension fatigue with a
maximum load of 500 MPa. A sharpening of the texture was found in the ferritic
phase, while a small decrease was found in the austenitic phase. The changes in texture
lead to a reduction of the stiffness in the loading direction.
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1 Introduction

1.1 Background
Austenitic grades are the most commonly used stainless steels, generally having good
corrosion resistance, low yield strength and high work hardening rates. In presence of
chloride austenitic stainless steels are susceptible to stress corrosion cracking. Ferritic
stainless steels have generally higher yield strength and lower toughness. They are not
sensitive to chloride induced stress corrosion cracking but are less corrosion resistant
than austenitic stainless steels.

Duplex stainless steels, consisting of approximately equal amounts of austenite and
ferrite, often combine the best features of austenitic and ferritic steels. The generally
have good mechanical properties, including high strength and ductility, and the
corrosion resistance is often better than conventional austenitic grades. These steels are
increasingly used as an alternative to conventional austenitic grades and are today
established in a wide product range from chemical tankers, pressure vessels and pipes
to heat exchangers, paper machines and offshore applications. The high strength of the
duplex grades enables both weight and cost savings when they are used as a corrosion
resistant material in a construction.

A two-phase material, like duplex stainless steel, is inhomogeneous, and each phase in
the material will have a different response to an applied strain. Since the two phases
may have different coefficients of thermal expansion, thermal microstresses are
introduced during cooling from an elevated temperature. These initial microstresses
can then increase or decrease upon loading, depending on the elastic and plastic
response of the individual phases. A large number of mechanical and physical
properties describing the macroscopic behaviour of duplex stainless steels, such as
uniaxial yield and ultimate tensile strength, fatigue resistance, fracture toughness and
corrosion resistance, have been documented extensively (e.g. see [1-3]). However,
information about the mechanical state of the individual phases in a duplex stainless
steel during deformation, is relatively limited.

The type of phenomenon that can occur in a two-phase material have been illustrated
in some recent studies [4, 5] on a near eutectoid plain carbon steel. The effect of
morphology and microstresses has been studied by Winholtz and Cohen [4]. The stress
response of the individual phases in a 1080 steel with pearlitic and spheroidal
microstructure was investigated during low-cycle fatigue. They found that the
microstresses are higher in the pearlitic condition than in the spheroiditic condition.
They concluded that these differences arise from the morphology; the pearlite lamellae
more effectively transfer the load to the cementite phase. The higher microstresses
give the pearlitic condition a higher work hardening rate than the spheroiditic
condition. Aimer et al. [5] have reported on decreasing microstresses caused by plastic
deformation. They found that residual microstresses in a 1080 steel fade rapidly upon
cyclic loading, independent of which phase that started in tension.

Microstresses in duplex stainless steels have so far only been measured after unloading
on specimens subjected to large plastic strains [6-8] or during thermal cycling [9]. For
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instance Lebrun and Inal [6, 8] found that the microstresses increase with increasing
plastic strain and the microstresses were always tensile in the austenite and
compressive in the ferrite. The explanation is the higher yield stress and the more rapid
hardening behaviour in the austenitic phase.

1.2 Objectives
The aim of this study is to understand and determine the influence of the internal stress
state and plastic straining on the fatigue behaviour and to describe the deformation
process. The objectives are; (1) Give a description of the individual phases during
loading by comparing experimental and predicted results including such phenomena as
elastic and plastic anisotropy. (2) Investigate in detail the stress state evolution during
fatigue.
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2 Material investigated in this study

The material investigated in this study, denoted SAF 2304, is a commercial duplex
stainless steel, provided by Avesta Sheffield AB. The chemical composition is given in
Table 1. The steel has been hot and cold rolled to a thickness of 1.5 mm. After rolling
the material was quenched from a temperature of 1050°C to avoid precipitation of
secondary phases. All investigations have been performed on materials in this as
received condition.

Table 1: Chemical composition of duplex stainless steel SAF2304

Element

Fraction {wt. %)

Fe

Bal.

C

0.022

Si

0.37

Mn

1.5

Cr

22.8

Ni

4.9

Mo

0.31

Cu

0.26

N

0.098

The volume fraction, determined from point counting of each phase, is 45±5% for the
ferritic phase and 55±5% for the austenitic phase. The micrograph in Figure 1 shows,
as a result of the hot rolling, a heavily banded microstructure in all three directions
with austenitic islands in a ferritic matrix.

•i 30 urn
. J

Figure 1: Microstructure of the duplex stainless steel SAF 2304 transverse to rolling
direction. The light grey areas are austenite and the dark grey areas areferrite.
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3 Methods

3.1 Fundamentals of residual stresses
Residual stress is a stress state, which exist in a material without application of an
external load or other source of stress, such as gravity or thermal gradients. These
stresses arise from the elastic response of the material to an inhomogeneous
distribution of nonelastic strains such as plastic strains, precipitation, phase
transformation, thermal expansion strains, etc.

3.1.1 Macrostresses and microstresses
Residual stresses can be divided into macrostresses and microstresses [10].
Macrostresses are, by definition the same in both phases of a two phase material, and
can, for example, be a result of mechanical deformation that causes plastic
deformation in the surface layers of the material, such as shot-peening, grinding,
machining etc. Since the surface layers will also constrain the bulk in return, the bulk
material will also have residual stresses even though it may not have suffered
deformation. Thermal macrostresses may be induced in a material during cooling from
a process temperature or by various heat treatments. Microstresses, on the other hand,
are homogeneous in a small domain, e.g. a grain or a phase, but is different in different
phases. The microstresses may arise in a number of different ways such as in
deformation of a two-phase material with different yield points or differences in
thermal expansion.

Considering a two-phase material, the total stress, ('a"), at any point in phase a is the

sum of the macro- and microstress components

('<>=% + (x> a)
The total stress in a phase is what a diffraction measurement can reveal. To separate
the total stress into macro- and microstresses one needs to use the equilibrium
conditions.

For any residual stress a§ in a two-phase material, it holds [10]

where Da and Dp are the respective volumes of the different phases, and D is the total
volume of the body. If Vf denotes the volume fraction of phase P, Eq. 2 can be written

0 (3)

where the carats "( }" imply averages over the appropriate volume. By determining
the total stress for each phase from measurements and using Eqs. 1 and 3 the macro-
and microstresses can be separated.
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3.2 Measurement of strain and stress tensors with diffraction
Residual stresses can be measured in several different ways. The most common way is
to use mechanical methods or diffraction methods. Among all the stress measurement
techniques, X-ray diffraction has a particular place because it enables for a non-
destructive evaluation of surface stresses.

An other diffraction technique is neutron diffraction, which due to a larger penetration
depth of neutrons into engineering materials enables determination of residual stresses
throughout the thickness of a steel component.

3.2.1 X-ray diffraction
Stresses may be measured via diffraction using the crystal lattice as an internal strain
gauge [10]. When measuring the interplanar spacing at a number of different tilts of
the specimen, the strain may be obtained. From the strain tensor, the stress tensor may
be determined from Hooke's law using appropriate X-ray elastic constants.

Figure 2: Coordinate system used in stress measurements with diffraction.

To make a stress measurement we have to establish the sample coordinate system S
and the laboratory coordinate system L, shown in Figure 2. The calculated strains and
stresses will be expressed in the sample coordinate system. L3 is the direction of the
bisectrise between the incident and diffracted x-ray beam, defined by the two angles <j>
and\|/.
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The interplanar spacing along that direction may be measured by determining the
position of the diffraction peak using Bragg's law

(4)

where A, is the X-ray wavelength, (d^) is the average interplanar spacing in the a

phase along the L3 axis, and 0̂ , is the diffraction angle. Using the unstressed
interplanar spacing, do, we may write the strain along the L3 axis in terms of the strains
in the sample coordinate system.

(5)

The relationship between stresses and strains in an isotropic material is given by
Hooke's law

where E is the elastic modulus, v is Poisson's ratio and 5y is the Kronecker delta
function. The combination of Equation (5) and (6) gives the general working equation
for X-ray Stress Analysis.

I jo \ icr

' **' — = (ancos20 + <T,2sin20 + cr22sin2 0-<T33)sin2y/ +
do E (7)

1+V V 1+V
( + T + 0 ) + ( * + '23 sin 0) sin 2 ^

By measuring a number of peak positions at different § and \\f values, this equation
may be solved for the stresses in the sample coordinate system by a least-squares fit
procedure [11].

3.2.2 The sin2y*method

The classical method to calculate residual stresses from diffraction data is the sin2\|/-
method. If the stress state of the material is biaxial, oi3=0, and the measurement is
made along a direction defined by a fixed <|> angle, Equation 7 give

, « n > - > I I + < r a 2 ) (8)
h

where the surface stress component in the <]) direction, a$ is given by

CT$ = (CTU cos2 § + a l2sin2§ + a & sin2 <|)) (9)

The reason why the sin^-method is so often used is that it enables determination of

without knowledge of the unstressed lattice parameter d0 as shown below.
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For y = 0 equation (8) reduces to

-(<rn + <r22) (10)

Here, (d±) denotes the lattice spacing measured in the direction parallel to the
specimen surface normal. Equation (10) into (8) makes

, s i n > (11)

Now, dn *=dx=d0 and the unknown spacing d0 in the denominator of Equation (11)

can be replaced by d± with negligible error. The final equation can than be written as

= -±r<VinV (12 )

dx

This equation predicts a linear dependency of the measured lattice spacing on sin2\j/.
The surface stress component G$ can therefore be obtained from the slope of the d
versus sin2v|i distribution in the biaxial case, see Figure 3a.

3.2.3 Determination of the triaxial stress tensor
For two-phase materials with a microstructure equal or smaller than the penetration
depth of the X-rays it might not be correct to assume a biaxial stress state. For the case
of thermal microstresses between the two constituents in a two-phase material, due to
different coefficient of thermal expansion, the mean stress state within a phase will
probably be highly hydrostatic. The use of the sin2\|/ method will lead to incorrect
microstress determinations, since hydrostatic stresses only shift the line in the d versus
sin2\|/ diagram up or down and will not produce a slope as seen in Figure 3. In such
cases it is better to solve the stresses from the general equation (7) instead, but this
requires knowledge of the unstressed lattice spacing.

3.2.4 Average X-ray Elastic Constants
In polycrystalline materials diffraction methods obtain information from a large
number of grains, thus the strains measured by X-rays are average values. However,
since diffraction only occur when the normal of the diffracting plane bisect the
incident and diffracted beams, the averaging is not over all of the grains in the material
volume, but over a particular set of diffraction grains, all of which have a specific
directions (hkl) in a particular orientation [10]. Since a single crystal often is highly

anisotropic, the terms and — in equation (7) and (12) must be replaced by X-
E E

ray elastic constants (XEC) often denoted Sj and V2S2 respectively. Three different
models for calculating the XEC from single crystal elastic properties (compliances stj
or stiffness c,y) are given below.
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The Voigt method is based on homogeneous strain

£ 1 T C Tf -J- V

I ^12 + ^44

where

~ 1̂1 S12 2 *

The Reuss method, on the other hand, assumes homogeneous stress

T^2 = ^r = J n ^ 2 3 s o r

V ^ >

where the orientation term F is given by

h2k2+k2l2+h2l2

(h2+k2+l2)2

The Hill method, is simply the average of the Voigt and Reuss method.

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

Lebrun and Inal [6, 8] determined the single crystal stiffness and compliance for the
austenitic and ferritic phase in duplex stainless steel. The results are listed in Table 2.

Table 2: Elastic crystal characteristics offerrite and austenite, from [6, 8J.

Ferrite

Austenite

C11

23.74

19.75

(1010Pa)

c12

13.47

12.45

11.64

12.20

S11

0.7149

0.9879

(1011 Pa"1)

S12

-0.2588

-0.3820

S44

0.8591

0.8197

3.2.5 Influence of shear stresses, gradients and texture
If either or both of the components CT13 or CT23 are non-zero, d^ measured at positive
and negative \|/ will be different due to the argument "sin2\|/" associated with these
terms, causing a "split" in the d vs. sin2\j/ data, see Figure 3b. This effect is termed "\|/-
splitting". The "\|/-splitting" can also be an effect of gradients in the S3 direction.
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(a) (b) (c)

sinV

Figure 3: Different types of"d" vs. sin2 if/plots commonly encountered in residual
stress analysis from polycrystalline materials. The curves a and b exhibit regular

behaviour, and the data follows Eq. 5. The curve c exhibits oscillatory
behaviour that can not be explained by this equation, from Noyan et al. [10].

The sinV method relies on the assumption that the material is macroscopically
isotropic. In the case of crystallographic texture, this assumption is no longer valid.
The presence of texture may introduce non-linearity and oscillations in the d vs. sin2\|/,
as seen in Figure 3c. These problems, which come from the elastic anisotropy of the
material can be solved by an extension of the theory, taking into account the
Orientation Distribution function (ODF) of the material. However, though the effects
of elastic anisotropy are known and can be modelled, they often are superimposed by
plastic anisotropy effects [12]. The influence of plastic anisotropy on measured
residual stress is not yet fully understood.

3.2.6 The unstressed lattice spacing
In the procedures discussed above, it was assumed that do, the unstressed lattice
spacing, was known. For methods based on the biaxial assumption, one may substitute
do with the planar spacing at y = 0, without introducing a large error into the analysis.
A triaxial analysis, on the other hand, utilise the difference, Ad = d^ — d0, in the
calculation. The term Ad is very small for elastic strains. Consequently, even a small
error in do can cause a large error in Ad, and thus in the subsequent analysis [10]. It
may be seen from these considerations, that in order to obtain stress results with
acceptable error from a triaxial solution, do must be within less than 0.01% of its true
value. Determination of do to such accuracy may not be trivial.

One method uses filings of the material under investigation. The powder particles are
not rigidly bounded together and can not sustain macrostresses across their boundaries.
With small randomly oriented particles, the average microstress in a representative
volume is zero. Thus, the plane spacing determined from such a sample will be that of
an "unstressed" sample. In another variation of this method, the fillings are annealed to
relieve all residual stresses and the plane spacing do is determined from the stress-
relieved powder.
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4 Summary of appended papers
The appendix included in this thesis are summarised below:

4.1 Paper 1 - Residual stresses and fatigue in duplex stainless steels
- A literature survey

Johan Johansson

The purpose of this literature survey is to give an introduction to duplex stainless steel
and review the fatigue properties of duplex stainless steel and the influence of residual
stresses in a two-phase material. It was found that duplex stainless steels often

: combine the best features of austenitic and ferritic stainless steels. They generally have
good mechanical properties, including high ductility and high strength, and the

: corrosion resistance is often better than for austenitic stainless steels.

I Nitrogen provides considerable strength to duplex stainless steel. The strengthening,
• which is mainly caused by hardening of the austenitic phase, also improves the fatigue
; resistance. Both the nominal and effective fatigue threshold values are increased by
I heavy cold rolling. Prestraining, on the other hand, decrease the nominal as well as the
! effective crack growth threshold level. The crack growth rate decreases with
! increasing frequency of ferrite/austenite grain boundaries encountered by the crack tip.
; Thus, smaller grain size gives a higher fatigue resistance.

: Micro stresses are common in two-phase materials and arise in a number of different
ways such as in deformation of two-phase materials with differences in yield points or
differences in thermal expansion between the two phases. Microstresses have been

; shown to influence both the static and dynamic deformation behaviour of two-phase
: material. X-ray diffraction is a good method to study microstresses since stresses can

be determined separately in both phases.

4.2 Paper 2 - Evolution of the residual stress state in a duplex
I stainless steel during loading

; Johan Johansson, Magnus Odin andXiao-Hu Zeng

: The evolution of microstresses and macrostresses in a duplex stainless steel has been
i studied in situ by X-ray diffraction during uniaxial loading. The product was a 1.5 mm
I cold rolled sheet of alloy SAF 2304 manufactured by Avesta Sheffield AB. Due
! differences in the coefficient of thermal expansion between the two phases,
: compressive residual stresses were found in the ferritic phase and balancing tensile
: microstresses in the austenitic phase. The initial microstresses were almost two times
! higher in the transverse direction compared to the rolling direction, see Figure 4.

10
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Figure 4: Evolution of microstresses during uniaxial deformation ofSAF 2304

During loading the microstresses increase in the macroscopic elastic regime but starts
to decrease slightly with increasing load in the macroscopic plastic regime. For
instance, the microstresses along the rolling direction in the austenite increase from 60
MPa, at zero applied load, to 110 MPa, at an applied load of 530 MPa. At the applied
load of 620 MPa a decrease of the microstress to 90 MPa was observed. During
unloading from the plastic regime the microstresses increases by approximately 35
MPa in the direction of applied load but remains constant in the other directions. The
initial stress state influences the stress evolution and even after 2.5% plastic strain the
main contribution to the microstresses originates from the initial thermal stresses.

X-ray diffraction gives information about the mean stress level in the material. A two-
dimensional and a three-dimensional finite element model were therefore used to also
investigate the stress variations that are present within one phase. The 3D model fits
the experimental data better since thermal stresses can not be included in a 2D model.
However, both models show that one can expect a difference in the order of 100 MPa
within the phases when the applied load is 500 MPa. A strong influence of both the
elastic and plastic anisotropy of the individual phases on the simulated stress state was
also found.
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4.3 Paper 3 - Load sharing between austenite andferrite in a
duplex stainless steel during cyclic loading

Johan Johansson and Magnus Odin

The load sharing between phases and the evolution of microstresses and macrostresses
during cyclic loading has been investigated in a 1.5 mm cold rolled sheet of the duplex
stainless steel SAF 2304. X-ray diffraction stress analysis and transmission electron
microscopy show that even if the hardness and yield strength is higher in the austenitic
phase more plastic deformation will occur in this phase due to the residual
microstresses present in the material. Figure 5 clearly show that the hysteresis during
one fatigue cycle is higher in the austenite compared to the ferrite.

600-,

500-

s.

400-

300-

£ 200-
40

100-

0 -

-100-

-200

Typical error

T

—•— Macro
- • - Ferrite
- - A - - - Austenite

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035

Applied strain [-]

Figure 5: Measured hysteresis loops for cycle l(f

The origin of the microstresses is the differences in coefficient of thermal expansion
between the two phases, which will lead to tensile microstresses in the austenite and
compressive in the ferrite. These microstresses was also found to increase from 50
MPa to 160 MPa in the austenite during the first 100 cycles when cycled in tension
fatigue with a maximum load of 500 MPa. The cyclic loading response of the material
was thus mainly controlled by the plastic properties of the austenitic phase. It was also
found that initial compressive macrostresses on the surface increased from -40 to 50
MPa in tension during the first 103 cycles, see Figure 6(a). The microstresses at

12
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maximum load are plotted in Figure 6(b) as a function of load cycles. One can see an
increase of the absolute value of the microstresses in both phase.

200-

(a)

10° 10' 10s 10* 10* 10s

I I i i i

10° 10 ' 102 10s 104 10s

Figure 6: Evolution of microstresses and residual macrostresses during cyclic
loading, (a) Residual stresses when no external load is applied.

