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In this study, we have used in-situ micro-Laue diffraction combined with micropillar compression of
focused ion beam milled Al;3Co, complex metallic alloy to investigate the evolution of deformation in
Al,;Co,. Streaking of the Laue spots shows that the onset of plastic flow occurs at stresses as low as
0.8 GPa, although macroscopic yield only becomes apparent at 2 GPa. The measured misorientations,
obtained from peak splitting, enable the geometrically necessary dislocation density to be estimated as
1.1 x 10 m™2.© 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944486]

Al5Coy4 is a complex metallic alloy (CMA) with a unit
cell of 102 atoms. The orthorhombic form has a unit cell
with lattice parameters of a=8.158 A b=12.342 A and
¢=14.452A." These alloys are brittle in nature and bulk
plastic deformation is only possible at temperatures in excess
of 600°C.? During plastic deformation these materials show
localised zones of inhomogeneous deformation characterised
by extensive planar faults, which are bounded by dislocations
with a [010] Burgers vector.” These are partial dislocations,
called “meta-dislocations” with extended cores over the (001)-
glide plane, and being partials they leave behind trailing
faults.>™ Recently, the movement of metadislocations has
been proposed to take place by jumps of both Co and Al
atoms. Therefore, a glide step of nearly one unit cell (12.3 A)
can form by rearrangement of large number of atoms in the
dislocation core.® Looking down the [100]-direction using high
resolution scanning transmission electron microscopy the core
of a dislocation is found to be made up of either four, six, or
ten stacking faults.” A small length-scale study on Al;zCoy
micropillars, focusing on slip on individual slip systems was
carried out using micropillar compression from room tempera-
ture up to 600°C.® Although such micropillars were found to
be stronger than bulk material, the slip patterns remained simi-
lar over the test temperature range, being made up of mainly
planar faults and dislocations.®

So far, understanding deformation in orthorhombic-
Al;3Cos has been based on microstructural observation
following deformation. The use of in-situ testing strategies
enables confirmation of post-mortem observations, as well as
understanding the progression of deformation in these
materials. The combination of micropillar deformation and
micro-Laue diffraction is attractive as it enables characterisa-
tion of changes in microstructure during deformation in real
time, with through-thickness observations of the evolution of
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internal microstructure.’ The use of micro Laue diffraction
allows obtaining information from the entire volume of the
micropillar rather than just surface characterisation and the
use of a “white” x-ray beam enables probing the develop-
ment of rotational and strain gradients in both polycrys-
tal'®'? and single crystals."*”'7 This technique has been
employed to understand deformation in terms of sequential
activation of several slip systems, in various pure metals like
Si,14 Au,14 Mo,15 Cu,16 and W.'7 In Laue diffraction, the posi-
tion and energy of the Laue spots is dependent on the orienta-
tion of the crystal and lattice parameters; however, typical
studies do not measure the energy of the diffracted spots and
so the technique is usually insensitive to hydrostatic strain. In
plastic deformation, changes in the crystal orientation and lat-
tice strain gradients within the illuminated volume correspond
to activation of particular slip plane and continued slip on the
given plane, respectively.'®'® For example, this approach has
been employed to study evolution of strain in second phase
precipitates of zirconium hydride embedded within Zr-rich ma-
trix.2" In the present study, we combine in-sifu micro-Laue dif-
fraction with compressive loading of micropillars to capture
different stages of deformation in the complex Al;3Co, alloy
during single crystal micropillar compression.

Single crystalline Al;3Co, samples were grown using
the Czochralski method. Cylindrical micropillars of dimen-
sion 2 um (diameter) X 5 um (height) were prepared using
focused ion beam (FIB) on a Helios NanoLab under an
accelerating voltage of 30kV and beam currents down to
90 pA. The samples were made from thinned crystals and
significant areas behind the pillars were milled out in order
to prevent interference of the probe following its exit through
the sample in the transmission mode. The vertical pillar axis
was parallel to [0 1.174 1], which is 4.6° from the [011]-
direction in the orthorhombic crystal. This orientation was so
chosen to maximize the Schmid factor on the preferred
(001)[010] slip system. In-situ micro-Laue diffraction, in
transmission, and micropillar compressions were carried out

