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Abstract

An in situ tensile test with grey scale correlation has been performed to study the deformation process in ultrafine grained (UFG) Pd
and Pd–x at.% Ag (x = 5 or 20) alloys produced by high-pressure torsion. Shear band nucleation and propagation was found to be an
important deformation mechanism after strain localization during the tensile test. The underlying microscopic mechanism is related to
cooperative grain boundary sliding. Moreover, the additional influence of stacking fault energy was found to change the nature of the
deformation mechanism from localized strain in Pd to more homogeneous deformation in Pd–20% Ag. In situ analysis and the findings
are new and give innovative insight into the basics of deformation in UFG face-centred cubic metals.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the fact that the mechanical behaviour of nano-
crystalline (NC) and ultrafine grained (UFG) materials has
been studied for decades the basic principles are still not
understood [1–7]. For example, despite their superior ten-
sile strength, a very limited uniform elongation due to
rapid localization of plastic flow in the neck region is typ-
ical of UFG materials, and it greatly restricts their practical
application. The primary reason for such behaviour is
related to the limited strain hardening capacity due to the
difficulty in storing dislocations in very small grains.

In the recent past several approaches have been suggested
to improve the strain hardening capacity of fine grained
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materials, for example a high density of twin boundaries in
the interior of nanograins, producing a bi-modal grain size
distribution or producing a uniformly distributed array of
fine precipitates [8]. Here an attempt is made to (i) investigate
the basic principles of plastic deformation of UFG Pd and
Pd–Ag alloys by in situ SEM analysis and (ii) enhance their
strain hardening capacity by modifying the stacking fault
energy of UFG Pd–Ag alloys in solid solution in a controlled
manner [9].

As mentioned above, usually UFG and NC metals and
alloys have a propensity for strain localization [10–13],
which often sets in immediately after the yield point. In a
systematic study of compression tests of bcc Fe [14] shear
localization with intense strain accumulating in the narrow
shear bands was seen to occur immediately after the onset
of plastic deformation for all specimens with smaller grain
sizes (d < 300 nm) at both high and low strain rates. Fully
dense NC Cu produced by an in situ consolidation tech-
nique was also reported to be susceptible to shear localiza-
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tion during tensile tests at low strain rate [15]. In abundant
reports on mechanical testing of other UFG and NC mate-
rials [16–20] shear localization appears to be the basic fail-
ure mechanism, which is mainly mediated by grain size,
although its particular features, such as shear band mor-
phology, etc., varied depending on the specific sample
(microstructure, preparation routine) and testing condi-
tions. For example, the morphology of shear bands in
bcc Fe [14] showed well-defined boundaries with band
widths of several micrometres, whereas the shear markings
of face-centred cubic (fcc) metals are narrow and difficult
to resolve [21–23]. Conjugated shear bands are observed
in body-centred cubic (bcc) Fe [14], while fcc metals
showed single oriented sets of shear bands [15]. Several
groups have attributed shear propensity in UFG and NC
materials to increased strength and decreased strain hard-
ening capabilities. However, the underlying mechanism of
shear band formation still needs further exploration.

Due to rapid strain localization and the complex geom-
etry of the neck, it is challenging to determine the actual
flow stress after strain localization in tensile tests, which
hinder strain hardening analysis of UFG materials. Several
models were suggested to predict the shape of the forming
neck using finite element modeling [24], but all of them are
only applicable to cylindrical specimens. Here we demon-
strate for the first time direct visualization of the necking
process by in situ observation combined with grey scale
analysis. This has allowed us to find out not only the
necessary parameters for strain hardening analysis in the
post-necking range, but also to reveal macroscopic and
mesoscopic processes, such as shear banding, fracture
and accompanying deformation, in UFG Pd and Pd–x

at.% Ag (x = 5 or 20) alloys produced by high-pressure tor-
sion (HPT) [10] in a dedicated scanning electron micro-
scope. The addition of Ag decreases the stacking fault
energy of Pd from 190 to 175 mJ m�2 in Pd–5% Ag and
125 mJ m�2 in Pd–20% Ag [25]. It can be expected that
modification of the stacking fault energy has an influence
not only on strain hardening but also on the general defor-
mation mechanism and fracture.