(b) Microstresses at maximum applied external load.

After the initial increase of microstresses and macrostresses no fading of residual
stresses was found to occur for the following cycles. The change in texture during
cyclic loading was also investigated and showed a sharpening of the texture in the
ferritic phase while a small decrease was found in the austenitic phase. The changes in
texture lead to a reduction of the stiffness in the loading direction.

13
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5 Proposals for future work
In this thesis about residual stresses and fatigue a duplex stainless steel, the focus has
been on studying the evolution of microstresses during static and cyclic loading. In the
literature a large spread in the value of residual thermal stresses has been reported and
a deeper investigation on the influence of thermal history on the microstresses is of
interest.

In this study only the influence of loading in the rolling direction has been considered.
However, duplex stainless steels have been found to be very anisotropic, both
concerning elastic and plastic properties, morphology and residual thermal
microstresses. It would therefore be interesting to investigate the evolution of
microstresses when the load is applied in other directions than the rolling direction.

Plastic deformation will alter the residual microstresses and the microstresses will in
its turn influence the local plastic deformation behaviour of duplex stainless steel.
Prestraining is expected to influence the rate of fatigue crack initiation and a deeper
study of the influence of prestraining on fatigue properties is suggested.

It was also found that the residual macrostresses change during fatigue and thus a
through thickness variation of the residual stresses can be expected. A study of the
through thickness variation of the microstructure, texture and residual stresses prior
and after fatigue is proposed.

14
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1 Introduction

1.1 Background
Duplex austenitic/ferritic stainless steels are increasingly used as an alternative to
conventional austenitic grades. Main advantages of the duplex grades are high yield
stress and good resistance to stress corrosion cracking. Duplex stainless steels have
found widespread use in a range of industries, particularly the oil and, petrochemical,
pulp and paper, and pollution control industries. They are commonly used in aqueous,
chloride containing environments and as replacements for austenitic stainless steels
that have suffered from either chloride stress corrosion cracking or pitting during
service [1].

Industrial processing of stainless steels involves the use of various shaping
technologies such as rolling, welding and machining. A two-phase material like duplex
stainless steel will have internal microstresses, after shaping processes, due to different
properties of the two phases. These stresses will have an influence on the behaviour of
the material and knowledge of the mechanical state of each phase leads to a better
understanding of the deformation of the material.

Residual stresses are known to play a significant role in fatigue failure. The type of
phenomenon that can occur in a two-phase material is illustrated in ref. [2] on a near
eutectoid plain carbon steel. The load sharing of the phases during low-cycle fatigue
showed that the fraction of load taken by the carbides increases and the stress range in
the carbide is much higher than in the ferritic matrix. Thus, during fatigue the
hysteresis loops for the different phases will be different with larger plastic
deformation in the ferritic phase. The study also clearly points out the influence of
morphology, for example in a pearlitic condition the work hardening rate is higher than
in a spherodized condition due to higher microstresses.

1.2 Objectives
The aim of the present literature study is to give an introduction to duplex stainless
steels and review the fatigue properties of duplex stainless steels and the influence of
residual stresses in two-phase materials.
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2 Duplex Stainless Steels

2.1 Introduction
The main feature of the iron-chromium-nickel alloys known as stainless steel is, of
course, the general resistance to corrosion, but they also have high ductility and
toughness over a wide range of temperatures and exhibit excellent high temperature
oxidation resistance. Their main disadvantage is their cost due to the expensive
chromium and nickel contents. Stainless steels are divided into several subgroups:
Martensitic, Martensitic-Austenitic, Ferritic, Austenitic, Ferritic-Austenitic and
Maraging Stainless Steel. The names refer to the dominant structural components in
the different steels. A common name for ferritic-austenitic stainless steels is duplex
stainless steels. Table 1 gives a summary of the properties and compositions within
these different categories.

Table 1: Composition range for different stainless steel categories, [3, 4]

Steel category

Martensitic

Martensitic-Austenitic

Ferritic

Austenitic

Ferritic-Austenitic (Duplex)

Maraging

Composition (wt

C

>0.10
>0.17

>0.10

<0.08
<0.25

<0.08

<0.05

<0.01

Cr

11-14
16-18

12-18

12-19
24-28

16-26

18-27

12

%)

Ni

0-1
0-2

4-6

0-5

8-25

4-7

9

Mo

0-2

1-2

<5

0-6

1-4

4

Hardenable

Hardenable

Hardenable

Not hardenable

Not hardenable

Not hardenable

Hardenable

Ferromagnetism

Magnetic

Magnetic

Magnetic

Non- magnetic

Magnetic

Magnetic

The Martensitic, Martensitic-Austenitic and Maraging stainless steels are characterised
by high strength and limited corrosion resistance.

Austenitic stainless steels are by far the most used stainless steels, generally having
very good corrosion resistance. They have lower yield stress but higher work
hardening rates than the ferritic grades, and are easily welded and cold formed. Then-
toughness is high and they exhibit no ductile to brittle transition temperature. However
in the presence of chloride austenitic steels are susceptible to stress corrosion cracking.
Additions of Mo, Ti and Nb are introduced to increase creep resistance and to stabilise
against intergranular corrosion [4]. Super austenitic stainless steels with a nitrogen
addition higher than 0.4 % have been developed. They generally have better corrosion
resistance, better mechanical properties due to interstitial solid solution hardening
effects, higher stability of the austenitic phase and lover cost since its austenitic
stabilising effect makes it possible to reduce the expensive nickel content [5].

Ferritic stainless steels have relatively low work hardening rates compared with the
austenitic stainless steels, but sometimes higher yield stress. A major draw back is that
they have low toughness and exhibit a ductile to brittle fracture transition temperature,
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but they have the advantage over the austenitic steels of showing virtual immunity to
chloride induced stress corrosion cracking. This immunity might be impaired by
additions of Ni, Cu and Co. It should be noticed that in general the ferritic grades are
less corrosion resistant and somewhat less formable than austenitic steels [4].

Duplex steels, consisting of roughly equal amounts of ferrite and austenite, often
combine the best features of austenitic and ferritic steels. They generally have very
good mechanical properties, including high ductility and high strength, and the
corrosion resistant is sometimes even better than the austenitic steels. For example, the
resistance to stress corrosion cracking is better for the duplex grades. The two-phase
structure of the duplex steels has yet another advantage in that it contributes to a
marked refinement of the grain structure. This leads to higher strength and less
sensibility to intergranular corrosion [4]. The introduction of the vacuum oxygen
decarburization (VOD) and Argon-oxygen decarburization (AOD) refining processes
in the 1970's led to a significant improvement in the properties of duplex stainless
steels. The reduction of residuals such as oxygen, sulphur, carbon, etc. and the
increased control of nitrogen levels made it possible to improve the corrosion
resistance and the high temperature stability of the duplex structure [5].

2.2 Phase metallurgy

2.2.1 Chemical compositions and phase balance
Duplex stainless steels have a mixed structure of BCC ferrite and FCC austenite. The
chemical analysis of the duplex steel is important as it determines the proportions of
the two phases, thus influencing the mechanical properties and resistance to corrosion
of each individual steel. Typical chemical compositions of some wrought duplex
stainless steels are given in Table 2. Also listed in Table 2 for the different grades are
the pitting resistance equivalents (PRE), see section 2.3 for more details. A grade with
high PRE value has usually better corrosion resistance than an alloy with lower PRE
value. Compositions of duplex stainless steels range from 18 to 27% chromium and 4
to 7% nickel. Molybdenum, a ferrite stabiliser, is also typically present.

Table 2: Composition of Selected Duplex Stainless Steels [1]

Trade name

2304

2205

7-Mo PLUS

Ferralium 225

2507

UNS designation

S32304

S31803

S32950

S32550

S32750

Composition wt%

C

<0.02

<0.02

<0.03

<0.04

<0.02

Cr

23.0

22.0

27.5

26.0

25.0

Ni

4.0

5.5

4.5

5.5

7.0

Mo

-

3.0

1.5

3.3

4.0

Other

0.1 ON

0.17N

0.25N

0.17N

0.28N

PRE

25

35

36

40

43

Other common alloying elements are manganese, silicon and copper. The effect of
alloying elements on the structure of stainless steels is summarised in the Scheaffler-
Delong diagram in Figure 1. The diagram is based on the fact that the various alloying
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elements can be divided into ferrite-stabilisers and austenite-stabilisers. This means
that they favour the formation of either ferrite or austenite in the structure [6].
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Figure 1: The Scheqffler-Delong diagram, from [6]

Apart from Cr, which stabilises the ferrite, and Ni, which stabilises the austenite, there
are several other elements that influence the phase composition of the steel. Elements
stabilising ferrite are Si, Mo, Al, P, V, Ti, Cb, W, Zr. Austenite stabilisers are Cu, Mg,
Co, N, C [7]. If the austenite stabilisers ability to promote the formation of austenite is
related to that for nickel, and the ferrite stabilisers likewise compared to chromium, it
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becomes possible to create the chromium and nickel equivalents in the Scheaffler-
Delong diagram:

Cr - equivalent = %Cr + 1.5%Si + %Mo

Ni - equivalent = %Ni + 30(%C + %N) + 0.5(%Mn + %Cu + %Co)

In this way it is possible to take the combined effect of alloying elements into
consideration. Although this diagram applies primarily to weld metal, it is very useful
in illustrating the relative potency of the austenitizing and ferritizing elements and in
determining the structure of a certain composition [1].

2.2.2 Microstructure
Duplex stainless steels solidify as essentially 100% ferrite. At a temperature of
~1300°C austenite start to nucleates, see the pseudo-binary phase diagram in Figure 2
[8]. The austenite grows first at ferrite grain boundaries and later along preferred
crystallographic directions within the ferrite grains. This result in a ferrite matrix with
austenite islands and these two phases are the only thermodynamically stable phases
for a 25Cr-7-Ni duplex stainless steels in the temperature range 1000-1200°C [9].
These temperatures are representative for hot working temperatures.

Temp.[°C]

1400

1200

1000

800

%Ni 0 5 10 15
%Cr 30 25 20 15

Figure 2: Pseudo-binary Cr-Ni-68% Fe phase diagram, from Pohl [8]

A rolling texture is usually exhibited for wrought products where the grain structure is
heavily banded in both the longitudinal and transverse directions, see Figure 3. As a

23



Residual stresses and fatigue in duplex stainless steels- A literature survey

result of hot working or annealing of cold worked shapes, both the ferrite and austenite
areas of duplex stainless steels are polycrystalline. Etching to show the grain structure
of highly alloyed ferrite and austenite is difficult, and most published optical
micrographs show only the two phases without outlined grain structure [10].

Diffusion of alloying elements must occur as the transformation of ferrite to austenite
proceeds, with austenite-stabilising elements concentrating in the austenite and ferrite-
stabilising elements concentrating in the ferrite. The ferrite/austenite ratio depends not
only on the balance between the stabilising elements in the alloy, but also on the time
available for diffusion. It is possible to quench a duplex stainless steel from near the
solidification temperature and to obtain nearly 100% ferrite at room temperature. Slow
cooling, annealing, and hot working promote transformation of ferrite to austenite by
promoting diffusion [1].

A'* -.:
ND

Figure 3: Microstructure for a wrought duplex stainless steel. (OM)

Of the alloying elements that affect the phase balance, carbon is generally undesirable
for reasons of corrosion resistance [4]. All of the other elements are slow to diffuse,
except nitrogen. The other alloy elements contribute to determine the equilibrium
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phase balance, but nitrogen is most important when determining the relative ease of
achieving a near-equilibriurh phase balance [1]. J

2.2.3 Precipitations of intermetallics and other phases
Apart from ferrite and austenite there are several additional phases such as
intermetallics, carbides and nitrides that can appear in a duplex stainless steel. Figure 4
shows the intermetallic phases that can be formed in duplex stainless steels, the
approximate temperature rang over which they will develop, and the effects of alloying
elements on precipitation reactions in duplex stainless steels. Most of these
transformations concern the ferrite, essentially due to the fact that the diffusion rates of
alloying elements in this phase are of the order of 100 times faster than the
corresponding values in austenite. This is principally a consequence of the less dense
lattice of the bcc crystal structure [5].

Two important phases are the c-phase and the a'-phase which causes embrittlement
and loss of mechanical properties [4, 11]. The former might pose a problem in
conjunction with heat treatment and welding and the latter is present in ferrite-
containing stainless steels subjected to long-time exposure at temperatures above 280
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|Cr, Mo, Cu, wf
TIME

Figure 4: Possible precipitations in duplex stainless steels, after Charles [5]

G-phase: The c-phase is known to form quite rapidly at temperatures between 600 and
1000 °C and because of its brittleness, the a-phase is undesirable in stainless steels
[11]. This can be a problem in for example heat treatments during production. The a-
phase, which has a tetragonal crystal structure, nucleates at the ferrite/austenite
interfaces and grows into the ferrite grains [12].

oc'-phase: Stainless steels containing ferrite and heat treated or used in the temperature
range 350-550 °C, show a serious decrease in toughness. This is usually denoted as the
475 °C embrittlement. The origin of this embrittlement is a decomposition of the
ferritic phase into on Cr-rich, a', and on Fe-rich, a, phase. Additions of the alloying
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elements Chromium, molybdenum and copper have been found to promote the 475 °C
embrittlement [9].

Carbide and nitride precipitation: Austenitic and duplex steels heated to the
temperature range 550-950 °C, suffer precipitation of chromium carbides and
chromium nitrides. The chromium-rich precipitates form in the grain boundaries and
can cause intergranular corrosion and, in extreme cases, even a decrease in toughness.
However, after only short periods of time in the critical temperature range, for example
in the heat affected zone adjacent to welds, the risk of precipitation is very small for
the low-carbon steels [6].

2.3 Corrosion resistance
The main reason for choosing stainless steels instead of other materials is of course the
high corrosion resistance. The corrosion resistance for stainless steels is due to a thin
oxide film, which is formed on the surface of the steel. All alloying elements, to
varying degrees, effect the pitting resistance of duplex stainless steels in chloride
environments [13], but the main elements are Cr, Mo and N. Several attempts have
been made to establish a mathematical formula describing the influence of these
elements on the corrosion properties. The most commonly used expression is the so
called pitting resistance equivalent (PRE):

PRE=%Cr + 3.3 %Mo + 16 %N

The PRE value can be used as an approximate ranking of different stainless steels and
duplex stainless steels with a PRE value higher than 40 is often referred to as super
duplex stainless steels.

2.3.1 Stress Corrosion Cracking SCC
The duplex stainless steels have a very high resistance to SCC, better resistance than
both the austenitic and ferritic alloys. The SCC mechanism is closely coupled to
mechanical and electrochemical phenomena [14]. In the ferrite, depassivation is
essentially determined by mechanical twinning, whereas slip on the ferrite surfaces is
insufficient to cause localised depassivation. At lower stress levels, the SCC of the
duplex steels seems to be determined by local depassivation of austenite, while at
higher stresses the twinning in the ferrite is responsible for the SCC. At lower stresses
the ferrite may in some duplex steels be less deformed than the austenite and may
cathodically protect the plastically deformed austenite. At higher stresses, when
twinning occurs in the ferrite, the ferrite will depassivate and localised corrosion and
cracking will take place [15].

Wahlberg [16] investigated SAF 2205 after 2.5% tensile strain in slow strain rate
testing in a solution of 40% CaCl2 at 100°C and found that stress corrosion cracks
propagated preferentially in the ferrite phase and along austenite-ferrite phase
boundaries. Phosphorus segregated to the austenite-ferrite phase boundaries and this
may have favoured corrosion cracking along these boundaries.

The use of duplex alloys has solved numerous problems when chlorides cause SCC in
austenitic steels. The stress-corrosion cracking resistance of selected duplex stainless
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steels relative to that of austenitic stainless steels as a function of temperature and
chloride concentration in neutral O2-bearing solutions is illustrated in Figure 5.

300

250

200

<S 1 5 0

I
100

50

t
%
%
V
\

1

\
\

\

Austenitic
steels (UN

S30403.
v S31

No SCC

i
1
I
\
\
\

: stainless
SS30400,
S31600,
603)

SCC

UNSS

UNSi
Nocr

UNSS

32304

532750
acking

.31803

570

480

390
u.
o

i
300 I

8.
210

120

10~5 10"3 10~2 10-1

Chloride ion concentration (Cr), ppm

32
10

Figure 5: Stress-corrosion cracking resistance of selected duplex stainless steels
relative that of austenitic stainless steels as a function of temperature and chloride

concentration in neutral O2-bearing solutions (~8ppm). Test duration was 1000 h and
applied stress was equal to yield strength, from [1]

2.3.2 Effect on corrosion due to different alloy components
Chromium: The corrosion resistance for stainless steels is due to a thin oxide film,
which is formed on the surface of the steel. The protective film is first observed at a
level of about 10.5% Cr, but is then rather weak. Increasing content to 17-29% greatly
increases the stability of the passive layer. However, higher chromium may adversely
affect mechanical properties, fabricability, weldability, or suitability for applications
involving certain thermal exposures. Therefore, it is often more efficient to improve
corrosion resistance by altering other elements, with or without some increase in
chromium [1].

Nickel: Nickel, in sufficient quantities, will stabilise the austenitic structure. This
greatly enhances mechanical properties and fabrication characteristics. Nickel is
effective in promoting repassivation, especially in reducing environments. Also, it is
particularly useful in resisting corrosion in mineral acids. Increasing nickel content to
8-10% decreases resistance to stress-corrosion-cracking [1].
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Manganese: Manganese in moderate quantities and in association with nickel
additions will perform many of the functions attributed to nickel. However, total
replacement of nickel by manganese is not practical. Very high-manganese steels have
some unusual and useful mechanical properties, such as resistance to adhesive wear.
Manganese reacts with sulphur in stainless steels to form manganese sulphides. The
morphology and composition of these sulphides can have substantial effects on
corrosion resistance, especially pitting resistance where the inclusions can act as
pitting sites [1].

Molybdenum: Molybdenum in combination with chromium stabiles the passive film
in the presence of chlorides. It also increases the resistance against pitting and the
severe form of pitting called crevice corrosion [1].

Carbon: High carbon content is positive for two reasons, it permits hardenability by
heat treatment, and it increases the strength in high-temperature applications. But since
carbon affects the corrosion resistance negatively through its reaction with chromium,
the carbon content is in most cases kept low [1].

Nitrogen: Nitrogen is essential in duplex stainless steel grades for increasing the
solubility of chromium and molybdenum in the austenitic phase, and thus reduces the
chromium and molybdenum partitioning between the ferritic and austenitic phase. This
leads to higher pitting resistance [17].

2.4 Physical and Mechanical properties
Stainless steels are often selected because of their corrosion resistance, but they also
exhibit good mechanical properties, static as well as dynamic. The good mechanical
properties of duplex stainless steels are partly due to the fine-grained structure, which
is partly a result of the two-phase structure that imposes restriction on the grain
growth.

