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Abstract

The plastic behaviour of FCC materials is studied under cyclic tensile-compression loading at room temperature. The material
is an oxygen-free high conductivity copper. The purpose of the work is to model the onset of plasticity, then the cycle by cycle
evolution of the localized strain, at grain scale and at mesoscopic scale.

A polycrystalline aggregate taking into account the material microstructure is developped to perform finite element simulations
corresponding to the experiments. Finite element calculations are carried out on this mesh, using a constitutive law which takes
into account the crystallographic orientation of each grain. An analysis of the localisation scheme is performed at different steps

of the cyclic loading.

Key words: Micromechanics, Field Measurement, Crystal Plasticity, Finite Element

1. Introduction

Localisation of strain into deformation bands is a known
and well-studied phenomenon in polycrystalline materi-
als in the framework of finite strains (see for instance [1],
[2]). A few studies dating back to the 90’s [3], [4], [5],
highlighted the existence, at the scale of the microstruc-
ture and already at low levels of plastic deformation, of
such localisation bands, oriented at more or less +45°
with respect to the tensile axis. The material under study
were two-phase elastoplastic materials (Cu/Fe, Ag/Fe or
Ag/Ni). With the development of more accurate image
correlation techniques applied to scanning electron micro-
scope (SEM) images [6], [7], it could be shown that the
onset of such bands is at a very early stage of plastic de-
formation [5], [8], and that such bands are also observed in
single phase polycrystals such a zirconium alloys [9]. Their
characteristic lengths can be evaluated by means of two-
point correlation functions [9] and may be significantly
larger than the grain size [10] [11]. The overal orientation
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of such bands is similar to that of the infinite bands that
may occur in a homogeneous isotropic perfectly plastic
material but their detailed location is clearly driven by the
microstructure. While the paths of the bands can be rea-
sonably well predicted in contrasted two-phase materials
by means of simple image processing procedures [8], their
prediction is much more tricky in single phase polycrys-
tals, as maximal resolved shear stresses which drive plastic
slip in grains depend on the local, strongly heterogeneous,
stress. Much more sophisticated computational tools such
a those presented here are then required. More recently, in
2007 and 2008, we extended this study of the appearance
and the evolution of the strain localisation pattern to FCC
single phase polycrystals and to cyclic tensile-compression
loading paths at room temperature [12]. Local strain fields
have been measured at several positions in the cycle, and
over several cycles.

The work presented in this paper aims at reproducing
the experimental measurements by means of finite elements
models based on crystal plasticity constitutive relations in
order to check their validity and to obtain more informa-
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tion on the phenomenon through an efficient dialog between
simulation and experiment, especially at the beginning of
the loading path where experimental measurements are too
noisy for an accurate characterisation. As we refer to a real
microstructure, the initial mandatory step of the approach
is the generation of a virtual 3D aggregate of grains de-
scribing the microstructure of the specimen. Several stud-
ies [13], [14], [15], have established the clear dependence of
the surface local strain fields on the local cristallographic
texture and grain geometries at the surface of the sample,
but also on the microstructure in the bulk underneath the
surface under investigation. Generating a 3D microstruc-
ture by means of a translation of an electron back scattered
diffraction (EBSD) map along its orthogonal direction does
not provide sufficiently accurate results. A tridimensional
realistic description of contrasted two-phase materials can
obtained from microtomography [16], [17]. However, the
extension of such procedures to polycrystals, by means of
Diffraction Contrast Tomography [18] is still in an early
stage of development. Alternatively, EBSD mapping and
serial polishing operations [13], even if accurate, is a very
long and destructive procedure. In such a context, several
authors have developed intermediate solutions [19], [20],
which associate the real EBSD surface map and a statis-
tically consistent microstructure model under the surface.
The various proposed procedures differ by the statistical
model of the used 3D granular microstructure, which might
be constrained Voronoi polyhedra generated from punctual
germs [21], [22]) or from sets of ellipsoids [23], [24]. In the
first part of this paper, the experimental procedure, based
on digital image correlation techniques applied at the scale
of the grains by means of an appropriate microgrid mark-
ing technique and a SEM-in situ cyclic tension-compression
device, is shortly described [25] . Then, the 3D model of the
microstructure geometry is detailed. Finally, the numerical
results obtained by parallel finite element computations are
compared to the experimental strain field and an analysis
of the strain localisation scheme is performed at different
steps of the loading path.

