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Abstract Understanding the deformation behavior of
nanocrystalline (nc) materials is important because of their
possible application as structural materials. The investiga-
tion of macroscopic nc samples during in situ mechanical
tests can shed light on operating deformation mechanisms.
For example, observations during a compression test in a
scanning electron microscope (SEM) or results obtained by
more localized methods like transmission electron
microscopy can extend our knowledge on this subject. In
this study, we present the results of in situ SEM com-
pression tests on nc Pd—10 at.% Au alloy with a mean grain
size of 23 nm produced using the combination of inert gas
condensation with subsequent high-pressure torsion. We
show that plastic flow in this material is very inhomoge-
neous on both the macro and the mesoscale as it is local-
ized in one area of the compression sample and within
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shear bands. The formation of shear bands is accompanied
by strain softening. We propose that such behavior can be
explained by the activation of grain boundary mediated
deformation mechanisms instead of dislocation-based
plasticity. This conclusion was supported by in situ syn-
chrotron XRD measurements which revealed that no
preferential grain orientation is forming during the com-
pression of identically prepared samples of the same
material.

Introduction

Understanding of the deformation behavior of nanocrys-
talline (nc) materials is important in view of their possible
application as structural materials. In the last three decades,
numerous experiments have been performed, and evidence
has been obtained that confirms the operation of various
deformation mechanisms in such materials like grain
boundary sliding [1-3], grain rotation [4—6], diffusional
creep [7], twinning [8—10], partial dislocation nucleation
from grain boundaries (GBs), and related stacking fault
formation [11, 12]. Due to a low-strain hardening capacity,
nanostructured materials are prone to strain localization in
shear bands [13-16]. Deformation behavior of nanocrys-
talline materials has been summarized in several review
articles, see for example Refs. [12, 17-20]. Despite
extensive research, there is still a lack of understanding in
regard to the deformation mechanisms operating in such
materials. For example, various deformation mechanisms
were recognized using in situ TEM straining of thin nc
metal foils. To mention some, Hugo et al. [21] reported the
emission of dislocation segments from the grain bound-
aries, Shan et al. [5] and Kobler et al. [22] reported grain
rotation accompanied by twinning and detwinning. On the
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other hand, Rosner et al. [23] observed the fracture along
grain boundaries without any apparent plastic deformation.
Despite the advantage of observing the ongoing processes
in the material in situ, TEM provides only local informa-
tion about the mechanism that controls the plastic flow.
Further, the investigation may suffer from artifacts due to
the high-surface-to-volume ratio of the TEM sample.
In situ XRD synchrotron measurements, on the other hand,
have the advantage to probe the volume averaged material
behavior and, therefore, provide better statistics than TEM.
In many cases, the analysis of peak broadening during
straining of nc samples indicated dislocation activity [24].
On the other hand, texture measurements of nanocrystalline
samples after significant strain revealed weak or no texture
formation. This is an indication that dislocations contribute
only moderately to plastic flow [25, 26]. There is, there-
fore, a need for further experiments with the other methods.
In the past, the deformation mechanisms in metals and
alloys were frequently investigated by observing the
deformation relief development. Due to the limited sample
dimensions (usually nc materials are obtained in the form
of thin films), such investigations are often difficult in nc
materials. Nanocrystalline samples produced by inert gas
condensation (igc) [27] have a very uniform microstructure
and a grain size as small as 10-15 nm. Their dimensions
are large enough to perform conventional tensile and
compression tests. There is some porosity (up to 7 %) in as
igc samples, however, subsequent processing by high-
pressure torsion (hpt) allows the increase of relative density
up to 98 % [28]. In this study, we present our results on
two in situ compression tests of hpt-processed igc Pd-10
at.% Au alloys: an in situ SEM observation of surface relief
development, and an in situ synchrotron diffraction
experiment with subsequent peak profile analysis. We
show that the development of shear bands is the dominat-
ing mechanism of plastic deformation in this material.

Experimental

Nanocrystalline Pd-10 at.% Au samples (later called:
Pd10Au) with a mean grain size of 13 nm [29] with a
diameter of d = 8 mm and a thickness of r = 1 mm were
produced by inert gas condensation using the parameters
and procedures as described in Refs. [27, 29]. As-igc
samples were further processed by hpt for one full rotation
(2m) at a constant rotation speed of 21 per minute and a
pressure of 6 GPa using a custom built computer controlled
hpt device (W. Klement GmbH, Lang, Austria). The shear
strain at the sample radius of R = 2.5 mm calculated as
y = 2nR/t was 15.7. The microstructure of comparable
samples was previously studied in Ref. [25]. A typical dark
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field image of the microstructure is shown in Fig. 1a, and
the grain size distribution is shown in Fig. 1b. One can
see that the mean grain size increased after hpt to
23 + 2 nm.

