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ABSTRACT

A change in strain path may have a significant effect on the mechanical response of metals. In order to
understand or even predict the macroscopic behaviour under such conditions a detailed knowledge on
the microstructural evolution is crucial. Yet relatively little work has been done to quantify and under-
stand how the inter- and intragranular strains are affected during a change in strain path. In this work we
present a new multiaxial deformation rig that allows performing in situ proportional and non-
proportional loading under neutron diffraction. We demonstrate the capabilities of this new setup for
the case of a 316 L stainless steel. We show that the nature and magnitude of intergranular strain
strongly depends on the applied stress state and demonstrate that micro yielding and internal strain
recovery are responsible for the observed transient softening during a 90° strain path change. We
anticipate that this new characterization method will provide previously inaccessible microstructural

Biaxial data that can serve as input for benchmarking current state-of-the-art crystal plasticity models.
© 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Engineering materials often experience complex strain paths
during synthesis or under service conditions. A prime example is
metal forming, which typically involves multiple operations
including strain path changes during which transient and perma-
nent changes in hardening rate are observed (see, for instance [1],
and references therein). Many metals exhibit a lower yield stress
(Bauschinger effect [2]) when the sign of the load is reversed after
plastic deformation, in spite the hardening observed during the
forward straining path. Some materials however exhibit a larger
yield stress after the loading direction is changed, a phenomenon
called cross-effect [3]. Furthermore, softening/hardening upon
changing strain path can be a transient phenomenon or permanent
where differences in hardening rate between the first and the
second loading path maintain. These phenomena play an important
role in manufacturing and have to be taken into account when
setting forming limits.

* Corresponding author. Villigen, Villigen-PSI, Switzerland.
E-mail address: helena.vs@psi.ch (H. Van Swygenhoven).
T Now at KNMF, Karlsruhe Institute of Technology, D-76344 Eggenstein Leo-
poldshafen, Germany.

http://dx.doi.org/10.1016/j.actamat.2015.12.015

The origin of such strain path dependence has to be found at the
inter- and intra-granular level. Polycrystalline metals yield het-
erogeneously and this leads to inter-granular stresses, which
remain after unloading and will have to be added to the stress
applied in the next strain path. Dislocation slip, an inherent
anisotropic mechanism, will develop anisotropic dislocation sub-
structures within the individual grains, generating long range
intragranular stresses that will have to be considered simulta-
neously with the intergranular stresses [4]. Incorporation of the
above effects on the correct physical length scale through multi-
scale modelling can offer significant improvements in computer-
aided engineering. Modelling non-monotonous and/or non-
proportional deformation requires improved constitutive equa-
tions [1,5,6]. Different models have been put forward to incorporate
for instance the Bauschinger effect [7]. These computational
models necessarily need to take into account the evolution of the
microstructure and in particular the development of internal
stresses.

In the last decade in-situ x-ray and neutron diffraction has been
extensively used to investigate the evolution of intergranular and
intragranular stresses during deformation. The information has
been directly compared with various crystal plasticity models
[8—12]. Most studies are however restricted to uniaxial tension or
compression tests. Some in-situ strain path change experiments
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have been performed, in particular tension-compression Bau-
schinger tests [13—15]. In 2013 Repper et al. [16] have performed
the first in-situ neutron diffraction study on cruciform shaped
specimen. They have demonstrated that during equibiaxial loading
the evolution of lattice strain is quite different from that during
uniaxial straining. Foecke et al. have implemented various devices
inside a large laboratory x-ray diffractometer in order to measure
multiaxial stress—strain curves and corresponding yield loci
[17—19]. Here diffraction is used to obtain the macroscopic stress
state in the sample using the sin®w method. Imbeni et al. [20] have
performed in situ tension and torsion experiments on thin tubular
samples of Nitinol during X-ray diffraction. Mehta and coworkers
[21] used X-ray microdiffraction to map out multiaxial strain fields
in Nitinol.

Recently it was shown that in case of a 90° strain path change
the commonly used models fail to predict both the magnitude and
nature of intergranular stresses that arise as a consequence of
elastic and plastic anisotropy [22]. In order to further optimize
crystal plasticity models there is a clear need for adequate in-situ
devices allowing studies of engineering materials subjected to
complex strain paths. Collins and co-workers [23] have developed a
new setup to perform in-situ x-ray diffraction during biaxial
deformation of sheets. They have studied the evolution of lattice
strain and texture during uniaxial and biaxial tensile deformation
of a cold rolled low carbon ferritic steel. It was shown that the
distribution of lattice strain with respect to azimuthal angle is
highly dependent on the applied biaxial strain ratio. Furthermore it
was demonstrated that for strain ratios close to balanced biaxial the
lattice strain initially accumulates more rapidly in the direction of
the tensile axis with highest load, whereas at larger plastic strain
the distribution becomes more uniform.

High-resolution reciprocal space mapping with high energy x-
rays is a powerful method to investigate in detail the microstruc-
tural evolution during a strain path change. This has been
demonstrated extensively for the case of Cu [4,24—26]. Wejdemann
et al. have [4] demonstrated that during an orthogonal strain path
change two different regimes can be distinguished: a microplastic
regime during which the elastic stresses are significantly altered
and only subgrain plasticity occurs, and a macroplastic regime
where a new microstructure is formed. Unfortunately such mea-
surements are rather time-consuming.

