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The evolution of deformation structures in individual grains embedded in
polycrystalline copper specimens during strain path changes is observed
in situ by high-resolution reciprocal space mapping with high-energy syn-
chrotron radiation. A large number of individual subgrains is resolved; their
behavior during the strain path change is revealed and complemented by the
analysis of radial x-ray peak profiles for the entire grain. This allows dis-
tinction between two different regimes during the mechanically transient
behavior following the strain path change: Below 0.3% strain, the number and
orientation of the resolved subgrains change only slightly, while their elastic
stresses are significantly altered. This indicates the existence of a microplastic
regime during which only the subgrains deform plastically and no yielding of
the dislocation walls occurs. After reloading above 0.3% strain, the elastic
stresses of individual subgrains are about the same as in unidirectionally
deformed reference specimens. They increase only slightly during further
straining—accompanied by occasional emergence of new subgrains, abundant

orientation changes, and disappearance of existing subgrains.

INTRODUCTION

During plastic deformation of metals, dislocations
are stored in the material. In pure face-centered
cubic metals, they organize themselves into heter-
ogeneous structures characteristic of the material
and deformation conditions. Understanding the
origin and evolution of the ordered dislocation
structures is relevant for predicting a variety of
mechanical properties such as flow stress and work-
hardening rates.!

The dislocation structures formed during plastic
deformation of copper have been studied extensively
with electron microscopy, e.g., Refs. 275, and by x-ray
line profile analysis, e.g., Refs. "'!. From such studies
it is known that (I) the dislocations organize in or-
dered structures consisting of almost dislocation-free
regions (subgrains) separated by dislocation walls,
(IT) the scale of the structure decreases inversely
with increasing flow stress,’® and (III) the specific
morphology depends on the deformation condi-
tions and the orientation of the crystalline lattice.®

(Published online November 8, 2012)

Nevertheless, our understanding of the interaction
between subgrains and their evolution during plastic
deformation is still rudimentary, in part due to the
fact that none of the above techniques are able to
visualize the embedded subgrains nondestructively.

Within the last decade, two synchrotron radia-
tion-based techniques have been established to
overcome this limitation:

e Differential aperture x-ray microscopy. This tech-
nique is based on scanning the surface of a sample
with respect to a submicronsized x-ray beam.'?
Depth resolution is provided by a triangulation
principle involving incremental translations of an
absorbing platinum wire through the diffracted
beams. For each point (or voxel) in real space, the
average elastic strain is derived. This technique
has been used to study the distribution of elastic
strains in Cu single crystals deformed by about
30%. The achieved spatial resolution 0.5 ym x
0.5 yum x 0.5 um™ (which has been improved slightly
to 0.33 yum x 0.46 ym x 0.5 um™) is sufficient to
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map the dislocation structure of such moderately
deformed specimens in three dimensions. While
quite comprehensive results are obtained, this
method has—to the knowledge of the authors—not
been used in connection with in situ deformation
studies due to geometric constraints and the low
speed of data acquisition.

e High-resolution reciprocal space mapping. By this
method, reciprocal space maps are provided of
single grains embedded in bulk specimens.'®
Direct space information on the position of sub-
grains and neighbor relationships is not available,
but the angular resolution is sufficient to allow
identification of sharp peaks arising from sub-
grains; in this manner, information can be gath-
ered on the size, orientation, and strain of
individual subgrains. Furthermore, reciprocal
space maps can be acquired sufficiently fast that
in situ studies can be performed during loading.

In this article, we pursue high-resolution re-
ciprocal space mapping with a focus on small strain
increments in order to be able to follow the evolution
of the subgrain structure in situ.

Furthermore, we study the effect of a tension—
tension strain path change on the evolution of
individual subgrains. Such changes are known to
give rise to reorganization of the dislocation struc-
ture and are associated with a transient mechanical
behavior of significant interest for metal forming
processes. &1 Our focus here is on how resilient the
individual subgrains are toward the new deforma-
tion conditions and to which extend the reorgani-
zation occurs collectively.

EXPERIMENTAL
Samples

The sample material was 99.9% pure oxygen-free
high-conductivity Cu. The material had been an-
nealed at 550°C for 2 h, then cold-rolled in nine
passes to a total reduction of 85%, and subsequently
annealed in vacuum at 450°C for another 2 h.
Characterization by electron backscatter diffraction
showed that the material processed in this manner
was fully recrystallized with a mean grain size of
approximately 20 um and a texture close to random.
A significant fraction of the grains was twinned.
Finally, the material was predeformed at room
temperature in uniaxial tension to a plastic strain of
5%, with the predeformation axis parallel to the
original rolling axis.

