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Abstract: In the present work, neutronographic in situ diffraction stress analyses during uniaxial
loading and subsequent unloading were carried out on the two duplex stainless steels
X2CrNiMoN22-5-3 and X3CrNiMoN27-5-2 with nominal phase fractions for ferrite:austenite of
50:50% and 70:30%, respectively. In addition to the different phase fractions, the two steels also
differed in their phase-specific crystallographic texture. The load-partitioning behaviour and the
phase-specific micro (residual) stress evolution for total strains up to about 9% were investigated.
The results indicated that for both materials under load, the phase-specific stress in the ferrite phase
was significantly higher than in the austenite phase, while no texture development through the
plastic deformation could be observed.

Keywords: stress analysis; phase-specific stress; phase-specific micro residual stresses; duplex
stainless steel; neutron diffraction

1. Introduction

Duplex stainless steels are becoming increasingly popular as construction materials
in mechanical and plant engineering, as they combine the advantages of austenitic
stainless steels and ferritic steels. Duplex stainless steels generally have good mechanical
properties that are expressed in their high strength in combination with good ductility. In
addition, duplex stainless steels often have better corrosion resistance than conventional
austenitic steels [1-3]. Therefore, duplex stainless steels are particularly used in the
chemical industry, petrochemistry, seawater desalination plants, and offshore technology
[4,5].

Regarding design and dimensioning with duplex stainless steels, the knowledge of
the macroscopic hardening behaviour and the phase-specific behaviour are of high
importance. This applies in particular to numerical simulations of the deformation
behaviour of duplex stainless steel sheets and in the development of phase-specific
residual stresses (e.g., [6,7]). A viable and reliable approach to determine the phase-
specific work hardening characteristic of multi-phase materials is to conduct diffraction
experiments; i.e., by using X-ray or neutron radiation. Therefore, neutronographic stress
analysis is particularly suited, since the phase-specific stress development inside massive
samples can be followed in situ. Based on the phase-specific stresses, the macro stress can
be calculated using a simple rule of mixture if the phase fractions are known. The
difference between this macro stress and the phase-specific stresses are the phase-specific
micro stresses; or in the unload state, the phase-specific micro residual stresses.
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Regarding diffraction analyses on the load-partitioning behaviour of duplex stainless
steels, numerous works have already been published (e.g., [8-13]). In particular,
investigations of the X2CrNiN23-4 duplex steel with the same nominal phase content of
50:50, which was one of the duplex stainless steels studied within this work, have shown
that the austenite phase exhibited significantly higher phase-specific stresses than the
ferrite phase and that the load transfer changed depending on the texture orientation [9].
For the X2CrNiMoN25-7-4 duplex stainless steel, it was shown that both phases
transferred almost the same phase-specific stress. The load carried by the ferrite phase
was only minimally higher [8]. For the X2CrNiMoN22-5-3 duplex stainless steel, which
was also investigated in the present work, a slightly higher phase-specific stress was
transferred by the austenite phase [10]. Furthermore, in a cyclic load test, it was found that
the harder phase transfers more load, while in the case of cyclic softening or hardening,
the load distribution between the two phases also changes [14]. Hence, it can be
summarised that even with almost identical phase contents but different appearances of
the micro-structure and with divergences in the phase-specific crystallographic texture,
there exist remarkable differences in the load partitioning behavior and in the underlying
micro-mechanical characteristic and hence also for the resulting macro-mechanical
behaviour. Therefore it is clearly apparent that generalisation regarding the phase-specific
behavior across different duplex steels is not applicable.

Regarding the discussion of stress results determined by means of diffraction
methods, elastic and plastic anisotropy effects are of particular interest; these depend inter
alia on the coupling of crystallites in the polycrystal and on the phase-specific
crystallographic texture. Based on load-stress experiments, some lattice planes were
identified in literature as being less susceptible to this elastic and plastic anisotropy. For
fcc materials, the {111}, {311}, and {220} lattice planes are recommended for diffraction
stress analysis studies [15-17]. In contrast, for bcc materials, the {110} and {211} lattice
planes are recommended [15,18]. Nevertheless, in the context of coarse multi-phase
materials such as the duplex stainless steels that are the focus of the present work, it
should be noted that the anisotropy effect is strongly related to texture or texture
evolution. In previous investigations on duplex steels [19,20], it was evident that apart
from phase-specific crystallographic texture, intergranular strains [21] contribute to a
partly non-linear behaviour of {hkl}-dependent lattice strains vs. the applied load. In the
present work, the load-partitioning behaviour for the two chosen duplex stainless steels,
which clearly differ in their phase fractions, will be studied systematically while taking
into account the phase-specific crystallographic texture.

