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Abstract

A recently developed marker-based technique for mapping of the Displacement Gra-
dient Tensor and the strain throughout the bulk of optically opaque specimens is
presented and applied to an aluminium alloy multicrystal. Through investigations
at 4%, 10% and 14% axial strain, the internal strain field is observed to be non-
homogenous with the observed patterns present throughout the range of strains
investigated. The morphology of the strain field is visualized with a resolution bet-
ter than 50pum and variations are tentatively associated with the grain structure as
recorded by EBSD. Future applications of the technique in combination with other
3-dimensional approaches are discussed with respect to comparison with Finite-

Element modelling approaches.
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1 Introduction

How strain is partitioned among the individual crystallographic grains in a
polycrystal subjected to deformation has been a long-standing problem in
Materials Mechanics. Early work by Taylor and Elam [1] laid the foundation
for a sound understanding of how single crystals deform, allowing Sachs [2]
to propose the first polycrystal deformation model; a model prescribing only
the strain along the tensile direction, leaving all other components to vary
from grain to grain. This introduces the problem of strain compatibility in
polycrystalline metals, since grains no longer fit together as an ensemble. The
physical flaw inherent in the Sachs model is directly addressed in the model
proposed by Taylor [3]. Based on observations of how grains deformed in wire
drawing, this model postulated that the strain state of each individual crys-
tallographic grain was identical to the macroscopic strain. Bishop and Hill [4]
developed a similar polyslip model that was later shown to be based on as-
sumptions equivalent to the original Taylor model [5,6]. While the Taylor-type
assumptions and models were very successful in many respects, experimental
results indicate that actual deformation processes in polycrystals develop het-
erogeneous orientation and strain [7,8] and overprediction of the sharpness of
FCC textures also indicates a need for modifications. Many attempts have

been made to propose such models, importantly relaxed-constraints models
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[9-11] and self-consistent models [12-15] focusing on the average properties,
notably texture, of polycrystalline ensembles and Finite Element-type models
[16-22] dealing in a more explicit manner with the local response, sometimes

based on direct modelling of observed microstructures [23,24].

Experiments dealing with the dynamics of deformation of grain ensembles
(multicrystals, polycrystals) can be broadly classified into two groups, one
mostly concerned with the average response and one with the local response
as well as interactions between grains. To the former belong the vast range of
investigations of deformation textures as well as studies of lattice strains, both
of which have been studied throughout the bulk of solid samples with pene-
trating radiation, e.g. neutrons or x-rays. In the latter group, experiments have
been mostly concerned with two types of local observables; the local plastic
strain and the local lattice orientation evolution during the course of deforma-
tion with both of these supplemented by many years of TEM investigations

of deformation structures and substructures.

Regarding the direct measure of the deformation dynamics on the grain scale,
local plastic strain, efforts have focused mainly along two directions, fiducial
markers and Digital Image Correlation. The use of fiducial markers to infer
the strain during deformation is a well-established technique since some of
the earliest quantitative deformation experiments [1] and has seen a steady
increase in accuracy and resolution. Using fiducial marker lines deposited by
electron beam lithography [25,26], Hoc et al. [20] investigated the inter- and
intra-granular strain and orientation fields on a fine scale — 2.5 - 20 ym — using
specimens machined from IF-Ti steel polycrystals with varying grain sizes.
Comparison of the experimental data with FE simulations allowed the authors

to identify a material model incorporating non-linear hardening as superior



to linear-hardening models based on the ability of each model to reproduce
the significant strain field heterogeneity that was observed experimentally.
Quantified through the width of the distribution function for the tensile strain,
heterogeneity was observed to saturate between 2.5% and 7.5% for this BCC
specimen, an observation that could not be captured by any of the material

models investigated.