For the miniature compression tests, samples of a cuboid
geometry with dimensions of 0.8 x 0.8 x 1.5 mm?
(compression along the long axis) were cut out from the hpt
disc at a distance from its center of 2.5 mm. Successive
mechanical polishing steps with colloidal silica of
decreasing particle sizes have ensured sufficient smooth-
ness of the sample surface. In situ compression tests were
conducted using a constant strain rate of 5 x 10™*s™' with
a testing apparatus MicroDAC (Kammrath and Weiss
GmbH, Dortmund, Germany), which was installed in a
high-resolution field-emission scanning electron micro-
scope (FE-SEM) LEO 1550. The load—elongation curves
and a sequence of images were recorded during the
deformation process. In order to reveal the macroscopic
features of the surface relief, the polished sample surface
was covered with a thin carbon film that enhances the
imaging contrast of the SEM. For comparison, a Cu sample
with a mean grain size of 64 pm was polished and coated
in the same way as the nanocrystalline Pd10Au sample.
Subsequently, both the samples were compressed in the
SEM up to 20 % compressive strain.

Microstructural investigations were performed after
in situ compression test using FEI Tecnai F20 operated at
200 kV. TEM samples were FIB-cut parallel to the com-
pression axis. The mean grain size was estimated by
measuring two perpendicular diameters of individual
grains in at least five arbitrarily selected typical dark field
TEM images. Each image contained at least 60 grains in
Bragg condition.

In addition to the in situ SEM experiments, an in situ
XRD compression test was conducted on an identically
prepared sample of the same material using a synchrotron-
based mechanical testing setup [30]. The experiment was
carried out at the high-energy micro diffraction endstation
of beamline ID15A at the ESRF. The setup comprises a
mechanical testing device (Kammrath and Weiss, Dort-
mund, Germany) mounted in transmission geometry and a
large area detector (MarCCD 165, Marresearch Inc.,
Evanston, IL, USA). Due to the high-X-ray energy of
69.7 keV, the X-rays can penetrate through several hun-
dred microns thick sample yielding excellent statistics and
a sufficient signal-to-noise-ratio. In order to obtain the
distribution of crystallographic orientations within the
plane perpendicular to the X-ray beam, the integral peak
intensity along several Debye—Scherrer rings was analyzed
by radial scans along the diffraction angle 20 in individual
azimuthal directions @ with an azimuthal increment of
AP = 2°.
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Fig. 1 a Typical dark field TEM image of the microstructure of nc Pd10Au alloy after igc and subsequent hpt straining at y = 15 (image
plane = hpt disk plane). b Corresponding grain size distribution histogram. Reprinted from [15] with permission of Springer

Results and discussion

A typical compression, true stress—strain compression
curve of an igc + hpt processed Pd10Au sample is shown
in Fig. 2. The initial portion of the curve within the first
4 % of plastic strain has a parabolic shape with a very
smooth transition between linear elastic and plastic
behavior. Remarkably, despite the large amount of strain
imposed to the sample during the previous hpt processing,
the sample still demonstrated notable strain hardening with
a yield ratio of o,/0,, = 0.43, where o, is the proportion-
ality limit, and o, is the maximal applied stress. An
extended parabolic hardening regime was also observed in
shear compression tests [31], and in tensile tests of free
standing nanocrystalline films of the same material [32, 33]
as well as tensile tests of electrodeposited Ni [34]. The
in situ synchrotron XRD analysis [32-34] together with the
analysis of deformation curves [31-33] show that this stage
corresponds to the transition from elastic to fully plastic
behavior, i.e., this corresponds to the microplastic stage.
After achieving o, = 1630 MPa, the applied stress starts
to decrease indicating strain softening. Such behavior with
low or negative strain hardening is typical for many
nanostructured and ultrafine grained bce and fcc materials
as for example Fe [14], Cu [15], and Ni [35]. Finally, the
sample fractured after plastic strain of 9 %.