Some x-ray and neutron beam lines are now equipped with load
frames that allow in-situ mechanical testing under multiaxial stress
state and/or to perform strain path changes. At the DIFFABS beam
line (SOLEIL, France) a biaxial deformation rig has been installed,
which allows for in situ characterisation of thin polycrystalline
films deposited on a compliant substrate [27,28]. At the engineering
neutron diffractometer VULCAN (SNS, USA) a large load frame has
been installed which allows for combined tensile/compression/
torsion experiments [29,30].

In this work we present a unique biaxial deformation rig that
can be used for in-situ biaxial proportional and non-proportional
testing during neutron diffraction at the beamline POLDI of the
Swiss Neutron Spallation Source (SINQ). The rig exhibits two in-
dependent axes and a torsional unit, which allows to apply various
multiaxial stress states and to perform complex strain path
changes. We apply this method to study the evolution of the inter/
intra granular stresses in a 316 L stainless steel known to exhibit
transient softening when changing the strain path [22]. We show
that the nature and magnitude of intergranular strain strongly
depends on the applied stress state and demonstrate that micro
yielding and internal strain recovery are responsible for the
observed transient softening during a 90° strain path change. We
anticipate that this new characterization method will provide
previously inaccessible microstructural data that can serve as input

for benchmarking current state-of-the-art crystal plasticity models.
2. Material and methods
2.1. Multi-axial deformation rig

The in situ multi-axial deformation rig has been developed in
collaboration with Zwick/Roell (Ulm, Germany) and is based on an
innovative modular approach, which allows for testing under
various complex deformation modes. Fig. 1 (in web version) dis-
plays a picture of the rig mounted on the 3D translation and rota-
tion stage of the POLDI beam line. It consists of a 100 kN standard
load frame that is equipped with a 200 Nm torsion unit, which
allows for both regular tension/compression tests and proportional
and non-proportional biaxial tension/torsion tests. Additionally a
50 kN axis can be mounted perpendicular to the main axis. With
this setup in-plane proportional and non-proportional deformation
tests on cruciform-shaped specimen can be performed. With these
various possibilities the rig allows covering large part of the stress
space. In what follows we will focus on the in-plane biaxial setup.
The machine is controlled with testXpert, the standard control
software from Zwick/Roell. In order to control the machine
remotely, an interface between testXpert and SICS (SINQ Control
System) has been written. This allows for full control of the defor-
mation rig within the standard POLDI software environment.

2.2. Samples

The machine is designed for mounting planar cruciform shaped
samples. Optimizing the shape of such samples is not a trivial task
and has been topic of many studies (see, for instance, Refs [30—34]).
Fig. 2 (left) displays a picture of the type of samples used in this
work. The most important feature is the thickness reduction at the
centre of the sample (from 10 mm in the arms to 3 mm in the gauge
volume). The shape has been optimized with the aid of ABAQUS/
Standard finite element modelling (FEM) [35]. Fig. 2 (right) shows
the Von Mises stress distribution generated during equi-biaxial
deformation. As expected stress concentrations occur at the
notches, which results in local fracture at large levels of deforma-
tion. Therefore the value for the thickness reduction is a result of a
trade-off between optimizing the volume for neutron diffraction
and the possibility to reach at least 20% plastic strain in the centre,
prior to fracture as the notches. For comparison regular flat dog-
bone shaped specimen have been prepared. The gauge sections of
these dogbones exhibit the same thickness as compared to the
cruciform shaped samples. This ensures that the neutrons sample
the same volume taken from the same section of the original
material.

The material under investigation is a warm rolled 316 L stainless
steel with composition 17.25Cr—12.81Ni—2.73Mo—0.86Mn—0.53
Si—0.02C (wt%) purchased from ThyssenKrupp in a sheet thickness
of 10 mm. The outer shape was cut using waterjet cutting whereas
the thickness reduction is achieved by mechanical grinding. To
learn more about the microstructure of the material corresponding
with the region where the neutron diffraction data were collected,
EBSD (electron back scatter diffraction) measurements were car-
ried out at the center of the sheet plate (after etching away a 5 mm
thick layer). Fig. 3 (left) shows a crystal orientation map of a
representative area. The rolling and normal directions are indi-
cated. The transvers rolling direction is perpendicular to the plane.
As can be observed, the grains are equiaxed with an average grain
size of 7 um. On the right hand side of Fig. 3 the inverse pole figures
for the three principal directions are shown. These show that there
is no strong texture in the plane of the sheet. There are however
more grains having a <001> or a <111> direction along the rolling
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Fig. 1. Picture of the multiaxial deformation rig mounted at POLDI. The two-camera DIC system is marked by the red arrow. The inset shows in detail the cruciform sample together
with the load axes F1 and F2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Image of the cruciform shaped specimen with dimensions indicated, (b) FEM simulation showing the von Mises stress distribution (in MPa) generated during equibiaxial
to 23 kN in each arm. The ABAQUS/Standard simulations were performed on an 8th part of the cruciform geometry.
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Fig. 3. (left) Orientation distribution map of a sample prior to deformation (right) inverse pole figures for the three principle directions: rolling (RD), transverse (TD) and normal
(ND).
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axis and a <101> along the normal direction. Relative to the other
directions the ratio is of the order of 1.5, which means that the
texture is mild.