2. Experimental procedures

Pd and Pd–x at.% Ag (x = 5 or 20) alloys were melted in
an arc melting oven under an Ar atmosphere. Appropriate
samples were cut into discs 10 mm in diameter and 0.3 mm
in thickness and processed by HPT under a quasi-hydro-
static pressure of 6 GPa for five rotations [10]. Samples for
transmission electron microscopy (TEM) were prepared by
electropolishing with a BK-2 electrolyte [26] at �20 �C at a
voltage of 60 V using a Tenupol 5 electropolishing apparatus
(Struers A/S). TEM specimens were taken from a location
corresponding to the gauge section of the tensile specimen
parallel to the shear plane of HPT (plane XOY in Fig. 1a).
For post-testing investigation, specimens were extracted
from the neck area of tensile specimens by the focused ion
beam technique using an FEI Strata 400. From these, thin
TEM specimens were cut out parallel to the fracture surface
(ZOY) as shown in Fig. 1b. For conventional bright and
dark field imaging Philips CM 30 and Titan 80–300 electron
microscopes, both operated at 300 kV, were used. The mean
grain size was estimated using a line interception method [27]
in at least five randomly selected typical dark field TEM
images, each containing at least 60 grains under the Bragg
condition. The line intercepts were measured in two direc-
tions: in the direction of shear deformation during HPT,
and perpendicular to it. The final grain size was calculated
as the average of length and width.

For miniature tensile tests the HPT samples were cut into
a “dog-bone shape” with a gauge length of �1.2 mm and
width of �1 mm. Careful polishing was carried out to
remove surface defects as potential stress concentration sites.
Specimens with a final thickness of �0.3 mm were fixed in a
MicroDAC (Kammrath and Weiss GmbH) tensile test stage
and were installed in a LEO 1550 high-resolution field-emis-
sion scanning electron microscope (FE-SEM). The in situ
tensile testing was typically carried out with a constant strain
rate of 10�3 s�1. The stress–strain curve was recorded during
the deformation process and a sequence of micrographs was
taken during loading. Elongation in the gauge length was
corrected by performing grey scale correlation analysis of
the recorded micrographs. This digital image processing
method determines the local displacement of pre-defined
points in the reference image by correlating the grey scale
matrices of both the reference and comparative images and
tracing their maximum correlation factor [28]. In the present
study the two-dimensional pre-defined square network of
points (40 � 28) was applied to the gauge length, which occu-
pied 1024 � 630 pixels. A small submatrix (30 � 30 pixels)
was taken from the area surrounding a desired measuring
point in the reference image. A search was then made for
the most similar submatrix within a field (50 � 50 pixels)
around the corresponding point in the comparative image.
Similarity between the submatrices in the reference and
comparative images was identified from the highest cross-
correlation factor, which was determined by applying two-
dimensional cross-correlation analysis to local grey scale
values. By performing grey scale correlation for the whole
network of points the displacement map could be deter-
mined. It is worth mentioning that grey scale correlation
can only present two-dimensional material flow on the sam-
ple surface (which describes the plane stress straining well)
but cannot fully represent the complex three-dimensional
strain state which forms after the onset of necking. However,
it does offer valuable information on the mesoscopic defor-
mation process.

The fracture surfaces were studied in the aforemen-
tioned scanning electron microscope. Atomic force micros-
copy (AFM) images were recorded using the contact and
tapping modes [29,30] using an ultraobjective manufac-
tured by Fries Research Technology and a Digital Instru-
ments DI 3000. The topography of the shear bands
situated on the specimen surface was quantitatively charac-
terized in contact mode with an applied force of 1.7 lN.



Fig. 1. (a) Schematic diagram of sample cutting from an as HPT disc for TEM investigation. The grey circle indicates the position of the TEM thin foil.
(b) FIB cutting for post- deformation TEM investigation of the microstructure in the neck. An enlarged image of the thin lamella in section ZOY, in close
vicinity to fracture surface.
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Additionally, features on the fracture surface were cap-
tured from the phase contrast in AFM tapping mode at
the first free bending resonance frequency of the cantilever,
i.e. 158–168 kHz for stiff diamond-coated Si cantilevers.
The advantage of phase imaging as compared with topog-
raphy imaging in AFM is that in the first case the image
contrast changes according to the short wavelength topog-
raphy, whereas this is often overshadowed by the long
wavelength topography in topography images, hence phase
imaging reveals finer detail. Generally, the phase image
depicts the phase shift between cantilever vibration and
the excitation signal, which reflects the non-elastic impact
between tip and sample surface [31,32]. With decreasing
topography wavelength the characteristic dimension of
the surface becomes comparable with the contact radius
between the tip and surface. In this case slight changes in
the contact area, due to grain boundaries for example,
result in magnitude changes in the dissipated energy during
impact, thus leading to a change in the cantilever vibration
phase angle.