The development of the deformation relief on the sam-
ple surface during the compression test was observed using
several identically processed samples. They all showed
essentially similar behavior. In these tests, several pauses
had been made during the compression to take the SEM
images. During these pauses, notable stress relaxation
occurred. However, the envelope of the corresponding
compression curve (not shown here) was very similar to
that recorded in the continuous test (Fig. 2). Figure 3a—
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Fig. 2 True stress/strain compression curve of nanocrystalline
igc + hpt Pd10Au sample

shows the compression specimen at 0, 6, and after fracture
at about 10 % strain. One can see that the deformation of
the sample proceeded very inhomogeneously: Starting
from 6 % strain, a bulge started to grow at the left-hand
upper side of the sample (see arrow in Fig. 3b) and, after
8 % strain, deformation in the right side stagnated com-
pletely (thickness was not increasing any more until frac-
ture). Careful inspection of the sample did not reveal any
traces of plastic deformation on its surface during the mi-
croplastic stage: The surface remained smooth and the
carbon film was not damaged (Fig. 4a). First surface
defects were visible in the form of short cracks in the
carbon film (Fig. 4b), and occurred only for plastic strains
of more than 6.5 %. With further increase of strain, shear
bands (SBs), inclined at 45° to the compression axis,
started to propagate gradually (Fig. 4c, d). Finally, shear
bands covered the sample surface along a wide diagonal
stripe spreading from the lower left- to upper right-hand
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Fig. 3 SEM images taken during in situ compression test: view of the
specimen at a 0 % strain, b 6.5 % strain, and c¢ after fracture (10 %
strain). Compression direction is horizontal

corner of the sample. Fracture took place at a compressive
strain of about 10 % (Fig. 4e). Multiple cracks were
formed in areas of localized plastic flow within SBs
(Fig. 4f). At higher magnifications (Fig. 4g), it was
observed that shear bands were visualized as up to 1-um
thick bundles of fine cracks within the carbon film. These
fine cracks spread for tens and hundreds of microns. The
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distance between individual SBs varied from 3 to 10 pm.
Observation of kinks at the polishing scratch lines in areas
where they were intersected by shear bands (Fig. 4g)
revealed that related displacements can be up to 1 um
large. Due to insufficient statistics, we were not able to
estimate the strain which was carried by shear bands.

In contrast to the deformation relief appearance in the
Pd10Au sample (Fig. 4), the surface of the similarly
compressed coarse-grained Cu sample was fully covered
with slip lines. According to the operating crystallographic
slip system, slip lines were individually oriented in each
grain nicely documenting the development of dislocation
slip (Fig. 5).

Remarkably, TEM microstructure investigations had not
revealed any notable changes in the grain shape and grain
size distribution after compression test of igc 4+ hpt sample
and only slight increase of the mean grain size from 23 4 2
to 27 & 2 nm due to stress induced grain growth [22, 28,
36] (compare Figs. la, b, 6a—c), despite the FIB lamella
was taken in the area with maximal density of shear bands.
Note that our previous report on the microstructure inves-
tigation of pure nc Pd and Pd10Au alloy also did not reveal
any changes of the grain shape after high-pressure torsion
[25, 28]. Conversely, planes of cooperative grain boundary
sliding were observed in both cases.

Finally, we analyzed the deformation behavior of the
igc + hpt Pd10Au sample using synchrotron-based com-
pression testing. The sample was taken from the same
production batch as the samples for the in situ SEM tests.
The polar plot in Fig. 7 shows the modulation of the (111)
integral peak intensity along the Debye—Scherrer ring.
After more than 10 % strain, only a slight sixfold sym-
metry evolved. This is distinctively less pronounced as
compared to similar experiments on nc Nickel with 30-nm
grain size [30]. An emerging sixfold symmetry of the (111)
integral intensity indicates the formation of a specific in
plane texture. It is typically found for ductile coarse-
grained fcc materials during compression. Therefore, it is
argued that the igc + hpt Pd10Au sample has a weak
contribution of dislocation glide to the overall deformation.