2. Experimental procedure

The material under investigation is a 14 mm thick sheet

of hot rolled oxygen free high purity copper (OFHC). The
loading path is a cyclic uniaxial tensile-compression test
under prescribed overall axial strain. The mean axial strain
is -2% and ten cycles are carried out, with a strain ampli-
tude of 2% (see figure 1).
The experiment is performed in the chamber of a Jeol
JSM845 SEM by means of an in situ fatigue device with a
maximal load of 10 kN [26]. The geometry of the sample is
designed accordingly, with a rather short core zone in or-
der to avoid buckling in compression (see figure 2). EBSD
mapping and local strain field measurements are performed
on a small flat polished area in the core zone, millimetric
in size.

10 cycles

Fig. 1. a) Scheme describing the displacement imposed. The loading
specifically numerically studied in the present paper come from the
beginning to the step 6.

Fig. 2. Geometry of the samples used. The arrow indicate the flat

surface where EBSD analysis and displacement field measurements
are carried out

The area of interest is first delimited by 4 square gold
marks, so that EBSD maps and strain field measurements
can be carried out on the same zone and combined, follow-
ing the guidelines of [27]. An EBSD map is recorded with
a spatial resolution of one point per micrometer (see figure
4(a)). A 2-um-step gold microgrid is deposited by micro-
electrolithography [3] on the 500 x 500 um? selected area.
High definition 4K x 3K pixels SEM digital images of the
microgrids are recorded by means of an external scan gen-
erator and digitisation device, in the reference stage and
the various deformation stages given by the blue dots in
figure 1.

The displacement field is then obtained at each grid inter-
section (about 30000 positions) by image correlation tech-
niques applied between the reference image and the de-
formed stages by means of the in-house correlation soft-
ware CMV developped at LMS. It is based on the so-called
zero-centred normalised cross-correlation coefficient, a lo-
cal affine transformation in the correlation windows [28§]
and implements various procedures which allow to process
images with a periodic contrast such as the one provided
by microgrids [6].

This field is then differentiated to obtain the in-plane
components of the deformation gradient and strain tensor
over the zone covered by the microgrid, by means of the
procedures described in [3]. The discrete derivation scheme
used is such that the gage length for the local strain mea-
surements is 4 um.

During each cycle, five images are recorded: at -4%, -2%,
0, -2% and -4% axial strain. Fig. 3 presents the relative
strain field obtained for the step 6, taking step 4 as refer-
ence. The results for the other cycles is not presented here
due to lack of space but are available in [12], [29]. Tt is noted
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Fig. 3. Experimental relative strain field along tranverse component,
on the step 6, taking step 4 as reference.

that transverse strains are considered here, because this
component is much less noisy than the others. The reason
for that is related to the fact that the transverse direction
is parallel to the lines of the SEM images. As a rather slow
scanning speed is required to reduce the image noise (typi-
cally 50 microseconds per pixel) and a high image definition
is required in order to investigate areas as representative as
possible, the recording time of a single image is rather long
(about 20 minutes). During such a long time, the electron
beam can behave in an unstable manner and the sample
may move slightly with respect to the SEM column. Both
effects induce a relative motion of the scan lines on the
sample which generate fictitious axial strains, which take
the form of horizontal bands in the strain maps. This effect
is much less perceptible in the transverse direction as the
time between the acquisition of two pixels separated by a
given distance along a line is about 3000 times shorter than
the time between two pixels separated by the same distance
along a column. Fictitious vertical deformation bands are
thus much less intense on the transverse strain maps. A few
of them can however be seen on the strain maps on figure
3, but they are due to imperfections of digital to analog
converter of the scan generator.

The main conclusions deduced were that the localisation
bands appear during the first cycle, and remain the same
during all the loading path. In each cycle, the intensity of
localisation bands reaches its maximum at maximum load,
then decreases and disappears more or less at minimum
load. In the successive cycles, bands reappear allways at
the same place, and are more and more intense. Unstrained
areas remain undeformed during the whole loading path.