© 2016 AIP Publishing LLC
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on beamline B16 at the Diamond Light Source, UK.* A
schematic of the experimental setup is shown in Figure 1.
The incident micro-focused “white” x-ray beam, focused
using Kirkpatrick-Baez (KB) mirrors, had an energy range of
8-25keV and spot size of 0.8—1 um full-width-half-maxima.
The diffraction patterns were captured during the test using a
large area (3056 x 3056 pixels, 31 um pixel size) 16-bit
CCD camera (ImageStar 9000 area detector, Photonic
Science, Ltd.) recording one pattern every 40 s with exposure
time of 10s. The samples were compressed at loading rate of
0.4 uN s~ ' using Hysitron compression rig fitted with a flat
punch.?® As a single crystal pillar sample is deformed, due to
rotation of the crystal planes and the presence of strain gra-
dients within the unit cells, the shape and position of the
diffracted spot changes as shown pictorially in the inset of
Figure 1. Post-deformation micrographs of the compressed
pillars were obtained using Helios Nanolab 600 SEM. The
deformed pillars were cross-sectioned and using the in-situ
lift-out technique the microstructure of the cross-section
was studied using a JEOL 2100F transmission electron
microscope (TEM).

The incident beam on the micropillar was parallel to the
[2 8 7] zone axis. The recorded diffraction patterns were
captured and contained many reflections, as these CMAs are
low symmetry structure with large unit cells. Prior to defor-
mation, the reflections from the micropillar were generally
symmetric but appreciable broadening was observed. The
width of the reflections at the base was ~0.2° (Figure 2(a)),
which is quite substantial compared with instrumental broad-
ening.?'*? One possibility is that this is caused by FIB mill-
ing process that induces prior strain gradient in micropillars
due to sputtering and radiation damage, which is dependent
on both the size and material of the pillar.'*'*> This existing
strain gradient influences plastic deformation of pillars at
initial stages and results in an extraneous hardening before
slip on predicted slip system can start operating. Pillars were
milled with 30kV ion beam that typically induces 30 nm of
damage on the surface skin of a 2um diameter pillar.”’
During progressive compression of the pillar, distinct
changes in the shapes and positions of the peaks were
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observed. Figures 2(a)-2(k) show the evolution of the
(220)-peak with increasing compressive load until peak load,
isolated from the whole Laue diffraction pattern while
Figure 2(1) shows the final position of the reflection after
unloading. As mentioned earlier, the (220) peak is symmetri-
cal in undeformed micropillar with an intensity spread
(Figure 2(a)). As the micropillar was compressed, following
an initial period of unchanged peak shape, the reflection
moved away from the initial position corresponding to an
applied stress of ~600MPa. Upon continued compression,
the Laue peak is observed to simultaneously streak along a
well-defined direction (S1 in the supplementary material®*).
The peaks were fitted using a 2D Gaussian function and the
centers of the fitted peaks are plotted in Figure 2(m).
Assuming considerable friction between the indenter punch
and top surface of the pillar, the direction of movement of
the Laue spots (i.e., crystal planes) is primarily governed by
the rotation of the pillar under constrained compression
following Taylor’s model.”” The rotation of the individual
peaks is strictly dictated by the activation of specific slip sys-
tems in the crystal. Assuming a given slip system, a rotation
axis, N, and angle, 0, can obtained from the cross product
and dot product, respectively, of the known loading direction
and slip plane normal. A 3 x 3 Rodriguez rotation matrix, R,
can subsequently be generated as follows: R = I + (sin )N
+ (1 — cos 0)N?, where I is the identity matrix. Considering
slip on the (001) plane, this results in a rotation matrix,

1 0 0
R= |0 0706 —0.708 |. The rotation of a given plane
0 0.708 0.706

normal, 71, can be obtained by, 7,yueq = Rii. During plastic
deformation, rotation of the planes is manifested by gradual
rotation of the peaks. This rotation follows the direction cor-
responding to the operation of a slip system with maximum
resolved shear stress. The path of rotation of a given peak
depends on the initial orientation of the micropillar. In the
case of two competing slip systems, the peak generally fol-
lows the resultant path, depending on the time resolution of
subsequent images and the loading rate.'”'® In orthorhombic
Al3Coy, the (001)[010] is the preferred slip system. With

FIG. 1. Schematic representation of
the in-situ micro-Laue experiment in
transmission mode using a “white”
x-ray beam. The circled dot denotes
the position of the beam on the pillar.
A pictorial representation of the princi-
ple of Laue diffraction is also shown in
the inset describing the movement of
diffracted peak upon rotation of crystal
planes as a result of deformation. The
solid and dotted lines denote the initial
and final vectors.