3. Results

3.1. Microstructure characterization

Typical TEM dark field images of as prepared HPT Pd
and Pd–Ag alloys are shown in Fig. 2a,c and e. The micro-
structure of all samples was characterized by slightly elon-
gated grains with an aspect ratio of �1.5. The mean grain
size of as HPT Pd and Pd–5% Ag was �240 nm. Grains
were delineated by narrow and distinct grain boundaries;
in some grains dislocation subboundaries could be seen.
The dislocation density in Pd was rather low, i.e. only a
few dislocations were present in each grain, and the num-
ber of dislocations next to grain boundaries was higher
than that in central parts (Fig. 2b). In Pd–5% Ag the dislo-
cation density was notably increased (Fig. 2d). Alloyed
samples exhibited a decrease in grain size as compared with
unalloyed samples prepared under the same conditions.
For, example Pd–20% Ag had a mean grain size of
�150 nm and the dislocation density was notably higher
than that in pure Pd, as dislocation tangles and pile-ups
could be found in the majority of grains (Fig. 2f). Further-
more, atomic resolution TEM investigations revealed
numerous stacking faults (SFs) and stacking fault tetrahe-
dra (SFTs) laying in the (1 1 1) planes, as shown in Fig. 3.
Grain boundaries resulting from severe plastic deformation
(SPD) were in a non-equilibrium state; they contained a
large number of extrinsic grain boundary dislocations
and represented the source of long-range internal stresses
[10]. Typical examples of non-equilibrium grain boundaries
in the microstructure of HPT processed Pd and Pd–Ag
alloys are shown in Fig. 4a and b.

Additionally, the microstructure of Pd–20% Ag in the
neck area was investigated after tensile test. At low magni-
fication small pores with diameters of 30–50 nm were
observed by TEM (not shown here); these pores were
formed as a result of nanovoid formation and growth dur-
ing tensile straining and represent the nuclei of dimples
found on the fracture surface [33]. In cross-sections taken
parallel to the fracture surface (Fig. 5a) grains elongated
parallel to fracture surface, i.e. along the shear direction,
can be clearly seen. The grain length along the long axis
increased from 185 nm in the as HPT state to 222 nm.
Some indications of alignment of neighbouring grain
boundary segments in parallel can be seen in Fig. 5a. More-
over, high-resolution TEM reveals plentiful SFs and SFTs
of �3 nm. Fig. 5b shows at least three SFs and six SFTs in
an area of 35 � 35 nm2, which corresponds to a density of
partial dislocations of �2.2 � 1016 m�2.

3.2. Mechanical behaviour

Tensile tests were performed in situ with a testing appa-
ratus specifically designed and constructed for the small
specimens under investigations. In order to elucidate the



Fig. 2. Dark field TEM micrographs showing the microstructure of as HPT (a and b) Pd, (c and d) Pd–5% Ag and (e and f) Pd–20% Ag alloys.
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intrinsic mechanical response of the samples, the engineer-
ing stress (re)–engineering strain (ee) curves (Fig. 6a, solid
lines) were converted to true stress (rt)–true strain (et)
curves (Fig. 6a, dashed lines) using the equations:

rt ¼ reð1þ eeÞ; et ¼ lnð1þ eeÞ ð1Þ
After the onset of necking Eq. (1) cannot be used,

because the formation of a neck introduces a complex tri-
axial state of stress in that region. The necked region is
in effect a mild notch. A notch under tension produces
radial stress and transverse stress, which increase the value
of longitudinal stress required to cause plastic flow. As a
realistic and relatively simple estimate the average true
stress in the neck was determined by dividing the axial ten-
sile load by the minimum cross-sectional area of the speci-
men at the neck. For that, the cross-sectional width of the
specimen was taken from micrographs obtained in situ and
the thickness was interpolated from that at the onset of
strain localization and that at fracture, assuming a rectan-
gular geometry.