2.3. Macroscopic strain measurements

The applied macroscopic strain is measured by a 3D digital
image correlation system (GOM Aramis®). This is a full-field optical
technique that provides high-resolution 2D or 3D displacements
maps of the area of interest. The setup consists of two 5 MP CMOS
cameras, both mounted at an angle of 15° to the normal of the
centre of the cruciform sample. The field of view is typically about
20 x 20 mm?. A random speckle pattern is created on the sample by
spraying fine paint droplets. Pair of images is acquired with a fre-
quency of 1 Hz. With the Aramis analysis software the pairs of
images are offline correlated with an initial set of images, resulting
in 3D displacement maps. The macroscopic strain tensor is evalu-
ated at the position where the neutron beam intersects with the
sample. In this work a neutron beam of 3.8 x 3.8 mm? has been
used. This technique has the advantage that it allows (1) obtaining
local strain information from the neutron gauge volume and (2) a
quality assessment of the deformation test by checking the ho-
mogeneity of the displacement maps. Fig. 4 displays on the left the
central part of a cruciform sample with the sprayed speckle pattern.
On the right a macroscopic strain map after 21% plastic deformation
as determined by the 3D-DIC system. The white rectangle repre-
sents the area where the neutron measurements are performed.
Within this area the strain is quite uniform (+0.2%). The strain
values reported in this work represent the average strain within
this area.

From the macroscopic strain tensor € we can derive the accu-
mulated plastic strain:

2 :/,/%dgg.deg (1)

The von Mises stress is defined as:

3
Oym = iag-ag- (2)

with o9 the deviatoric stress tensor. Given the sample geometry it is
safe to assume that we work under plane stress conditions.

Furthermore the macroscopic strain tensor obtained from DIC in-
dicates that shear stresses can be ignored for all tests discussed in

this work. Therefore equation (2) reduces to:

ovm = \/0%1 — 011022 + 0%, (3)

with 011, 23 the stress components along the principal axes 1 and
2. In case of equibiaxial loading equation (2) reduces to
Oym = O11 = 022.

2.4. In situ neutron diffraction

The neutron diffraction experiments are performed at POLDI, a
time-of-flight (ToF) neutron strain scanner located at SINQ (Paul
Scherrer Institut, Switzerland). Detailed information on the setup
and principle can be found in Refs. [36,37]. Thanks to the ToF
principle full diffraction patterns can be accumulated without
having to move the sample or the detector. The diffraction geom-
etry is shown in Fig. 5. The size of the incoming beam is determined
by two pairs of slits with 3.8 mm opening. The gauge volume is
further determined by a radial collimator, also with a 3.8 mm
opening. The sample is positioned such that the scattering vector Q
lies in the plane of the sample. The inset of Fig. 5 displays the
relationship between scattering vector and loading direction.
When the sample is strained along axis F1 the loading direction is
parallel to Q. In contrast, when straining along axis F2 the loading
direction is perpendicular to Q.

The samples are strained with a fixed force rate of 40 N/s to
prescribed force levels. In the elastic regime (both during loading
and unloading) this force level is held constant during neutron
accumulation. In the plastic regime the machine is stopped during
neutron accumulation, in order to avoid extensive creep. During
this period the stress relaxes slightly. Therefore, between reaching
the prescribed force level and the actual neutron accumulation a
wait period of 300s is included. Neutron diffraction spectra are then
accumulated for 15min, during which the stress did not vary more
than 10 MPa.

The data is analysed with the POLDI standard single peak fitting
procedure implemented in Mantid [38]. The diffraction peaks are
well described by Gaussian functions, yielding information on peak
position, width and intensity. The peak position of each hkl-
diffraction peak determines the mean interplanar lattice spacing
dpi for the grain family with the hkl-direction parallel to the
scattering vector Q, The elastic lattice strain epy is then determined
by the relative change of the interplanar lattice spacing dyy with
respect to d%,q, the initial value prior to deformation:

Fig. 4. Image of the centre of the cruciform shaped specimen with sprayed speckle pattern. The inset shows a map of the macroscopic strain component along the vertical axis at
21% plastic strain during a uniaxial test. The white rectangle represents the 3.8 x 3.8 mm? area where the neutron measurements are performed.



408 S. Van Petegem et al. / Acta Materialia 105 (2016) 404—416

Radial

collimator

Slits

°/
0

Fig. 5. Top view of the diffraction setup. The inset shows the relationship between loading direction and scattering vector Q.
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(4)
The peak broadening is expressed by the relative peak width:

= Adpg _ AQpi (5)
dhi Qnia

with Adp and AQyy the full-width at half-maximum of the hkl-
diffraction peak. Both the resolution function of the instrument
and the diffraction peaks after plastic deformation are well
described by Gaussian functions. Therefore it is straightforward to
separate the contribution from instrument (w™%) and sample
(wsamPle) to the total peak broadening (w™e?S):

I 2 ) 2
wigmwe = (wige)” — (i ©
Fig. 6 (in web version) displays a typical diffraction pattern with

fit. The inset shows a zoom in for the {200} peak demonstrating the
quality of the fit.