The in situ observation on the sample surfaces during
compression tests have shown that soon after the onset of
fully plastic deformation, the deformation becomes very
inhomogeneous on both, the macro and the mesoscale. The
deformation is localized in only one part of the compres-
sion sample and within the shear bands. This may explain
the strain softening seen in the deformation curve. Please
note that this occurs simultaneously with the detection of
first shear bands. The propagation of shear bands often
leads to strain softening as e.g., in coarse-grained materials
[37]. However, strain softening takes place at high strains
and/or high-strain rates. Under these conditions, intra-
granular dislocation slip leads to grain rotation toward
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Fig. 4 The development of the surface relief at a 4 % strain, b 6.5 %
strain, first cracks in the carbon film are visible, ¢ 7.5 % strain, first
shear bands inclined at 45° to compression axis become visible,
d 8.5 % strain, appearance of first surface macrocracks and further SB
formation, e 10 % strain, fracture; f enlarged image of the rectangular
area in e showing formation of a big crack and several small ones in

Fig. 5 Deformation relief in Cu sample with a mean grain size of
64 um after compression for 20 %

stable texture orientations. Hence, the grains become more
or less aligned with each other. The evolving crystallo-
graphic texture helps to promote the localization process,
as the lattice misorientations along the grain boundaries are
reduced and cooperative slip of neighboring grains is
facilitated [38]. Formation of shear bands has been reported
in many nanocrystalline materials, however, these materi-
als have larger grain size [14-16]. In particular, the

areas with high density of SB, g 10 % strain, enlarged image of shear
bands, arrows highlight a polishing scratch kinked at its cross section
with two shear bands, h the same image as in g showing that
displacement related with shear bands can achieve 1 pm at a distance
of 3 um. Compression direction is horizontal in all images

inspection of microstructure within shear bands in nano-
crystalline iron with a grain size of 80 nm revealed a for-
mation of crystallographic texture and strongly elongated
grains [14]. This indicates the mechanism of SB formation
similar to that in coarse-grained materials. It is very unli-
kely that this dislocation-based mechanism of shear band
formation is active in the nanocrystalline Pd10Au alloy.
First, the microstructure remained very homogenous with
equiaxed grains (Fig. 1c). Second, the initial material was
practically free of texture [25]. Further, shear bands
appeared relatively early after the onset of full plasticity
when strain was not sufficient to promote necessary lattice
rotations by dislocation slip. This is confirmed by the
present in situ synchrotron XRD measurements, which
revealed very weak texture formation during compression
(Fig. 6). Note that the XRD beam spot was large enough
(8 x 20 um), and for the typical spacing between shear
bands it is unlikely that it could “miss” the sample vol-
umes containing shear bands (note also that XRD investi-
gation was performed in transmission mode, i.e., the whole
sample thickness was analyzed). Hence, it is rather possible
that shear banding results from grain boundary mediated
deformation mechanisms. Indeed the spreading of shear
bands over hundreds of microns (Fig. 4d, e) indicate that
thousands of grains shift collectively. This implies that
grain boundary sliding occurs in a cooperative manner [2,
28, 39]. Conversely, this does not exclude some additional
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Fig. 6 Microstructure of the nc Pd10Au alloy after compression test in area with maximal shear band density, a bright and b dark field TEM
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Fig. 7 Polar plot of the modulation of the (111) integral peak
intensity along the corresponding Debye—Scherrer ring of the
nanocrystalline igc + hpt Pd10Au sample in the initial state and
after 10 % compression

dislocation activity in the nc grains. The slight intensity
redistribution indicates some degree of texture formation
(Fig. 6), which is in agreement with our previous texture
measurements in the same alloy after high-pressure torsion
[25], as well as in experiments of other authors [5]. The
texture evolution, however, is much weaker in comparison
to other cases where dislocation glide is the governing
deformation mechanism [40]. This is not surprising
because grain boundary sliding requires accommodation,
which at room temperature is rather realized by dislocation
slip than via diffusive processes.

Generally, it looks like the deformation of nanocrystal-
line Pd10 Au alloy can be interpreted as an interplay of
different deformation mechanisms: cooperative grain
boundary sliding allows for dominant shear banding which
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is accompanied by a minor contribution of dislocation
plasticity and some stress driven grain boundary migration.

Summary

Nanocrystalline Pd10Au alloy with a mean grain size of
23 nm was produced by inert gas condensation combined
with subsequent high-pressure torsion. Monitoring the nc
sample surface during in situ SEM compression testing
revealed extended shear bands formation and strain
softening.

We observed no modification of the microstructure of
the alloy in areas with maximal shear band density (except
slight increase of the mean grain size from 23 to 27 nm)
and a negligible formation of crystallographic texture.
Hence, we proposed that such behavior can be explained by
the activation of grain boundary mediated deformation
mechanisms instead of dislocation-based plasticity.
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