In recent years, Digital Image Correlation methods by which the local strain
field is inferred by comparing digital images [27,28], have also been used to
obtain strain fields on a local scale on the surface of deformed polycrystals.
By using SEM images for the strain measurements and Electron Back-Scatter
Diffraction (EBSD) for orientation determination, it is possible to monitor
both crystal orientation and plastic strain at the same time during in-situ
straining experiments as presented by Sachtleber et al. [29] and Tatschl and
Kolednik citetatschl03. Sachtleber et al. investigated commercial purity alu-
minium with columnar, mm-sized grains deformed in plane strain compression
to thickness reductions corresponding to 3%, 8% and 15% engineering strain.
Local plastic strain and local crystal orientation were measured with a spa-
tial resolution of 100 um between deformation steps. Mapping of accumulated
von Mises strain, €,);, and engineering shear on one transverse surface re-
vealed variations delineating large-angle grain boundaries and also revealed
large intra-grain heterogeneities. Differences between 1% and 16% maximum
€ym Ooccur between grains, and an almost-as-large spread can be found within
individual grains. Shear components of the strain were found to reflect the
boundary conditions of the applied deformation. In the very detailed study by
Tatschl and Kolednik, an OFHC Cu polycrystal with 100-pym grain size and

a cross section of 2x2mm was deformed in tension to macroscopic strains of



7.4% and 14%. Local crystal orientation and strain were measured simulta-
neously on one surface of the specimen and although only strain and lattice
orientation maps for 7% deformation were presented, results for 14% were
reported to be qualitatively similar. Spatial resolution in this study was on
the order of a micrometer and results similar to those discussed above were
obtained, e.g. large inter- and intragranular variation in the measured strain
fields. Also intense in-plane rotations near some boundaries were observed and
the full set of orientation and strain field measurements allowed the authors
to perform a Taylor-type analysis to infer slip system activity. This led to the
conclusion that in most regions, only three slip systems were active as required

by near-surface Taylor constraints.

While the studies mentioned above and others have advanced the field of poly-
crystal deformation mechanics very considerably, a significant issue has been
the degree to which studies of surface behaviour are representative of the bulk
[30]. This has been addressed in Finite Element simulation studies (c.f. [31-
33]), but it is still uncertain exactly to which degree free surfaces perturb the
local mechanical response. Experimentally, attempts to avoid complications
have involved the use of split-sample techniques [17] and post-mortem sec-
tioning [34], although the latter makes studies of orientation and structure
evolution difficult. To investigate grain-scale dynamics in further detail, it is
therefore highly desirable to be able to non-destructively probe crystal orien-
tations as well as strain and stress fields on a local scale with high resolution.
Diffraction-based techniques utilizing hard x-rays [35,36] or neutrons [15] to
probe the evolution of crystal orientations and elastic strains throughout the
bulk of optically opaque samples have emerged over the past few years, but lo-

cal plastic strain fields caused by macroscopic deformation cannot currently be



obtained via these methods. Instead, researchers have applied classic methods
for strain measurements as those discussed in section above to tomographic
reconstructions of the 3D structure of metallic specimens, using both Digital
Image Correlation [37,38] and marker particles, [39-43] to infer the local, plas-
tic strain fields throughout the bulk optically opaque, but x-ray transparent,

specimens.

It is the purpose of the present article to present and apply the marker-based
method described in detail by Haldrup et al. [43] to assess the distribution
of plastic strain on the scale of individual grains throughout the bulk of a
metallic specimen. To do so, an Al+W alloy multicrystal with columnar grain
structure has been deformed in compression to an engineering strain of 14%
in three steps, between which the position of 30,000 internal W markers has

been recorded by synchrotron x-ray micro-tomography.

2 Experimental method

For these experiments, Al samples containing W marker particles were pre-
pared by a powder-metallurgical route described in detail in [39]. In outline, it
is based on mechanical mixing of Al and W powders with the latter constitut-
ing about 1 vol% of the mix, followed by cold compaction and hot extrusion to
form a void-free stock material with a density equal to that calculated based
on rule-of-mixtures. The W and Al marker particles used for this study were
on average 10 ym in diameter and total marker particle content was slightly

over 1% by volume.