Tensile samples were spark cut from the prede-
formed material in two different shapes: dog-boned
samples with a gauge length of 8 mm and a gauge
width of 3 mm for the x-ray experiments, and rect-
angular samples with a length of 48 mm and a
width of 8 mm for complementary mechanical tests.
The thickness of all samples was 0.32 mm. The
angle between the long axis of these specimens (the
final axis for tensile deformation) and the tensile
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axis of the predeformation was varied. In the fol-
lowing we report on samples with angles of 0°
(second deformation axis identical to predeforma-
tion axis) and 55°. The latter corresponds to a
so-called orthogonal strain path change, where the
ratio between the reloading yield stress and the
stress in monotonic straining is the largest.'®

Mechanical Testing

The results of conventional tensile tests with a
strain rate of approximately 10~*s™! with and
without a strain path change are shown in Fig. 1.
The reloading stress after strain path change is
larger than the stress required during monotonic
loading. For monotonic deformation, a linear
decrease of the work-hardening rate with the flow
stress is observed, whereas the specimens objected
to the strain path change initially show a high work-
hardening rate decreasing rapidly over a very short
strain interval followed by a linear decrease of the
work-hardening rate with a different slope. Conse-
quently, differences in the mechanical behavior are
not restricted to a short transient, but persist to
larger strains.?®

Experimental Methodology

The experimental setup at beam line 1-ID at the
Advanced Photon Source (APS) is described in detail
in Refs. '® and 7. The unique optics®' at the beam
line provides a monochromatic beam (of 52 keV),
which is both very penetrating and associated with
favorable specifications such as a low bandwidth
(AE/E =7 x 1075), a small divergence (11 urad
horizontally and 17 urad vertically), and dimen-
sions comparable to the average grain size
(25 yum x 30 ym). The sample was mounted in a
small load frame enabling tensile deformation
placed in an Eulerian cradle. The diffracted beam
was transmitted through the sample and detected
at one of 2 two-dimensional detectors.

The first detector was a 2048 x 2048 pixel detec-
tor with a pixel size of 200 um placed at a distance of
680 mm from the sample, implying that all Debye—
Scherrer rings up to and including the 400 ring
were fully observable. This detector was used to
identify suitable grains and goniometer settings,
characterized by five criteria:

1. The grain is positioned close to the center axis of
the specimen and therefore exhibits a dynamics
which is representative of bulk behavior.

2. The grain is small enough to be completely
illuminated by the beam.

3. The grain has a 400 reflection with a diffraction
vector nearly parallel to the tensile direction.

4. This reflection is clearly separated in reciprocal
space from any reflections from any of the other
grains simultaneously illuminated.

5. The grain does not contain a twin.
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Fig. 1. Mechanical behavior: (a) true stress—true strain curves for samples deformed in tension along an axis making an angle of 55° with the
rolling direction and (b) corresponding work-hardening rates versus true stress. The green curves correspond to samples deformed without any
strain path change. The red curves correspond to an orthogonal strain path change with an angle of 55° between the tensile directions.
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Fig. 2. Sketch showing the various coordinates and the diffraction
geometry when the far detector is used.

Once such a grain and an associated 400 reflection
had been found, this detector was translated out of
the beam and the in situ loading experiment was
performed with a 2048 x 2048 pixel detector with a
pixel size of 79 um placed at the much larger dis-
tance of 3650 mm from the sample (cf. the geometry
in Fig. 2). This second detector provided a zoom
image of the 400 reflection of interest. By rotating
(rocking) the sample in equiangular steps around a
rotation axis perpendicular to the vertical scatter-
ing plane, a series of such images was obtained.
When stacked, this set of images comprise a three-
dimensional (3-D) reci;)rocal space map of the 400
reflection in question.'” With an angular step size of
0.007°, the resolution of the map is nearly identical
in all three directions of reciprocal space, namely
9 x 10~* A~L. Depending on the scattering angle 20
and the x-ray wave length A, the following coordi-
nates are used for describing reciprocal space:
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Fig. 3. Example of an azimuthal map of a reflection from a grain
embedded in a sample predeformed to a tensile strain of 5% (minor
elastic reloading to a strain of 0.03% is required to mount the
specimen in the load frame).