In addition, neutronographic stress analysis will be applied to study the effect of the
degree of plastic deformation on the development of phase-specific micro residual
stresses and on the impact of these micro residual stresses on the value of the reference
lattice spacing d,. The latter one is essential for the determination of the {hkl}-lattice
strains and thus on the stress/residual stress calculation. In the literature, numerous
methods for determining this reference value for stress- or strain-free materials state have
been discussed [15,22-24]. The most common approach is to measure a supposedly stress-
free sample volume and to use this value as a reference. An alternative approach is to take
a small sample; e.g., a small cube or a small pin, from which it is assumed that the residual
stresses are sufficiently relaxed by the sectioning. The selected size of the reference sample
is of course also directly dependent on the used gauge volume. Typical gauge volumes
for neutronographic stress analysis are in the range of > 1 x 1 x 1 mm? and the size of the
reference samples is about several millimetres [15,25,26]. However, for coarse multi-phase
materials such as duplex stainless steels, it is unclear if the phase-specific micro residual
stresses can relax through the sectioning and how the remaining micro residual stresses—
which contribute to a shift of the diffraction line—will affect the proper choice of the
reference value for stress analysis. It is often assumed for single-phase materials that the
residual stress integrated over the total reference sample volume is zero. This need not be
the case for coarse multi-phase materials, since phase-specific residual stresses can already
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be introduced during manufacturing due to the difference in the phase-specific
characteristics; e.g., the coefficients of thermal expansion (CTE) or the stiffness of the
phases. It is expected that existing phase-specific residual micro-stresses of the II kind
must be considered in this regard [27]. It is questionable to what extent these phase-
specific micro-stresses are released during free cutting [28] and how they are to be
assessed in the context of neutronographic (residual) stress analysis. In the present work,
the load-partitioning behaviour and the effect of phase-specific micro residual stresses on
the appropriate choice of the reference value do was systematically investigated for two
duplex stainless steels that clearly differed in their phase fractions and in the phase-
specific crystallographic texture. The X2CrNiMoN22-5-3 and X3CrNiMoN27-5-2 duplex
stainless steels were chosen with nominal phase fractions for ferrite:austenite of 50:50%
and 70:30%, respectively. Neutronographic in situ diffraction analysis during loading and
unloading were carried out with stepwise increases in the elasto-plastic loading up to total
strains of about 9%. These elaborate investigations were supplemented by extensive
laboratory analyses of the crystallographic texture, the initial residual stress state, and the
micro-structure, including EBSD investigations.

2. Materials and Methods
2.1. Basic Characterization of the Two Duplex Steels

The experimental studies were carried out on two different duplex stainless steels.
The X2CrNiMoN22-5-3 duplex steel (material number: 1.4462) has a nominal phase
fraction of 50% ferrite and 50% austenite. The X3CrNiMoN27-5-2 duplex steel (material
number: 1.4460) has a ferrite content of 70% and an austenite content of 30%, respectively.
The macroscopic yield strength of 1.4462 is 667 MPa and of 1.4460 is 545 MPa. The original
material was a rod-shaped, semi-finished product with a diameter of 30 mm. For the
investigation of the metallographic microstructure, residual stresses, and texture, samples
from the same batch also were used in the neutronographic in situ load tests. The nominal
chemical compositions are given in Table 1. Micrographs for the initial condition are
shown in Figure 1. For these images, both materials were metallographically prepared
and etched with Beraha II etchant. The mean sizes of the ferrite phase regions (Beraha II
is not sensitive to grain boundaries) were 13 um (longitudinal direction) and 5 um (radial
direction), respectively, for the 1.4462 duplex steel. For the austenite phase, these
dimensions were about 22 ym and 5 pum, respectively. In the 1.4460 duplex stainless steel,
the corresponding values for the ferrite phase were 16 um and 9 pum, respectively; and for
the austenite phase, 17 um and 6 um, respectively. The metallographically determined
phase content of ferrite was 53 + 3 % (y-Fe: 48 + 3%) for the 1.4462 duplex steel and 64 +
3% (y-Fe: 33 + 4%) for the 1.4460 steel. These measured phase contents confirmed the
nominal phase contents given by the supplier within the scope of the evaluation accuracy.
In the further course of the work, the nominal phase contents were therefore always used.

Table 1. Chemical composition of the 1.4462 [29] and 1.4460 [28] duplex steels according to the
supplier’s data sheet (balance: Fe). All values are according to DIN EN 10088-3 [30] in mass %.

Mat.-
No.
14462 0-0.03 0-1.0 0-2.0 0-0.035 0-0.015 21.0-23.0 25-35 4.5-65 0.1-0.22
14460 0-0.05 0-1.0 0-2.0 0-0.035 0-0.03 25.0-28.0 1.3-20 4.5-6.5 0.05-0.20

C Si Mn P S Cr Mo Ni N




Crystals 2022, 12, 1378

4 of 20

Figure 1. Micrographs from metallographical analysis on cross sections in the longitudinal direction
for 1.4460 (left) and 1.4462 (right) etched with Beraha II etchant. The bright areas correspond to the
austenite phase.

In the initial state, both materials were textured; this initial texture was determined
on cross sections through the material prior to the neutronographic diffraction stress
analysis by means of an X-ray texture analysis using a Seifert PTS 3000 4-circle
diffractometer (Rich. Seifert & Co, Ahrensburg, Germany) and Ni-filtered Co-Ka
radiation. A pinhole collimator on the primary side with a nominal aperture of 1 mm
was used in combination with a 0.8° slit on the secondary side. For the ferrite phase, the
four independent lattice planes of {110}, {200}, {211}, and {220} were analysed; for the
austenite phase, {111}, {200}, {220}, {222}, and {311} were chosen. In all cases, incomplete
pole figures (PFs) were recorded up to sample tilts of 70°. From these incomplete pole
figures for both phases, the orientation distribution function (ODF) was calculated using
the MATLAB toolbox MTEX [31]. The phase-specific textures in the initial state are
represented in Figure 2 by pole figures that were recalculated from the ODFs. The present
pole figures in Figure 2 were typical for phase-specific textures for ferrite and austenite,
as they occurred for rod-shaped, semi-finished products of the duplex steels. A detailed
description is given in the Results section.