From Fig. 6a it is obvious that the onset of strain local-
ization was delayed with increasing Ag concentration; the
uniform plastic strain increased by a factor of �2 from
0.028 for Pd to 0.050 for Pd–20% Ag alloy. Furthermore,
alloying led to a notable increase in the strength of HPT
Pd; both yield stress (YS) and ultimate tensile strength
(UTS) increased almost linearly from 500 (YS) and
660 MPa (UTS) for Pd to 950 (YS) and 1230 MPa (UTS)
for Pd–20% Ag (Table 1).

The normalized strain hardening rate H, which is
defined by H = 1/r(dr/de) is represented for all the alloys
studied in Fig. 6b. It is apparent that H is notably greater



Fig. 3. HRTEM image of stacking faults in as HPT Pd–20% Ag viewed along h1 1 0i. Corresponding FFT. Several SFs are indicated by arrows and two
stacking fault tetrahedrons are shown enlarged in (a) and (b).

Fig. 4. Examples of non-equilibrium grain boundaries in HPT processed Pd and Pd–Ag alloys. (a) Dark field image of pure Pd showing lattice dislocations
entering the grain boundary as shown by the arrow. (b) Bright field image of the Pd–20% Ag alloy showing bow-like diffraction contrast at the grain
boundaries, indicating high internal stresses at GB.

Fig. 5. Post-deformation characterization of Pd–20% Ag in the neck area. (a) Bright field image of section ZOY. The double arrow Y–Y indicates the
orientation of the specimen (see insert to Fig. 1b). Arrows indicate the alignment of neighbouring grain boundary segments in parallel. (b) HRTEM image
viewed along h110i showing plentiful SFs and SFTs.
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Fig. 6. (a) Tensile engineering (solid lines) and true stress–true strain curves (dashed lines) of UFG Pd, Pd–5% Ag and Pd–20% Ag. The circles indicate
yielding and the squares the UTS. (b) The normalized strain hardening rate against true strain. Insert shows H after necking.

Table 1
Stacking fault energy (cSF), mean grain size and main mechanical
parameters of pure Pd and Pd–x at.% Ag (x = 5 or 20) alloys.

Pd Pd–5% Ag Pd–20% Ag

cSF (mJ m�2) 190 175 125
Mean grain size (nm) 240 240 150
YS (MPa) 500 750 950
UTS (MPa) 660 935 1230
Uniform elongation 0.028 0.035 0.050
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for Pd–20% Ag in the uniform strain range. On the other
hand, after onset of strain localization a saturation of hard-
ening was observed, however, H remained slightly higher in
the alloys as compared with pure Pd (see insert in Fig. 6b).

3.3. The deformation process revealed by in situ tests and

grey scale correlation

The in situ tensile testing of Pd and Pd–Ag alloys
revealed a deformation process which can be basically rep-
resented by three stages: uniform elastic and plastic defor-
mation, localized flow in the neck region and crack
initiation/propagation. At the beginning of loading the
specimen was stretched homogeneously throughout the
entire gauge length, with an axis-symmetrical stress–strain
state. When the UTS was reached instability was triggered
by stress concentration sites, e.g. inhomogeneities in defect
distribution, causing deformation to become localized and
consequently macroscopic necking commenced. Fig. 7
shows a grey scale analysis of the plastic flow in the gauge
length in Pd and Pd–Ag alloys after the onset of necking at
a true strain of 0.1. Inspection of the displacement contour
of Pd revealed a distinct X-shaped region within which
material flowed primarily transversely. This resulted in
two wedge-shaped regions sinking inwards progressively
(Fig. 7d); meanwhile, material flowed across the boundary
of the X-region to accommodate the tensile strain (Fig. 7a).

However, the grey scale analysis can display the plastic
flow in only two dimensions: in the tensile and transverse
directions. In reality a tri-axial strain state develops in
the neck area (analogous to the tri-axial stress state), i.e.
the specimen thickness (normal direction) is reduced
at the same time, as revealed by investigation of the frac-
ture surface. Thus the tensile strain is mainly accommo-
dated within the neck region, by contraction in both the
transverse and normal directions. In the Pd sample, at a
certain strain strain localization became restricted within
a material layer inclined around 50� to the tensile axis.
Extended shear along this layer led to shear fracture. A
crack was generated in the centre of the X-region, where
thinning was severe. Similar developments, but with less
pronounced necking and shearing, occurred in Pd–5% Ag
(Fig. 7b and e). However, in contrast to the obvious X-
region in Pd and Pd–5% Ag, Pd–20% Ag showed relatively
homogeneous elongation before and even after the onset of
strain localization. As can be noted in Fig. 7c and f the
strain was dispersed throughout the gauge length in the
tensile as well as in the transverse directions, only a narrow
and shallow X-region formed. The fracture surface of Pd–
20% Ag barely exhibited shearing but showed relatively
homogeneous thinning (not confined within the necking
region). The above observations indicate that resistance
to localized deformation was greatly improved while neck
formation was retarded by the addition of 20% Ag.