2.5. Loading schemes

Various in situ experiments with different load schemes have
been performed. The corresponding load paths are schematically
shown in Fig. 7. In tests A and B the sample is loaded monotonically
and then unloaded. In test A the sample is loaded and unloaded

10000 —— 77— ——
(111) f
8000 - G
(200)
8

> 60004
= -
= 3.44 3.48 e
Q
€ 40004 -

Scattering vector (1/A)

Fig. 6. Representative neutron diffraction pattern: experimental data (green circles),
the fit profile (solid black line) and the residuals (solid grey line). The inset represents a
zoom of the {200} diffraction peak. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

along axis 1, while the load at the second axis is kept constant at
300 N (~3 MPa). Test B is an equibiaxial test where both axes are
driven with the same force rate. All other tests involve strain path
changes. The tests shown in Fig. 7C and D both involve a uniaxial
straining along one axis, followed by an uniaxial straining along the
other axis and equibiaxial unloading. In test E the sample is
unloaded after the first uniaxial loading cycle prior to loading and
unloading along the second axis. In the last experiment (Fig. 7f) the
sample is loaded uniaxially along axis 1, followed by a simultaneous
unloading and loading along axis 1 and 2, respectively. Finally axis 1
is reloaded to arrive at an equibiaxial stress state. Unfortunately, no
unload information is available for this last experiment.

3. Results
3.1. Effect of sample geometry

Evaluating the stress state at the centre of a cruciform shaped
specimen with non-uniform thickness is not as straightforward as
compared to a dogbone shaped specimen. First, the sample has no
well-defined cross-section. Second, it is documented in literature
that the circular thickness reduction at the centre of the sample
causes a so-called ‘ring effect’ [39,40]. This can be easy understood
considering a uniaxial deformation test on a cruciform shaped
specimen (see also test A in Fig. 7). By pulling along axis 1 the stiffer
ring that surrounds the centre region of the specimen deforms to an
elliptical shape, which induces a compressive stress along axis 2.
With other words, the central region is subjected to a ‘geometrical’
Poisson effect. As a consequence, the ratio between the applied
forces along both axes cannot be 1 to 1 translated to the ratio of the
applied stresses at the centre of the cruciform sample except for an
equibiaxial test where both axes are affected equally. This effect is
also well captured by our FEM simulations.

The ring effect has influence on several macroscopic parameters.
During uniaxial deformation of the cruciform samples the apparent
elastic Poisson's ratio is vapp = 0.49 + 0.01, whereas a value of
v = 0.30 + 0.03 was found for the dogbone shaped specimen.
Assuming a plane stress state for the cruciform specimen it can
easily be shown that the ratio between the stress components is
given by:

022  Vapp—v
o111 —vuwgpp

Our ABAQUS FEM simulations (see Fig. 2b) confirm this ratio.
With other words, during ‘uniaxial’ deformation of the cruciform
samples a biaxial stress state is generated at the centre of the
sample.

A second effect occurs during the elastic—plastic transition. Here
the ratio between stress components rapidly changes. This is
apparent when plotting the evolution of the lattice strain as a
function of applied force. Fig. 8 shows the evolution of the {311}

=023 (7)
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Fig. 7. Schematic overview of the various loading paths during the in situ neutron diffraction experiments.

grain family as a function of applied force along axis 1 during a
uniaxial deformation test on a cruciform shaped specimen. We
have chosen the {311} grain family as it is known to be most
representative for the macroscopic stress state [41,42]. At a force of
about 21 kN a clear deviation from linear elastic behaviour can be
observed.

To exclude the possibility that such behaviour is not arising from
the development of microstresses, multiple FE simulations were
performed assuming isotropic, pure kinematic and combined non-
linear isotropic and kinematic hardening. Experimental stress and
strain data obtained from uniaxial dogbone tests were used as input
for the hardening models. Henceforth, only the simulation results
using the non-linear kinematic hardening model (Chaboche) with
five backstresses are shown; from all the hardening models tested,
this gives the best fit for the experimental elastic—plastic transition
and the plastic regimes The blue dashed line in Fig. 8 represents the
simulated macroscopic elastic strain 5, and describes very well the

2500 - : . ; : : . 2500
—e— Experiment
— = Simulations
2000 — 2000
’ &
o [=)
=) -
- X
X 1500 +41500 , =
= &
S £
» £
8 1000 + -4 1000 ©
g 8
® w
- <
w
500 - 500
04 10
T T T T
0 10 20 30
Force (kN)
Fig. 8. Experimental lattice strain of the {311} grain family and the simulated

macroscopic elastic strain as a function of applied force.

observed deviation from linearity, confirming that this is a purely
geometrical effect. Interestingly, using different hardening models
only result in a change in magnitude of Cauchy stresses, but the
kink in lattice strain evolution is found to be independent of the
hardening model. The simulations reveal that at the initiation of the
elastic—plastic transition region, the elastic strain component in
the axial direction (§,) increases slower than in the elastic regime.
Meanwhile, the elastic strain component in the transverse direction
(¢5,) has a negligible change in its evolution rate. Due to the Poisson
effect, this results in a slower evolution of the o471, and faster evo-
lution of oy>.