The basic difference between the two phases in duplex stainless steel is that ferrite has
a BCC- and austenite a FCC crystallographic structure. This cause different plastic
behaviour of the two phases. Usually ferrite has higher flow stress and lower
elongation to fracture then austenite. Further, the flow stress of the ferritic phase is
more temperature dependent than in the case for austenite [18].

2.4.1 Physical properties
The two important physical properties, which show variation between the stainless
steel types, and are also markedly different for stainless steels and carbon steels, are
thermal expansion and thermal conductivity. Austenitic steels exhibit considerably
higher thermal expansion than the other stainless steel types. This can cause thermal
stresses in applications with temperature variations, such as heat treatment or welding.
Typical physical properties for various stainless steel types are listed in Table 3 [6].
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Table 3: Physical properties for various stainless steel types [6]

Property

Density (g/cm3)

Young's modulus (GPa)

Thermal expansion (x10'6/°C) 200-600°C

Thermal conductivity (W/m°C) 20°C

Heat capacity (J/kg°C) 20°C

Resistivity (nQm) 20°C

Ferromagnetism

Martensitic

7.6-7.7

220

12-13

22-24

460

600

Yes

Type of stainless steel

Ferritic

7.6-7.8

220

12-13

20-23

460

600-750

Yes

Austenitic

7.9-8.2

195

17-19

12-15

440

850

No

Duplex

7.7-7.8

200

13

20

440-460

700-850

Yes

2.4.2 Tensile properties and hardness
The strength in the annealed condition of the most common types of duplex stainless
steels is compared with that of fully austenitic and ferritic alloys in Table 4. It can be
seen that the yield strength of duplex stainless steels is between two and three times
that of the austenitic grade.

Ferrite usually shows higher strength than austenite, but is less ductile. Since the
duplex stainless steels contain both ferrite and austenite, they may perhaps be expected
to have properties determined by a linear law of mixtures. This is approximately
correct regarding elongation but the situation regarding tensile strength is more
complex since it depends strongly on grain size. Because of the smaller grain size in
duplex stainless steels, there is a considerable grain size contribution to the strength.
This implies that in practice the duplex alloys achieve a higher strength than its
constituent's [9].

Table 4-.Typical values of mechanical properties of austenitic and ferritic stainless
steels and solution annealed duplex stainless steels [1]

Steel grade

AISI 304 (A)

AISI 430 (F)

2304 (D)

2205 (D)

2507 (D)

Tensile
strength MPa

515-690

450

600-820

680-880

800-1000

0.2% yield
strength MPa

210

205

400

450

550

Elongation
(min.) A5

%

45

20

25

25

25

Impact
toughness at RT

J

>300

-

300

250

230

Hardness

HRC

-

-

30.5

30.5

32

2.4.3 Influence of nitrogen
The role of nitrogen in duplex stainless steel was studied by Wahlberg [16], who found
that additions of nitrogen to duplex stainless steels provide considerable strengthening
by increasing the resistance of the austenite phase to plastic deformation. Nitrogen
concentrates strongly in the austenite grains and promotes a planar mode of dislocation
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glide in this phase. The tensile strength of duplex steels is mainly determined by the
strength of the softer phase, which through a strain inhomogeneity, is deformed to a
greater degree than the harder phase.

Foct et al. [19] studied the effect of total nitrogen content on the microhardness of the
ferrite and austenite in duplex stainless steels. It was found that addition of nitrogen
increase the hardness of the austenitic phase, and even change it from being the softer
phase to become the harder phase if the total nitrogen content is higher than 0.12 wt%,
see Figure 6.

400-i

0.2 0.3 0.4 0.5 0.6

Nitrogen content
0.7

Figure 6: Microhardness of the austenitic andferritic phase
as a function of the total nitrogen content, from Foct et al. [19]

2.4.4 Influence of texture
Because duplex stainless steels often exhibit texture, particularly in the cold rolled
condition, an anisotropy of mechanical properties can be expected. The texture
becomes sharper and the microstructure more refined with increased rolling reduction.
In cold rolled sheet of 22Cr-5Ni-3Mo steel the texture was found to be (100) [011] in
ferrite and (110}(112) in austenite. This has been shown to lead to values of tensile
strength, impact toughness and fracture toughness that are higher in the transverse then
in the longitudinal direction relative to the banded structure [20].

2.4.5 Influence of annealing
The ferrite of duplex stainless steels is prone to decomposition at almost all
temperatures above 250 °C. The intermetallic a-phase forms from the ferrite at
temperatures between approximately 600 and 1000 °C. The a-phase is hard and brittle
which leads to higher yield stress of the material. The formation of a ' at temperatures
between approximately 300-500 °C leads to a significant hardness increase of the
ferrite. This concurrently gives rise to increased yield and ultimate tensile strengths of

30



Residual stresses and fatisue in duplex stainless steels - A literature survey

the material [18]. It should be pointed out that both the c- and a'-phase leads to a
significantly embrittlement of duplex stainless steels and are therefor normally
avoided.

Finally, it should be noted that all types of precipitates can be dissolved by heat
treatment. Annealing at typically 1050 °C and quenching of duplex stainless steels
restore the structure. Relatively long heat treatment may however be required for the
dissolution of intermetallic phases in highly alloyed steels [6].

2.4.6 Impact and fracture toughness
Impact toughness measurements have been used extensively to study how ageing at
different temperatures affects the dynamic properties of duplex stainless steels. At
higher temperatures the toughness is impaired by mainly the c-phase and at lower
temperatures by the a'-formation. In Figure 7 the impact toughness and hardness are
shown as a function of ageing time at 850 °C for a duplex stainless steels.

It should also be pointed out that the transition from ductile to brittle fracture for
duplex stainless steels in the annealed material state occurs at -60 °C or below, which
is quite satisfactory for most applications considered [9].
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Figure 7: Impact toughness and hardness versus ageing time at 850 °C for
a duplex steel, from Thorvaldsson etal. [21]

2.4.7 Creep properties of duplex stainless steel
Welman et al. [22] found that duplex stainless steels exhibit room temperature creep at
loads below the yield stress. The room temperature creep elongation was proportional
to the applied load, but it was also found that the creep elongation was proportional to
the rate of loading.
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The long-term room temperature creep behaviour of duplex stainless steel 2205 was
also investigated by Groth et al. [23] and compered with austenitic stainless steels. It
was found that duplex stainless steels were less susceptible to room temperature creep
compared to austenitic stainless steels. It was also found that cold stretching
dramatically decreased the creep susceptibility. Higher nitrogen content in the
austenitic stainless steels increased the creep susceptibility.

Linder et al. [24] investigated the creep deformation behaviour of several stainless
steel loaded to approximately 70% of the yield strength at different temperatures. They
found that the creep deformation behaviour of the duplex grade 2205 showed less
temperature dependence and more elastic deformation upon loading, compared to the
austenitic 316LN.
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3 Fatigue properties of Duplex Stainless Steels

Due to the higher strength of duplex stainless steels compared with austenitic steels the
former is more resistant to fatigue. Furthermore, provided corrosion mechanisms can
be ignored, duplex steels show a rather well defined fatigue limit when tested in stress
controlled fatigue [9]. The following section review some of the most interesting
results found in the literature about fatigue properties of duplex stainless steels. The
focus is on fatigue properties in air and less effort has been directed to corrosion
fatigue. A good and comprehensive review article on the fatigue and fracture
properties of duplex stainless steels in both air and corrosive environments has been
written by Johansson [15].

3.1 Fatigue crack initiation
Fatigue cracks are initiated at heterogeneous nucleation sites within the material (e.g.
inclusions) or at surface scratches. But fatigue cracks can also be generated during the
cyclic straining process at persistent slip bands [25]. In a corrosive environment the
fatigue crack initiation is also influenced by slip bands breaking the thin passive layer
at the surface and by corrosion pits acting as notches on the surface [15].

3.1.1 Crack initiation from local strains
Magnin et al. [26-28] demonstrated the influence of local strains on the initiation of
fatigue cracks in duplex stainless steels by low-cycle fatigue (LCF) tests. At low strain
amplitudes, below 10~3, the cyclic plastic deformation of the austenitic phase controls
the fatigue properties of the duplex alloy 22Cr-7Ni-2.5Mo-l.7Mn-0.07N. Because of
the large reversibility of slip in the planar slip mode in the austenitic phase, good
fatigue resistance of the duplex alloy is observed. Crack nucleation is delayed and
takes place in the austenitic phase. At higher strain amplitudes, the cyclic plastic
deformation of the ferritic phase controls the fatigue properties of the duplex alloy.
Because of twinning and pencil glide in the ferritic phase, early crack initiations takes
place and thus reduce the fatigue life of the duplex alloy.

Mateo et al. [29] have studied the cyclic stress-strain response and dislocation
substructure evolution of a duplex stainless steel 24.6Cr-5.4Ni-1.2Mo-1.7Mn-0.07N.
They found a good correlation between the cyclic response, in terms of both
hardening-softening behaviour and the cyclic stress-strain curve, and the substructure
evolution observed in each phase. Three cyclic deformation regimes were identified in
the duplex steel studied: (1) a first stage, at low plastic strain amplitudes £pi < 10"4,
characterised by a pure "austenitic-like" behaviour; (2) an intermediate regime, at 10"4

<8pi < 6x10^, where a mixed "austenitic-ferritic like" response is prominent; (3) and a
third stage, at 6pi > 6xlO4, associated with a pure "ferritic-like" behaviour. The
substructure evolutions of the constitutive phases were found to be qualitatively similar
to those previously observed in pure ferritic and austenitic stainless steel respectively.
At the low plastic strain range the austenitic grains show a progressive accumulation of
dislocation arrays and pile-ups of planar character, mainly correlated to a unique slip
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plane within individual grains. Meanwhile, no changes are observed within the ferritic
matrix. In the intermediate plastic strain range, new slip systems are activated leading
to a higher density and more uniform distribution, from grain to grain, of the planar
arrays. Substructural changes were also found in the ferritic matrix within this
intermediate range. In general, early clusters of primary dislocations evolve into
multipole networks or low density loop patches, and then from these into
interconnected denser loop patches forming ill-defined channels. An even more
significant substructure development were found at large strain amplitudes. Early
poorly-defined fatigue arrangements develop into a well-defined vein structure
consisting of aligned loop patches and better-defined channels initially. With
increasing applied strain amplitude, the vein structur becomes homogeneously
distributed in both the interior and regions near grain boundaries of almost every grain,
and then evolves into dipolar walls. Persistent slip band (PSB) formation was rarely
observed. The substructure development in the austenite phase at high plastic strain
amplitudes on the other hand, consisted more of structural changes within a still planar
glide character rather than of a real substructure evolution. The prominent structures
remain dipolar planar arrays, but now they are clearly distributed in defined regions of
high- and low-dislocation density indicating a very early stage of matrix-persistent
Liider's band (PUB) structure formation.
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Figure 8: Strain-life curves for 2205 duplex alloys with different nitrogen content;
(AF11-0.11%N; AF18-0.18) compared with the plastic strain-life for a low nitrogen

steel (AF07-0.07%N),from [30]

Higher nitrogen content in duplex stainless steels improves fatigue resistance, as
shown by Degallaix et al. [30, 31] for duplex 2205 with 0.11 and 0.18% nitrogen.
Nitrogen is an Austenitic stabiliser and dissolves mostly in the austenite, and causes
interstitial solid solution hardening. It is now well-known that the interstitial nitrogen
atoms in the austenite provide a linear solid solution hardening and favour the planar
dislocation slip, at both low and high temperatures [30]. This latter property leads to an
improved plastic strain reversibility and to an increase in the monatomic and cyclic
stress-strain response of the steel. As a consequence the fatigue strength will increase
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with increased nitrogen content. Figure 8 [30] present the strain fatigue life curves of
steels with 0.11%N and 0.18%N, together with the plastic strain fatigue life curve of a
steel with 0.07%N. The steel with the lowest nitrogen content has the shortest strain
life at low strains.

The AEp-Nf curve of the steel with 0.07%N shows a knee at about 10000 cycles. This
double slope behaviour was explained by Magnin [26] as an austenitic-behaviour (i.e.
crack initiation takes place in the austenite) at low plastic strain level and as a ferritic-
behaviour at high plastic strain level. For the steels with higher nitrogen content this
double slope was not observed [30],

Depending on strain levels and nitrogen content, crack initiation takes place in both the
ferritic and austenitic phases. In both steels (0.11%N and 0.18%N) tested by Degallaix
et al. [15]; the ferritic phase was the softest, while the hardness of the austenitic phase
increased with the nitrogen content. The lower strength of the ferritic phase can result
in a concentration of the deformation to the ferrite. This effect can reduce the positive
effect of nitrogen at low plastic strains, and the fatigue life might be reduced.

3.1.2 Crack initiation with corrosion fatigue
A lot of work has been done on this area [28, 32, 33]. One investigation of the
corrosion fatigue mechanisms of a 22Cr-5Ni-3Mo-0.19N duplex stainless steels in
neutral NaCl solutions [33] showed that crack nucleation is always associated with
localised corrosion attack caused by emerging persistent slip bands in the austenitic
grains. In real high-cycle fatigue, the cracks initiated mainly at non-metallic inclusions
in the surface region. The fatigue limit in air was 240 MPa. When tested in
concentrated chloride solutions at 80 °C, the fatigue limit was decreased to 200 MPa.
Under these stable, passive corrosion conditions the duplex steel had a pronounced
fatigue limit. When the temperature was raised to 150 °C the corrosion fatigue strength
was reduced significantly due to additional pitting corrosion.

3.2 Fatigue crack growth
The deformation status and the presence of brittle and hard phases will affect the
fatigue crack growth of duplex stainless steels. Wasen et al. [34] showed that heavy
cold rolling (50% reduction) of duplex steels increased both the nominal and the
effective fatigue threshold value. Additional annealing to produce hardening through
spinodal decomposition of the ferrite phase causes further increases in these values.
The fatigue crack growth, da/dN, as a function of the stress intensity amplitude AK is
shown in Figure 9.

In order to understand the fatigue crack propagation in duplex stainless steels, Nystrom
et al. [35] studied the behaviour of the individual phases. The material tested were
laboratory melts based on the duplex alloy 2205 and its related single-phase alloys.
The material was tested before and after a tensile deformation of 8%. Fatigue crack
growth data are shown in Figure 10. The results show that prestraining leads to a
decrease in the nominal as well as the effective crack growth threshold level for all
three materials tested. The crack closure level is decreased by prestraining of the

35



Residual stresses and fatigue in duplex stainless steels- A literature survey

single-phase austenitic and ferritic materials, while such treatment leaves it unchanged
in the duplex material.
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Figure 9: Crack propagation rates as a function of stress intensity factor range for
different conditions tested: (a) Hot rolled, as received, (b) Cold rolled -50%, (c) Cold

rolled-50% and annealed for 120 h at 475 °C, from [34].
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Figure 10: Crack propagation rates as a function of stress intensity factor range for
different steels in undeformed andprestrained conditions, from [35].

Marrow et al. [36-38] studied the fatigue crack propagation rates for the duplex
stainless steel, Zeron 100, under different conditions. The typical composition for
Zeron 100 is 24Cr-6.8Ni-3.7Mo. They found that this alloy was embrittled in fatigue
by gaseous hydrogen and water. The ferrite phase failed by brittle cyclic cleavage,
while the austenite phase remained unaffected. The fatigue crack propagation rate
increased with increased entry of hydrogen to the crack tip region.
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Figure 11: Fatigue crack propagation rates as a function of stress intensity factor
range in Zeron 100 aged at 400 °Cfor up to 5000 h.from [37].

In ref. [37] the effects of ageing on the mechanisms of fatigue crack propagation in
Zeron 100 are investigated. Ageing for lOOh to 5000h at temperatures between 350 °C
and 450 °C increased the hardness and decreased the tensile strength and impact
resistance. Ageing at 400 °C for up to 5000 h significantly increased the fatigue crack
propagation rate at room temperature. This results from hardening and embrittlement
of the ferrite matrix, which fails by transgranular cleavage, associated with
deformation twinning. A model put forward by Marrow et al. [37] predicts a very
strong effect of the ferrite volume fraction. Microstructures in welds and heat-affected
zones with large grain sizes, high alloy content and high ferrite contents are therefore
likely to be particularly sensitive to age-hardening-assisted fatigue crack propagation.
Fatigue crack propagation rates as a function of stress intensity factor range in Zeron
100 aged at 400 °C for up to 5000 h, tested at room temperature at R=0.1 and R=0.5
are shown in Figure 11.

Fatigue crack growth rates in Zeron 100 duplex stainless steels in air vary with crack
orientation in the wrought, banded microstructure [38]. The crack growth rate
decreases with increasing frequency of ferrite/austenite grain boundaries encountered
by the crack tip.
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3.3 Fatigue strength
In an early investigation by Hayden and Floreen [39], the influence of the volume
fraction of the present phases on the fatigue limit was studied. By varying the chemical
composition, several steels were achieved ranging from austenitic to pure ferritic
stainless steels. The variation of the fatigue limit with the ferrite content is shown in
Figure 12.

It is clear that the fatigue limit shows a maximum at 50-60 % ferrite and the tensile
strength shows a maximum at 70 % ferrite.

: - 0 - 0 . 2 % yield strength [MPa]

—•—Tensile strength [MPa]

— * - Fatigue stength [MPa]

20 40 60 80
Ferrite content [%]

100 120

Figure 12: Tensile and fatigue properties of duplex alloys with different ferrite
contents, after Hayden and Floreen [39]

In [28] the low cycle fatigue of a 21.7Cr-7.0Ni-2.5Mo-0.02C duplex stainless steels
containing 50 % ferrite has been studied. The result of plastic strain controlled testing
is shown in Figure 13 where also the result of a austenitic 316L type stainless steels
and a pure ferritic 26Cr-5Ni-lMo steel are shown. The double slope of the Coffin-
Manson curve for the duplex steel can be explained by an austenitic behaviour at low
plastic strains and a ferritic behaviour at high plastic strain amplitude as mentioned
earlier.
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Figure 13: Coffin-Manson curves for different alloys at a strain rate of2-lff3 s'1 in air,
from Magnin et al. [28]

The fatigue strength in terms of plastic strain for the duplex stainless steel is
comparable or somewhat lower than the austenitic stainless steels. The stress variation
at low plastic strain amplitudes is shown in Figure 14 here also the austenitic type
316L steel is shown.
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Figure 14: Hardening/softening curves of the duplex and austenitic steels, from [28]
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At low strain amplitudes, the duplex alloy exhibits rapid hardening during the first
cycles, followed by slow softening and finally a saturation stress stage. This behaviour
has been confirmed by Llanes and Mateo et al. [29,40].