3.4. Deformation relief

The advantage of in situ tests is that they can directly
visualize the mesoscopic evolution of the deformation pro-
cess. Similar developments in surface relief are observed in
all samples before fracture. As exemplified by Pd–20% Ag,
after the onset of strain localization the neck region mani-
fests obvious surface roughening when comparing the
topographies of the same site at the beginning and mid
way through the tensile test (Fig. 8a and inset). Within
the neck the surface is uniformly covered with microscopic
shear bands oriented �50� to the loading axis, as shown in
Fig. 8a. The morphologies of the micro SBs in Pd and the
Pd–Ag alloys demonstrated a tendency for decreasing SBs
spacing and height with increasing Ag concentration.



Fig. 7. Grey scale correlation analysis of plastic deformation in (a and d) Pd, (b and e) Pd–5% Ag and (c and f) Pd–20% Ag at a strain of 0.1. (a–c)
Displacement of pre-defined points showing material flow in the tensile direction and (d–f) in the transverse direction. The displacements are illustrated by
the color contour, whose magnitude is defined by the color bar. Note that the displacement does not simply correspond to the local displacement at each
point but the accumulated displacement of points along the horizontal/perpendicular lines. The X-regions are shown in (a and d).
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The micro SBs in Pd and Pd–20% Ag were investigated
after deformation by AFM (Fig. 9). Considering that both
samples ruptured at similar strains to failure it is worth com-
paring the parameters of the micro SBs. According to the
height profiles, drawn perpendicular to the SB direction
(Fig. 9a and b), these micro SBs were mainly ditch-like.
The micro SBs in Pd–20% Ag were characterized by finer
spacing (�1 lm) and a smaller ditch height (�10–35 nm),
while Pd had wider spacing (�2–5 lm) and a more pro-
nounced height (�10–70 nm) (Table 2).
3.5. Fracture

Another interesting observation was the distinct differ-
ence in fracture processes occurring in Pd and Pd–20% Ag.
In Pd the crack initialized in the mid plane of the specimen
with a large increase in the multiplication of shear bands
(Fig. 8c). The path of crack propagation coincided with the
direction of former micro SBs. Extension of the crack by
severe shearing led to a typical shear fracture. However,
the fracture in the Pd–20% Ag specimen developed quite



Fig. 8. (a and b) Deformation relief development at the beginning of straining, during straining and after fracture in Pd–20% Ag. (a) Micro shear bands
indicated by the black arrows are orientated�50� to the loading axis within the X-region. The corresponding area before necking at the same magnification is
shown in the insert. (b) Newly formed bundle of shear bands in the vicinity of the fracture surface. (c) Deformation relief at the fracture edge in Pd.
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rapidly, without extended shearing. New bundles of SBs with
a different orientation to the earlier micro SBs were gener-
ated immediately before fracture (Fig. 8b). The AFM topog-
raphy of the sample surface in the vicinity of the fracture edge
revealed ditch-like as well as step-like SBs in both Pd and Pd–
20% Ag (Fig. 9c and d). These SBs in Pd had the same orien-
tation as the micro SBs, but a more pronounced shear height
(�20–150 nm) (Table 2). It is plausible that they originated
by the development of earlier micro SBs. Nevertheless, the
shear bands leading to the final rupture of Pd–20% Ag exhib-
ited a larger shear height (�10–70 nm) (Table 2) as compared
with that of the micro SBs and a quite different orientation, at
80� to the tensile axis (Fig. 8b).

The fracture surface of all specimens was characterized
by a dimple structure. In addition to dimples, which are
typical of ductile fracture, new macroscopic features were
revealed on the fracture surfaces of all studied specimens.
In Fig. 10a characteristic linear features parallel to the ten-
sile specimen plane (which coincides with the HPT shear
plane) can be seen. We conclude that the lines represent
shear bands formed during previous HPT deformation.
Sometimes these SBs were opened and sheared during the
tensile test, as shown in Fig. 10b. AFM phase images of
the as formed free surface (Fig. 10c) revealed rough convex
structures with pronounced grooves passing between hum-
mock-like features with a size of �0.1–0.3 lm. We assume
that these hummock-like features represent grains and
grain clusters. Formation of shear bands by the alignment
of grains with collinear grain boundaries could be clearly
identified.

