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On the initial microstructure of metallic micropillars
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White beam Laue microdiffraction has been performed to investigate the initial microstructure of undeformed Au, Ni, Cu, and
NiTi micropillars fabricated by focused ion beam milling. Various microstructural features have been shown, from which it is known

that they contribute to classical hardening.
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Compression of micron-sized pillars [1] has shown
enhanced strengthening in face-centered cubic [2,3] and
body-centered cubic [4] single crystals when the pillar
diameter is reduced to below 20 pm. From the published
mechanical data, however, it is evident that a scatter as
high as 100% can exist for nominally identical samples
[5,6], which can in part been explained by the stochastic
nature of plasticity [7,8]. In these approaches it is as-
sumed that the initial pillar structure does not contain
microstructural features classically known to result in
hardening and that the pillars are strain-gradient-free
single crystals. However, white beam Laue diffraction
has demonstrated that this is not always the case: the
first example is an Au pillar with a pre-existing strong
strain gradient that rules the selection of the slip system
[9]; the second is an Ni pillar containing a low-angle
grain boundary [10]. Here, we report on the initial
microstructure prior to deformation of 14 single crystal
and two multi-grained pillars, classified into six groups
according to chemical substance and crystallographic
orientation. Laue diffraction reveals several microstruc-
tural features that within classical crystal plasticity are
known to result in hardening, ranging from misorienta-
tions at the pillar base to twin defects and in homoge-
neous strain gradients in the body of the pillars. In
two samples containing multiple grains, strain gradients
were also found in each of the individual grains.

Table 1 shows the chemical composition, orientation,
and diameter of the 16 investigated pillars tabulated into
six groups. Most of the pillars were made from the same
material as reported in Ref. [10] for Ni, Ref. [11] for Cu,
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Ref. [9] for Au(346), Ref. [12] for NiTi and Ref. [13] for
sputtered Au. The Au(123) samples were made using
the same procedure as the Au(346) samples in Ref.
[14]. The initial bulk material was a commercially avail-
able single crystal, except for the sputtered Au and the
Au(346). Au(346) pillars were cut out of larger grains
in an annealed foil, as was done in Refs. [9,14]. All sam-
ples within each group were made out of the same bulk
piece, with a typical pillar-to-pillar distance of 50—
100 um, except the Cu samples, which were focused
ion beam (FIB) milled from individual single crystal
bulk pieces.

The FIB milling conditions were different between all
the sample groups, but the same within each: for in-
stance, final current densities of 50 pA were applied
for Au(123) and Au(346), 100 pA for the Cu pillars
and I nA for the Ni pillars, whereas the acceleration
voltage was 30 keV in all cases. White beam Laue
diffraction was performed in transmission at the
MicroXAS beam line of the Swiss Light Source with a
microfocused white X-ray beam having an energy distri-
bution ranging from 2 to 22keV and a beam size
between 0.8 and 2 um in the focal plane. Further details
on the experimental technique are given in the online
material of Ref. [9]. For each group of pillars a reference
Laue pattern of a Si wafer was recorded under the same
conditions, which allows monitoring of the resolution
function and verification of the calibration parameters.

The range in photon energy used in white beam Laue
diffraction allows lattice curvatures and small angular
misorientations to be detected without the need for a
rocking curve. For instance, excess dislocations of one
sign generating a lattice curvature results in a streaked
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Table 1. Sample groups with their chemical composition, vertical
crystal axis orientation and corresponding pillar diameters

Group  Chemical Crystallographic ~ Diameter
composition orientation (nm)

1 Au (123) 3x2.0,3.0,4.0

2 Au (346) 0.8, 3.0

3 Cu (421) 5.0, 5.4

4 Ni (123) 2x8

5 Ni-50.9 at.%Ti ~ (210) 2.3,28, 3.0

6 Au Sputtered (111) 0.9, 1.1

Laue diffraction peak. The angular width of such a
streaked peak can then be used to estimate the radius
of lattice curvature, which is proportional to the excess
dislocation density times the Burgers vector [15,16].
On the other hand, when geometrical necessary disloca-
tions (GNDs) organize into geometrically necessary
boundaries (GNBs) to reduce the stored energy, the
Laue spot will split, reflecting the contributions from
two separate crystal volumes [17]. The above simple ap-
proach has been applied to estimate the dislocation den-
sities from the (k2 k) reflection showing the largest streak
or split, assuming the existence of only one slip system
populated with an excess dislocation density.