3. Numerical simulation
3.1. Mesh and boundary conditions

The analysis of EBSD maps (see figure 4(a)) highlights
three main characteristics of the material considered in the
study: a strong heterogeneity of grain sizes, lots of twins,

and the noticeable presence of non-convex grains. The mi-
crostructure generation used is specially designed to pre-
serve these three features, and keeps the EBSD map on the
surface of the final aggregate.

This generation is driven in three times. First, the EBSD
map is cleaned and analysed, separating twins from parent
grains. Then, a tri-dimensional volume is generated on the
based of Voronoi polyedra, constrained to fit the dispersion
of grain sizes on each plan parallel to the EBSD map, as
indicated below. Finally, the third dimension of grains in
surface (meaning EBSD grains) is defined as also described
here after.

Fig. 4. a) EBSD map performed in the center of the core zone of the
specimen. The size of the map is 500 pmx440 pm; b) Surface of the
numerical mesh corresponding to the EBSD map.

The EBSD map is cleaned and post-processed: the smallest
grains, defined as those having a surface below 20 square
pixels (i.e. 20 square micrometers) and those for which the
orientation was left undetermined are deleted see figure
4(b). It is well-known that the tridimensionnal morphol-
ogy of twins strongly differs from parent grain shape. Twins
are then first detected, and treated separately from the
rest of the microstructure in order to preserve their typical
shape. Due to the presence of "twins in twins" (new twins
produced in already twinned zones), crystallographic crite-
ria were not considered, and twins were detected by their
morphological characteristics: parallel borders are found by
Radon transform, with a minimum threshold on lengthen-



ing ratio, and removed.

In the next stage, the parent grains are represented by con-
strained Voronoi polyhedra. First, an aggregate of polyhe-
dra is generated so that the average section of polyhedra by
a plan parallel to the surface dedicated to EBSD is repre-
sentative of the smallest grain area in the EBSD map. Next,
polyhedra are merged with the closest neighbours in order
to reach a microstructure with a grain section size distribu-
tion corresponding to EBSD measurement. The direction
of merge propagation is left free. Consequently, grains ob-
tained are morphologically non-convex. Finally, twins are
modeled in this microstructure as subgrains with parallel
slices of the parent grain which are cut in random direc-
tions.

Finally, the EBSD cleaned map is treated along the third
direction. A procedure of grain growth orthogonally to the
surface, with a probability of increasing or decreasing the
section area, is applied. Twins are then introduced at the
surface and prolongated in the volume following random
directions. This layer of grains fit the aggregate generated.
Figure 5 shows the result obtained: the final aggregate size
is 500 pm %540 pmx220 pm. The total number of grains is
3710.

Fig. 5. Final microstructure obtained.

A regular mesh is used: it does not conform grain and
twin boundaries. The 3D image is directly mapped on
1 261 260 multiphase elements.

Mixed boundary conditions are applied in order to sim-
ulate the onedimensional tensile-compression cyclic test.
The displacement is imposed as indicated here: the nor-
mal displacement is equal to zero on 3 faces, 1 = T1min,
To = Tomin and T3 = X3zmin. LThe normal displacement is
prescribed in z; direction on the face £1 = Z1,m4s, and in
direction x5 on the face ro = Zomq:. The applied value
is deduced from a simulation made with an uniform field
model whose aggregate contains the same grains as the fi-
nite element mesh in terms of crystallographic orientation
and volume fraction. This procedure is needed, since elas-
tic strain is not negligible with respect to plastic strain,

so that the apparent Poisson’s ratio changes continunously
from 0.33 to 0.5. The face 3 = T3mae 18 left free.
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Fig. 6. Stresses for the four freedom degrees of shear and deviatoric
stress.