At this point, however, only this much was known about the pole figures shown in
Figure 2: assuming that in the later uniaxial tensile tests the highest shear stress occurred
at an orientation of about 45° with respect to the normal axis, it was reasonable to consider
the intensity distributions of the pole figures in this region. Based on Figure 2, for the
ferrite phase of the 1.4462 steel, it was expected that the {112}<111>-slip system should
tend to become active at R.T. compared to the {110}<111>-slip system. In the austenite
phase, there was only one possibility, and that was the {111}<110> slip system. In the
1.4460 duplex steel, on the other hand, the {110}<111>- rather than the {112}<111>-slip
system should be active. In both duplex steels, the {123}<111>-slip system should not
become active. Moreover, the predictions made earlier would be valid only if the critical
shear stresses of the two ferrite-slip systems were comparable, which should be the case
according to [32].
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Figure 2. Initial textures represented by the back-calculated pole figures. The x- and y-axes
correspond to the transverse directions of the sample. The normal direction (z-axis) corresponds to
the longitudinal direction of the sample and was parallel to the load direction in the tensile test. The
upper two rows show the phase-specific texture in the sample cross-section for 1.4462 duplex
stainless steel. The lower two rows, on the other hand, show that for the 1.4460 duplex stainless
steel. Pole figures of four different lattice planes were recalculated from the phase-specific ODFs for
both duplex stainless steels. The axis label correlates with the intensity distribution in relation of a
random density distribution of the recalculated pole figure. The legend was scaled to 4 regardless
of the present maximum intensity to allow for the recognition of small texture gradients. In addition,
the pole-figure-specific maximum and minimum values of the recalculated intensity distribution
were plotted together with each individual pole figure.

In addition, metallographically prepared longitudinal sections (ground and vibro-
polished) were examined for the 1.4462 duplex stainless steel by means of an EBSD (Zeiss
Auriga 60, detector: EDAX DigiView 5 EBSD camera, data collection: EDAX APEX (V2.2),
analysis: OIM Analysis-8)(AMETEK GmbH - EDAX Division, Wiesbaden, Germany). The
MATLAB toolbox MTEX [31] was used for the evaluation, including the Taylor factor
calculations and graphical representations. The Taylor factor M is a geometric factor. The
calculation using MTEX takes into account the grain orientation, the strain tensor
corresponding to an applied load, and the possible slip systems. It is part of the Taylor
theory and is used in the description of polycrystalline plasticity [33]. The Taylor factor is
used to calculate the influence of different strengthening mechanisms affecting the critical
shear stress 7 on the yield stress according to M = o/t and is described in detail in [33].
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For the analysis of the EBSD data with regard to their Taylor factors, all theoretically
possible slip systems in the respective phases were considered.

Figure 3 shows that the Taylor factor tended to be higher in austenite than in ferrite.
In the face-centred-cubic (fcc) austenite phase, only the slip system <111>{110} was
considered. In the body-centred-cubic (bcc) ferrite phase, three different slip systems
could theoretically be active. When these three slip systems were considered separately,
we found that the {112}<111> tended to have the highest average Taylor factor. For the
analysis in MTEX, it was necessary to specify a load direction. For the evaluation, a virtual
strain tensor of 1% in the load direction was imposed in MTEX. Based on the
metallographic studies, there was no evidence of twinning for the austenite phase of both
duplex stainless steels

Figure 3. EBSD investigation of the 1.4462 duplex stainless steel and the Taylor factors derived from
the EBSD data for the different slip systems. (A) The Taylor factor and the orientation of the slip
system for the austenite phase.(B) The phase distribution in the investigated area. The represented
load direction corresponds to the load direction applied in the neutronographic in situ tensile test.
For both phases, the Taylor factor M (global and {hkl}-specific) was determined using MTEX [31].
(C) The same for the ferrite phase. (D-F) Separate similar results for the three possible slip systems
in the bcc ferrite phase.

For the initial sample condition, X-ray RS analyses were performed using the sini-
method [27]. To avoid influences due to the manufacturing process, a layer with a
thickness of about 200 um for each of the samples was electrochemically removed prior
to the surface-sensitive X-ray diffraction analysis. For these analyses, vanadium-filtered
CrKa-radiation was applied and a 3-circle diffractometer in {-geometry was used. For the
primary aperture, a pinhole collimator with a nominal diameter of 0.4° was applied. On
the secondary side, a 2 mm slit was installed in front of the scintillation counter. For the
ferrite phase, the {211} lattice planes were examined, and for austenite, the {220} lattice
planes were considered. A total of 21 sample tilts in the range of —60° < i < 60°
equidistantly distributed in sin?y, were used. After background subtraction, the
interference lines were fitted using Pearson VII functions. K« stripping was performed by
means of a double peak fitting. For the residual stress evaluation, the diffraction elastic
constants (DEC) E('1} = 219,911 MPa [34] and v{?1%} = 0.28 [34] were applied for the
ferrite phase and EG'Y = 177,329 MPa [35] and v = 0.341 [35] were applied for the
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austenite phase. In the initial state of the duplex stainless steel 1.4462, residual stresses of
-51 + 15 MPa were determined for the ferrite phase and 242 + 40 MPa for the austenite
phase. For the 1.4460 duplex stainless steel, the initial residual stresses were 1 + 55 MPa
(ferrite phase) and 240 + 60 MPa (austenite phase), respectively

2.2. Neutronographic in Situ Load—Unload Test

The neutronographic in situ stress analyses during uniaxial elasto-plastic loading [36]
were carried out using the SALSA instrument [26] at the European research reactor of the
Institute Laue-Langevin (ILL) in Grenoble/France using a wavelength of 1.62 A. For the
ferrite phase, the lattice planes {200}, {211}, and {220} were investigated; for the austenite
phase, the {220}, {311} and {222} lattice planes were analysed using a nominal gauge
volume of about 2 x 2 x 2 mm?3. The loading experiments were carried out using the 50 kN
INSTRON tensile rig available at the SALSA experiment. The lattice strains in the
longitudinal and radial directions were determined in separate experiments. The
cylindrical samples with dimension of & 6 x 30 mm (a sketch of the sample geometry is
provided in Figure 4) in the measuring length were identically oriented with respect to
the crystallographic texture. The general experimental set-up of the in situ diffraction
analysis during loading at SALSA is shown in Figure 5.