4. Discussion

The present study has demonstrated that alloying leads
not only to an increase in the yield stress and ultimate ten-
sile stress in Pd–20% Ag, but also to a notable improve-
ment in the uniform elongation and the strain hardening
rate compared with pure Pd. Whereas enhancement of
the yield stress in the Pd–20% Ag alloy was mostly related
to the smaller grain size and higher dislocation density as
compared with those in Pd and the Pd–5% Ag alloy, the
increase in UTS and uniform elongation was most proba-
bly associated with an improved strain hardening ability.
Solid solution hardening can clearly be excluded as a dom-
inant factor since the effect was small in the range 20 MPa,
i.e. about 1.5% [34]. The present investigation focused on
the post-necking regime. Although all studied samples
demonstrated strain localization (necking), necking was
more pronounced in pure Pd and Pd–5% Ag and less devel-
oped in Pd–20% Ag.

Analysis of the strain hardening behaviour (Fig. 6b)
revealed two strain hardening rate change regimes in the
studied range of strains, presumably pointing to the domi-
nation of two different mechanisms of plastic deformation.



Fig. 9. AFM linear height profiles showing different morphologies of shear bands. (a and b) Ditch-like micro shear bands away from the fracture edges.
(c and d) Step-like shear bands in the vicinity of the fracture edges. (a and c) Pd and (b and d) Pd–20% Ag.

Table 2
Shear bands parameters of micro shear bands (a) away from the fracture
edge and (b) in close vicinity to the fracture edge in Pd and Pd–20% Ag.

Shear band Pd Pd–20% Ag

a Spacing �2–5 lm Spacing �1 lm
Height �10–70 nm Height �10–35 nm

b Spacing �2–8 lm Spacing �1–4 lm
Height �20–150 nm Height �10–70 nm

K. Yang et al. / Acta Materialia 58 (2010) 967–978 975
In the first regime, corresponding to uniform strain, H
gradually decreases and remains clearly higher for the
Pd–20% Ag alloy. In this range of strains deformation is
mediated by dislocation slip and the strain hardening rate
is determined by the ability of the material to store disloca-
tions. This ability is higher in the Pd–20% Ag alloy due to
its lower stacking fault energy. After the onset of necking
this deformation stage is terminated, as shown by an
abrupt change in the strain hardening rate curve in
Fig. 6b. In order to understand the reasons for such a dras-
tic change in strain hardening behaviour we need to analyse
the microstructure features that developed in the neck area.
These features were revealed to exist on three levels. On
macroscopic level we observed the appearance and devel-
opment of shear bands, on the mesoscopic level the forma-
tion of planes of cooperative grain boundary sliding and on
the microscopic level signatures of dislocation slip in the
form of grain shape changes. These features will be
addressed in the following sections.

4.1. Shear banding and cooperative grain boundary sliding

Careful inspection of the neck surface revealed that its
formation was accompanied by the appearance of shear
bands. In coarse crystalline materials deformed at high
strains and strain rates shear bands represent narrow areas
of intense shear that occur “independently of the grain
structure and of normal crystallographic considerations”,
but are generally restricted to one or at the most a few con-
tiguous grains [35]. Thus, strain localization may be due to
geometrical or thermal softening [36,37]. UFG materials,
however, often deform via shear banding at rather low
strains and strain rates and shear bands expand over many
grains [38,39]. Those shear bands in UFG materials whose
width/grain size ratio falls in the range 1–10 are categorized
as micro shear bands [39].