3.2. Constitutive equations

The single crystal law used in this work was introduced in
[30]. It was extensively used for the computations of poly-
crystalline aggregates (see for instance [31]). Only the main
equations are reminded below. This model is presented in
the framework of small strain. In the following, +* is the vis-
coplastic shear on system s, and v*® its accumulated value
(the derivative of the second is the absolute value of the
first one). Isotropic hardening is represented on each slip
system by the variable r*, and kinematic one by the vari-
able z®. ¢ and d are material coefficients. The orientation
tensor m?®, that is computed for each system s by a tenso-
rial product of the normal to the slip plane n® and the slip
direction 1°, is used to evaluate the resolved shear stress
7¢ and the viscoplastic strain rate tensor, £. Two material
parameters, K and n represent the rate sensitivity, that is
low; three parameters, ro, @ and b (and the components A,
of the interaction matrix) represent isotropic hardening.

ey e LT
Y=l sign(7®) = 0°sign(7®), (1)
z° = ca’® with a® =5° —div*a’, 2

r*=rg+Q Zhsr(l —exp (—=bv")),
IIIS _ (Qs®ls+ls®ﬂs)/2

=m':ig =) ym’
S

Due to lack of space, the identification of material parame-
ters is not presented here. The method of identification and
the justification of such parameters, especially the harden-
ing matrix is detailed in [32], and [12]. Table 1 gives the
material parameters values.



K (MPa.(s%)) n 7To (MPa) @ (MPa) b c¢(MPa)y d
8 20 15 4 12 32000 900
ho h1 ho hs hy hs
1 1 0,2 90 3 25

Table 1

Material parameters of the single crystal model.

4. Results and discussion

Due to the simplified boundary conditions, the stress
state is not a pure tension on the aggregate. Fig. 6 shows
the history of the various stress components versus time.
It can be observed that the shear components remain
small: the maximum value is 1/100 of the deviatoric stress
s11- Consequently, the loading imposed corresponds to
an hydrostatic pressure added to the experimental tensile
loading. Thus, only the elastic strain is modified. Fig. 7
and 8 presents strain fields, along transverse direction (22
component), saved at different time steps of the compu-
tation. The scheme of heterogeneity is different from the
experimental one in the sense that localisation bands are
not located at the same place. It has been observed in the
past that local path is driven by the local microstructure.
Although the microstructure is here statistically described
along the third direction, the impact of the first layer of
grains remains important enough to give a different scheme
of strain heterogeneity. On the other hand, the strain lev-
els are equivalent, and the morphology of bands seems to
be comparable. This last point should be quantitatively
investigated.

Fig. 8 shows the evolution of the transverse strain fields
during one cycle, from the step 2 to 6. The localisation
pattern appears, becomes more intense, and then quite
disappears. Undeformed zones remained non-strained. Ex-
perimental results are here clearly represented. Moreover,
the comparison between the first vignette and the last one
exhibits the beginning of a local ratchetting effect noticed
on experimental investigations [12]. Indeed, the blue bands
in the first one turn out to be yellow (with the same colour
scale). As undeformed zones remain at the same level, it
can be concluded that the phenomenon of ratchetting at
a local scale results in the intensification of localization
bands, and not in a spreading of the deformation.

The experimental analysis performed does not allow us
to catch the very appearance of bands due to the accu-
racy limit under SEM related to the noise, as previously
described. Figure 7a presents the transverse strain field
obtained in the finite element analysis for a 0.17% axial
strain, at the onset of plastic flow. The corresponding point
on the stress—strain loop is shown in Fig. 7b. It clearly ap-
pears that the localization pattern is already formed, with
intense deformation bands at +45 ° from the tensile axis.

5. Conclusion

A microstructure based on constrained Voronoi polyhe-
dra is developped to statistically model the microstructure
of an OFHC copper, taking into account the three main
morphological characteristics noticed from EBSD maps: a
strong heterogeneity of grain sizes, lots of twins, and the
noticeable presence of non-convex grains. The EBSD map
is truly described at the surface. It appears that this way
of modelling the microstructure does not provide the ex-
act strain field, but allows to describe, with a good agree-
ment with experimental observation, its evolution under
tension-compression cyclic loading. It clearly appears that
the localisation pattern is set up just at the onset of plastic
flow. Then the intensity of the localization increases and de-
creases with loading. A local phenomenon of ratchetting is
noticed in the deformed band, while the undeformed zones
remain at the same value during all the loading path, cycle
after cycle.
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