Interrupted tensile tests were performed at room temperature and under strain
control, while during the holding steps, the control was changed to position control. All
investigated lattice planes of one direction (longitudinal or radial) were analysed on the
same sample in an incremental load-increase experiment; i.e., diffraction analyses were
performed for individual holding steps after the targeted loads were set. Furthermore, at
total strains of 2, 5, 7, and 9%, the samples were unloaded to a nominal load of only 5 MPa
to determine the development of the phase-specific micro residual stresses. Prior to
diffraction analysis for each loading/unloading step, a relaxation time of 10 min was
considered to ensure that the neutronographic stress analyses were carried out for a
sufficiently stationary load level.

Figure 6 shows the stress—strain curves of the interrupted tests with the relaxation
steps and entire unloading steps. For comparison, the stress—strain curves of the material
using standardised tensile tests are also shown. These continuous tensile tests (indicated
as laboratory) were carried out on a conventional universal testing machine using a
crosshead velocity of 0.001 mm/s. The longitudinal strain was determined with an external
extensometer.

Figure 4. Sample geometry for in situ diffraction analysis during uniaxial tensile loading.
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Figure 5. Experimental set-up used at SALSA for the in situ diffraction experiment during uniaxial
tensile loading for the longitudinal component.

Figure 6. Stress—strain curves from continuous testing using a standardised tensile test (the curves
with the designation ‘laboratory” were added as benchmark data) from interrupted testing
performed during the in situ diffraction experiment at SALSA with a relaxation-driven stress—strain
decrease in each step.

The measured {hkl} interference lines for both phases were fitted using a Gaussian
function by means of the evaluation software LAMP [37]. A separate and individual
background function (intensity above 20) was created for each {hkl} diffraction line. The
lattice strain was calculated according to [27]:

dhkL _ ghkl

ghkl — T’O (1)
where di*! describes the lattice plane distance in the stress-free material state. In general,
various d{i*' strategies were proposed in the literature to evaluate the load stress
experiment. According to [22], we assumed that the approach of using the lattice plane
distances from the phase initial state of the tensile samples as a reference for the lattice
strain calculation was the most suitable. Hence, using this approach, lattice strains were
calculated with reference to the initial material state.

The {hkl}- and phase-specific stress of the phase p was calculated according to [15]
following:
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v kLD

plrki)p
tiktyp _ B | ki}p Y {hkl},p {hkl},p {nhkl},p
v T @ vty [ (1— 2otkp) (137 + ey 7 + )] @)

where the index ij identifies the current calculated direction; &4 corresponds to the load

direction and &' = &X' to the radial direction of the cylindrical sample. E"ki»
corresponds to the phase- and lattice plane-specific Young’s modulus and v"*3? is the
respective {hkl}- and phase-dependent Poisson’s ratio. The considered values are listed in
Table 2 [34,35]. In addition to the {hkl}- and phase-specific stresses, a 'global” phase-
specific stress could be calculated. To calculate the phase-specific stress, the measured
{hkl}- and phase-specific strains were averaged (5_5) according to [38]. This calculation
was carried out while taking into account the texture and the multiplicity of the reflection.
The calculation of the phase-specific stresses was similar to Equation (2) as follows and

used the phase-specific Young’s modulus and respective Poisson’s ratio:

L P «(&h + &5+ &) 3)
19) (1 — Up) 19) (1 — va) 11 22 33

Table 2. Parameters applied for data evaluation. Young’s modulus and Poisson’s ratio for the
austenite phase (y-Fe) according to [35] and for the ferrite phase (a-Fe) according to [34].

v{220} v{222} v{311} a{220} af211}
EKUP IMPa 212,758 259,167 177,329 219,911 219,911
EP/MPa 192,116 206,002
vP /- 0.328 0.294

The macro stresses for both materials were calculated using a “rule of mixture” [27]
as:

o™ = g5 9, + 0% 9, 4)

In this equation, @™®"

is the macroscopic stress, ¥,/, is the assumed phase
content, and 657), is the phase-specific stress. For error calculation, the original fitting
error in determining the line positions of the considered lattice planes was also included
in the calculated strain and stress values. In this regard, the relevant rules of error

propagation were used for this purpose.

3. Results

Figure 7 shows the textures of the two materials after unloading for different degrees
of plastic pre-deformation. In the present case, only the results for 0%, 2%, and 9% total
strain are shown. The upper two rows show the ODF sections at ¢, = 45° for the 1.4462
steel and the lower two rows for the 1.4460 steel, respectively. In the 1.4462 duplex
stainless steel with a micro-structure with a ferrite:austenite ratio of 50:50, a different
texture for both phases was determined. The austenite phase showed a pronounced ©-
fibre in combination with a broad vy-fibre. In the ferrite phase, on the other hand, only
brass and Goss orientations, as well as their rotated equivalents, were present. These
smeared into a single Goss-brass-belt in the shown ¢, = 45° section. For the austenite
phase in the 1.4460 steel, a distinct cubic orientation component was determined as well
as a slight gamma fibre. In the ferrite phase, only a cubic component was determined.
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Figure 7. Evolution of the phase-specific texture in the two studied duplex steels represented by a
section at ¢, = 45° through the ODF. In addition, the previously achieved maximum degree of
deformation in % total strain is indicated in each case. All figures are scaled similarly. (A-F) The
phase-specific texture evolution in the 1.4462 duplex stainless steel. The results for the austenite
phase are presented in (A-C) and for the ferrite phase in (D-F), respectively. (G-L) The
corresponding results for the 1.4460 duplex stainless steel. Again, the ODF sections are presented
separately for the austenite phase (G-I) and the ferrite phase (J-L). In (M), the main texture
components are highlighted for clarification.