For characterization of the deformation field inside specimens made from this



2-phase alloy, synchrotron x-ray micro-tomography is used to record the po-
sition and shape of each marker particle in 3D before and after deformation.
Using the morphologies of individual W particles, the markers can then be
uniquely identified in both data sets and their displacement during defor-
mation can be found. From these measurements, the displacement vectors u

of individual markers can be followed and the displacement gradient tensor

(DGT) field f defined as
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can subsequently be derived by calculation of the partial derivatives with
respect to nearest neighbours, as described in detail in [43] where a full de-
scription of the methodology used for these experiments is presented. Spatial
resolution is directly related to the density of marker particles and — quantified
in terms of the width of the trace of the DGT — strain resolution is better than

0.01 (1%) in most cases.

For the deformation experiments, polycrystalline samples were obtained by a
two-step drawing/annealing sequence of the extruded 6 mm stock material,
giving a final diameter of 2 mm. The resulting grain structure was irregular
with columnar grains with a typical transverse grain dimension on the order
of 100-200 pm. From this material, cylindrical compression specimens 1mm in
diameter and 1.75mm in height were machined. Figure 1 shows the end-face
grain structure (obtained by EBSD) superimposed on a micrograph of the

specimen after deformation. Also shown is an SEM micrograph of the sample
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Fig. 1. A: Micrograph of the sample surface with individual markers clearly visible.
B: SEM micrograph of the polished sample end after deformation - an interpolated
(to avoid holes at markers) EBSD scan showing the grain structure is superimposed.
C: A 3D rendering of the tomographic reconstruction showing individual markers.

Note the differences in W particle morphologies that are used for tracking.

surface clearly showing the markers and a tomographic reconstruction with

the matrix material removed so the markers are visible.

Compression experiments were performed with a small screw-driven compres-

~1 without lubrication of the

sion rig at an initial strain rate of € = 2 x 1073s
end platens. Deformation of the sample was performed ex-situ from the tomog-
raphy equipment such that four levels of deformation were applied, 0%, 4%,
10% and 14% engineering strain, and after each a tomographic recording of the
sample volume was acquired. Reconstruction of the local absorption-intensity
in the sample volume was performed by a standard Fourier back-projection
scheme giving a reconstructed voxel size of 1.5 um and point-point resolution
of slightly under 3um. 256 gray levels represent the local absorption inten-
sity in the reconstructed volume. The experiment was carried out at beamline

BW2 at HASYLAB/DESY in Hamburg at an x-ray energy of 24 keV, see

[44,45] for a description of the beamline and tomography equipment.

By thresholding and segmentation of the reconstructed volumes, 75,000 W



marker particles were detected in each tomogram. Based on individual particle
morphology, marker particles were tracked between deformation steps using
tracking and refinement algorithms presented in detail in [43] with a yield of
50-60%, giving a total of 35,000 tracked markers for the first two deformation
levels and 23,000 for the last. From the positions of these markers before and
after deformation, the local displacement field can be found with sub-pixel
accuracy and a spatial resolution of slightly above 30 um determined by the

nearest-neighbour distance.

3 Results

Turning first to the displacement field from which the DGT field and strain
are derived, Figure 2 shows displacement vectors in a vertical section through
the center of the specimen at 4%, 10% and 14% strain. This also introduces
the coordinate system used: in all cases positions are referred to the original,
undeformed condition of the sample. Although the displacement field appears
fairly homogenous, heterogeneities are visible at the higher strain levels, espe-

cially for sections orthogonal to the compression axis.

To quantify these inhomogeneities, the DGT is calculated from the flow field
for all three levels of deformation. Figure 3 shows the distribution functions
for each of the e;j-components arranged as the corresponding e;;-tensor. The
distributions for each deformation step have been normalized to the applied
strain defined as the mean strain along the 3-direction, e33. The slight broaden-
ing of the distribution at 4% is due to the experimental resolution being close
to the applied strain, but otherwise the shape of the distribution functions

appears to be relatively unaffected by the strain level. This is also the case for



Fig. 2. Displacement vectors identified by the marker tracking procedure. 3 levels

of strain are shown with the heterogeneity of the displacement field becoming more

evident with increasing deformation.

the ejp-component, although the bimodality is blurred by the experimental
resolution at 4% axial strain. Resolution of this measurement is quantified in
terms of 1/3 the width of the trace of the DGT (from conservation of volume)
Figure 3b shows it to increase from better than 0.01(1% strain) at 4% macro-
scopic deformation to almost 0.03 for 14 % macroscopic deformation although

it remains almost constant relative to the applied macroscopic deformation.