In several of the investigated samples, misorienta-
tions (GNBs) were observed at the pillar base. In the
group of the Au(123) samples, two pillars with a peak
split in the lower part were identified by mapping the
sample with Laue patterns along its vertical axis. Figure
la shows a scanning electron microscopy (SEM) image
taken under a 66° tilt angle of a 3 um Au(123) pillar
with a height of 8 um, that is, an aspect ratio of 1:2.7.
The Laue diffraction intensity of the (2-2-2) reflection
is given in Figure 1b-e for different positions of the
incoming X-ray beam along the pillar axis. Note that
all experiments are performed in transmission geometry
with the incoming beam perpendicular to the pillar axis.
At position 4 (Fig. le) the Laue pattern corresponds
with the single crystal orientation and none of the dif-
fraction peaks show peak splitting. When scanning
downwards, the intensity distribution of the Laue peaks
evidence a transition from a single diffraction peak to-
wards a split peak at the pillar base, that is, Figure lc
taken at position 2. At position 3, that is more than half-
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Figure 1. An SEM image of a 3 pm Au(123) pillar, with split peaks

along its vertical axis shown in Figure 2b-e; position 3 is 5 um above
the pillar-base transition.

way along the pillar length or 5 um above the pillar-
base, the smeared out intensities of the overlapping
peaks show that the misorientation extends from the
base well into the pillar and that only the upper part
of the pillar corresponds with a single -crystal
orientation.

From the splitting of the Laue peaks at position 2
(8 um from the pillar’s top) a misorientation angle of
0.07° is derived, which is equal to a GND density of
~2.8 x 10 m~? in the GNBs present in the probed
volume. A similar split was observed in one of the
2 um Au(l23) samples, whereas the other Au pillars
of the same group did not exhibit any misorientations
at the pillar base. Peak splitting with a magnitude of
0.07°/4.9 x 10" m~2 was also observed at the base of
the 8 um Ni sample (called Ni B). In particular cases,
peak splitting was even observed in the center of the pil-
lar. For example, in the 0.8 um Au(346) pillar and the
2.3 um NiTi sample, splitting angles and corresponding
GND densities of 0.42°/2.5 x 10"* m™? (Au(346)) and
0.23°/1.8 x 10" m~2 (NiTi) were found. The intensity
distribution of the NiTi (002) peak and the Au(346)
(222) at half the pillar height are displayed in Figure
2a and b. In addition to the substructure in the 0.8 pm
Au(346) pillar, it was found that the pillar itself was
rotated relative to the substrate by 0.72°, compared with
the vertical axis obtained from fits performed on the en-
tire Laue pattern from the pillar base and taken at half
the pillar height. Figure 2b shows that both the substrate
and the pillar (222) signal are shifted by 0.48° with re-
spect to each other. Due to similar pillar height and
beam size, a substrate signal is also recorded at half
the pillar height. Note that the pillar and its substrate
were machined out of a single grain, which is why the
entire pillar is rotated with respect to the orientation
of the substrate. Pre-existing GNBs will contribute as
a Hall-Petch-like hardening factor according to
= K(Gb)o's/(DGNB)O'S, where 17 is the flow tress, K is
a constant, G is the shear modulus, b is the Burgers vec-
tor and Dgnp 1s the spacing of the GNBs [18]. More-
over, a misorientation in the lower pillar part will
hinder dislocation escape into the base and result in
back stresses similar to a decaying stress field under load
due to the tapering of the pillar, which also artificially
hardens the sample. Misfits at the pillar base complicate
the imposed boundary conditions of the compression
test and therefore also the comparison of pillars with
and without misfits.
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Figure 2. (a) Split (00-2) NiTi peak and (b) split (222) Au(346) peak