-0.08

4
q :T?Sine

(1~ o) 2 sin(20)

qx (1)

4
o = (0 — wo)TnsinQ

An example of such a reciprocal space map for a
grain from a specimen predeformed to 5% is shown
in Fig. 3. For ease of visualization, the 3-D map has
been projected along the radial direction to produce
a so-called azimuthal map—representing a zoom of
the 400 pole figure with high magnification for the
grain of interest. The map is comprised of a set of
local intensity maxima on a smoothly Varying con-
tribution. We have demonstrated previously'®!"%2
that these peaks correspond to the response
from individual dislocation-free subgrains (or the
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Fig. 4. Stability test. Two azimuthal maps of a grain embedded in a sample predeformed to a tensile strain of 5% obtained with a 10 h time

difference.

superposition of such contributions) with volumes of
1 to 2 um?®. The dislocation walls on the other hand
give rise to more diffuse features; they are respon-
sible for the slowly varying contribution of lower
intensity in the map.

By means of the load frame, the samples were
deformed in uniaxial tension with a strain rate of
approximately 10 * s~ 1. During the in situ defor-
mation, strain and applied load were continuously
measured by a strain gauge and a load cell,
respectively. At a number of different strain levels,
the deformation was interrupted. At each such step,
the selected grain and the reflection of interest were
recentered in the beam and on the detector by small
changes in the settings of the goniometer, and a new
reciprocal space map was acquired. The acquisition
time for each image was 20 s. With typically 140
angular steps, each reciprocal space map took
approximately 1 h to acquire.

The simultaneously recorded stress—strain curves
indicated a drop in the load by a few percent during
each interruption. Past experiments have shown
that this stress relaxation does not significantly al-
ter the morphology of the dislocation structures.??

To further test the long-term stability of the setup
and the reproducibility of the results, one sample
predeformed to 5% was mounted and left unaltered
on the instrument for 10 h. During this period, eight
reciprocal space maps were obtained from one grain
at regular intervals during a period of 10 h. After
normalization, the eight maps are virtually identi-
cal, as documented by the azimuthal maps for the
first and last reciprocal space map, shown in Fig. 4.
Evidently, to a very good approximation, the sub-
grain morphology and orientations are fixed during
the 10 h. This correspondence proofs at the same
time the excellent stability of the setup.

Data Analysis

The intensity in the images was partitioned by a
bicubic spline fit into two contributions: a smoothly
varying cloud representing the contribution from
the dislocation walls and a high-frequency compo-
nent representing all the subgrains.?* Individual
sharp peaks were identified by searching for local
maxima in the subgrain component. The maxima

found were subjected to a filter that removed peaks
which were narrower than the instrumental reso-
lution (the cutoff was set at 1.3 x 1072 A™1). The
eighty most intense sharp peaks were kept for fur-
ther analysis. It should be emphasized that some of
these sharp peaks may represent the overlap of
contributions from several subgrains diffracting in
(almost) the same direction.

The position, width, and height of the sharp high-
intensity peaks were determined in all three direc-
tions of the reciprocal space by fitting of a split
pseudo-Voigt profile. The uncertainty in the posi-
tions and widths is estimated to be less than
5x 100*A

For details of other aspects of the data analysis
(background subtraction, conversion to reciprocal
space coordinates, and determination of the 3-D
position of the grain), see Ref. 25.

RESULTS

Unidirectional Loading (Without Strain
Path Change)

Figure 5 presents eight azimuthal maps obtained
at several strain steps from 0.03% to 1.03% during
reloading of a specimen in tension along the same
direction as the tensile direction of the predefor-
mation. Already in the unloaded state, the charac-
teristic feature of high-intensity peaks on a cloud of
enhanced intensity is obvious. An inspection of the
maps obtained at the subsequent strain steps
reveals that only minor changes occur in the azi-
muthal maps for strains below 0.3%, whereas for
strains above 0.3%, changes can be identified clearly
and the structure evolves gradually. During the
initial regime, the number and orientations of the
subgrains are conserved, whereas for strains above
0.3% splitting of existing and occasionally emer-
gence of new peaks can be detected corresponding to
a refinement of the subgrain structure.

Orthogonal Strain Path Change

In a similar manner, eight azimuthal maps of the
loading behavior after a strain path change for strain
steps from 0.03% to 0.93% are presented in Fig. 6. In
this case, the new tensile direction forms an angle of
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Fig. 5. Eight azimuthal maps from a grain embedded in a sample predeformed to a tensile strain of 5% obtained during in situ tensile deformation
along the same axis as the predeformation (unidirectional deformation without strain path change). The strain levels indicated refer to the
macroscopic strain following the 5% prestrain; for each map, the color scale is adjusted to the maximum intensity.
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Fig. 6. Eight full azimuthal maps from a grain embedded in a sample predeformed to a tensile strain of 5% obtained during in situ tensile
deformation after an orthogonal strain path change (55° between the tensile axes). The strain levels indicated refer to the macroscopic strain
following the 5% prestrain; for each map, the color scale is adjusted to the maximum intensity.