Given the complex sample geometry the question arises how to
convert the applied forces to the local stress state at the centre of
the cruciform sample. This can be achieved by defining a so-called
effective cross-section, which is however a non-trivial task. Our
FEM simulations indicate that the effective cross-section actually
changes significantly during the deformation test (in particular in
the elastic—plastic transition regime). It is therefore crucial that
appropriate hardening models are used, in particular for tests
including a strain path change. An in-depth study of the relation-
ship between applied forces and local stress state during defor-
mation is however beyond the scope of this work.

For the monotonic tests (tests A and B in Fig. 7) we use the re-
sults from the FEM modelling to convert the applied force to the
local stress state. Fig. 9 displays the von Mises equivalent stress as a
function of accumulated plastic strain for the uniaxial tests on a
dogbone and cruciform sample (test A) and for the equibiaxial test
(test B). The agreement between the curves is reasonably good at
low strain values. For larger strain values small deviations are
observed.

As shown in section 2.2 the samples exhibit a mild rolling
texture. This may complicate data analysis when changing strain
path. In order to investigate the importance of the texture two
uniaxial experiments on cruciform samples have been performed,
the only difference being a sample rotation of 90°. Fig. 10 (left)
compares the mechanical response for both experiments. Within
the error of the measurement both stress—strain curve are the
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Fig. 11 compares the evolution of the lattice strain for the {111} = 200 e
and {200} diffraction peaks for uniaxial and equibiaxial deforma- N ]
tion. The curve for the {220} diffraction peak is omitted as its in- >
tensity drops significant during plastic deformation (see also 160 7
further). The behaviour of the {311} is very similar to that of {111}. 1 1
The slopes in the elastic regime are obviously different. This can O-C/ -
> . . . . .

easily be understood considering that for the uniaxial case the
relation between lattice strain along the horizontal axis and local
stress is given by:

a11
Epg

(8)

Ehkl =

with Epy the hkl elastic modulus, whereas for the equibiaxial case
the Poisson's ratio vpi has to be taken into account:

ﬂan (9)

Ehkl = Ehl .
ki

Upon yielding the slopes deviate from their initial linear
behaviour, indicative for a load transfer occurring between the
different grain families. For the {200} grain family we can notice
that this deviation occurs in opposite directions; in the uniaxial
case lattice strain accumulates faster compared to the elastic
regime whereas the opposite is true for the equibiaxial case. The
{111} grain family exhibits only small deviations from linearity;
here such a trend is more difficult to discern. This becomes clearer
when comparing the residual lattice strains. Table 1 lists for the
three grain families the residual lattice strain measured along axis 1
after unloading. The residual intergranular strains are the largest in
the dogbone sample. After uniaxial straining of the cruciform
shaped sample the residual strains are reduced, despite larger
plastic strains are achieved (Fig. 9). For the equibiaxial case the
residual lattice strains exhibit opposite signs as compared to the
other two tests.

* T T T T T
0 500 1000 1500 2000 2500 3000

Lattice strain (x10°)

Fig. 10. Comparison of the mechanical response (a) and averaged axial lattice strain (b)
for a uniaxial deformation tests on two cruciform samples rotated 90° compared to
each other.

Fig. 12 displays the evolution of peak broadening as a function of
accumulated plastic strain for the three continuous tests described
above. During the initial stages of plastic deformation a strong in-
crease in peak broadening is observed followed by a nearly linear
regime. Interestingly the curves completely overlap, with other
words, the peak broadening during monotonic loading is inde-
pendent of the loading conditions and depends solely on the plastic
strain.

Fig. 13 compares the evolution of the integrated intensity during
unixaxial loading (full lines) and equibiaxial loading (dashed lines).
During equibiaxial loading little change is observed, which suggests
relatively little change in texture. For the uniaxial case the {111} and
{200} grain families exhibit a strong increase of integrated in-
tensity, at the expense of the {311} and {220} grain families.

3.3. Strain path changes

We now compare the results obtained in the tests shown in
Figs. 6¢, 6d, 6e and 6f. As the local macroscopic stress states after
changing the strain paths are unknown, the evolution of the peak
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Table 1

Grain family Lattice strain ( x 10°)

1:0 dogbone 1:0 cruciform 1:1 cruciform
{111} -63 —-180 48
{200} 1265 600 -330
{311} 460 315 -100

broadening is plotted as a function of lattice strain. In what follows
we restrict the plots to the {200} grain family which exhibits the
strongest effects. The observed behaviour of the other grain fam-
ilies is qualitatively similar.