The following section addresses the strain results based on the in situ measurements
for the austenite phase as plotted against the applied relaxed load stress in both materials.
These distributions are shown in Figure 8; the upper line is for the 1.4462 duplex stainless
steel and the lower row is for the 1.4460 steel. In both cases, the measured macroscopic
yield strength is additionally marked; it was approx. 667 MPa for the 1.4462 steel and
about 545 MPa for the 1.4460 steel, respectively. The expected curve based on the {hkl}-
specific Young’s modulus and the {hkl}-specific Poisson’s ratio is plotted in blue. The
respective {hkl}-specific values shown in Table 2 were based on [34,35].

For the {220} planes in the longitudinal direction, no evaluable diffraction lines could
be measured in the 1.4462 duplex stainless steel due to the present phase-specific texture.
For the transverse direction, a linear progression of the lattice strain vs. the applied load
partitioning could be observed. Above the macroscopic yield strength, there was a slight
increase in the lattice strain. In the 1.4460 duplex stainless steel, however, both directions
could be measured. In the longitudinal direction, a kink in the distribution was noticed
before the macroscopic yield point was reached. This effect in the longitudinal direction
could also be observed for all other lattice planes. The kink point in the 1.4462 duplex
stainless steel was in a range between 510 and 540 MPa, while for the 1.4460 steel, it was
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between 270 and 350 MPa. After reaching the macroscopic yield point, a renewed increase
in the lattice strain occurred for both duplex stainless steels. In both cases, the {222} lattice
planes showed the smallest deviations from the expected linearity in the longitudinal
direction, followed by the {311} lattice planes. In the transverse direction, the measured
values tended to follow the expected course, whereby it appeared that the lattice strain
slightly increased for the {220} and {311} lattice planes and decreased for the {222} planes
after reaching the macroscopic yield strength.

6000 austenite {220} austenite {311} austenite {222}
soooj14462 | T 11  R™°esimpal | ]| ‘ T T Jmeasurment
¥ 50:50 @ | ' 1 + 1 direction

% 431888 i’ St ’(ﬂ 1 M longitudinal
= o i 1 € transverse
2 2000 LA L End B 1
< 1000 .~ Al o : . = gl
< O 5o s : o] - - ot
® -1000 i &% L. B
< -2000 Al | il i

-3000 ot : - i

3000} L ) Lalhge 0
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o 4000[30:70a | Sl |
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Figure 8. Evolution of lattice strain vs. applied load stress for the austenite phase in both duplex
stainless steels. (A-C) Duplex stainless steel 1.4462; (D-F) steel 1.4460.

The lattice strain vs. applied load distributions of the ferrite phase are shown in
Figure 9. In comparison to the values measured for the austenite phase, no kink or plateau
formation could be observed. With the exception of the {200} lattice planes, for all lattice
planes an approximately linear course occurred. However, it can be seen for the {211} and
{220} lattice planes in the 1.4462 duplex stainless steel that the lattice strain was initially
below the expected curve, but after reaching the kink point for the austenite phase, it was
above it. This also appeared to be the case in the 1.4460 duplex stainless steel, but the effect
was slightly weaker. Neither lattice planes ({220} or {211}) showed any pronounced plastic
anisotropy effects, even for the over-elastic range.

In the transverse direction, the {200} lattice planes for both phases also showed a clear
change in their behaviour after the macroscopic yield strength was reached. For the other
lattice planes, no change in the sign of the slope in the transverse direction was detected.
However, the slope also changed slightly after a kink appeared in the distribution of the
austenite phase.
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Figure 9. Evolution of lattice strain vs. applied load stress for the ferrite phase in both duplex
stainless steels. (A-C) Duplex stainless steel 1.4462; (D-F) steel 1.4460.

Figure 10 shows the residual strains in the longitudinal direction after unloading to
about 5 MPa plotted depending on the maximum total strain previously reached. In the
upper line, the results for the austenite phase are shown, and in the lower line, those for
the ferrite phase are shown. It can be seen that the identical lattice planes in both materials
behaved comparably. For the austenite {311} lattice planes and the ferrite {220}, even a
congruent behaviour could be observed. For the austenite {222} lattice planes, the residual
lattice strains for the 1.4462 duplex stainless steel 1.4462 were slightly lower than for the
1.4460 steel. In the ferrite phase, a match could also be found for the {211} lattice planes
with the exception of the first measuring point (unloading step after 450 MPa). It should
be noted that the {211} lattice planes built up almost no residual lattice strain after
unloading. In contrast, low compressive strains of up to -340 pstrain developed for the
ferrite {220} lattice planes and high tensile strains of over 1000 ustrain developed in the
ferrite {200} lattice planes. In austenite, on the other hand, all investigated lattice planes
developed compressive strains, although these seemed to decrease slightly for the {311}
lattice planes with increasing deformation.
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Figure 10. The {hkl}-specific (residual) strain when unloaded to 5 MPa above the previously applied
load stress. (A—C) Duplex stainless steel 1.4462; (D-F) steel 1.4460.