Xia et al. [41] studied a duplex stainless steel 17Cr-14Mn-2Mo-0.7Si-0.25N-0.06C.
Two solution temperatures were used, 1050 and 1250 °C, yielding grain sizes of 10
and 32 |im. The solution treatment was followed by water quenching. Total strain
controlled testing was performed at strain amplitudes corresponding to fatigue lives of
less than 104 cycles. The fatigue life of specimens solution treated at 1050 °C, with the
smaller grain size, was found to be twice as long as the specimens solution treated at
1250 °C. It was also noted that the duplex steels hardened initially followed by a
continuos softening.

Bergengren et al. [42, 43] compared two austenitic stainless steels, AISI 301 and AISI
304, and two duplex steels Avesta 2205 and SAF 2304. The austenitic stainless steels
were tested both in annealed and prestrained conditions. The prestrained variants were
prestrained to 10% uniaxial elongation and fully reversed total strain controlled fatigue
tests were performed in air at room temperature. The results are shown in Figure 15.
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Figure 15: The strain-life curves for different stainless steels, after Bergengren et al
[42]

The prestrained AISI 301-steel can withstand more total strain amplitude at a given
fatigue life than the other steels tested, however at long lives the Avesta 2205-steel can
withstand similar total strain. The prestrained AISI 301-steel and the duplex steels can
withstand most total strain amplitude when compared to the tensile ductility of the
material. The stress amplitude at about half the fatigue life can be seen in Figure 16.
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Figure 16: The stress-life curves for different stainless steels, after Bergengren et al.
[42]

The fatigue limit and the fatigue strength corresponding to a fatigue life of 105 cycles
are higher for duplex steels than for austenitic steels. At 104 cycles the prestrained 301
steel have similar fatigue strength as for the duplex steels. Prestraining of the austenitic
steels increases the fatigue strength significantly at all fatigue lives in the range 104-106

cycles. The fatigue limit increases by some 30%.
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4 Residual stresses and deformation of two-phase alloys

4.1 Deformation of two-phase materials
When a two-phase material is subjected to uniaxial tensile strain, it will behave similar
to the schematic shown in Figure 17. The bulk material will have a stress response that
is predominately elastic to the yield point, where it will deform plastically with a non-
linear stress response. The stress response of the bulk material is that measured by
traditional mechanical testing methods and is by definition the macrostress applied to
the sample [2].

Figure 17: Mechanical behaviour of a two-phase material

The material is heterogeneous and each point in the material will have its own
individual response to the applied strain. Since the two phases may have different
coefficients of thermal expansion, thermal microstresses are introduced during cooling
from an elevated temperature. These initial microstresses can then increase or decrease
upon loading, depending on the difference in elastic and plastic properties of the two
individual phases. The bulk response is the average of the response of all points in the
material volume.

In an early study, Wilson and Konnan [44, 45] used X-ray diffraction to study the
interaction stresses between the ferrite and cementite phases of steel during uniaxial
tensile deformation. They reported that large tensile interaction stresses developed in
the cementite during deformation.
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Persson [46] found that the non-uniform thermal stress field around the SiC-
reinforcement influences the micro yielding in the initial stage of loading, and gives
rise to different 0.2% yield stress in tension and compression.

4.2 Fatigue behaviour of two phase materials
X-ray diffraction allow determination of the individual stress state for each phase of a
multiphase material and has therefore successfully been used to study the evolution of
the mechanical state of two-phase material during deformation. Noyan and Cohen [47,
48] studied the fatigue of a two-phase brass and found that the residual stresses formed
only within the softer phase due to inhomogeneous deformation within that phase.

Winholtz and Cohen [2] found that the fraction of load taken by the carbides greatly
increase, when a steel deforms in fatigue. They also found that the morphology has an
impact on the development of microstresses. The stress response of the individual
phases in a 1080 steel with pearlitic and spheroidal microstructure was investigated
during low-cycle fatigue. It was found that the microstresses were higher in the
pearlitic condition than in the spheroiditic condition, see Figure 18. They concluded
that these differences arise from the morphology; the pearlite lamellae more effectively
transfer the load to the cementite phase. The higher microstresses give the pearlitic
condition a higher work hardening rate than the spheroiditic condition.

(a)
-0.001 -0.002 0.000 0.002

Strain
0.004 OOUli

(b)
-0.005 -0.004 -0.003 0.000 0.002

Strain
0.004 O.OOtl

Figure 18: Hysteresis loops for, (a) Perlitic, (b) Sphroidized 1080 steel
with components for the matrix and cementite phases, from Winholtz et al. [2]

Winholts and Cohen [49] have also investigated changes in the macrostress and
microstress in steel during high-cycle fatigue. They found that in heat treated
specimens of perlite, spheroidite and tempered martensite with no initial residual
stresses, no development of residual stresses occurs for fully reversed uniaxial fatigue
loading. Both, macrostresses initially present in the material due to shot peening, and
microstresses fade with fatigue.

The effect of residual macrostresses and microstresses on fatigue crack initiation and
propagation in 1080 steel has also been studied by Aimer et al. [50, 51]. Residual
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stresses were introduced into double-edge notched specimens by prestraining and
press-fit operations. Microstresses were observed to fade rapidly during fatigue, while
macrostresses relaxed less rapidly and were observed to strongly affect crack initiation
behaviour. They also found that residual microstresses do not affect stage II fatigue
crack propagation. This can be attributed to microstress fading within the crack tip
strain field. However, fatigue crack growth rates increased in the presents of tensile
residual macrostresses, and these increases appear to occur earlier during growth with
decreasing stress intensity factor range.

4.3 Experimental observations of residual stresses in duplex
stainless steels

Kamachi et al. [52] have studied the behaviour of stresses in each phase of a duplex
stainless steel of type 23Cr-5Ni-1.5Mo at elevated temperatures. At room temperature
tensile stresses were found in the austenite and balancing compressive stresses were
found in the ferrite. These stresses decrease with temperature up to a stress free
temperature of approximately 300°C. Upon further increase of the temperature,
thermal stresses of the opposite sign developed until 500°C were yielding started and
the stresses again decreased slowly to zero, see Figure 19.
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Figure 19: Stresses in a duplex stainless steel, at elevated temperatures. Open symbols
correspond to the austenite and filled symbols to ferrite, from Kamachi et al. [52].

Harjo et al. [53] have measured the thermal residual elastic strains in duplex Fe-Cr-Ni
alloys with different volume fraction of austenite and ferrite. The measurements were
done with both X-ray and neutron diffraction. For a 29.6Cr-10.9Ni-0.04N steel with
almost equal amount of austenite and ferrite, the thermal phase stresses was found to
be around 500 MPa tensile in the austenite and 500 MPa compression in the ferrite.
These stresses were also found to be close to what can be predicted with the purely
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elastic Eshelby method (see section 4.4.1) when the material is quenched from the
solution treatment temperature. They therefore draw the conclusion that no plastic
relaxation of stresses occurred during quenching.

Hauk et al. [54] used both X-ray and Neutron diffraction in order to investigate the
evaluation the deformation residual stresses caused by uniaxial plastic strain in a
22.7Cr-5.4Ni-3.06Mo duplex stainless steel with 0.13% nitrogen. The specimens were
taken from a pipe with an outer diameter of 225 mm and a wall thickness of 25 mm.
The as-delivered material had been solution annealed 30 min at 1050°C and then
quenched in water. An investigation of the texture revealed that preferred orientations
were only weakly present in both phases. After 12% plastic straining, in the
longitudinal direction, the texture were more pronounced showing (100)- and (111)-
fibre texture for the austenitic phase and {311 }{011) texture for the ferritic phase.

Measurements on the as-delivered material showed a relatively strong scatter for the d
values and the intensities as well, presumably because of coarse grain effects, but the
following conclusions were drawn: for the ferrite, the d vs. sin2\|/ distributions are
linear and indicates small compressive stresses in the loading direction and zero
stresses transverse to loading direction. For the austenite, the d vs. sin2\|/ distributions
are slightly curved and indicated small tensile stresses both for the longitudinal and the
transverse direction.

The results from the samples plastically strained by 12% are shown in Figure 20.
Because of the smaller scatter of the data, the non-linearity's shows up clearly in the d
vs. sin2\|/ distributions. Likewise an early stage of a texture can be seen in the intensity
curves, in particular for the austenitic phase. The neutron measurements, which
represent averages over the whole cross-section, agree well with the X-ray results.
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Figure 20: Lattice parameter and relative intensity versus sin2 y/as measured after
12% plastic strain using different {hkl} peaks. Left hand side: X-ray results from the
ferritic phase. Right hand side: X-ray results from the austenitic phase, from [54].

The d vs. sin2\|/ curves in Figure 20 are sometimes highly non-linear, but the texture
was not very marked. To overcome this difficulty Hauk et al. [54] averaged the d
values weighted with the multiplicity factor of the {hkl}-lattice planes. The results are
shown in Figure 21.
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Figure 21: Lattice parameter and relative intensity versus sin2 y/determined for a
duplex grade 2205 after 12% plastic strain by X-rays. The plotted values are weighted

averages of those obtained for the {211} and {220} peaks of the ferritic phase,
respectively the {311}, {220} and {222} peaks of the austeritic phase, from [54].

Again the distribution are nearly linear. The relatively large scatter of the data is
assumed to be at least partly due to the low signal-to-noise ratio of the X-ray
intensities. From the slope of the straight lines, obtained by regression analysis,
residual stresses were calculated for each phase. The results are listed in Table 5.

Table 5: Residual stresses in a duplex stainless steel after 12% plastic strain
measured on several diffraction planes for sin2 y/<0.8 [54]

Location

Ground surface

Central part

Stress in MPa

On - CF33

C22 " 033

011 - 033

022 " 033

Ferrite

153±14

-103±14

-84±7

-37±11

Austenite

566±21

-118+8

154±4

-4±5

From the measurements on the 12% plastically strained samples, which covered
several different reflection lines, do were calculated under the assumption c33 = 0 for
each phase.

Lebrun and Inal [55, 56] studied the deformation stresses present in a 22Cr-5.7-Ni-
2.8Mo-0.15N after uniaxial plastic deformation. They found that the microstresses
increase with increasing plastic strain and the microstresses were always tensile in the

47



Residual stresses and fatigue in duplex stainless steels- A literature survey

austenite and compressive in the ferrite, see Figure 22. They explained this with a
higher yield stress and the more rapid hardening behaviour in the austenitic phase.
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Figure 22: Residual axial stress in each phase in duplex stainless steel
as a Junction ofprestrain, after Inal [56]

Lebrun and Inal [55, 56] also investigated the influence of X-ray elastic constants
(XEC) on the residual stresses in a duplex stainless after plastic deformation and found
that the determined stresses are insignificantly affected when using anisotropic XEC
instead of isotropic XEC values. They offer two possible explanations; (1) the {211}
planes for ferrite and {220} planes for austenite have a crystallographic factor [57]
equal to 0.25, which is close to the 0.20 value corresponding to isotropic behaviour;
(2) The anisotropic elastic effect is low compared to the plastic one.

4.4 Modelling of residual stresses and deformation
Modelling of deformation can be a very useful tool and a good complement to
experimental investigations for better understanding of the underlying mechanisms
causing for instance development of residual stresses. Two often used models for
prediction of thermal and deformation residual stresses are briefly described below.

4.4.1 The Eshelby model
The stress field in and around an inclusion, caused by an eigenstrain (e.g. strains due to
thermal expansion, phase transformation or misfit in lattice spacing for coherent
inclusions etc.) can be calculated with Eshelby's equivalent inclusion method [58-60].

If an ellipsoidal inclusion is subjected to an eigenstrain aT, then the total stress inside
the inclusion, a'"c, can be expressed as

(1)

or
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c'"c = af+aA^CM[ec + eA-^] (2)

where aA and eA are the stresses and strains due to an applied load, C7 and CM are the
stiffness of the inclusion and the matrix respectively.

The strain disturbance e( can be related to the fictitious eigenstrain «T through the
Eshelby tensor S [61] as

e c =Se r > (3)

The Eshelby tensor depends only on the aspect ratio of the inclusion and Poisson's
ratio of the matrix. See Mura [61] for more detailed description of the Eshelby tensor.

4.4.2 Materials with a finite volume fraction
Materials with a finite volume fraction will have a mean stress in the matrix, and Mori
et al. [62] (aligned inclusion) and Li et al. [63] (Randomly distributed inclusions) has
proposed a solution to that problem. The mean strain in the matrix can be expressed as

(eM} = -V{ [S - I]er* (Aligned inclusion) (4)

{eM) = -Vj-SeT (Randomly distributed inclusion) (5)

where S is the average Eshelby tensor [63]. Combining Eq. (1-5) the final expression
inside an inclusion is

<5Inc =C'[e" +Ser* +{e M ) -e 7 ]= CM[eA +Ser< +{eM)-e7*] (6)

The last part of Eq. (6) can be used to solve for e7* and finally the average stress in the
matrix can be calculated through the expression

Note that from Hooke's law oA = CMeA, but this is only valid for small volume
fractions Vf or if the inclusion and the matrix have approximately the same elastic

properties.

4.4.3 Strain energies of inclusions
The strain energy in the inclusion is simply the integral of the elastic strain multiplied
by the associated stress created as the strain is gradually introduced. Since the stresses
and strains within the inclusion is uniform, the Eshelby formulation gives that

W'nc = iCT'"c(Ser* + {tM)-tT)v (7)

where V is the volume of the inclusion. The strain energy in the matrix is most easily
determined by calculating the work done on the matrix by movement of the
inclusion/matrix boundary due to the eigenstrain [64]. By this method Eshelby obtains
a result on the form

WM=-ia'"c(SeT' + {eM))V (8)

So the total strain energy is then given by
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r = -|a'VF (9)

Note that the energies above do not include the strain energy due to the applied load.

From Eq. (7-9) one can note two important results. The strain energy is depends both
on the inclusion size and shape.

From Eq. (27-29) the strain energy density can be expressed as

U = j (10)

The strain energy density is independent on the size of the inclusion but varies with the
inclusion shape.

4.4.4 The elastic field outside an ellipsoidal inclusion
The eigenstrain er*, determined by Eq. (6), can be used to calculate the stress field
around an ellipsoidal inclusion in the matrix. The stress field is expressed as

oM = CMDeT' (11)

where D is a tensor relating the eigenstrain to the strain field in the matrix. See [61] for
more detailed description of the D tensor.

4.4.5 The Finite Element Method
The stress and strain distribution in a composite structure can be solved numerically
using the Finite Element Method (FEM). Physical problems can often be described
mathematically using ordinary and partial differential equations with initial and
boundary conditions. The majority of these differential equations are difficult or even
impossible to solve analytically. The aim of FEM is to change the differential equation
to a linear system of equations, which is easy to solve with modern computers.

An early example of finite element analysis of a ferrite-martensite and ferrite-perlite
material can be found in [65] by Fischmeister and Karlsson. The microstructure was
taken from a representative micrographs and approximated by a finite element
discretisation. In this way it is possible to study the influence of shape and volume
fraction of the second phase on the plastic properties of the composite material. It is
also possible to reveal concentration of stresses and strains which might indicate risks
for local fracture. Other examples of modelling stress distribution with FEM in for
instance in duplex stainless steel and WC-Co alloys can be found in [66-69].
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Abstract
The evolution of micro- and macrostresses in a duplex stainless steel during loading
has been investigated in situ by X-ray diffraction. A 1.5 mm cold rolled sheet of alloy
SAF 2304 solution treated at 1050°C was studied. Due to differences in the coefficient
of thermal expansion between the two phases, compressive residual microstresses
were found in the ferritic phase and balancing tensile microstresses in the austenitic
phase. The initial microstresses were almost two times higher in the transverse
direction compared to the rolling direction. During loading the microstresses increase
in the macroscopic elastic regime but starts to decrease slightly with increasing load in
the macroscopic plastic regime. For instance, the microstresses along the rolling
direction in the austenite increase from 60 MPa, at zero applied load, to 110 MPa, at
an applied load of 530 MPa. At the applied load of 620 MPa a decrease of the
microstress to 90 MPa was observed. During unloading from the plastic regime the
microstresses increases by approximately 35 MPa in the direction of applied load but
remains constant in the other directions. The initial stress state influences the stress
evolution and even after 2.5% plastic strain the main contribution to the microstresses
originates from the initial thermal stresses. Finite element simulations show stress
variations within one phase and a strong influence of both the elastic and plastic
anisotropy of the individual phases on the simulated stress state.

Keywords: Mechanical properties, X-ray diffraction, Computer simulation

1 Introduction
Duplex stainless steels, consisting of approximately equal amounts of austenite and
ferrite, often combine the best features of austenitic and ferritic stainless steels and are
today established in a wide product range from chemical tankers, pressure vessels and
pipes to heat exchangers and paper machines. In most cases duplex stainless steels are
selected because they combine high strength and corrosion resistance. The use of
duplex stainless steels in constructions has caused a growing demand for studies
related to their mechanical behaviour.

A two-phase material, like duplex stainless steel, is inhomogeneous, and each phase in
the material will have a different response to an applied strain. Since the two phases
may have different coefficients of thermal expansion, thermal microstresses are
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introduced during cooling from an elevated temperature. These initial microstresses
can then increase or decrease upon loading, depending on the elastic and plastic
response of the individual phases. A large number of mechanical and physical
properties describing the macroscopic behaviour of duplex stainless steels, such as
uniaxial yield and ultimate tensile strength, fatigue resistance, fracture toughness and
corrosion resistance, have been documented extensively (e.g. see [1-3]). However,
information about the mechanical state of the individual phases in a duplex stainless
steel, is relatively limited. Several authors [4-6] have attempted to model the plastic
deformation of duplex stainless steel starting from the mechanical properties of single-
phase tie-line alloys. Nystrom and Karlsson [4] although found that the linear law of
mixture can not predict the variation in monotonic yield stress. A possible reason for
this is that initial residual stresses and texture effects were neglected. In addition,
duplex stainless sheet steels exhibit, as a result of hot rolling, a heavily banded
microstructure with elongated austenitic islands in a ferritic matrix. Such complex
morphology will lead to a variation in stress also within one phase and plastic
deformation will therefore be influenced by inhomogeneous deformation within the
phases [7].

The effect of morphology and microstresses has been studied by Winholtz and Cohen
[8]. The stress response of the individual phases in a 1080 steel with pearlitic and
spheroidal microstructure was investigated during low-cycle fatigue. They found that
the microstresses are higher in the pearlitic condition than in the spheroiditic
condition. They concluded that these differences arise from the morphology; the
pearlite lamellae more effectively transfer the load to the cementite phase. The higher
microstresses give the pearlitic condition a higher work hardening rate than the
spheroiditic condition. In addition thermal residual microstresses have been found to
influence the plastic properties of SiC-reinforced aluminium composites. Persson [9]
found that the non-uniform thermal stress field around the SiC-reinforcement
influences the micro yielding in the initial stage of loading, and gives rise to different
0.2% yield stress in tension and compression.

Other authors [10, 11] have reported on decreasing microstresses caused by plastic
deformation. Aimer et al. [11] found that residual microstresses in a 1080 steel, fade
rapidly upon cyclic loading, independent of which phase was in compression or
tension. Similar behaviour was seen by Hanus et al. [10] when investigating the effect
of rolling on the residual stress state of a particulate-reinforced metal matrix
composite. The microstresses decreased with increasing pressure rolling.