of the 800 nm pillar and a 0.48° misorientation between the pillar and
the substrate, which were initially of identical orientation.
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For several samples anisotropic peak shapes were
observed that were indicative of strain gradients. This
was particularly true for the smaller pillars. For the
two large Cu pillars and for one of the 8 um Ni
(Ni A) pillars no significant peak asymmetries could
be detected. Figure 3f and g displays the (131) Ni and
the (131) Cu peak, respectively. The peak shapes were
fitted by a two-dimensional Pearson VII function. We
find for the full-width at half-maximum (FWHM)
0.06°6/0.06°) (Ni) and 0.07°6/0.06°) (Cu), where 0
and s are defined as the radial and azimuthal direction,
respectively. This is similar to the values obtained for the
Si reference wafer (0.06°0/0.06°y).

For smaller pillars, however, clear peak asymmetries
were found. Here the minor directions from the Pearson
VII fits are comparable to those from Si, whereas the
major peak axis shows large gradients. This was the case
for two of the three Au(123) pillars and NiTi samples.
Figure 3a and b shows the (222) reflections of the
2 um Au(123) pillars, called A and B. It is obvious that
pillar B contains a more pronounced strain gradient
than pillar A. A curvature of 0.20° could be calculated
from a line scan in the theta direction that corresponds
to an initial excess dislocation content of the order of
1.5 x 10" m~2 using the Nye relationship [15]. To calcu-
late the curvature, it was assumed that the Si peak width
contains both the beam divergence of 0.2 mrad and the
instrumental broadening function. The peak widths of Si
and Au were then deconvoluted to determine the Au
curvature. All NiTi samples show a strain gradient, al-
beit to different extents, as shown in Figure 3c and d
for the (002) reflection of the 2.8 and 3.0 um pillars,
respectively. In total, 6 of the 12 samples with diameters
smaller than 5 pum show strain gradients reflected in
asymmetric peaks. On the basis of strain-gradient-based
plasticity, a Taylor-like flow stress, including the GND
density, has been formulated as = o Gb(pssp + pGND)°'5 ,
with « a constant, G and b as above, pgssp the statistically
stored dislocation density and pgnp the GND density

AuA

<123>
2.0 um
(2-2-2)

NiTi
2.8 um
(00-2)

Figure 3. The difference in peak broadening in streaked Au(123) and
streaked NiTi peaks in Figure 2a-d; an Si reference peak in 2e
compared to non-streaked Cu and Ni peaks in 2f and 2g, respectively.

[19], which clearly demonstrates that the presence of
GNDs introduces a significant hardening factor.

In addition to the regularly found strain gradients in
the pillar bodies and misorientations at the pillar base
and even in the pillar, other types of defects were found,
albeit less frequently. Earlier investigations have, for
instance, shown the strengthening effect of a low angle
boundary in Ni(068) [10]. In the present study, a twin
boundary in a 3 pm Au(346) pillar with a rotation of
60° around the [111] axis was found, as evidenced by
two partly overlapping sets of Laue peaks on the diffrac-
tion pattern. Figure 4 displays the [111] twin boundary
sketched in the SEM image of the sample and the corre-
sponding Laue pattern with the twin peaks labeled as
(hkDt. Molecular dynamics simulations have shown
the strengthening effect in gold pillars via Lomer—Cotrell
locks at the twin boundary [20].