Figure 11 shows the phase-specific stresses calculated from the lattice strains
presented in Figures 8 and 9 and the macro stress calculated based on the nominal volume
content. In addition, the smoothed average course of the stresses is plotted against the
applied relaxed load stress. For better orientation, the expectation line between the two
diagram axes, including the macroscopic yield strength, is plotted in grey. Here, the kink
in the lattice strains for the austenite phase was reflected as a decrease in the phase-specific
load stress. Correspondingly, the phase-specific stress in the ferrite phase deviated
towards a higher stress value relative to the expected curve. In the region around the
macroscopic yield strength, the austenite phase showed a renewed increase in the phase-
specific stress. From this point on, the phase-specific stresses tended to increase equally
in both phases.
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Figure 11. Phase-specific stress vs. load stress in the relaxed state after unloading for both
stainless duplex steels. (A) Duplex stainless steel 1.4460; (B) duplex stainless steel 1.4462. In (A), a
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phase content of a70:30y was assumed, and in (B), a50:50y was assumed. The macro stress in blue
was calculated via the nominal volume content. The black line represents the direct relationship
between the applied load stress and the calculated stress. The dashed line corresponds to a
smoothed curve of the phase-specific stresses.

4. Discussion
4.1. Data Evaluation

The di*! approach chosen in this work allowed for the direct determination of the
phase- and {hkl}-specific strain and stress changes. However, due to this approach
(referencing to the initial state), it must be accepted that possibly existing phase-specific
or intergranular stresses in the initial state could not be captured directly. Calculation of
the strain- and stress-free lattice plane spacing via stress equilibrium in the initial state
was not considered useful. The use of free-cut reference samples; e.g., small cubes, in
combination with the coarse multi-phase duplex steel has not yet been finally clarified as
to whether sufficient residual stress relief would occur. We currently assume that this
would not be the case.

It should be noted that the significance of the average phase-specific strain used to
calculate the phase-specific stresses according to Equation (2*) increased when further
lattice planes were included in this averaging. In the present work, it was unfortunately
not possible to measure more than the two different lattice planes in the ferrite phase or
three lattice planes in the austenite phase with the existing experimental setup in the
limited beam time.

4.2. Texture

In accordance with Figure 7, it was observed that no significant texture development
occurred in both phases of the two duplex steels at loads of up to about 9% total strain. It
followed that the initial state (Figure 2) can be regarded as representative of the entire
experiment.

A pronounced texture should have an effect on the behaviour of the sample in the
elastic and elasto-plastic regime. The effect in the elastic range was significantly weaker
than in the elasto-plastic regime. As the crystallographic textures for the ferrite phase for
both duplex stainless steels differed significantly more in contrast to the austenite phase,
an effect was more likely to be observed in the elastic range. Due to the pronounced
texture orientation of the {110} lattice planes (E11% =219,911 MPa [34]) for 1.4462
(compare Figure 2) in the load direction, the effective resulting macro elasticity modulus
should have been higher here than for the 1.4460 duplex stainless steel. In the 1.4460 steel,
the {100} lattice planes (E*'® = 164,409 MPa [34]) tended to be more oriented towards
the load direction (stronger texture). This should have resulted in the lattice strain of the
ferrite phase being smaller in the 1.4462 steel than in the 1.4460 steel at the same load
stress. This can be observed in the readings in Figure 9.

In the austenite phase, the initial texture orientation was identical with regard to a
clear orientation of the {100} lattice planes in the load direction (compared to Figure 2).
However, this was more pronounced in the 1.4462 steel than in the 1.4460 steel. The
additional rotation around the longitudinal axis in the 1.4462 steel should not have had
any influence on the stiffness. Since the {100} lattice plane’s Young’s modulus (E(1°% =
138,405 MPa [35]) was lower than the mean macroscopic Young’s modulus (E™*° =
192,116 MPa [35]), a somewhat lower macroscopic stiffness in the load direction in the
elastic range was expected for the 1.4462 duplex steel than for the 1.4460 steel. However,
the resolution of the strain data shown in Figure 8 was too poor to prove this
unambiguously.

For the elasto-plastic region in 1.4662, we concluded from Figure 2 that the {112}<111>
slip system should have become active rather than the {110}<111> slip system. This was
evident in the intensity densities” distribution shown in Figure 2 at i) = 45°. According to
the intensity distribution shown in Figure 2, there should have been significantly more
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optimally orientated {112}<111> slip systems. The hypothesis that the slip system
{112}<111> was activated first due to preferred orientation was only valid under the
assumption that the critical resolved shear stress values of both slip systems were
approximately equal [32]. For the second duplex stainless steel 1.4460, the difference in
orientation distribution according to Figure 2 was not as pronounced. However, the
{110}<111> slip system rather than {112}<111> should have tended to become active here.
In both duplex stainless steels, the {123}<111> slip system should have been less important
because this slip system should not be active at room temperature [32] and the Taylor
factor shown in Figure 3 also was a little smaller.

Despite the relatively strong textures, there were a large number of differently
oriented grains in the polycrystalline duplex steel. In each grain, the slip system was
oriented differently relative to the applied load. As shown in Figure 3, the differences
between the three different slip systems were small in the ferrite phase, but again the
Taylor factors tended to be highest for the {112}<111> slip system. This confirmed the
above assumption that the slip system {112}<111> was activated first. For the austenite
phase, only one slip system was possible due to the fcc structure. However, compared to
the ferrite phase, the austenite phase again exhibited significantly higher Taylor factors.
A direct comparison of the Taylor factors between the two phases was not useful. In this
way, no influence on the phase-specific yield strength or load distribution could be
derived.