Microstresses in duplex stainless steels have so far only been measured after unloading
on specimens subjected to large plastic strains [12-14] or during thermal cycling [15].
For instance Lebrun and Inal [12, 14] found that the microstresses increase with
increasing plastic strain and the microstresses were always tensile in the austenite and
compressive in the ferrite. The explanation is the higher yield stress and the more rapid
hardening behaviour in the austenitic phase.

In this paper we will report on the evolution of the triaxial residual stress state in a
commercially produced duplex stainless steel, measured in situ during uniaxial loading
and compare it to the results from FEM simulations. The data is discussed in terms of
initial stress state, microstructure and anisotropic mechanical behaviour of the
individual phases.
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2 Experimental methods

2.1 Material
The studied material denoted SAF 2304 is a commercial duplex stainless steel,
provided by Avesta Sheffield AB. The chemical composition is given in Table 1. The
steel has been hot and cold rolled to a thickness of 1.5 mm. After rolling the material
was quenched from a temperature of 1050°C to avoid precipitation of secondary
phases. All investigations have been performed on materials in this as received
condition.

Table 1: Chemical composition of duplex stainless steel SAF 2304

Element

Fraction (wt. %)

Fe

Bal.

C

0.022

Si

0.37

Mn

1.5

Cr

22.8

Ni

4.9

Mo

0.31

Cu

0.26

N

0.098

The volume fraction, determined from point counting of each phase, is 45+5% for the
ferritic phase and 55±5% for the austenitic phase. The micrograph in Figure 1 show, as
a result of the hot rolling, a heavily banded microstructure in all three directions with
austenitic islands in a ferritic matrix. The size of the austenitic islands scatters a lot
with typical value in the range of 0.5-3.0 \im in the normal direction, 5-25 urn in the
transverse direction and 15-200 \im in the rolling direction. The distance between the
austenitic islands is typically 3 \xm in the normal, 25 Jim in the transverse, 150 y.m in
the rolling direction, respectively. The grain size is similar for both phases and about
10 um in the rolling and transverse direction and 1.5 |im in the normal direction. No
secondary phases were observed in the optical micrographs or in the X-ray
diffractograms.

The macroscopic material properties were investigated by resonance testing [16] and
tensile testing. The tensile testing was performed on 8 mm wide specimens with a
gauge length of 50 mm using an Instron tensile test machine. The results are given in
Table 2. As a result of the rolling texture the material exhibit anisotropic material
properties. This type of anisotropy, with values of yield and tensile strength that are
higher in the transverse than in the longitudinal direction relative the banded structure,
is common for duplex stainless steels [17-19].

Table 2: Results from macroscopic material properties testing

Properties

Young's modulus [GPa]

Proof strength Rp0.2 [MPa]

Tensile strength Rm [MPa]

Strain to failure [%]

RD

196

523

730

39

45

199

530

713

43

TD

209

566

767

38

Method

Resonance testing

Tensile test

Tensile test

Tensile test
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Figure 1: Microstructure of the duplex stainless steel SAF 2304.

Nanoindentation [20] on the surface perpendicular to the normal direction showed that
the hardness is slightly higher in the austenite compared to the ferrite. Ten indentations
were made with a Nano Indentor™ II instrument in each phase with a load of 5mN
and an indentation depth in the range of 200nm. The hardness of the austenite was
found to be 4.2 GPa (STD = 0.13), while the ferrite show a hardness of 3.9 GPa (STD
= 0.11). This indicates that the austenite has higher yield strength than the ferritic
phase.

The crystallographic texture of both phases was determined from X-ray diffraction
measurements on a Seifert PTS 3000 diffractometer using Cr K& radiation. Three
incomplete pole figures were measured for each phase by the Shultz reflection method.
For the ferritic phase the {110}, {200} and {211} pole figures were measured while
for the austenitic phase the {111}, {200} and {220} were recorded. Correction factors
for defocusing were obtained from a texture free powder sample. The texture was
investigated in greater detail using orientation distribution functions (ODFs) calculated
by the series expansion method [21]. The {001}{110) rotated cube texture was found
to be the strongest component in the ferritic phase with a density of 4.7 x random, see
Figure 12. A second strong component with almost the same density was {011}(100)
Goss orientation. Several authors have reported this type of texture for ferrite in duplex
stainless steels, e.g. [17-19, 22]. The austenitic phase shows a more complex type of
texture, see Figure 12. The strongest component was copper texture {112}<111) with a
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density of 2.7 x random. A second strong component was {011}(lll) with a density of
2.1 x random. This type of texture is close to observations made by Ul-Haq et al. [19,
22] for similar material.

2.2 Residual stress measurements
The stress distribution in a two phase material is not uniform but varies from point to
point within the material [23], and this gives rise to micro- and macrostresses ( V ,

and "<rv, respectively). The definitions of total, macro and microstresses are given in
Figure 2. Stresses are obtained using X-ray diffraction by measuring the changes in
lattice spacing in different directions in the specimen using well-established
procedures [23]. In this way it is possible to measure the average total stress tensor
separately in each phase of the material. When the total stress tensors are known, one
can extract the macrostress and microstress tensors.

0

Phase a

r

V.. y

7>' / / / ,/' / / ' f+2£— Phase p

Figure 2: Definition of total, macro- and microstresses in a two-phase material.

Macrostresses are by definition the same in both phases of a two-phase material [23],
and can be caused by an external applied load or arise from differential deformation of
one region of a material with respect to another. These stresses vary slowly on a scale
that is large compared to the material's microstructure. Microstresses, however, vary
on the scale of the material's microstructure and must balance between the phases
[23]. The microstresses may arise in a number of different ways such as in
deformation of a two-phase material with different yield points or differences in
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thermal expansion. The average total stress, at any point in phase a is the sum of the
macro- and microstress components

The average total stress in a phase is what a diffraction measurement can reveal. To
separate the total stress into macro- and microstresses one needs to use the equilibrium
conditions. For any residual stress Oy in a two-phase material, it holds

where Vy denotes the volume fraction of phase P and where the carats "()" imply
averages over the appropriate volume [24]. By determining the total stress for each
phase from measurements and using Eqs. 1 and 2 the macro- and microstresses can be
separated.

The X-ray measurements were performed on an Q-diffractometer, using Cr K^
radiation and vanadium filter on the detector side. In order to make three dimensional
(3D) analysis possible, three different <p tilts were recorded, 0°, 60° and 120°, using the
{211} reflection for the ferritic phase and the {220} reflection for the austenitic phase.
The measurements were extended up to -50° < \|/ < 50° for the ferrite and -42° < \|/ <
42° for the austenite. For a definition of above angles, see [24]. In order to determine
the location of the diffraction peak a least square fit of a pseudo-Voigt function to the
data was employed.

A tensile test device has been constructed to fit on the diffractometer. This gives the
possibility to follow the stress changes in situ during loading, since the tensile test
device was constructed in such a way that it allowed for tilts in both 9 and \|/. The
stresses were recorded at different load steps, corresponding to 0, 150, 290, 440, 530,
580, 625 MPa and after unloading from 580 MPa. The load was always applied in the
rolling direction and the specimens were never subjected to compressive loads. The
flat specimens had a thickness of 1.5 mm, a width of 8.0 mm and a gauge length of 50
mm. The sample surface was prepared by grinding with a 1200-grit SiC paper
followed by polishing with 6, 3, and l-|xm diamond paste. After mechanical surface
treatment the specimens were electropolished to avoid grinding stresses at the surface.
It was found that the surface stresses in loaded specimens were decreasing with time.
The decrease, probably due to visco-elastic or visco-plastic effects, was always less
than 3.5%.

An electronic load cell recorded the mechanical loads applied to the specimen and the
strain was measured on the backside of the specimen by an ordinary strain gauge. The
difference between measured applied load divided by the sample cross section and the
measured strain times the elastic modulus was always less than 50 MPa in the elastic
regime.

The lattice parameter, a vs. sin2\)/ distributions show close to linear relationships for
both phases. This indicates that the crystallographic texture has minor influence on the
stress calculations, and therefore an isotropic stress analysis has been used to establish
the stress following ref. [24]. Hill average of the single crystal values given by Lebrun
et. al [12] was used as X-ray elastic constants.
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In order to facilitate determination of the triaxial stress, it is essential that the
unstressed lattice parameter ao is accurately determined. Since the thermal expansion
coefficients are different for the ferrite and austenite an as-delivered duplex material
will never be stress free and can not be used for the determination of ao. Therefore, a
stress free austenitic powder sample was prepared by selective dissolution [25] of the
ferritic matrix in a 1M H2SO4 + 0.2M NaCl solution at 60°C. The lattice spacing was
measured for three different {hkl}-lattice planes, ao was than achieved by using the
Nelson-Riley extrapolation [26] and was found to be ao=3.59694±0.00020 A. The
unstressed lattice parameter for the ferritic phase was calculated from stress
equilibrium conditions by assuming that the macroscopic stress normal to the surface,
M<r33, must be zero on the surface. This resulted in ao=2.87355±0.00018 A for the
ferritic phase. The error in lattice spacing corresponds to an error in the stress values of
approximately 30 MPa.

The stresses measured by X-ray diffraction are the average stresses inside the
penetration volume. Since MaZi must be zero at the surface, stress relaxation in a
region close to the surface may occur. Bai et al. [27] investigated the stresses
relaxation due to a free surface in a long fibre reinforced composite and found that the
perturbed effect can be neglected when the depth of the X-ray penetration is bigger or
equal to the inter fibre spacing. The inter particle spacing in the investigated material
is approximately 3 |4.m in the normal direction and thus smaller than the penetration
depth of CT radiation, which is approximately 5 |im in stainless steel. Thus, the stresses
presented in this study represent the true stress state also beneath the surface.

2.3 Finite Element Model
The stress and strain distributions in a duplex structure were solved numerically by
using the finite element method (FEM). Two different types of geometry have been
considered. The first one is a two-dimensional (2D) model where the geometrical
configuration corresponds to an idealisation of a representative micrograph. The
second one is a simpler three-dimensional (3D) model. Since the two phases in a
duplex stainless steel have different coefficients of thermal expansion, see Table 3,
thermal stresses will be generated when the material is quenched from the solution
treatment. Thermal stresses are highly hydrostatic and it is therefore not possible to
include thermal stresses in a two-dimensional model.

Table 3: Typical coefficients of thermal expansion (CTE), after [1]

Grades

Ferritic

Austenitic

Type

445

303

100°C

10.4

17.2

Mean CTE from 0°C to:

315°C

10.8

17.8

538°C

11.2

18.4

As a consequence thermal stresses was only included in the three-dimensional model.
Kamichi et. al [15] found that the stress free temperature in a duplex stainless steel
with a composition close to the alloy investigated in this study was approximately
300°C. This temperature were therefore chosen as the stress free starting temperature
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for the simulation. The thermal stresses at room temperature were than determined.
After cooling a load of 600 MPa were applied in the rolling direction of the material.

(c)

Figure 3: (a) Geometrical configuration for the finite element model as idealised from
(b) a typical optical micrograph, (c) Geometrical configuration for the three-

dimensional model.
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The geometry used for the 2D model is shown in Figure 3a together with the element
mesh used during the calculations. The white areas represent the austenite and the
darker areas correspond to the ferritic matrix. Also included in Figure 3b is a
micrograph of the microstructure used to determine the geometry and mesh for the
model. The geometry for the 3D model can be seen in Figure 3c. There is a small
difference in volume fraction of the two phases. In the 2D model the volume fraction
of ferrite is 45.8 % and in the three-dimensional 48.3%. Both values are within the
error range for the real microstructure.

The commercial FE code ANSYS used throughout this study accounts for both
anisotropic and non-linear material behaviour. Quadratic plane stress elements
allowing a linear variation of the stress field over the element were employed in all
calculations. The model was loaded incrementally in the vertical direction. During
loading, the edges of the cutout were kept straight and parallel by imposing periodic
boundary conditions which make the cell edges into mirror lines.

An elastic-plastic model with multi-linear kinematic hardening together with
orthotropic elastic properties was chosen as representative of the behaviour of both
phases. However, the material properties of the separate phases in the condition they
exist in the duplex alloy are unknown, which adds to the uncertainty to the modelled
material behaviour. The elastic properties used in the model are listed in Table 4.
These values are calculated by a crystallographic method based on the Voigt-Reuss-
Hill assumption [28] using single-crystal elastic constants [12] and the measured
ODF's.

Table 4: Orthotropic elastic properties used in the FEM simulations

Ferrite Austenite

ERD [GPa]

201

ETD [GPa]

226

VRD

0.186

v-ro

0.333

ERD[GPa] ETD [GPa] vRD

190 186 0.305 0.281

The calculated anisotropic elastic properties for each phase are plotted in Figure 4 as a
function of the angle from rolling direction. The two dashed curves correspond to the
calculation by Hill's model, which is an average of Voigt's and Reuss's model. The
solid line corresponds to the volumetric average of the ferritic and austenitic curves
and can be seen as an approximation of the macroscopic elastic properties. The
reliability of the calculated elastic properties was checked by determining the
macroscopic elastic modeli using the resonance technique. The measured values,
shown in Figure 4 are close to the calculated values.

The stress-strain behaviour of the two phases cannot be measured directly in the
duplex composite structure. Several authors, e.g. [4], have therefore tried to fabricate
single-phase tie-line alloys with the same properties as the two duplex phases. It is
however difficult to achieve the correct grain size and the correct composition of the
two phases making the obtained material properties not representative of the material
property of for example the austenite in the duplex alloy. For instance a small change
in the nitrogen content can increase the yield stress of the austenitic phase, and even
change it from being the softer phase to become the harder phase [29].
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Figure 4: Elastic characteristics of the duplex structure and the corresponding single
phases.

In this study it was instead assumed that the stress-strain behaviour of both phases
could be described by a Ramberg-Osgood-type expression,

£ = —-
E

( V

K )
(3)

where oy is the stress at 0.2% plastic strain, E is the Young's modulus and N is the
hardening coefficient. In the used FE-model, this type of equation type was
implemented as a multilinear function with 5 points and straight lines in between. The
material properties of the individual phases were chosen in such a way that the
macroscopic model behaviour fits experimentally obtained macroscopic behaviour, see
Figure 5. The elastic - plastic characteristics of each phase are listed in Table 5.

Phase

Ferrite

Austenite

Table 5: Plastic material parameters

E [GPa]

201

190

used in the

ay [MPa]

500

560

FEM simulations

N

30
11

The corresponding stress-strain curve for the austenite and ferrite together with the
measured duplex stress-strain curve and the results from the 2D-model are plotted in
Figure 5. The fit is acceptable.
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Figure 5: Stress-strain behaviour of the Duplex stainless steel together with the
assumed material properties of the single phases. *MLR0E = Multi-linear Ramberg-

Osgood Expression

3 Results

3.1 X-ray diffraction
The total stresses in the ferritic and austenitic phase; 'aa and W e r e measured with
X-ray diffraction and separated into macrostresses and microstresses for each phase
using Eqs. 1 and 2. Measurement at zero applied load indicates small compressive
macroscopic residual stresses. The microstresses are tensile in the austenite and
compressive in the ferritic phase. One can also see that the microstress is higher in the
transverse direction compared to the rolling direction. The complete residual stress
state is presented in Table 6 along with the errors in the measurements.

The stresses were than measured on the same sample with an applied load of 150, 290,
440, 530 and 580. The complete stress state in the sample loaded with 580 MPa is
listed in Table 7. It is evident that more load is transferred to the austenitic phase than
compared the ferritic phase. One can also notice a small increase of the microstress in
the transverse and normal directions. The stresses were also measured after unloading
from 580 MPa. At this stage the sample had a remaining plastic strain of 1.2%. Results
from this measurement are presented in Table 8. One can see that the microstresses
also changes during unloading.
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Table 6; Total stresses, macrostresses and microstresses in SAF2304 before loading

Component 'o° error V error Ma error ''a" error W error

011 [MPa]

Oaa [MPa]

C33 [MPa]

o12 [MPa]

c13 [MPa]

O23 [MPa]

-111.1

-213.5

-124.8

0.3

-2.0

1.4

15.7

15.7

6.1

7.1

3.1

3.1

29.1

82.8

74.3

2.6

-4.4

-8.1

16.4

14.7

5.7

6.2

2.3

2.2

-34.0

-50.5

-15.3

1.6

-3.3

-3.8

13.4

18.4

10.8

4.8

2.0

2.0

-77.1

-163.0

-109.5

r1.3

1.3

5.2

12.4

17.7

10.6

4.2

1.7

1.8

63.1

133.4

89.6

1.1

-1.1

-4.3

14.3

19.0

11.0

5.2

2.1

2.1

Table 7: Total stresses, macrostresses and microstresses in SAF 2304 at 580 MPa
applied load

Component

an [MPa]

022 [MPa]

033 [MPa]

a12 [MPa]

a13 [MPa]

CJ23 [ M P a ]

V
471.2

-156.6

-126.1

16.0

5.6

0.3

error

15.8

15.8

6.1

7.1

3.1

3.1

V
691.6

177.0

117.8

16.5

-2.0

-2.2

error

16.4

16.4

6.0

7.0

2.4

2.4

Mo

592.4

26.9

8.0

16.3

1.4

-1.1

error

15.8

20.2

12.9

5.0

2.0

2.0

Table 8: Total stresses, macrostresses and microstressei

Component

On [MPa]

022 [MPa]

033 [MPa]

o12 [MPa]

a13 [MPa]

era [MPa]

V
-142.3

-181.4

-129.1

-7.8

0.7

-1.8

error

16.2

16.2

6.3

7.3

3.1

3.1

V
159.8

105.1

75.1

4.8

-1.2

-9.7

error

13.2

13.2

4.9

5.6

2.0

2.0

Mo

23.9

-23.8

-16.8

-0.9

-0.3

-6.2

error

18.4

17.8

11.0

4.7

1.9

2.0

-121.2

-183.5

-134.1

-0.3

4.2

1.4

error

15.0

19.6

12.8

4.5

1.8

1.8

Jin SAF 2304

V"

-166.1

-157.5

-112.3

-6.9

1.1

4.3

error

17.7

17.1

10.8

4.1

1.7

1.7

• " a 7

99.2

150.1

109.8

0.2

-3.4

-1.1

error

16.7

20.8

13.1

5.5

2.2

2.2

after unloading

135.9

128.9

91.9

5.7

-0.9

-3.6

error

18.9

18.3

11.1

5.0

2.0

2.1

The evolution of the stresses during loading is plotted in Figure 6 and Figure 7. Figure
6 show the total stress and the macrostress measured by X-ray diffraction as a function
of the applied stress measured by the load cell. In Figure 7 the microstresses has been
separated from the total stress. In this figure the total plastic strain applied to the
specimen has also been included. One can see that the microstress is always lower in
the rolling direction than in the transverse direction. The microstresses are increasing
with increasing load in the macroscopic elastic regime, but start to decrease when the
macroscopic load reaches the plastic stage.