Fig. 14 (in web version) compares the evolution of the {200}
peak broadening for tests C and D (Fig. 6). These two tests are the
same from a mechanical point of view. However, in one case (test C)
the scattering vector is parallel to the initial loading direction,
where for test D it is perpendicular. With other words, for the pre-
straining part the neutron signal captures the nominal axial and
transverse response for tests C and D, respectively. As expected in
the elastic regime no peak broadening is observed. Note that the
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Fig. 12. Peak broadening of the {200} grain family as a function of von Mises strain for
the continuous uniaxial tests on dogbone and cruciform specimen and for the equi-
biaxial test.
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Fig. 13. Change of integrated intensity for various grain families during uniaxial (full
lines) and equibiaxial (dashed lines) loading.

relatively large scatter in this regime is related to the deconvolution
procedure (equation (6)). The peak width prior to convolution ex-
hibits a smooth behaviour. Upon yielding the peak width increases
significantly, indicative for an increasing dislocation density. When
activating the second axis not only the magnitude of the lattice
strains reduces but also the peak broadening clearly decreases.
Irrespectively of the followed load path at the final stress state both
lattice strain and peak broadening are very similar. Note that for
clarity the evolution during unloading is not shown. Here the peak
broadening essentially remains flat. The final values for peak
broadening and lattice strain after unloading are given by the red
and blue triangle.

Fig. 15 displays the evolution of the {200} peak broadening as a
function of lattice strains for tests E and F. Similar observations as
for the tests C and D can be made: upon changing the strain path
the peak broadening clearly decreases. Interestingly, the decrease is
initially very similar for tests E and F, although the local stress state
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is quite different. A second important observation is that for test E
the peak broadening continues to decrease upon reloading along
the second direction until a lattice strain of —1000.

Fig. 16a shows the evolution of the integrated intensities as a
function of accumulated plastic strain for test E (90° strain path
change). The onset of the second load is indicated by the black
dashed line. Upon changing the strain path the slopes of the curves
exhibit the same magnitude but with opposite sign. With other
words, the texture evolution is reversed. Unfortunately no such plot
can be made for test F as the 3D-DIC data is missing. In order to
compare the intensity evolution for test E and F we plot the inte-
grated intensity as a function of peak broadening for the {111} peak
(Fig. 16b). Both curves exhibit very similar trends: with increasing
peak broadening the intensity of the 111 peak increases. When the
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Fig. 16. (a) Relative change of integrated intensities as a function of accumulated
plastic strain for test E. The black dashed line indicates the onset of the second load. (b)
Relative change of integrated intensity of the {111} peak versus peak broadening for
tests E and test F. For test E the closed and open symbols represent the first and second
part of the loading sequence. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

peak broadening decreases (see also Fig. 15) the intensity remains
constant. Only when the peak broadening increases again the in-
tensity starts decreasing. During the final stages of test E and F
again the decrease in peak broadening is not accompanied by any
change in intensity.

4. Discussion
4.1. Assessment of the new deformation rig

In this work we have presented a new multiaxial deformation
rig, which exhibits two perpendicular loading axes that can be
operated independent from each other. This allows performing in-
plane biaxial straining of cruciform shaped specimen with various
load ratios and/or complex strain path changes. The sample ge-
ometry chosen for this work (Fig. 2) has the advantage that 1) large
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plastic deformation is possible before failure at the notches and 2)
plasticity occurs in the region probed by the neutrons. It however
also bears additional complexity: because of the ring effect the ratio
of the applied loads along the two axes is not equal to the ratio of
the local stress components (section 3.1). This has to be taken into
account when specific load ratios are desired. Also the conversion
of applied force into applied stress is non trivial and requires the aid
of FEM modelling. While this seems to work reasonably well for
monotonic loading (section 3.1) it becomes more complex for the
case of strain path changes. Here a detailed knowledge on how the
yield surface is moving and changing its shape is required. This can
be achieved with the help of distortional plasticity models which
allow the yield surface to expand/contract, translate, distort and
rotate (see, for instance, Refs. [43,44,6]). This however is beyond the
scope of the present work.

4.2. Monotonic loading

During uniaxial and equibiaxial straining, the lattice strains
respond linearly to the applied stress in the elastic regime. The
different slopes for the different grain families reflect the elastic
anisotropy of 316 L steel. Upon yielding the slopes deviate from this
initial linear behaviour. Here a load transfer occurs between the
different grain families; due to plastic anisotropy some grain fam-
ilies are plastically ‘softer’ compared to others [8—10]. As a conse-
quence the local stress accumulation in these grains is lower as
compared to the average bulk behaviour. The opposite is the case
for the harder grain families. Which families are soft(er) and which
are hard(er) depends on the material's elastic constants, texture
and plastic anisotropy (e.g. average Schmid factor, number of acti-
vated slip systems, etc.). Such a load transfer causes residual
intergranular strain upon unloading.

In this work we have shown how the ¢, lattice strain component
along axis 1 strongly depends on the nature of applied stress. The
effect is most pronounced for the {200} grain family; during uni-
axial deformation tensile strains develop, whereas during biaxial
deformation compressive strains arise. Qualitatively this result can
be understood as follows. Let's consider the normalized strain
tensors for uniaxial (equation (10)) and equibiaxial (equation (11))
straining:

% 0 0
N=1 0 - % 0 (10)
0 0o - %
% 0 o0
N=10 \/ié 0 (11)
2
0 o0 7

From equation (11) it becomes immediately apparent that
equibiaxial straining along axes 1 and 2 has the same normalized
strain tensor as a uniaxial compression experiment in a direction
perpendicular to the plane of the sample. With other words the
observed lattice strain qualitatively corresponds to the transverse
response of a uniaxial compression test. Therefore it is expected
that after biaxial straining the sign of the residual strain component
along axis 1 is reversed compared to uniaxial straining (see, for

instance, Ref. [14]). However, in order to fully grasp the origin and
magnitude of the observed residual strains crystal plasticity
modeling is needed.