4.3. Phase-Specific Load Distribution in the Elastic Range

It can be assumed that in the purely elastic region, both phases contributed equally
to the load transfer according to their phase fraction and Equation (3). According to
Figures 11 and 12, respectively, for the duplex steel in the elastic range, the phase-specific
stress in the austenite phase was slightly higher than in the ferrite phase. Under the model
assumption according to Voigt (equal strains in both phases), it followed that the stress in
ferrite should have been higher than in austenite. According to the Reuss assumption
(equal stress in both phases), it should follow that the lattice strains (and thus the phase-
specific stresses) were lower in the ferrite phase than in the austenite phase. The actual
behaviour, however, lay in the middle. A detailed description via elasto-plastic self-
consistent modelling or other approaches is not provided here. However, an estimation
of the development of phase specific stresses is shown in Figure 12. For the 1.4462 duplex
stainless steel, the phase-specific stress in the ferrite phase tended to be lower. The macro
stress calculated via Equation (3) perfectly reproduced the load stress up to about 300
MPa. The phase-specific stresses of the II kind were between 30-70 MPa in the elastic
range. In the 1.4460 duplex stainless steel, on the other hand, there was no difference in
the phase-specific stresses within the first 300 MPa.

In this context, it should be noted that the phase-specific stiffness of the two phases
in duplex stainless steel might differ slightly compared to the stiffness values determined
for single-phase materials. The exact experimental determination of the phase-specific
stiffness of the two phases in duplex stainless steel is not possible with the classical
approaches. It can be shown with respect to coarse multi-phase materials that for the
elastic constants of the same phase measured in single phase and as part of a multi-phase,
materials can present significant differences [39,40]. For this purpose, different
approaches were described in literature that took into account the interaction between the
two phases and thus allowed the prediction of the effective elastic constants based on
single-crystal data [39,41-43]. The values adopted in this work [30,31] seemed to be
sufficiently close to the actual stiffnesses of both duplex stainless steels.

4.4. Phase-Specific Load Distribution in the Elasto-Plastic Range

For both duplex stainless steels, it was observed that the lattice strain distribution vs.
the load stress for the austenite phase showed a noticeable kink even before the material
reached the macroscopic yield strength. This indicated that plastic deformation occurred
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first in the austenitic phase. In [11], for the 1.4462 duplex steel, the critical shear stress in
the austenite phase slip system {111}<110> was given as 75 MPa and the phase-specific
Rpo, was given as 235 MPa. Regarding the slip systems {110}<111> and {110}<111> +
{112}<111> for the ferrite phase, the values of the critical shear stresses were 230 and 245
MPa, respectively. The phase-specific Ry, for the ferrite phase occurred at about 660 and
650 MPa, respectively. The given phase-specific yield strength in ferrite was very close to
the macroscopic yield strength of 667 MPa determined in this work, which was largely in
agreement with the one for the ferrite phase. The situation was different in the austenite
phase, in which the yield strength determined here was located in the range between 510
and 540 MPa for the 1.4462 duplex stainless steel. For the purpose of completeness, it
should be noted that the yield strength for the austenite phase in the 1.4460 duplex
stainless steel was determined to be in a range between 270 MPa ({220} + {222}) and a
maximum 440 MPa ({311}). For the macroscopic yield strength of the ferrite phase, a value
of about 545 MPa was determined.

Likewise, initial phase-specific residual stresses can have an influence on the
apparent phase-specific yield strength, since the applied load stresses in the tensile test
are superimposed on the existing phase-specific residual stresses [27]. The large errors
determined for the residual stresses were primarily due to the textural sensitivity of the
stress analysis according to the sin®i-method. The addition of the initial residual stresses
for the austenite phase to the applied load stress (in Figure 8) would shift the estimated
phase-specific yield strength close to the macroscopic yield strength. This was especially
true for the 1.4460 steel.

The kink in the lattice strain in the austenite observed in the two duplex stainless
steels was thus due to the changing load partitioning. Since the austenite phase plastically
deformed earlier, it transmitted less load than the elastically deforming ferrite phase from
this point on. This can also be seen in Figure 11 and led to the formation of the plateau
observed in Figure 8. The changing load distribution can also be observed in the ferrite
phase, although here the effects were weaker. As can be seen in Figure 9 for the lattice
planes {211} and {220} of the 1.4462 duplex stainless steel, the absolute value of the lattice
strain in the ferrite changed after the phase-specific yield strength in the austenite phase
was reached. If the lattice strain was still below the expected curve before the phase-
specific yield strength for the austenite phase, it was then above it. This was a direct effect
of the changing load partitioning. This effect also occurs in the 1.4460 steel, but could not
be observed quite as clearly due to the smaller number of measuring points before the
yield strength in the austenite phase was reached. After reaching the yield point for the
ferrite phase, the ferrite phase also deformed elasto-plastically. This led to a renewed
change in the load partitioning. From this moment on, the phase-specific stress in both
phases increased again (Figure 11). Both phases strain-hardened in approximately the
same way, whereby the phase-specific stress in the investigated applied load range always
remained higher in the ferrite phase than in the austenite phase. The mean phase-specific
micro stress under load (according to Equation (3) and oM™ = ¢™aT® —g.) in the
ferrite phase in both duplex steels averaged around 100 MPa. For the austenite phase in
the 1.4462 steel, similar values were determined depending on the respective phase
fractions. In the 1.4460 duplex stainless steel, however, the micro-stress in the austenite
phase was approx. —250 MPa. This was due to the different phase fractions.