“White” X-ray beam
8-25 keV
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FIG. 2. (a)—(1) Evolution of the (220) reflection with increasing compressive stress showing rotation and streaking of the peak. (m) Legend showing the movement
of the peak centres with increasing strain. The arrow points to the direction of the transmitted beam. (n) The streaked reflection on which is superimposed the vectors
denoting the direction of rotation and streaking due to the operation of two different slip systems in Al;3Co,. The legend in (n) denotes intensity in arbitrary units.

the vertical axis of the pillar parallel to [0 1.174 1], both
(001)[010] and (010)[001] slip systems have the same
Schmid factor of ~0.5. As shown in Figure 2, the path taken
by the centroid of the (220)-reflection corresponds to the
rotation of the plane due to activation of slip on the (010)
plane. However, during analysis of post-deformed Al;;Co4
sample oriented along the [6 4 5] loading direction, Heggen
et al.* observed that planar faults were only associated with
(001) planes. No abrupt changes in the path of rotation of the
peaks, which might suggest sudden strain bursts within the
micropillar, caused by critical slip processes like accumula-
tion of dislocations or activation of a competing slip system,
were apparent during compression. This is attributed to the
lack of multiple slip systems in Al;3Co,4 and the greater ease
of slip on the primary (001) plane.

The streaking direction is consistent with continuous
slip activity on the (001)-plane and storage of dislocations
within the illuminated volume, resulting in local strain gradi-
ent. The rotation and streaking directions of the peak are
marked in Figure 2(n). Preferential streaking of Laue spots

implies that scattering from the sample is predominantly
caused by the presence of a longer ranged deviatoric strain
gradients and lattice rotation gradients in the micropillar.
The continual evolution of such gradient could be caused by
the generation of excess unpaired geometrically necessary
dislocations (GNDs) with increasing compressive strain. The
continuous activity of dislocation on the (001)[010] slip sys-
tem accommodates the strain in the micropillar that eventu-
ally led to the formation of a slip step, as shown in Figure
3(a). Calculating the angle of the slipped step with respect to
the pillar axis, it is inferred that the slip plane corresponds to
the (001) crystallographic plane. The cross-section TEM
image of the slipped micropillar is shown in Figure 3(b) with
the slipped step clearly visible. The foil is imaged at a tilt
angle of ~6° when the foil normal was parallel to the [1 2 2]
zone axis. Deformation of the micropillar was accommo-
dated by formation of both stacking faults and dislocations,
as seen within the sectioned pillar (Figures 3(c) and 3(d)).
Stacking faults are observed to form parallel to the slip step.
When viewed under a two-beam condition, with g=2 0 2
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reflection, the faults were in contrast, indicating that the fault
vector is likely to be [001], i.e., the faults lie on the (001)
plane. After unloading the pillar, the final peak reverts back
to almost the same position but now with noticeable streak-
ing (Figure 2(1)). This is supported by TEM observation of
both shearing of the pillar and stacking fault formation.

In bulk samples, the deformation mechanism of Al;3Coy
constitutes of pure glide of metadislocations, with [010]
Burgers vector on the (001) plane bounded by stacking
faults. Increasing deformation leads to increase in densities
of both the stacking faults and dislocations.” A similar effect
is also seen in compression of micropillars that results in the
extensive streaking of Laue spots. As mentioned above,
straining leads to the generation of geometrically necessary,
i.e., unpaired dislocations, in the sample which could ration-
alise the formation of high density of faults formed in
Al;3Co,4 bound by such unpaired dislocations separated by
long distances over the lattice in such low stacking fault
energy compounds. The movement of metadislocations
within such alloys is a complex process involving the coop-
erative rearrangement of atoms within its core. The glide
of metadislocation is associated with escort (so-called
“phason”) defects and leaves a monoclinic phase within the
orthorhombic tiling in its wake. Within the deformed cross-
section of the micropillar, no slip traces on the alternate
(010) slip plane was observed in the TEM besides the faults
parallel to the (001) plane. Therefore, it is believed that the
initial rotation of the reflection is not due to crystallographic
slip on the (010) plane but rather due to improper loading of
the pillar causing the generation of a bending moment and/or
constraint imposed on the pillar due to the pre-existing strain
gradient from the FIB milling process. It is observed that the
substrate signal remains and that the peak moving away
from its initial position must represent the sample. This gives
an indication that the sample did not rotate much at all via