Fig. 12 demonstrates that the peak broadening depends mainly
on the amount of plastic strain and is not sensitive to the applied
stress state. It can be expected that the main cause for peak
broadening be related to a dislocation mechanism. However, 316 L
stainless steel is known to have an intermediate value for the
stacking fault energy (~60 mJ/m?). Therefore twinning cannot be
excluded as a secondary deformation mechanism [45,46]. To
establish whether our peak broadening is mainly related to dislo-
cations we have studied the Williamson—Hall (WH) plot at the end
of test A (i.e. after 13% plastic strain). This is shown in Fig. 17 (in web
version) by the black squares. The red circles represent the modi-
fied WH plot where the dislocation contrast factor C is taken into
account [47]. The fact that all points follow a parabolic curve
(represented by the red line) is a strong indication that dislocations
are the main cause for peak broadening in these samples [48—50].
Note that this does not exclude that twinning does not occur, it
merely means that twinning is not the dominant factor in peak
broadening.

The evolution of the integrated intensities during uniaxial
straining (Fig. 13) is in good agreement with a <111> and <100>
double fiber texture parallel to the loading axis, characteristic for
fcc materials. For biaxial stretching no particular in-plane texture
evolution is expected. A similar argument as above applies; the
strain for equibiaxial stretching is identical to that of uniaxial
compression and therefore also the texture evolution is expected to
be similar, which is for fcc materials typically a fiber texture with
<011> normal to the compressive plane [51]. The scattering vector
for this experiment lies in the plane of the sample. Therefore little
change in integrated intensities are expected.

4.3. Recovery during strain path changes

A change in strain path has a noticeable impact on the me-
chanical behaviour and microstructural development, especially
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Fig. 17. Regular (black squares) and modified (red circles) Williamson-Hall plot
recorded at the end of test A. The red line represents a parabolic fit through the red
data points. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the dislocation substructure. During pre-straining the yield surface
grows and shifts due to isotropic and kinematic hardening [52].
However, for the strain path changes performed in this work (tests
C—F) the exact evolution of yield surface is not known. Assuming
that 1) the yield surface does not change shape i.e. only kinematic
or isotropic hardening occurs and 2) the associative flow rule ap-
plies i.e. the plastic strain rate at any point on the yield surface is
normal to the tangent at that point, the evolution of the yield
surface can be intuitively drawn as shown in Fig. 18 (in web
version).

The blue ellipse represents the 2D yield surface prior to defor-
mation. During uniaxial pre-straining (blue arrows in Fig. 18) the
sample experiences a biaxial stress due the ring effect. Therefore
the blue arrow makes an angle with respect to ¢; axis. Due to
isotropic and kinematic hardening the yield surface grows and
shifts in the direction of the pre-straining. The red ellipse repre-
sents the yield surface at the end of pre-straining. For the tests C
and D the second load path remains mostly elastic. This is visual-
ized by the red arrow in Fig. 18A, which lies within the yield surface.
Therefore, only ~0.3% plastic strain is being generated. During test E
the sample is first unloaded and then reloaded in a direction
perpendicular to the first direction. Again here the ring effect is
expected to play an important role. Because of the kinematic
hardening yielding occurs at a lower von Mises stress as compared
to the end of the pre-straining.

The magnitude of the strain path change is usually expressed by
the parameter cos {, which is defined as:

2.
_ 12
RN (12)

with &) the plastic strain rate along axis n. For a 90° strain path
change cos { would be about —0.5. However, due the ring effect the
angles between the plastic strain rates at the end of pre-straining
and at yield during reloading will be higher. This is schematically
shown in Fig. 18B by the black arrows. This leads to lower values for
cos ¢, more towards the value for a regular tension-compression
Bauschinger test (cos { = —1). It can therefore be anticipated that
during reloading many slip systems that were operating during
pre-straining are again operative, however now with dislocations
moving in opposite directions [3]. This hypothesis is strengthened
by the evolution of the integrated intensities which are a measure
for the texture evolution (see Fig. 16a); upon reloading the texture
evolves in opposite direction at the same rate as a function of

A B
Oy Oy

plastic compared to pre-straining. For test F a similar picture can be
drawn: because of kinematic hardening early yielding occurs dur-
ing reloading (blue-red arrow in Fig. 18C). It can be anticipated that
yielding will occur at similar von Mises stress as compared to test E.

As mentioned, mechanical twinning may exist besides disloca-
tion slip. In that case part of the observed hardening during pre-
straining is partly due to dislocation—twin interactions. After a
strain path change the new active dislocation slip systems have a
different orientation to the twin planes, which may increase the
mean slip length of the new active dislocations. This leads to a
reduction of the pile-up stresses at the beginning of reloading,
which in turn results in a lower yield stress. This has been
demonstrated experimentally by Sakharova et al. [53].