55° with the tensile direction of the predeformation.
Again two regimes can be distinguished: Up to a
strain of 0.2% to 0.3%, the features of the azimuthal
map are conserved and the high-intensity peaks
remain at about the same azimuthal position. For
strains larger than 0.3%, their number increases and
the azimuthal positions change more strongly.

The initial regime, during which the azimuthal
maps are essentially preserved and neither the
number of high-intensity peaks nor their azimuthal

positions are altered significantly, is identified as a
microplastic regime. During this transient regime,
no new subgrains are formed. Following this initial
regime, the subdivision and reorientation of existing
subgrains and the occasional formation of new
smaller subgrains becomes evident.

As an example of the structural changes in the
later regime, partial azimuthal maps are presented
for strains from 1.08% in even smaller strain
increments of 0.03%. Figure 7 makes it possible to
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Fig. 7. Six partial azimuthal maps from a grain embedded in a
sample predeformed to a tensile strain of 5% obtained during in situ
tensile deformation after an orthogonal strain path change (55°
between the tensile axes). The strain levels indicated refer to the
macroscopic strain following the 5% prestrain; for each map, the
color scale is adjusted to the maximum intensity.
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Fig. 8. Radial profiles from a grain embedded in a sample prede-
formed to a tensile strain of 5% obtained during in situ tensile
deformation after an orthogonal strain path change (55° between the
tensile axes). The strain levels indicated refer to the macroscopic
strain following the 5% prestrain.

study the evolution of the dislocation structure in
larger detail. The changes between the individual
maps are only gradual, without any signs of drastic
changes in the morphology. An example of a peak
splitting into two peaks after a strain of 1.17% is
indicated by an arrow.

Radial X-Ray Peak Profiles and Asymmetry

Additional insight in both regimes can be gained
from analyzing the complementary radial profile of
the 400 reflection from the entire grain. Figure 8
presents the radial profiles after different strains
following the orthogonal strain path change.

The shift of the profiles with increasing strain is a
consequence of the increasing applied load: As the
diffraction vector of the selected 400 reflection is
close to the tensile axis, the developing tensile
stresses cause an increase in the related lattice
spacing d4oo. According to the diffraction condition
q = 2n/d, the radial profiles shift to smaller values
of the diffraction vector ¢ with the shift Ag = —¢g
directly determined by the elastic strain ¢ along the
diffraction vector.

With increasing macroscopic strain, an increased
broadening of the profiles can be observed due to the
increasing defect content. Most importantly, how-
ever, the formation of an asymmetry of the peak
profile with the intensity decaying more slowly for
smaller diffraction angles can be noticed.

Such an occurrence of asymmetric profiles durin%
tensile deformation has been discovered earlier.”
They have been rationalized by the composite-like
structure of dislocation structures®’ consisting of
hard dislocation-rich boundaries separating dislo-
cation-free subgrains®®: With increasing tensile
load, the softer subgrains will yield first, while dis-
locations cannot penetrate dislocation boundaries.
Dislocations accumulated at the interface generate
long-range elastic stresses acting in the same sense
(tensile stresses) as the applied load in the disloca-
tion walls and in the opposite sense (compressive
back stresses) in the softer subgrains. Such stresses
along the tensile direction cause elastic strains
depending on the angle y with the tensile direction
and Poisson’s ratio v

&y = g cos?y + &, sin?y = (cos? y — vsin? W)e

—(1—(1+v)sin? l//)% (2)

The observed x-ray peak profiles are a superpo-
sition of partial profiles from dislocation walls and
subgrains. Due to their differences in elastic strains,
these subprofiles are shifted with respect to each
other causing an asymmetry of the resulting radial
profile.

The asymmetry of the x-ray peak profile is
quantified here by the difference between the radial
position of the maximum intensity and the aver-
age position of the entire radial profile. Figure 9
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Fig. 9. Asymmetry following a strain path change in dependence on
the macroscopic strain during reloading in tension after predefor-
mation to a tensile strain of 5% with an angle of 0° (green), 55° (red),
and 90° (blue) between the tensile axes.

summarizes the asymmetry of peak profiles for dif-
ferent 400 reflections obtained for different grains
and different strain path changes. Reflections from
grains from specimens deformed without any strain
path change show a positive asymmetry from the
beginning of the reloading remaining almost con-
stant in the investigated strain interval.