Appl. Phys. Lett. 108, 111902 (2016)

FIG. 3. (a) Post-mortem scanning elec-
tron microscope image of the slipped
Al;3Co,4 micropillar showing only one
major slip trace on (001) plane. (b)
Transmission electron  micrograph
showing the section of the slipped pil-
lar with the foil normal parallel to the
[1 2 2] zone axis. (c) Dark-field image
of stacking faults parallel to the slip
direction viewed under g=2 0 2 con-
dition, and (d) dislocations within the
deformed pillar in the bright field
mode.

internal lattice rotation, but that the major part of the peak
movement, albeit small, is due to non-plastic processes.
Another feature observed in the Laue spots captured dur-
ing compression was the splitting of peaks. In Figure 4(a), the
(143) reflection shows a split in the streaked peak, which
denotes that some of the GNDs tend to rearrange into walls
(sub-grain boundaries) while loading. In this case, the two
dissociated spots signify that the slipped and unslipped parts
are the two independently scattering misorientated sub-
volumes within the micropillar. Identical splitting is also
observed in (220)-peak, besides streaking (Figure 2), but at
stress values of 0.8 GPa (Figure 2(c)), much lower than the
reported yield stress of 2GPa,® where the (00D[010] system
was aligned for slip—this indicates that slip activity is
already initiated at an earlier stage. At 2 GPa stress, signifi-
cant deformation is already induced in the pillar, visible from
the diffused streaking of the peak (Figure 2(g)). The meas-
ured misorientation, 0 =0.35°, between the two split spots is
related to the lattice curvature and hence the GND density, p.
This can be estimated using the relations %: 2sinf and
p= ﬁ,% assuming that the dislocations present lie on the
preferred (001)[010] slip system within the probed area D
and # is the separation distance of the dislocations. Using
Burgers vector, b =0.290nm in Al,3Co, for this slip system’
and D=2pum, the estimated GND density was
1.1 x 10" m 2. This is approximately same as the dislocation
density of 1.4 x 10 m~2, observed in bulk Al;;Co,
deformed at 973K to a strain of 6.2%.> However, it can be
seen that the peaks are not distinctly separated but are over-
lapped. When coherently scattering fragments or sub-grains
form due to rearrangement of unpaired dislocations within
the sample volume, diffraction of white light from the misor-
ientated sub-volumes causes Laue peaks to split. Simulations
showed that overlapping would be observed when only
5%—25% of total dislocation population had formed into sub-
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grain boundaries—complete splitting would only occur if at
least 75% of dislocations had formed distinct sub-grain boun-
daries.?® This observation possibly implies that only a small
percentage of overall GNDs form the slipped-unslipped
boundary with significant numbers still present within the re-
spective slipped and unslipped volumes as randomly distrib-
uted dislocations. After unloading, however, the two split
peaks coalesced indicating that the final misorientation in the
pillar was insignificant with a reordering of the GNDs within
the volume into a slip step. Residual streaking (Figure 4(b),
also S2 in the supplementary material’*) showed remnant
plastic strain gradient in the sample volume. This has also
been observed in the post-compression microstructure where
only random dislocations were found in the sample.

In summary, we have investigated the deformation behav-
iour of Al;3Cos CMA using micropillar compression combined
with in-situ transmission micro-Laue diffraction and post-
deformation TEM that gave valuable insights into the dynamics
of deformation behavior of CMAs. Initial rotation of Laue peaks
observed at early stages could have resulted from preexisting
strain gradient in the pillar—although the magnitude of the rota-
tion suggested very little lattice rotation in these Al;3Co, CMAs
prior to the onset of plasticity. Streaking of the peaks along a
preferred direction confirmed the evolution of a deviatoric strain
gradient within the sample arising due to continued slip on the
(001)[010] system. This resulted in the formation of a slip step
in the micropillar as observed in post-deformation TEM.
Splitting of peaks into two, indicating formation of misorien-
tated sub-volumes within the pillar, was noted to occur at
0.8 GPa, substantially below the reported overall yield stress of
2GPa. However, the misorientated sub-volumes relax upon
unloading with rearrangement of dislocations.
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FIG. 4. (a) The (143) reflection in the
Laue pattern showing peak split during
compressive loading indicative of rear-
rangement of dislocation network into
sub-grain boundaries. (b) The final
peak after unloading.
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