Relating the properties of a 9-component tensor to a series of points in 3-space
and as a function of strain (or time) in a convenient and readily understandable
form is challenging [46], but Figure 5 illustrates one method by presenting
virtual slices perpendicular to the loading direction. DGT-component values

in 225 pm thick slices are translated onto a square grid with a resolution of 30
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Fig. 3. A: Normalized distribution functions for each individual component of the
Displacement Gradient Tensor for the three strain levels — red is 4%, green is 10%
and blue is 14%. Deviations from homogeneity are evident for several of the com-
ponents for all three levels of strain, which does not seem to influence the shape
of the distributions. B: The distribution function for the trace of the Displacement
Gradient tensor at the three strain levels. The width quantifies the accuracy of the

measurement of the individual components of the tensor.

pixels (45 pm). For comparison, the same data are represented by two color
scales, one defined by the axial strain of the most recent deformation increment
(top row) and one by the maximum applied strain during the experiment
(bottom row). From this, the overall increase in strain is evident but also the
fact that the structural features of the strain field appear largely unchanged
by the level of imposed strain. In the following, focus will be on the dataset
representing 10% axial compression and unless explicitly stated, the results

presented are equivalent for all three axial strain levels.

Examining the 10% dataset in more detail, Figure 5 shows sections through
the top, middle and bottom of the reconstructed volume as well as sections

perpendicular to the 71”7 and ”2” axes. The features present, including the
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Fig. 4. Sections through the specimen center, showing how the increase in applied
strain intensifies the structures of the strain field while the morphology stays the

same. Two color scales for the same data are shown.

prominent bimodal ”swirl” structure of the ejo-component, appear to extend
along the entire specimen height as would be expected from the columnar

grain structure.

To illustrate how the calculated displacement gradient tensor contains all in-
formation regarding the deformation of the specimen and to separate the
measured plastic strain from any rigid-body rotations, Figure 6 shows the
displacement gradient tensor for the mid-section of the sample along with the

strain € = 1(e;; + €;;) and the rotation w = 3(e;; — €j:).

The complex nature of the observed strain field can be further illustrated by 3-
dimensional rendering of strain field iso-surfaces. Figure 7 shows this with two
values of iso-surface threshold, one highlighting deviations from homogenous
deformation for the diagonal components and one highlighting deviations for

the off-diagonal components.
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Fig. 5. 225m-sections through the sample near the top, middle and bottom planes.

Also shown are vertical sections, with the elongated structure of the grains evident.
In both Figure 4 and 7, the columnar nature of the grain structure in this

specimen is reflected in the elongated nature of the strain distributions.

4 Discussion

In the preceding section, data were presented for the locally measured plastic
strain (actually, the displacement gradient tensor field) in an Al-alloy mul-

ticrystal deformed in compression. Initially disregarding spatial information,
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Fig. 6. Three representations of the data on a slice through the central part of
the specimen. From left to right are shown the Displacement Gradient Tensor, the
Strain tensor and the Rotation tensor. Note how the off-diagonal components exhibit
a complex combination of shear and rotation.

Figure 3 shows the distribution functions for each component of the DGT
for the 4%, 10% and 14% engineering strain along the compression direction.
The shape of these distribution functions are to a very good approximation
Gaussian and we ascribe this form of the distributions to intrinsic variations in
sample response in agreement with the modelling results reported by Sarma
and Dawson [48], as the uncertainty in determining the components of f is

known to follow a Lorentzian distribution function [43].