As a point of reference, Fig. 9 includes also the
asymmetries observed for grains from specimens
experlencmg a change in the tensile direction by
90°.%° In this case, the chosen diffraction vector
close to the tensile dlrectlon of the in situ deforma-
tion is perpendicular to the tensile direction of the
predeformation. Due to the Poisson effect, com-
pressive stresses of subgrains along the original
tensile direction will cause tensile elastic strains
along the diffraction vector (side case €900 = —Ve|)
and, hence, a negative asymmetry.” When loading
along the new tensile direction, back stresses along
the new loading direction develop in the subgrains,
leading to compressive strains along the new tensile
direction and a reversal of the asymmetry.

Reflections from grains which experience a
change in tensile direction of 55° are initially quite
symmetric and show only small asymmetries at all.
The diffraction vector forms an angle of about 55°
with the tensile direction of the predeformation. As
a consequence of the Poisson effect, stresses devel-
oping along the tensile direction will cause only
minor strains along this particular direction (with
v = 0.34 for copper)

1-—2v
&550 = 3

Even if significant elastic strains develop along
the tensile direction, almost no asymmetry can be
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Fig. 10. Normal probability plot of the radial position of individual
high-intensity peaks from the same grain embedded in a sample
predeformed to a tensile strain of 5% obtained during in situ tensile
deformation after an orthogonal strain path change (55° between the
tensile axes). The strain levels indicated refer to the macroscopic
strain following the 5% prestrain.

expected for the profiles of reflections corresponding
to diffraction vectors along this direction.

When loading the specimen along the new direc-
tion, i.e., with an orthogonal strain path change,
elastic stresses are building up accordingly and a
positive asymmetry is developed. From Fig. 9, it is
obvious that dominant changes in the asymmetry
occur during the initial straining, i.e., the micro-
plastic regime. After 0.3% strain, the asymmetry
has reached the value of the deformation without
strain path change and remains unaltered further
on.

Behavior of Individual Subgrains

In each of the azimuthal maps after an orthogonal
strain path change of Fig. 6, subgrains are identi-
fied by their unique azimuthal positions. For the 80
largest identified subgrains, the corresponding ra-
dial positions with respect to the average of the
grains are presented in a normal probability plot in
Fig. 10. At each strain level, the data can be
approximated reasonable by a straight line indi-
cating that the radial positions of the subgrains are
Gauss1an distributed (in accordance with expecta-
tions®®). For the predeformed sample, the radial
positions of all subgrains are close to the average
position of the grain, which is expected, as for this
particular direction nearly no asymmetry is
observed and the difference between the position of
the maximum and the average is small. Neverthe-
less, a significant variation between the stresses of
the individual subgrains exists.

With increasing strain, the radial positions of the
subgrains show more and more positive values with
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respect to the average of the grain corresponding to
the development of compressive backward strains
as expected from the composite model. As observed
earlier for unidirectional deformation,'”?? the
radial positions of the high-intensity peaks gather
in the vicinity of the radial position of the maximum
intensity, not around the average value of the radial
profile. Already for a macroscopic strain of 0.20%,
the average backward strain has reached a sub-
stantial positive value which does not change sig-
nificantly with further deformation. During the
microplastic regime, mechanical reloading of the
subgrain structure occurs and a pronounced asym-
metry of the radial profiles develops accordingly.

CONCLUSIONS

By investigating the reloading behavior of pre-
deformed specimen with and without strain path
changes a microplastic regime has been identified
dominating the transient behavior during the first
0.2% to 0.3% of plastic strain. During this regime,
the morphology of the subgrain structure (as iden-
tifiable in azimuthal maps of selected reflections) is
not altered and the number and orientation of the
individual subgrains are conserved. The developing
of a substantial asymmetry of the radial profile (or
reversal of an existing asymmetry) in strain path
change experiments indicates a collective redistri-
bution of the internal stresses during the micro-
plastic regime to comply with the new deformation
conditions. After the redistribution of internal
stresses has established the proper load transfer
according to the new deformation conditions, the
subgrain structure evolves differently. The individ-
ual subgrains are no longer preserved; they disap-
pear entirely or split apparently into several
subgrains.

During the microplastic regime, only subgrains
were yielding and deforming plastically. After hav-
ing developed the proper stress state in the sub-
grain structure, both hard dislocation boundaries
and soft subgrains deform plastically by moving
dislocations. With the onset of macroscopic yielding
and plastic deformation of the entire grain, the
dislocation structure starts to reorganize by forma-
tion of new subgrains.
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