Finally, we investigated two Au pillars that were pro-
vided to us by Budiman et al. [13] and made by FIB
from an Au film sputtered on a [001]-Cr substrate.
For both samples investigated, the Laue patterns re-
vealed the presence of four individual grains, each ori-
ented out of plane closely to the [111] growth
direction with an angular deviation of +3.8°. Rotating
the orientation solution for grain 1 around the vertical
grain axis (i.e. in-plane) by +30°, +60° or —30° results
in the Laue patterns of grains 2, 4 and 3, respectively,
thereby fulfilling the condition that the Au(l10) direc-
tion aligns with the Cr(100) direction according to the
orientation relation determined in Ref. [13]. A Laue pat-
tern for the sputtered 1.1 um pillar is shown in the upper
part of Figure 5, together with an SEM image of the
sample taken in beam direction. In Figure 5 all non-in-
dexed reflections belong to the Cr substrate.

For all the individual grains, all Laue reflections show
peak asymmetries, including peak streaking and/or peak
splitting, as demonstrated in Figure 5. For instance, the
peak splitting observed in grain 2 shows the presence of
a low-angle grain boundary of 0.32°. In grain 3, several
resolvable subpeaks are observed that can be globally
interpreted as reflecting a misorientation of 0.30°, and
a similar situation exists in grain 4. The streaking in
grain 1 suggests a strain gradient corresponding to a

(131t

(200)t ®

(02-2)
2200t °

Figure 4. Laue pattern from a 3 um Au(346) pillar showing both
normal (hkl) and [111] twin (hk/)t reflections, with an SEM image
that displays schematically the orientation of the 1 11] twin boundary.
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Grain1 Grain 2
Grain 4

Figure 5. A Laue pattern from a multi-grained Au micropillar, which
is displayed as an inset. Below are shown, for grain 1, a two-
dimensional image of the (111) peak in comparison with a Si reference
peak and, for grains 2-4, three-dimensional images of split diffraction
peaks.

lattice curvature of ~0.18° and is directly compared in
two dimensions with the Si reference that was placed
next to the sample. Knowing that these pillars are FIB
milled out of an Au film that was sputtered on a Cr
substrate (misﬁt 0 CI'<100>(001)”A11<110>(111) = 1806%),
the observed microstructural details can be explained
in part by typical coherency strains formed during sput-
tering [21]. Such misorientations have not been observed
in prior Laue analysis performed on pillars made from
the same thin film [13], where the resolution of the sys-
tem is identical to the one used here (~0.06°). In fact,
isotropic peak shapes are reported. However, a line scan
in the radial direction showed an FWHM of 0.44° for
the (311) reflection, which is substantially larger than
the instrumental resolution reported in Ref. [13]. Addi-
tionally, this width is larger than the size of the peak
splits and the width of unsplit peaks (0.19°) observed
in the current work on the same material.

In summary, white beam Laue microdiffraction was
used to show a variety of initial microstructural defects
from a set of 16 metallic micropillars. From this collec-
tion of data it could be shown that strain gradients pre-
dominantly exist in smaller samples, with diameters
smaller than 5 pm. The identical FIB sputtering condi-
tions for each sample set do not indicate a clear connec-
tion between defect structures and ion damage, but
nevertheless suggest that the higher surface to volume
ratio in smaller pillars increases the occurrence of pre-
existing strain gradients. Peak splits and hence GNBs
have been found in seven out of the 14 samples—one
in a larger pillar (>4 pm) and six in the smaller ones—
with strongly increasing misorientation for smaller
diameters. The presence of twins suggests that thorough
investigations prior to mechanical testing are needed,
since SEM imaging cannot easily reveal boundaries.
The results presented put the published mechanical data,
which are known to contain large scatter, into another

context. It is to be expected that the reported scattering
among the data published for similar pillars is in part
due to the presence of microstructural features that re-
sult in classical hardening, because of strain gradient
plasticity or dislocation pile-up against GNBs. The exis-
tence of these defects does not explain the reported
mechanical size effect, but needs to be taken into ac-
count before establishing theoretical frameworks. So
far, only Laue microdiffraction is capable of excluding
the microstructural uncertainties in metallic micropillars
for microcompression testing.
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