If, instead, the total stresses are plotted as a function of the applied strain, se Figure 9,
one can see that the austenitic phases has the highest yield stress. In Figure 8 the
integral breadths, p\ for the diffraction peaks are plotted as a function of applied stress.
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An increase in the peak width for a specific phase indicates that there is also a
variation in stress within this phase.
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Figure 6: Total stress as a Junction of applied stress (a) stresses in the rolling
direction, (b) Stresses in the transverse direction, (c) stresses in the normal direction
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Figure 9: Stress response of the individual phases in a duplex stainless steel
subjected to an uniaxial applied strain

3.2 Finite Element Model
A two-dimensional and a three-dimensional FE-model with the elastic and plastic
properties described in Table 5 were implemented and the simulations were run in an
incremental, quasi-static scheme, using around 60 sub steps for the loading. After the
simulation the average phase stress was calculated for certain loads, by weighting each
element stress with the volume of the element.

3.2.1 Results from the 2D model
The result for the two-dimensional model can be seen in Figure 10, where the total
stress in the rolling direction for each phase is plotted (Figure 10a) as a function of the
applied stress. One can see that the stresses are almost the same up to 450 MPa applied
load where the austenitic phase starts to carry more load than the ferritic phase. The
microstresses (Figure 10b) for each phase were calculated in the same way as for the
X-ray measurement, using Eq. (1) and (2). The stresses are in general low, since no
initial residual stresses were included in the model. This makes a direct comparison of
the experimental result with the FEM results impossible.
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Figure 10: FEM results, (a) The total stress in each phase as a junction of applied
load, (b) Microstress as a junction of applied load

The results reported above are average stresses in each phase. An advantage of the FE-
model is the possibility to study the stress distribution in each phase. The morphology
in combination with the elastic and plastic incompatibility between the two phases will
lead to a variation in stress also within one phase. Figure 11 show FEM results of the
stress variation within the two phases when the applied macroscopic stress is 500 MPa.
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Figure 11: FEM results showing the stress variation within
(a) the austenitic phase and (b) the ferritic phase.
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One can see that the stress in the rolling direction varies from 460 to 560 MPa in the
austenitic phase and from 440 to 520 MPa within the ferritic phase. The areas with
high stress in the ferrite are mainly concentrated close to the interfaces between
austenite and ferrite that are transverse to rolling direction. In the austenite the stress
concentrations mainly occur in areas that are thinner in the transverse direction
compared with the average thickness in the same direction.

3.2.2 Results from the 3D model
Since thermal stresses not can be included in a two-dimensional FE model in a proper
way, a simple three-dimensional FE model was implemented. The material properties
and loading conditions were the same as for the two-dimensional model. The results
from the calculations can bee seen in Figure 6 together with the experimental results
from the X-ray diffraction measurements.

The microstresses in the FEM simulation remains almost constant in the macroscopic
elastic regime but starts to decrease in the microscopic plastic regime. The increase in
microstress in the macroscopic elastic regime found for the experimental results
cannot be found in the FEM result. One can also see that the FE-simulation predicts a
higher initial stress value in the rolling direction than indicated by the X-ray
measurements. In the other two directions the FEM and X-ray results show
comparable initial thermal strains.

4 Discussion

4.1 The initial thermal stress state
Due to significantly different coefficients of thermal expansion of the phases, see
Table 3, phase specific residual stresses are introduced as a result of quenching from
the solution annealing temperature. The higher value for the austenitic phase indicates
that one can expect tensile stresses in the austenite and compressive stresses in the
ferrite. This corresponds well with the experimental results. The experimental values
are however much lower than what can be predicted from the thermal expansion
coefficients of both phases using a purely elastic self-consistent model such as the
Eshelby model [30-33]. According to the Eshelby model a temperature change of
approximately 100°C is enough to achieve thermal microstresses of approximately 90
MPa for the austenite in the rolling direction, which is higher than the measured
microstress in Table 6. The Eshelby model also predicts the highest stress to be in the
rolling direction and not in the transverse direction as the measured values indicates.
This suggests that plastic deformation have occurred, at least locally, in both phases
during quenching. This is in contrast to what Harjo et al. [34] found for a 29.63Cr-
10.88Ni duplex stainless steel quenched in water. They found good correlation
between a pure elastic Eshelby model and experimental results. The thermal stresses in
their study were in the range of 500 MPa in all three directions.

In the three-dimensional FEM model the stress free temperature was assumed to be
300°C as found by Kamachi et al. [15]. In their study, it was not specified if the
stresses were measured in the rolling direction or transverse direction, but the thermal
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residual stresses at room temperature are in good agreement with the residual stresses
for the transverse direction found in this study. Since the duplex stainless steel is
quenched from the solution annealing temperature 1050°C, a stress free temperature of
300°C indicates that there must be at least local plastic deformation during the
quenching from 1050°C. The FE-model, however, predicts no plastic deformation
when the material was cooled from 300°C to room temperature. Siegmund et al. [35,
36] have modelled the thermomechanical deformation behaviour of duplex stainless
steel. They started at a stress free temperature of 900°C and simulated thermal cycling.
They predicted residual thermal stresses at room temperature that is twice as high as
the stresses in the transverse direction and four times higher than the stresses in the
rolling direction found in this study. One possible explanation is that in addition to
plastic deformation, creep deformation causing stress relaxation also occurs.

If plastic deformation occurs during quenching from the solution annealing
temperature, plastic anisotropy will lead to different residual stresses in different
directions. The stress components necessary to cause plastic flow can be described by
the yield locus. To investigate plastic anisotropy, a polycrystal model [37], based on
the Taylor/Bishop-Hill crystal plasticity theory (TBH), was employed to calculate the
yield locus. The yield locus constructed by this model is influenced by the distribution
of grain orientation and its shape is therefore determined by the measured ODF. The
predicted average crystallographic yield loci for the two phases are plotted in Figure
12.
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Figure 12: Left: Crystallographic yield loci predicted from texture data.
Right: ODF ($2=45 °) sections used in the calculation.
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One can see that there is a difference in yield properties between the rolling direction
and the transverse direction. The ferritic phase can be expected to have its highest
yield stress in the transverse direction, while the austenitic phase is almost isotropic.
Note that the resolved shear stress To not necessarily has to be the same in both phases.
Since the ferritic phase has the lowest yield strength it is reasonable to assume that the
ferritic matrix is the first phase to deform plastically during cooling, which means that
yielding will start at much lower stresses in the rolling direction compared to the
transverse direction. This leads to higher residual stresses in the transverse direction
compared to the rolling direction. Such plastic anisotropy may explain the difference
in stress found between rolling direction and transverse direction in the experimental
results. Also, since plastic anisotropy is not included in the FEM simulations, a
difference between simulated and experimental data is to be expected.

4.2 Effect of texture
Throughout this study, no texture effects have been included when the stresses have
been calculated from the measured lattice strains. This is justified by previous studies
by Inal and Lebrun [12, 14]. They investigated the influence of X-ray elastic constants
(XEC) on the residual stresses in a duplex stainless after plastic deformation and found
that the determined stresses are insignificantly affected when using anisotropic XEC
instead of isotropic XEC values. They offer two possible explanations; (1) the {211}
planes for ferrite and {220} planes for austenite have a crystallographic factor [38]
equal to 0.25, which is close to the 0.20 value corresponding to isotropic behaviour;
(2) The anisotropic elastic effect is low compared to the plastic one. The negligence of
texture effects is also justified by the almost linear dependency of lattice spacing on
sin2\]/-

The effect of texture on the macroscopic material behaviour can, however, be worth to
notice. According to the calculations from texture data, the ferrite can be expected to
have 10% higher Young's modulus in the transverse direction compared to the rolling
direction, see Figure 4. This difference in Young's modulus is also reflected in the
macroscopic behaviour of the material, see Table 2. Similar trends are also found
between the from texture data calculated yield loci (Figure 12) and the macroscopic
yield strength (Table 2).

4.3 Residual stress measurements
The main objective of this study was to examine the evolution of the stress state in
duplex stainless steel during loading. Figure 7 clearly demonstrates that the highest
stress can always be found in the austenitic phase and the microstresses increase with
load in the macroscopic elastic regime. When plastic deformation starts to occur,
further loading tends to decrease the micro stresses. Table 6 shows that the initial
residual microstress state is highly hydrostatic. This implies that the conventional
sin2\|/ technique for stress measurements is not appropriate for determining phase
stresses in duplex stainless steels. Since the sin2\y technique only can be used to
determine GU-G33 and not the individual stress components, hydrostatic stresses will
lead to an underestimation of the microstresses and errors in the phase stresses.
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The increase in microstress with increasing applied load in the macroscopic elastic
regime cannot be explained with the difference in Young's modulus since the ferrite
has a higher Young's modulus than the austenite, see Figure 4. The peak width (Figure
8) of the ferritic phase increases even at low applied loads suggesting that plastic
deformation processes are occurring, perhaps locally. Such local plastic deformation
could explain the increase seen in the microstress at low applied loads.

When macroscopic plastic deformation starts to occur, the increase in microstress
saturates and even a small decrease of the microstresses can be seen. The decrease is
nevertheless small and even after 2.5% total plastic deformation stresses are still
higher in the austenitic phase, see Figure 7. As a consequence, the yield strength of the
austenitic phase must be equal or higher than that for the ferritic phase. This is also
verified by nanoindentation which show that the austenite has a higher hardness than
the ferrite. These results are in direct contrast to other studies [4-6] where the ferritic
phase was assumed to be the harder phase. In these studies the yield strength were
taken from single-phase tie line alloys and for instance strain-hardening effects from
the yielding during quenching were neglected.

Comparison of Table 7 and Table 8 indicates that unloading from the plastic regime
gives a further increase of the microstresses in the loading direction. Thus, plastic
deformation tends to increase the residual microstresses present after unloading. This
behaviour has previously been reported by Inal and Lebrun [12, 14].

4.4 Comparisons of X-ray results and FEMresults
Since its not possible to include thermal stresses in the two dimensional finite element
model, no direct comparison of the microstresses between the X-ray results and the
two-dimensional FEM results can be made. However the three-dimensional model
shows good agreement in the transverse and the normal direction. In the rolling
direction the FEM model overestimates the initial thermal stresses compared to the
experimental X-ray results. A possible explanation based on anisotropic plastic
yielding has been given above and further micro mechanical analyses should therefore
take both anisotropic elasticity and plasticity into account when the material behaviour
is simulated

If one compares the 2D and 3D model, one can notice one interesting phenomenon.
Both models have the same elastic and plastic properties, the only thing that differs is
the geometry and the initial thermal stresses in the 3D model. One can see that the two
models predict different evolution of the microstresses upon loading, see Figure 10
and Figure 6. The 2D model predicts yielding to occur first in the ferritic phase, and
the load will therefore by transferred from the ferrite to the austenite, i.e. the
microstress increase in austenitic phase when yielding occurs. The 3D model predicts
the opposite behaviour, yielding occur first in the austenitic phase since the
microstresses decreases in the austenitic phase when macroscopic yielding occurs. The
behaviour predicted by the 3D model is closer to the experimental results, but one can
see that the decrease in microstress upon yielding is much lower than predicted. This
indicates that the two phases yield at almost the same applied stress and the austenitic
yield stress used in the 3D model may therefore be somewhat underestimated and the
yield stress for the ferritic phase overestimated.
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4.5 Application to fatigue
Degallaix et al. [39, 40] and Magnin et al. [41] have investigated the influence of
nitrogen on the low cycle fatigue of duplex stainless steel. Three duplex stainless steels
of type 2205 with three different nitrogen contents, 0.07 wt, 0.11 wt and 0.18 wt were
considered. Nitrogen has a low solubility in the ferritic phase and is mainly
concentrated in the austenitic phase. Moreover, nitrogen is known to increase the
resistance to plastic deformation in austenitic materials. For the material with 0.11 wt
nitrogen, which has a composition close to the material investigated in this study,
crack initiations were observed exclusively in the ferritic phase at low strain
amplitudes. Cracks were found in the ferritic phase and occasionally in the austenitic
phase for intermediate strain amplitudes, and indifferently in both phases at high strain
amplitudes. If the initiation of a crack is associated with the degree of plastic strain,
one can see good correlation with the results in the present study, see Figure 9. At low
macroscopic strains, plastic deformation is found to occur only in the ferritic phase. At
intermediate macroscopic strain, the ferrite undergoes more plastic deformation than
the austenitic phase, while at high macroscopic strains plastic deformation occurs
indifferently in both phases.

The results in this study can be seen as the results for the very first fatigue cycle.
Further investigations will focus on the cyclic hardening and softening behaviour of
the two phases separately, and the changes in load sharing upon cyclic loading.

5 Summary

1. The initial residual stresses are compressive in the ferritic phase and tensile in the
austenitic phase due to the difference in the coefficient of thermal expansion
between the two phases.

2. The microstresses are lower in the rolling direction compared with the transverse
direction. This is argued to be a result of the plastic anisotropy in both phases.

3. Both X-ray results and nanoindentation indicates that the yield stress is higher in
the austenitic phase compared to the ferritic phase.

4. X-ray results show that the microstresses increase with load in the macroscopic
elastic regime but start to decrease with load in the macroscopic plastic regime.
These results are comparable with the microstresses predicted by the FEM
simulations.

5. Microstresses increase during unloading from the plastic regime.

6. FEM results indicate that there are large variations in stress also within one phase
and plastic deformation is therefore supposed to be inhomogeneous also within the
two phases.
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Abstract

The load sharing between phases and the evolution of micro and macrostresses during
cyclic loading has been investigated in a 1.5 mm cold rolled sheet of the duplex
stainless steel SAF 2304. X-ray diffraction stress analysis and transmission electron
microscopy show that even if the hardness and yield strength are higher in the
austenitic phase, more plastic deformation will occur in this phase due to the residual
microstresses present in the material. The origin of the microstresses is the differences
in coefficient of thermal expansion between the two phases, which lead to tensile
microstresses in the austenite and compressive microstresses in the ferrite. These
microstresses was also found to increase from 50 MPa to 160 MPa in the austenite
during the first 100 cycles when cycled in tension fatigue with a maximum load of 500
MPa. The cyclic loading response of the material was thus mainly controlled by the
plastic properties of the austenitic phase. It was also found that initial compressive
macrostresses on the surface increased from -40 to 50 MPa during the first 10 cycles.
After the initial increase of microstresses and macrostresses, no fading of residual
stresses was found to occur for the following cycles. The change in texture during
cyclic fatigue showed a sharpening of the texture in the ferritic phase while a small
decrease was found in the austenitic phase. The changes in texture lead to a reduction
of the stiffness in the loading direction.

Keywords: Residual stresses, Mechanical properties, Fatigue, X-ray Diffraction

1 Introduction

Duplex stainless steels, consisting of approximately equal amounts of austenite and
ferrite are today established in a wide product range from chemical tankers, pressure
vessels and pipes to heat exchangers, paper machines, and offshore applications. The
high strength of the duplex grades enables both weight and cost savings when they are
used as a corrosion resistant material in a construction. The increased use of duplex
stainless steels as a load carrying material has caused a growing demand for a
thorough knowledge of the fatigue mechanisms active in these materials.
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Magnin et al. [1, 2] studied the low cycle fatigue behaviour of the duplex alloy 22Cr-
7Ni-2.5Mo-l.7Mn-0.07N. They found that crack initiation was related to the cyclic
deformation mechanisms of ferrite at high plastic strain amplitudes (Epi > 10"3) and to
those of austenite at relatively low £pi. These results are supported by later studies on
duplex stainless steels with higher nitrogen content [3, 4].

Degallaix et al. [5], on the other hand, investigated the duplex alloy 22.1Cr-5.4Ni-
3.1Mo-1.7Mn-0.11N and 22.2Cr-5.5Ni-3.1Mo-0.9Mn-0.18N and found that crack
initiations were observed exclusively in the ferrite at low strain amplitudes and
indifferently in both phases at higher strain amplitudes. Similar results are found by
Polak et al. [6] who studied polished specimens of duplex stainless steel type 2205
with 0.11% nitrogen. They found that crack initiation starts at persistent slip bands in
the ferrite. The persistent slip bands were generally more numerous in the ferritic
grains and only a few cracks were initiated at slip markings in the austenitic grains.

These inconclusive results might be explained by the amount of residual microstresses
in the material. Residual microstresses are always present in duplex stainless steels due
to the difference in coefficient of thermal expansion between the two phases. A large
variation in residual thermal stresses, both measured and calculated, has been reported
in the literature [7-10], and it is clear that texture effects and plastic relaxation will
influence these stresses [9]. Johansson et al. [9] has shown that these residual
microstresses can then be changed during deformation due to different elastic and
plastic properties of the two phases. It is therefore likely that microstresses influence
the plastic strain and thus also the cyclic slip localisation causing fatigue crack
initiation.

Residual stresses in a material can be measured by X-ray diffraction (XRD) using
well-established procedures [11]. This technique allows for determination of the
triaxial stress tensor in each phase separately and has been successfully used for
studying load sharing between phases and effect of microstresses on the fatigue
behaviour in 1080 steel [12-15]. Winholtz and Cohen [15] found that the fraction of
load taken by the carbides greatly increase as steel deforms during low-cycle fatigue.
They also found that the morphology has an impact on the development of
microstresses. The stress response of the individual phases in a 1080 steel with
pearlitic and spheroidal microstructure was investigated. It was found that the
microstresses were higher in the pearlitic condition than in the spheroiditic condition.
They concluded that these differences arise from the morphology; the pearlite lamellae
more effectively transfer the load to the cementite phase. The higher microstresses
give the pearlitic condition a higher work hardening rate than the spheroiditic
condition.

Winholts and Cohen [14] have also investigated changes in the macrostress and
microstress in steel during high-cycle fatigue. They found that in heat treated
specimens of perlite, spheroidite, and tempered martensite with no initial residual
stresses, no development of residual stresses occurs for fully reversed uniaxial fatigue
loading. Both macrostresses initially present in the material due to shot peening, and
microstresses fade with fatigue.

The effect of residual macrostresses and microstresses on fatigue crack initiation and
propagation in 1080 steel has also been studied by Aimer et al. [12, 13]. Residual
stresses were introduced into double-edge notched specimens by prestraining and
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press-fit operations. Microstresses were observed to fade rapidly during fatigue, while
macrostresses relaxed less rapidly and were observed to strongly affect crack initiation
behaviour. They also found that residual microstresses do not affect stage II fatigue
crack propagation. This can be attributed to microstress fading within the crack tip
strain field. However, fatigue crack growth rates increased in the presents of tensile
residual macrostresses, and these increases appear to occur earlier during growth, with
decreasing stress intensity factor range.