Diffraction peak broadening may have various origins [50]. For
this study the relevant contributions are: i) dislocations and/or
elastic strain gradients (type IIl strains) and ii) distribution of
intergranular strains within a grain family (type II strains). Grain
size effects are not expected to contribute significantly to the
diffraction peak broadening. Therefore, during a strain path the
evolution of the peak broadening will be the net result of a
competition between various effects: i) a decreasing peak width
due to an reduction of type III stresses related to the backflow of
dislocations or generation of dislocations with opposite sign which
annihilate with existing dislocations, ii) a change in the width of the
distribution of intergranular strains and iii) an increase in disloca-
tion density on newly activated slip systems with accompanying
latent hardening [8—10].

This competition is visualized by comparing tests C—F. In the
tests C and D no increase in dislocation density is expected during
the second loading sequence. Here only a decreasing peak broad-
ening is observed. In contrast, for tests E and F the reloading is
composed of an elastic and plastic part. Here the peak broadening
first decreases, during which no change in integrated intensity is
observed, following an increasing peak width accompanied by a
decreasing integrated intensity.

In order to shed more light on the possible mechanism
responsible for the recovery in peak broadening we have per-
formed an additional test. It consists of two consecutive uniaxial
load/unload sequences, both to 60 kN. Fig. 19a shows the me-
chanical response. During the first sequence an equivalent strain of
21% is reached whereas after the second load about 0.5% plastic
strain is generated. The evolution of the peak broadening as a
function of lattice strain is shown in Fig. 19b. Similar to the results
for test E the peak broadening decreases during unloading. During
reloading the peak broadening initially remains constant before
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Fig. 18. Schematic view of 2D yield surfaces. The blue and red ellipsoids represent yield surfaces prior and at the end of pre-straining. The black arrows in B indicate the direction of
the plastic strain rates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



S. Van Petegem et al. / Acta Materialia 105 (2016) 404—416 415

a)
600 T T T i T i T T T ]
| —=—Load 1 |
—o—Load 2
500 .
’a 4
o
= 400 -
[2]
@ ]
o
% 300 =
(2]
q’ <
2
= 200+ E
C
(o] 4
>
100 -
0 i
T T T T T 3 T T T ¥
0 5 10 15 20
Accumulated plastic strain (%)
b)
6 T L T L T X T % T ¥ T
54 i
o 4- B
£
C 1 4
S
< 3 i
o
s | ]
®  2- -
[0
o ] ]
1 i
1 —s—load 1 ]
0 —o—Load 2

T T T T
2000 3000 4000 5000

Lattice strain (x10°)

T
0 1000

Fig. 19. Mechanical data for two consecutive uniaxial load/unload sequences (left)
with the corresponding evolution of peak broadening as a function of lattice strain for
the {200} grain family.

increasing towards the same level compared to the end of the first
loading cycle. The “hysteresis” in the peak broadening is an indi-
cation that the initial recovery during unloading induces perma-
nent changes to the microstructure. Near the end of the reload the
material yields again, which results in both the generation of plastic
strain and an increase in peak broadening. Upon unloading the
peak broadening follows basically the same path as compared to
the first unload. This confirms the following microstructural picture
of Bauschinger effect in 316 L: during unloading dislocations that
were pilled-up at grain boundaries run back into the grain, thereby
reducing local strain gradients. In the grain interior they may get
pinned or annihilate. This process continues when reloading in a
direction perpendicular to the original one. At the same time the
stress distribution between members of the same grain family re-
duces, which may also contribute in part of the observed decrease
in peak broadening. During reloading along the same direction
dislocations get unpinned or new dislocations are generated
causing micro yielding at stresses below the stress reached at the
end of the previous load.

5. Summary and outlook

We have successfully implemented and tested a new biaxial
deformation rig, which allows applying in-plane stress states and
performing complex strain path changes under neutron diffraction.
We have demonstrated that

- the sample shape has a profound influence on the resulting
stress state and needs to be taking into account when evaluating
the neutron diffraction data. We have shown the need for
further optimizing the sample geometry in order to minimize
the ring effect and the use of finite element modelling to convert
applied forces into the local stress state in the gauge volume,
the evolution of lattice strains for various grain families along a
particular direction differs when deforming continuous uniaxial
or equal biaxially. The observed difference can be explained
intuitively. However, advanced crystal plasticity simulations will
be needed in order to quantitatively capture the observed
trends.

The evolution of peak broadening during strain path changes
sheds light on microstructural evolutions. We find significant
recovery of the internal strains for a strain path change during
both unloading and elastic reloading along a direction perpen-
dicular to the original direction. This interesting observation
challenges current state-of-art crystal plasticity models.

It is now standard practice to calculate elastic lattice strains from
crystal plasticity simulations. Recent attempts to perform
similar calculations for diffraction peak broadening had only
limited success [12,54]. This is mainly due to the fact that the
stress contribution of individual dislocations cannot be taken
into account, as is the case for discrete dislocation dynamics
simulations. Based on the findings of this work we therefore
advocate to strengthen the efforts to improve the calculation of
realistic values for diffraction peak broadening from crystal
plasticity simulations.
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