In agreement with Hoc et al. [20], we observe no changes in the shape of these
distributions with increasing strain but for the component parallel to the de-
formation direction, the width observed in this study is somewhat smaller
(about 0.4 compared with 1 (estimated)) and we do not observe any bimodal-
ity. This indicates that either this feature disappears between the 2% strain
level where it was observed in [20] and the first strain level presented here, 4%,
or it is a feature peculiar to the experiment performed by those investigators;
their experiment and the one presented here differ in several important details

and differences would not be unexpected.
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Fig. 7. 3-dimensional representations of Displacement gradient tensor iso-surfaces.
Top figure is with a high thresholds(red=0.05, blue=-0.1) to illustrate the spatial
distribution of high strain for the diagonal components while the lower figure is
with thresholds at £0.02 to show deviations from homogeneity for the off-diagonal

components.

Turning to the locally resolved observations, Figure 4 further illustrates the
point of strain similarity regardless of strain level but also clearly shows how
the strain field is spatially heterogeneous within this specimen. Focusing next

on the 10% deformation step, Figure 4 shows the spatial distribution of strain

15



on selected sections through the sample volume. Heterogeneities in the strain
field are observed to be present on several length scales, ranging from the sam-
ple scale where effects of friction are seen as lowering of the strain level near the
sample ends, which are in direct un-lubricated contact with the compression

rig platens.

On a finer scale, the heterogeneity of the strain field is seen to be quite complex.
For the normal components, strain can be partitioned among the ey, e5o and
e33 under the requirement of volume conservation, i.e. the trace must be zero.
As a consequence, the compressive strain is observed to be fairly homogenous
as the required reduction in height can only be accommodated by a change in
length along one dimension, whereas the transverse components show larger
variability as the required widening of the specimen can be by a combination of
two transverse strains. These observations of more highly localized transverse
strains are in agreement with the surface study presented by Tatschl and
Kolednik [47] and the same effects are reflected in the distributions of the

off-diagonal components of € and w.

The present description does not include preliminary EBSD measurements
of the crystal orientation of the surface of the investigated sample and the
fairly complex grain structure precludes direct association of features in the
strain maps with the crystallographic orientation of individual grains. How-
ever, the length scale of the heterogeneities in the observed strain field as seen
e.g. in Figure 5 is commensurate with the size of some of the larger grains
as determined by EBSD. Additionally, the elongated geometry of the strain
field iso-surfaces is in good agreement with the columnar nature of the grain

structure in this sample.
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On a general level, it is uncertain whether it would be possible to determine
the location of grain boundaries from the present data without complementary
information from measurements of the local lattice orientation as in [29] and
[47]. Overall morphologies of the observed strain fields appear alike in those
studies as well as the present investigation, with a combination of grain-scale
variation and regions of concentrated strain, in the latter case often at or
across grain boundaries and triple junctions. The three-dimensional structure
of these effects should become clear with further experiments, using the capa-
bility of the technique presented here to test this in the bulk for the first time.
In combination with new techniques for measuring the local crystal orienta-
tions throughout the bulk [35,36,49], new opportunities present themselves
for rigorous testing of (poly)crystal plasticity theories and models through the

direct comparison with locally resolved simulations.

5 Conclusions

In the preceding sections, a new technique utilizing a dispersion of marker
particles to measure the 3-dimensional distribution of local plastic strain has
been demonstrated for the first time on a coarse-grained metallic material.
An aluminium alloy containing such markers has been recrystallized to form
large, columnar grains and has been deformed to 14% in uniaxial compres-
sion. The internal strain field has been found to deviate significantly from the
homogenous response reported in the first application of the marker-based
technique on a similar, but fine-grained sample. The present investigation has
a spatial resolution of slightly above 30 pm, less than the average grain size,

and data indicate that the deviations from homogeneity are related to the

17



grain structure of the multicrystal as well as neighbour interactions, but this
has not been proven. Further work will aim to directly associate the local
crystal orientation with the local strain field and to employ this information

in investigations of polycrystal plasticity.
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