2 Experimental procedures

2.1 Specimens

The studied material is a commercial duplex stainless steel of type SAF 2304,
provided by Avesta Sheffield AB. The chemical composition is given in Table 1. The
steel has been hot and cold rolled to a thickness of 1.5 mm. After rolling, the material
was quenched from a temperature of 1050°C to avoid precipitations of secondary
phases.

Table 1: Chemical composition of duplex stainless steel SAF 2304

Element

Fraction (wt. %)

Fe

Bal.

C

0.022

Si

0.37

Mn

1.5

Cr

22.8

Ni

4.9

Mo

0.31

Cu

0.26

N.

0.098

The micrograph in Figure 1 shows as a result of hot rolling a heavily banded
microstructure with austenitic islands in a ferritic matrix. The volume fraction,
determined from point counting of each phase, is 45±5% for the ferritic phase and
55±5% for the austenitic phase. The size of the austenitic islands scatters a lot with
typical values in the range of 0.5-3.0 p.m in the normal direction, 5-25 Jim in the
transverse direction, and 15-200 \im in the rolling direction. The distance between the
austenitic islands is typically 3 ja.m in the normal, 25 jxm in the transverse, and 150 (im
in the rolling direction. The grain size is similar for both phases and about 10 |0.m in
the rolling and transverse directions and 1.5 um in the normal direction. No secondary
phases were observed in the optical micrographs or in the X-ray diffractograms.

Macroscopic mechanical properties for the investigated material are listed in Table 2.
In a previous study [9] it was found that the hardness and yield strength are higher for
the austenitic phase compared with the ferritic phase. It was also found that the elastic
anisotropy present in the material is mainly caused by crystallographic texture in the
ferritic phase.

Flat specimens with a thickness of 1.5 mm, width of 8.0 mm, and gauge length of 70
mm were machined from the sheet with the rolling direction corresponding to the
loading axis. After machining, the specimens were ground with 1200-grit SiC paper
followed with 6, 3 and 1 urn diamond paste. After mechanical surface treatment the
specimens were electropolished to avoid grinding stresses at the surface.
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Figure 1: Microstructure of the duplex stainless steel SAF 2304.

Table 2: Results from macroscopic material properties testing, from [9]

Properties

Young's modulus [GPa]

Proof strength Rp0.2 [MPa]

Tensile strength Rm [MPa]

Strain to failure [%]

RD

196

523

730

39

45

199

530

713

43

TD

209

566

767

38

Method

Resonance testing

Tensile test

Tensile test

Tensile test

2.2 Fatigue testing

Pulsating (R=0.05) stress controlled fatigue testing was performed in a servohydraulic
Instron/MTS testing machine with a maximum capacity of 40 kN. The elongation of
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the fatigue specimens has been monitored using an extensometer with a gauge length
of 25 mm. The tests were carried out with a frequency of 1.0 Hz with a maximum load
of 500 MPa. The test was interrupted after 10, 102, 103, 104, 105 or 3.5-105 cycles and
the specimens were then moved to a tensile test device constructed to fit on the X-ray
diffractometer. The last fatigue cycle was than performed on the diffractometer where
phase specific stresses were measured in situ during loading. The stresses were
recorded at different loadsteps, corresponding to 0, 400 and 500 MPa during loading
and 100 and 0 MPa during unloading.

2.3 Stress measurements by X-ray diffraction

X-ray diffraction gives the opportunity to measure the total stress tensor separately in
each phase of a two-phase material, if the unstressed lattice parameters of the phases
are well known. When the total stress tensors are known, one can extract the
macrostress and microstress tensors.

Macrostresses are by definition the same in both phases of a two-phase material [16],
and can be caused by an external applied load or arise from differential deformation of
one region of a material with respect to another. These stresses vary slowly on a scale
that is large compared to the material's microstructure. Microstresses, however, vary
on the scale of the material's microstructure and must balance between the phases
[16]. The microstresses may arise in a number of different ways such as in
deformation of a two-phase material with different elastic and plastic properties or
differences in thermal expansion. The average total stress, at any point in phase a is
the sum of the macro- and microstress components

(i)

The average total stress in a phase is what a diffraction measurement can reveal. To
separate the total stress into macro- and microstresses one need to use the equilibrium
conditions. For any stress component ay in a two-phase material, it holds

= 0 (2)

where Vf denotes the volume fraction of phase P and where the carats "()" imply
averages over the appropriate volume [11]. By determining the total stress for each
phase from measurements and using Eqs. 1 and 2 the macro- and microstresses can be
separated.

An Q-diffractometer with Cr YL^ radiation was used to measure the interplanar spacing
between the 211 planes of the ferritic phase and between the 220 planes of the
austenitic phase. In order to make three dimensional (3D) stress analysis possible,
lattice displacements were determined in 3 (^-directions (0°, 60° and 120°) for 11 \\f-
angles between ±50° for the ferrite and between ±42° for the austenite. For a definition
of above angles, see [11]. The locations of the diffracted peaks were determined by
performing a least square fit of a pseudo-Voigt function to the data. The unstressed
lattice parameter ao for each phase in the investigated material was determined in ref.
[9] and was found to be 3.59694+0.00020 A for austenite and 2.87355±0.00018 A for
ferrite. The stress tensor were determined in each phase by a least-square procedure
[17] were the Hill average of the single crystal values given by Lebrun Lebrun et. al
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[18] was used as the X-ray elastic constants. The total stress tensors were than
separated into macro- and microstress tensors for each phase using Eqs. 1 and 2.

Throughout this study, no texture effects have been included when the stresses have
been calculated from the measured lattice strains. This is justified by previous studies
by Inal and Lebrun [18, 19]. They investigated the influence of X-ray elastic constants
(XEC) on the residual stresses in a duplex stainless after plastic deformation and found
that the determined stresses are insignificantly affected when using anisotropic XEC
instead of isotropic XEC values. They offer two possible explanations; (1) the {211}
planes for ferrite and {220} planes for austenite have a crystallographic factor [20]
equal to 0.25, which is close to the 0.20 value corresponding to isotropic behaviour;
(2) The anisotropic elastic effect is low compared to the plastic one. The negligence of
texture effects is also justified by the almost linear dependency of lattice spacing on
sin2\|/-

2.4 Microstructure evolution

The microstructure evolution and the dislocation substructure characterisation of the
fatigued specimens were carried out through transmission electron microscopy (TEM)
studies and XRD-texture measurements. The surface of the fatigued specimens were
also examined by optical and electron microscopy to reveal slip mark formation.

The crystallographic texture of both phases was determined for as received material
and after 100.000 cycles by XRD-texture measurements on a Seifert PTS 3000
diffractometer using Co Ka radiation. Four incomplete pole figures were measured for
each phase by the Shultz reflection method. For the ferritic phase the {110}, {200},
{211} and {220} pole figures were measured while for the austenitic phase the {111},
{200}, {220} and {311} were recorded. Correction factors for defocusing were
obtained from a texture free powder sample. The texture was investigated in greater
detail using orientation distribution functions (ODFs) calculated by the series
expansion method [21].

Dislocation substructure characterisation was carried out through TEM studies. Disks
of 3 mm diameter and about 0.5 mm thickness were punched from the fatigue
specimens in the normal direction. The discs were reduced to a thickness of 100-150
(im by mechanical polishing. Foils were finally produced by electropolishing to
perforation using a solution of 1000 ml C2H4O2,75 ml HC1O4 and 45 ml H2O in a
Struers Tenupol-3 Electrolytic polishing equipment. The dislocation structures were
than examined in a Philips EM400T microscope, operating at 120 kV. Selected area
diffraction patterns were used to establish grain orientation and crystal structure.

3 Results

3.1 Fatigue testing

Fatigue tests were performed under pulsating strain control (R=0.05) with a maximum
load of 500 MPa. This load correspond to a fatigue life of approximately 4.2-105

cycles. The cyclic stress strain curves for different fatigue cycles are shown in Figure
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2. The hysteresis loops of all cycles, except the first one, exhibit almost the same size.
In Figure 3 the strain range versus number of cycle is plotted. A rapid hardening
during the first cycles follows by slow softening.
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Figure 2: Dynamic true stress - true strain curves for different fatigue cycles
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3.2 Stresses measured with X-ray diffraction

The total triaxial stress tensor in the ferritic and austenitic phase; 'aa and 'aY were
measured with X-ray diffraction and separated into macrostresses and microstresses
for each phase. Stresses for cycle number 1, 10, 102, 103, 104> 105 and 3.5105 were
measured at five different load steps along the load cycle, 0 MPa, 400 MPa and 500
MPa during loading and at 100 MPa and 0 MPa during unloading. Thermal residual
microstresses were found in the as received material due to the difference in
coefficient of thermal expansion between the two phases [9]. Figure 4 show the
evolution during fatigue of the residual microstresses in the unloaded specimens.

| • Macro • Ferrite * Austentte \

(a)

10° 101 10* 1O3

Cycle

(b)

10° 10' 10* 10s 10' 10*

Cycle

(C)

Figure 4: Evolution of residual microstresses in unloaded specimens during fatigue,
(a) shows stresses in the rolling direction, (b) stresses in the transverse direction and,

(c) stresses in the normal direction
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The stresses in the rolling direction, which is also the direction of applied load,
increases during the first hundred cycles and than reaches.a saturation stage. The
stresses in the other two directions show similar trends but the changes are much
smaller and fall within the error range. The microstresses at maximum applied load,
Figure 5, increases slightly in the loading direction but follow no significant trend in
the other two directions.

(a) (b)

10° 10' 10' 10* 10'

Cycle

(C)

10° 10' 10" 10' 10' 10"

Cycle

Figure 5: Evolution of microstresses at maximum applied load during fatigue, (a)
shows stresses in the rolling direction, (b) stresses in the transverse direction and,

(c) stresses in the normal direction

Since X-ray stress analysis completely separates the stress arising in the ferrite from
the stress arising in the austenite the load sharing between the two phases during one
load cycle can be established. A load-sharing index Li was therefore defined according
toEq3;

95



Load sharing between austenite andferrite in a duplex stainless steel during cyclic loadim

ra)M

TRD),

(3)

where V" is the volume fraction of the ferritic phase, {'O^J)
 an<^ (°w>) denotes

the maximum and minimum average total stress in the ferritic phase for cycle i, while

(M<JRD)
 and (M0RD) denotes the maximum and minimum macrostress for cycle

/. This index has the following properties; when Lj is equal to 0 all load is taken by the
austenite, when L; is equal to 1 all load is taken by the ferrite and when L, is equal to
0.5 both phases takes the same amount of load. Notice that when 1̂  is equal to V",

both phases transfer the same amount of load per unit area and thus both phases have
the same elastoplastic behaviour. Figure 6 show the load-sharing index as a function of
load cycles. It can be seen that the austenitic phase behaves similar to the ferritic phase
for the first cycle but for the following cycles, more load per unit area is transferred
through the ferrite. A maximum in the loadsharing index is found around cycle 400.
This maximum follows by a decrease in the load-sharing index which indicates a
softening of the ferritic phase It is important to notice that residual microstresses
influence the load-sharing index strongly and this index should therefore not directly
be taken as a measure of for instance yield strength.
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Figure 6: Load-sharing index as a function of load cycle
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Figure 7: Hysterisis loops for different fatigue cycles, (a) load cycle N=l, (b) load
cycle N=10, (c) load cycle N= 100, (d) load cycle N=l(f (e) load cycle N= 10* (f) load

cycle N=105.
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A more clear picture of the load-sharing mechanisms is seen if one study the hysteresis
loops separately for the two phases. In Figure 7 the measured average total stress in
both phases are plotted as a function of the applied macroscopic strain for different
cycles. Here one can see that the relative size of the hysteresis loops between the two
phases changes during fatigue. While the hysteresis loops in the austenite show minor
changes for the very first cycles, there is a clear trend towards decreasing hysteresis
loops when the number of cycles increases.

The width, defined as the full width at half maximum (FWHM), of the diffracting peak
is in this case a measure of the relative degree of inhomogeneous plastic deformation
present in different samples. In Figure 8 the FWHM is plotted as a function of load
cycles for both phases in unloaded condition and when the specimen is subjected to
maximum load. During cyclic loading an increase in the FWHM is observed for both
phases, except for the maximum loading condition in the ferritic phase, where a small
decrease is observed. All changes are, however, small.
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Figure 8: Evolution of diffraction peek width as a function number of fatigue cycles for
the ferrite 211-peak and the austenite 220-peak using Cr-radiation.

3.3 Texture evolution

For the as received material the ferritic phase showed two strong texture components,
cube texture {001}(110) and a component close to the Goss orientation {011}(100)
with a density of 7.6 x random, see Figure 9(a). Several authors have reported this type
of texture for ferrite in duplex stainless steels, e.g. [22-25]. The austenitic phase shows
weaker texture with the strongest component at the {011 }<111> orientation with a

98



Load sharing between austenite andferrite in a duplex stainless steel during cyclic loading

density of 2.2 x random, see Figure 9(b). The second strongest component is copper
texture (112}(111) with a density of 1.6 x random. This type of texture is close to
observations made by Ul-Haq et al. [24, 25] for a similar material.

(c)

Figure 9: ODF sections (<j>2=45c)for (a) ferritic phase for as received material, (b)
austenitic phase for as received material, (c) ferritic phase after 100000 cycles, and

(d) austenitic phase after 100000 cycles

During fatigue a clear trend towards stronger texture can be noticed in the ferritic
phase, see Figure 9(c). It is the cube texture component {001}(110) that increases in
intensity while the intensity close to the Goss orientation {011}(100) decreases. In the
austenite the changes is almost insignificant, but one can notice a small decrease of
both the copper texture {112}(111) and the {011 }(111) orientation, see Figure 9(d).

A crystallographic method based on the Voigt-Reuss-Hill assumption [26] was used to
calculate the average elastic properties for the two phases in different directions. The
input to this model is the measured ODF and the single crystal elastic constants for
each phase. The results are presented as polar plots in Figure 10. Figure 10(a-b) show
the variation in the as received material for austenite and ferrite respectively, while
Figure 10(c-d) show the variation for the fatigued material.
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Figure 10: Polar plot showing the evolution of average elastic properties for both
phases during fatigue, (a) austenitic phase as received, (b) ferritic phase as received,
(c) austenitic phase after 105 cycles, (d) ferritic phase after 10" cycles, (e) change in

elastic properties for austenite, (f) change in elastic properties for ferrite.
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Due to the weak texture in the austenitic phase only small variation in the elastic
properties can be noticed for this phase. For the ferritic phase the highest stiffness is
found in the transverse direction (TD) and in the direction between the normal
direction (ND) and the rolling direction (RD). Furthermore, a gradual increase of the
stiffness is found if the sample direction is rotated from RD towards TD. Figure 10(e-
f) show the change in elastic properties due to cyclic loading. The stiffness decrease in
all principal directions but increases for all directions close to 45° from ND.

3.4 Dislocation structures

Substructure evolution was investigated in detail by studying the dislocation structure
in as received material and specimens fatigued with a maximum load of 500 MPa and
load ratio R=0.05 for MO5 and 4.2-105 cycles. The later one corresponds to the fatigue
life of the material at the investigated stress level.

t"' i

* *

f,

Figure 11: Bright field transmission electron micrograph of the as received material
showing low dislocation density in both phases and twins in the austenite.

The as received material showed a low dislocation density in both phases, see Figure
11. Annealing twins are common in the austenitic phase due to the low stacking fault
energy (SFE) in this phase. However, after cyclic deformation the dislocation density
increases. After 100000 load cycles, accumulation of dislocation arrays and small pile-
ups of planar character was observed in the austenitic grains. Figure 12 show that the
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planar arrays are formed by a set of extended dislocations lying in parallel slip planes.
The stacking fault ribbon between two partials appears as a parallel fringe pattern.
Meanwhile in the ferritic phase, insignificant changes of the dislocation density were
observed. The type of dislocation structure observed in the ferritic phase has
previously been described by Mateo et al. [27] as a structure consisting of primary
dislocations having predominantly screw character, either completely straight or with
bowed segments, and small loops. This is consistent with our observations.

Figure 12: Bright field transmission electron micrograph of an austenitic grain
fatigued for 100000 cycles with a maximum stress of 500 MPa (R=0.05).
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After 4.2-105 cycles, a more dens dislocation structure was observed in both the ferritic
and austenitic phase. In the austenitic phase, a dense distribution, also within the
grains, of planar arrays was found. As shown in Figure 13, several subset of straight
dislocation segments consistent with the {111 }<110) slip system are observed together
with randomly oriented loops and half loops. This type of arrays has previously been
reported to be formed during low cycle fatigue at low strain amplitudes [27-29]. One
can also notice a denser dislocation structure close to phase boundaries and twin
boundaries. In general a lower dislocation density was found in the ferritic phase
compared to the austenitic phase for the investigated foils. Some ferritic grains showed
a substructure with massive pile-ups at the grain boundaries and a low dislocation
density in the interior of the grain, see Figure 14, while others show a homogeneous
distribution of short dislocation segments.

^ A .

a
v .

Figure 13: Bright field transmission electron micrograph of austenitic grain fatigued
for 4.2-Iff cycles. Note the high dislocation density in the vicinity of grain and twin

boundaries
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\

Figure 14. Bright field transmission electron micrograph offerritic grain fatigued for
4.2 -105 cycles

The surface of the specimens were also investigated by optical and electron
microscopy. Slip bands were frequently observed in the austenitic phase, while very
few observations of slip band were made in the ferritic phase.
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4 Discussion

The in situ X-ray stress measurements are time consuming. For example,
determination of the full stress tensor in both phases for a given applied load takes
about 70 hours of X-ray beam time. During these measurements some room
temperature creep was observed, especially for the first load cycle, where a decrease in
stress of 25 MPa was observed when an initial load of 500 MPa was applied. In the
following cycles the decrease in applied stress during the measurement was lower, e.g.
a decrease of 6 MPa was observed during measurement at the maximum load after
3.5-105 cycles. This phenomenon, due to visco-elastic effects, can not alone explain
why the macroscopic stress range measured with X-ray is not consistent with the
applied load measured by the load cell on the tensile device. Instead the fact that a free
surface often appears less resistant to plastic deformation compared to the interior of
the sample inhomogeneus plastic deformation through the thickness of the specimen
can occur [30]. Thus, less load is transferred through regions close to the surface
compared to the interior. On the other hand, BCC metals have shown preferential
cyclic hardening of the surface [31]. This effect, which is observed at small strain
amplitudes, is due to the emergence and loss of mobile non-screw dislocations at the
free surface. The lack of mobile dislocations on the primary glide planes is
compensated by activation of secondary glide systems which results in a hardening of
the surface [31]. It has further been suggested by Wang et al. [32] that the difference in
flow stress between the surface and interior causes a Bauschinger effect for reversed
loading. These abnormal surface phenomena might also explain the increase of
macrostress from -40 MPa to 50 MPa in the loading direction, observed in the
unloaded specimens after cyclic loading, see Figure 4(a). Changes from compressive
to tensile surface stresses have been reported before for shot-peened two-phase brass
and SAE 1040 steel during tension-tension fatigue [33, 34]. The surface effects
described above will cause different dislocation microstructure in surface grains and
interior grains. This has been confirmed for a duplex stainless steel of type 22.1Cr-
5.4Ni-3.1Mo-0.11N, which was found to have different structure in ferritic interior
grains compared to ferritic surface grains after low cycle fatigue [28].