For the lattice planes {211} and {220} in the ferrite phase in both duplex stainless
steels, an approximately linear behaviour (despite a changing load distribution) in the
elastic-plastic range could also be observed. This confirmed the low susceptibility of these
two lattice planes to the plastic anisotropy effect. This is worth mentioning because the
crystallographic texture for the ferrite phase was very different in the two materials. In
the austenite phase, the {311} lattice planes showed significantly stronger non-linearity in
the elasto-plastic region than the {222} lattice planes in both duplex stainless steels.
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Figure 12. Phase-specific load partitioning based on the duplex stainless steel 1.4462. Shown are the
discrete stress values from the experiment and an estimated curve that can be used to understand
the changing load distribution. Range 1: both phases behaved elastically. Range 2: plastic
deformation of the austenite phase, elastic behaviour of the ferrite phase. Range 3: elasto-plastic
behaviour of both phases.

4.5. Phase-Specific (Residual) Strain Development

According to [21], the differences between the linear elastic expected behaviour and
the behaviour resulting from the elasto-plastic anisotropy effect corresponded to the
intergranular and interphase micro stresses. This should result in phase-specific
compressive residual stresses for the lattice planes in the austenite phase. For the ferrite
phase lattice planes {211} and {220}, on the other hand, only minimal tensile residual
stresses should be generated according to Figure 9. Here, these should have been
somewhat larger for the {211} lattice planes than for the {220} ones. The {200} lattice planes
should have formed large tensile residual stresses in both materials. A comparison of this
prediction with the residual strains in the longitudinal direction (see Figure 10) showed
that this was mostly correct. Only the ferrite lattice planes {220} deviated from the
prediction. This was due to the offset in the lattice strain caused by the early plastic
deformation of the austenite phase and the resulting change in the load partitioning. If
this offset was subtracted, the {220} lattice planes were slightly below the blue line, with
the {211} lattice planes directly on top of it. In the unloaded condition, this load
partitioning was not active, so the {211} and {220} lattice plane strains shifted slightly
towards the compressive strain region in the unloaded state. The difference in the {222}
lattice plane strains of the austenite phase can be attributed to the different phase content.
Since the sample was macro-stress-free in the unloaded state, in the 1.4460 steel, the
austenite phase must have had a higher stress value than the ferrite phase with a higher
volume content. It seemed that the {222} lattice planes behaved more sensitively to this
residual stress partitioning than the {311} lattice planes. It should be noted, however, that
this lattice plane also exhibited minimally higher compressive strains than the same lattice
planes in the 1.4462 steel. In the ferrite phase, on the other hand, the opposite picture
emerged, with the 1.4460 steel tending to show lower strain values. However, this was not
a contradiction to [21], but proved that the anisotropy deviations with respect to the
absolute value were also influenced by the load-sharing condition. Since the curves of the
different lattice planes could be regarded as the same with the exception of y{222}, we also
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concluded, on the basis of Figure 10, that different phase-specific textures played only a
minor role in the residual lattice strains.

5. Conclusions

In the present work, the phase-specific load partitioning of two coarse multi-phase
duplex stainless steels (1.4462 and 1.4460), which clearly differed in their phase fractions,
was investigated in situ during uniaxial loading by means of neutron diffraction. Special
attention was paid to the evolution of phase-specific micro residual stresses in the load-
stress experiments. Based on the results, the following conclusions were drawn:

Regardless of the different phase contents, the following common were identified for
both investigated duplex stainless steels:

1. The load-partitioning behaviour could be distinguished in three ranges:

e In the purely elastic case, both phases; i.e., austenite and ferrite, contributed
almost equally to the load partitioning.

e After the onset of plastic deformation, which was observed for both materials in
the austenite phase, the ferrite phase transmitted a higher load.

e In the further course; ie. with increasing plastic deformation, the load
partitioning changed again. However, the ferrite phase continued to transmit a
higher load within the investigated range of 9% total strain.

2.  For both steels, the austenite phase exhibited plastic deformation before the
macroscopic yield strength was reached.

3. The formation of intergranular stresses (and respective strains) with increasing
plastic deformation were similar in their principal course. This was observed despite
the different phase contents and phase-specific crystallographic textures.

4. In the austenitic phase, only intergranular compressive strains occurred in the
unloaded state for the investigated lattice planes, which clearly differed from the
behaviour observed for the ferrite phase.

5. For the three investigated lattice planes of the ferrite phase, the two lattice planes
{211} and {220} were only weakly sensitive to plastic anisotropy effects as expected,
despite clearly different and sharp crystallographic textures. In the austenite phase,
the {222} lattice plane showed a correlation that could be described as almost linear.

6. In both phases, no texture evolution with increasing plastic deformation was
observed; i.e,, no texture components appeared nor disappeared. Only a slight
variation in the intensity distribution was observed.

Regarding the load-partitioning behaviour of both duplex stainless steels, the
following differences occurred:

a. Quantitatively, the load partitioning depended on the respective phase content. For the
1.4460 duplex stainless steel, which had an austenite content of 70%, the drop in the load
partitioning after reaching the phase-specific yield strength was more pronounced
compared to the 1.4462 duplex stainless steel with an austenite content of 50%.

b.  Eventhough for both steels the austenite phases exhibited elasto-plastic behaviour before
reaching the macroscopic yield strength, the phase-specific yield strength of the austenite
phase was reached earlier for the 1.4460 duplex steel than for the 1.4462 steel.

c.  For the investigated lattice planes, the different phase contents only showed an effect
on the residual intergranular strains for the austenite {222} lattice plane. Here, a
higher residual strain was observed for the higher austenite content.
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