It is well-known that nitrogen alloying provides a pronounced hardening in duplex
stainless steels and this strengthening is mainly caused by hardening of the austenitic
phase [35]. Even if the material investigated in this study has a moderate nitrogen
content (0.1%), it was found in a previous work [9] that both hardness and yield
strength were higher in the austenitic phase compared to the ferritic phase. It is also
well known that tensile residual microstresses are present in the austenitic phase due to
the higher coefficient of thermal expansion in this phase [7-9].

During the first cycles a rapid hardening is observed for the investigated stress level,
see Figure 3. Magnin et al. [1] who noticed the same behaviour for a duplex alloy of
type 22.7Cr-7.0Ni-2.5Mo-0.07N during low cycle fatigue, explained this behaviour as
a result of twinning in the ferritic phase. However, twinning was not observed as a
significant mechanism in the cyclic response of the ferritic phase in this material.
Mateo et al. [27] have suggested that twinning in the ferritic phase requires a
minimum content of Ni and Mo, below which twinning is a suppressed deformation
mode during cyclic loading. Both the Ni and Mo contents are lower in the investigated
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material compared to the material investigated by Magnin et al. Hence, our
observations confirm the predictions by Mateo et al.

Despite the lack of twining in the ferritic phase a rapid hardening is observed in this
investigation and other deformation mechanisms must therefore account for the cyclic
hardening effect. The hysteresis loops in Figure 7 indicates that plastic deformation
always occurs to a higher degree in the austenitic phase compared to the ferritic phase.
Pure austenitic stainless steels normally exhibits much higher work hardening rates
compared to pure ferritic materials and it can therefore be assumed that the cyclic
hardening is caused by work hardening in the austenitic phase. The high work
hardening rate in the austenitic phase has been associated to two different mechanisms
[35, 36]. First, the low stacking fault energy present in the austenitic phase, which is
lowered even further by the presents of nitrogen. Second, the affinity between N and
Cr induces short-range ordering. Both effects hinder cross-slip and promotes planar
slip, which increase the strain hardening rate. The pile ups against grain and twin
boundaries, observed in the transmission electron micrograph in Figure 12, indicates
that a planar slip mode is active in the austenitic phase.

During the first cycles both phases deform plastically to almost the same degree, but
due to the higher work hardening rate of the austenitic phase, higher microstresses are
found in the austenitic phase after unloading, see Figure 4(a). The compressive
microstresses present in the ferritic phase prevent further plastic deformation in this
phase, which explains why the hysteresis loops decrease in the ferritic phase, but
remains in the austenitic phase, Figure 7. These results obtained from X-ray stress
analysis is supported by the TEM investigations where a denser dislocation structure
was observed in the austenitic phase compared to the ferritic phase. After
approximately 100 cycles the microstresses reach a steady state for the unloaded
specimen, see Figure 4(a). However, a slight increase of the microstress at the
maximum load can be observed in the austenitic phase. A clear drop in the load-
sharing index also follows, as seen in Figure 6, which indicates a softening of the
ferritic phase.

The fact that the load sharing index decreases, as seen in Figure 6, while the ferritic
phase behaves more and more elastic during the high cycles, see Figure 7, means that
the softening of the ferritic phase is both elastic and plastic. The reduction in stiffness
can be attributed to the observed change in texture of the ferritic phase, see Figure 9,
which leads to lower elastic properties in the loading direction, see Figure 10. The
texture changes are caused by crystal rotation or formation of new grains with a
preferred orientation. Even if the cyclic response mainly is determined by the
austenitic phase, the ferritic phase also deforms plastically. It has been found by Bunge
et al. [22] that the harder phase may show more pronounced textural changes than the
softer phase in a two-phase material. The reason is that the harder phase are free to
deform into the softer phase with less interaction than in a single-phase material, but
the deformation of the harder phase must be compensated by some "turbulent' flow of
the softer phase [22], which leads to an observed weakening of its texture. In this case
the austenitic phase must be seen as the weaker phase since this phase exhibits more
plastic activity. The decrease in the elastic properties caused by the texture changes,
see Figure 10, also explains why a slow softening is observed in Figure 3 after 100
cycles.
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It is interesting to notice that unloading does not appear to be purely elastic. This
phenomena was observed both on a macroscopic scale during mechanical testing, see
Figure 2, and during the in situ X-ray stress measurement, see Figure 7. In both cases
the unloading curve bend close to 0 MPa during unloading for all tested load cycles.
One source for such behaviour is the back stresses caused by the dislocation pile ups.
Since the net stress on a slip plane is the difference between the applied shear stress
and back stress, unloading to zero stress after plastic straining could produce reversed
plastic flow. This could also explain why an increase in microstress is observed during
unloading, see Figure 7.

In Figure 8 the full width at half maximum (FWHM) for the diffracted peeks are
plotted as a function of load cycles. An increase in the FWHM indicates that there is
an increasing variation in strain within one phase, which may have a number of
different sources [37]. It is, however, interesting to see that the difference in peak
width between the minimum and maximum load during one cycle is bigger or
comparable to the accumulated peak width increase between the first and the last cycle
in the unloaded condition. Thus, the elastic incompatibility contributes more than the
plastic incompatibility to the variation in stress within one phase during cyclic loading.
One can expect that this elastic incompatibility will lead to stress gradients and stress
concentrations close to the phase boundaries, similar to what has been predicted by
finite element simulations [9]. These stress concentrations contribute to microyielding
close to phase boundaries, which suggests that the microyielding is sensitive to the
morphology. An example of this is shown in Figure 13, where the dislocation density
in the austenitic matrix is higher close to the embedded ferritic island.

The load-sharing between the two phases, shown in Figure 6, obviously depend on
both elastic and plastic properties of both phases. Since the morphology of the two
phases are elongated in the loading direction, the loading situation is expected to be
closer to isostrain condition than isostress condition. Due to the higher elastic modulus
for the ferritic phase, a higher load will therefore be transferred through ferrite in the
elastic regime and this is the reason why ferrite takes an overall larger load fraction.
Nevertheless, for the first cycles the higher elastic modulus in the ferritic phase is
compensated with a higher yield strength of the austenitic phase and both phases
transfer almost the same amount of load per unit area. The increase of compressive
residual microstresses in the ferritic phase due to inhomogeneous plastic deformation
suppress plastic deformation of the ferritic phase in the following cycles and an
increase in the load-sharing index is observed. The load sharing index reaches a
maximum at -400 cycles and follows by a slow decrease due to decreased stiffness of
the ferritic phase.

In several studies, e.g. [13, 14], fading of microstresses has been reported. In this study
no fading was observed. In fact an increase of the microstresses was observed and it is
obvious that the microstresses influence the cyclic response of the material and must
be added to the applied stress when local strains are considered. Since the
microstresses are compressive in the softer ferritic phase, the microstresses might act
beneficial and delay crack initiation in the ferritic phase. However, if the microstresses
are too large, crack initiation from local stress concentrations will instead occur in the
austenitic phase.
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5 Summary

The behaviour of a duplex stainless steel SAF 2304 during cyclic tension-tension
loading, with a maximum load of 500 MPa, can be summarised as follows:

1. Rapid hardening was observed during the first cycle, which was mainly attributed
to work hardening of the austenitic phase, due to planar dislocation movements
causing pile-ups at twin and grain boundaries.

2. The rapid hardening of the austenitic phase contributed to increase the residual
microstresses in the austenitic phase from 50 MPa to 160 MPa during the first 100
cycles. The cyclic loading response of the material was thus mainly controlled by
the plastic properties of the austenitic phase.

3. An increase of surface residual macrostresses, from -40 to 50 MPa was observed
during the first 103 cycles. After the initial increase of microstress and
macrostresses for the early cycles no fading of residual was found to occur for the
following cycles.

4. The evolution of a more intense preferred orientation of the ferritic phase, lead to a
reduction in stiffness in the loading direction. No significant change of the
preferred orientation of the austenitic phase was observed.

5. Even if the hardness and yield strength was found to be higher for the austenitic
phase compared to the ferritic phase, X-ray stress analysis and transmission
electron microscopy show that more plastic deformation occur in the austenitic
phase. A higher load is therefore transferred through the ferritic matrix due to the
initial compressive residual stresses present in this phase.

6 Acknowledgements

The work was financially supported by Avesta Sheffield Research Foundation. Torsten
Ericsson at Linkoping University and Hans Nordberg at Avesta Sheffield AB are
acknowledged for useful discussions.

7 References

1. Magnin, T. and J.M. Lardon, Cyclic deformation mechanisms of a two-phase
stainless steel in various environmental conditions. Mater. Sci. Eng. A, 1988.
A104: p. 21.

2. Magnin, T., J. Lardon, and L. Coudreuse, A new approach to low cycle fatigue
behavior of a duplex stainless steel based on the deformation mechanisms of the
individual phases. In Low-Cycle Fatigue, STP 942. 1988, ASTM. p. 812.

3. Perdriset, F., T. Magnin, T. Cassange, P. Hoch, and F. Dupoiron, Environmental
effects on low cycle fatigue behaviour ofZ3 CND 2205 duplex stainless steel. In:
Duplex Stainless Steels '94, 1994, Glasgow, Scotland, Paper 13.

108



Load sharing between austenite andferrite in a duplex stainless steel during cyclic loading

4. Vogt, J., A. Messai, and J. Foct, Factors influencing the low cycle fatigue behavior
of a duplex stainless steel: effect of strain amplitude and nitrogen content. In:
Duplex Stainless Steels '94, 1994, Glasgow, Scotland, p. Paper 33.

5. Degallaix, S., A. Seddouki, G. Degallaix, and J.-O. Nilsson, Influence of nitrogen
on the low cycle fatigue of duplex stainless steels. In: Fatigue '93, 1993, Montreal,
Quebec, Canada, p. 91.

6. Polak, J., S. Degallaix, and G. Degallaix, The role of cyclic slip localization in
fatigue damage of materials. In: Euromat 93: The 3rd European Conference on
Advanced Materials and Processes., 1993, Paris, France, p. 679.

7. Harjo, S., Y. Tomota, and M. Ono, Measurements of thermal residual elastic
strains in ferrite-austenite Fe-Cr-Ni alloys by neutron and X-ray diffractions. Acta
Mater., 1999. 47(1): p. 353.

8. Kamachi, K., T. Okada, M. Kawano, S. Namba, T. Ishida, N. Tani, and T.
Kubohori, Thermal fatigue by impact heating and stresses of two phase stainless
steels at elevated temperature. In: Prog, in Science and Engineering of
Composites, ICCM-IV, 1982, Tokyo, p. 1383.

9. Johansson, J., M. Ode"n, and X.-H. Zeng, Evolution of the residual stress state in a
duplex stainless steel during loading. Acta. Mater., 1999. accepted.

10. Siegmund, T., F. Fischer, and E. Werner, The irreversible deformation of a duplex
stainless steel under thermal cycling. Mater. Sci. Eng., 1993. A169(l-2): p. 125.

11. Noyan, I.C. and J.B. Cohen, Residual stress measurement by diffraction and
interpretation. 1987, New York, Springer-Verlag.

12. Aimer, J.D., J.B. Cohen, and R.A. Winholtz, The effects of residual macrostresses
and microstresses on fatigue crack propagation. Metal. Trans, 1998.29A(8): p.
2127.

13. Aimer, J.D., J.B. Cohen, and B. Moran, The effect of residual stresses on fatigue
crack initiation, (to be published), 1999.

14. Winholtz, R. and J. Cohen, Changes in the macrostresses and microstresses in
steel with fatigue. Mater. Sci. Eng., 1992. A154: p. 155.

15. Winholtz, R. and J. Cohen, Load sharing of the phases in 1080 steel during low-
cycle fatigue. Metall. Trans., 1992. 23A(1): p. 341.

16. Noyan, I.C., Equilibrium conditions for the average stresses measured by X-rays.
Metall. Trans., 1983.14A: p. 1907.

17. Winholtz, R.A. and J.B. Cohen, Generalised least-square determination oftriaxial
stress states by X-ray diffraction and the associated errors. Aust. J. Phys., 1988.
41: p. 189.

18.Lebrun, J.L. and K. Inal, Second order stresses in single phase and multiphase
materials: Examples of experimental and modelling approaches. In: 45th Annual
DenverX-Ray Conference, 1995, Denver, Colorado, U.S.A.

19. Inal, K. and J.L. Lebrun, Second order stresses and strains in heterogeneous
materials. Self-consistent modelling and X-ray diffraction analysis. In: ICRS-5,
1997, Linkoping, Sweden, p. 472.

109



Load sharing between austenite and ferrite in a duplex stainless steel during cyclic loading

20. Barral, M., J. Lebrun, J. Sprauel, and G. Maeder, X-ray macrostress determination
on textured material; Use of the ODFfor calculating the X-ray compliances.
Metall. Trans, 1987. 18A(7): p. 1229.

21.Bunge, H.J., Three-dimensional texture analysis. Int. Mater. Rev., 1987. 32(6): p.
265.

22. Bunge, H.J., A. uL-Haq, and H. Weiland, Analysis of preferred orintations in
duplex chromium-nickle steels. In: INFACON 6, 1992, Cape Town, p. 197.

23.Hutchinson, W., K. Ushioda, and G. Runnsjo, Anisotropy of tensile behaviour in a
duplex stainless steel sheet. Mater. Sci. Technol., 1985.1(9): p. 728.

24. ul-Haq, A., H. Weiland, and H. Bunge, Influence of aging on the texture
development of tensile-deformed duplex steel. J. Mater. Sci., 1994. 29(8): p. 2168.

25. ul-Haq, A., H. Weiland, and H. Bunge, Textures and microstructures in duplex
stainless steel. Mater. Sci. Technol., 1994.10(4): p. 289.

26. Hill, R., The Elastic behaviour of a crystalline aggregate. Proc. Phys. Soc, 1952.
A65: p. 349.

27.Mateo, A., L. Llanes, L. Itugoyen, and M. Anglada, Cyclic stress-strain response
and dislocation substructure evolution of a ferrite-austenite stainless steel. Acta
Mater., 1996. 44(3): p. 1143.

28. Kruml, T.P., J; Obrtlik, K; Degallaix, S, Dislocation structures in the bands of
localised cyclic plastic strain in austenitic 316L and austenitic-ferritic duplex
stainless steels. Acta. Mater, 1997. 45(12): p. 5145.

29.Polak, J., T. Kruml, and S. Degallaix, Dislocation substructure in fatigued duplex
stainless steel. Scripta Metall., 1993.29(12): p. 1553.

30. Macherauch, E., X-ray Stress Analysis. Experimental Mechanics, 1966. 6: p. 140.

31.Mughrabi, H., Dislocations in fatigue. In: Dislocations and properties of real
materials, 1984, The Institute of Metals, London, p. 244.

32. Wang, Z. and H. Margolin, The bauschinger effect, surface and interior stresses in
cyclically strained 70-30 alpha brass single crystal. Acta Metall., 1986. 34(4): p.
721.

33.McClinton, M. and J.B. Cohen, Changes in residual Stress during the Tension
Fatigue of the Normalized and Peened SAE1040 Steel. Mater. Sci. Eng., 1982. 56:
p. 259.

34. Noyan, I.C. and J.B. Cohen, An X-ray diffraction study of the residual stress-strain
distrubution in shootpeened two-phase brass. Mater. Sci. Eng., 1985. 75: p. 179.

35. Wahlberg, G. and G.L. Dunlop, Nitrogen strengthening of duplex stainless steel.
In: Proc. Stainless Steels '87, 1987, London, p. 291.

36. Nilsson, J.-O., The effect of slip behaviour on the low cycle fatigue behaviour of
two austenitic stainless steels. Scripta Metall., 1983.17(5): p. 593.

37. Warren, B.E., X-ray diffraction.. 1969, M.A., Addison-Wesley Reading. M.A.

110



*̂GS VKlt, Avdelning, institution
4? • • f \ Division, Department

H ̂ ^ B ^ ^ V r Iinkoping University
X̂  ^ P ^ ^ j : Dept. of Mechanical Engineering
^**i. -A»° Division of Engineering Materials

Datum
Date

1999-06-11

Sprik
Language

• Svenska/Swedish
X Engelska/English

n

Rapporttyp
Report category

X Licentiatavhandling
• Examensarbete
Q C-uppsats
D D-uppsats
Cl Ovrig rapport

n

URL for elektronisk version

ISBN 91-7219-523-1

ISRN

Serietitel och serienummer Lil'-Tek-Lic-l 999:37
Title of series, numbering

Titel
Title

Residual stresses and fatigue in a duplex stainless steel

Forfattare
Author

Johan Johansson

Sammanfattning
Abstract

Duplex stainless steels, consisting of approximately equal amounts of austenite and ferrite, often combine the best features of
austenitic and ferritic stainless steels. They generally have good mechanical properties, including high strength and ductility, and
the corrosion resistance is often better than conventional austenitic grades. This has lead to a growing use of duplex stainless steels
as a material in mechanically loaded constructions. However, detailed knowledge regarding its mechanical properties and
deformation mechanisms are sail lacking. In this thesis special emphasis has been placed on the residual stresses and their
influence on mechanical behaviour of duplex stainless steels. Due to the difference in coefficient of thermal expansion between the
two phases, tensile microstresses are found in the austenitic phase and balancing compressive microstresses in the ferritic phase.

The first part of this thesis is a literature survey, which will give an introduction to duplex stainless steels and review the fatigue
properties of duplex stainless steels and the influence of residual stresses in two-phase material.

The second part concerns the evolution of the residual stress state during uniaxial loading. Initial residual stresses were found to be
almost two times higher in the transverse direction compared to the rolling direction. During loading the absolute value of the
microstresses increased in the macroscopic elastic regime but started to decrease with increasing load in the macroscopic plastic
regime. A significant increase of the microstresses was also found to occur during unloading. Finite element simulations also show
stress variation within one phase and a strong influence of both the elastic and plastic anisotropy of the individual phases on the
simulated stress state.

In the third part, the load sharing between the phases during cyclic loading is studied. X-ray diffraction stress analysis and
transmission electron microscopy show that even if the hardness and yield strength are higher in the austenitic phase, more plastic
deformation will occur in this phase due to the residual microstresscs present in the material. These microstresses were also found
to increase from 50 MPa to 160 MPa in the austenitic phase during the first 100 cycles when cycled in tension fatigue with a
maximum load of 500 MPa. A sharpening of the texture was found in the ferritic phase, while a small decrease was found in the
austenitic phase. The changes in texture lead to a reduction of the stiffness in the loading direction.

Nyckelord
Keyword

Duplex stainless steel, Residual stresses, Mechanical properties, Fatigue, Finite element analysis, Texture