The non-crystallographic nature of shear bands seems to
suggest that its theoretical description must be mainly
based on continuum mechanics, irrespective of a crystal
or amorphous structure [40]. However, discrepancies
between the macroscopic features of shear bands in bulk
metallic glasses (BMG) and in UFG metals reveal that
shear band formation, and consequently its role in plastic
deformation, is closely connected to specific microstruc-



Fig. 10. Fracture surface in Pd–20% Ag alloy. (a) SEM overview image showing linear shear bands parallel to the tensile specimen plane. (b) A detailed
image showing opened and sheared shear bands (SEM). (c) Phase image taken by tapping mode AFM at the fracture surface indicated by the circle in (b).
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tures. In the absence of dislocation and crystallographic
slip plastic flow in BMG at a relatively low homologous
temperature is accomplished by propagation of shear
bands, which are of 10–20 nm thick and with shear steps
on the surface up to several micrometres high [41]. A sim-
ple estimation of plastic strain carried by a single shear
band in BMG indicates apparent heterogeneous deforma-
tion. A shear band with a step of 5 lm at approximately
45� to the load axis can reach �0.1% of the total strain
for a sample of 4 mm length, which is a considerable pro-
portion of the sustainable strain for BMG (normally less
than 2%).

In contrast, well-defined thin shear bands are rarely
observed in UFG materials. Rather, wavy and profuse
micro shear bands are typical. Unlike concentrated shear-
ing within certain bands in BMG, Sabirov et al. found that
the activation of micro shear banding could defuse and sta-
bilize against catastrophic macro shearing culminating in
failure [39]. In this sense, micro shear bands are capable
of carrying plastic strain in a relatively homogeneous
manner.

In agreement with a previous report on the deformation
behaviour of a UFG Al alloy in tensile tests at a very low
strain rate (10�4 s�1) [39], two different SB types were
found in the present investigation: ditch-like SBs, which
result from micro shearing in the direction of maximum
shear stress (Fig. 9a and b), and step-like ones (Fig. 9c
and d). Step-like SBs form mainly just before fracture
and obviously play a role as precursors. Ditch-like SBs
start to form immediately after the onset of necking and
contribute to plastic deformation. Sabirov et al. [39], dis-
cussing the deformation mechanisms in a UFG Al alloy,
emphasised the significant contribution of shear banding
and grain boundary sliding in deformation and argued that
the formation of ditch-like micro shear bands is related to
grain boundary sliding events. Many reports exploring the
microscopic mechanisms responsible for plastic deforma-
tion in nanomaterials point to the formation of local shear
planes associated with cooperative grain boundary sliding
[42–45]. Our TEM observations revealed such cooperative
shear planes in the microstructure in the neck area
(Fig. 5a). Extension of the mesoscopic shear planes over
20–50 grains may result in the formation of macroscopic
shear bands, which is consistent with our observation of
intergranular passage (formation) of ditch-like shear bands
in Fig. 10c. Note also the very rough appearance of the
specimen surface; such an appearance can result from the
shuffling and rotation of grains and grain conglomerates
upon formation of SBs. It should be emphasised that grain
boundaries resulting from SPD are in a non-equilibrium
state; they contain a large number of extrinsic grain bound-
ary dislocations and represent the sources of long-range
internal stresses [10]. It has frequently been shown that
grain boundary sliding is enhanced along non-equilibrium
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grain boundaries [46,47], therefore intergranular formation
of shear bands resulting from cooperative grain boundary
sliding is facilitated in SPD processed materials.

As mentioned before, the majority of SBs observed
away from the immediate vicinity of the fracture area were
ditch-like micro SBs. Therefore, we conclude that this type
of SB is more important in post-necking deformation,
while step-like SBs mostly contribute to fracture. In the
Pd–20% Ag alloy the frequency of ditch-like SB formation
was higher than that in pure Pd (Fig. 9a and b, Table 2),
which promotes a more homogeneous distribution of shear
and consequently better resistance to strain localization in
this alloy. The height of micro SBs was greater in pure Pd,
nevertheless it was lower than the mean grain size in all
specimens studied (Table 2). The revealed difference in
micro SB morphology was more likely related to the smal-
ler grain size in Pd–20% Ag, because intergranular SB for-
mation should be easier in a material with a smaller grain
size.

In Fig. 10a the characteristic linear features are sug-
gested to represent SBs formed during previous HPT defor-
mation. It is worth noting that these SBs formed during
HPT and the SBs formed during tensile straining were of
two different sets. The stress–strain conditions required
for these two sets of SBs are quite different: the shear plane
emerging during HPT is parallel to the specimen surface,
whereas in tensile straining the maximum shear stress acts
in the plane perpendicular to the specimen surface but ori-
entated �45� to the tensile axis, assuming an ideal case.
These two types of SBs lie in different planes. Thus the
SBs formed during HPT are unlikely to influence the for-
mation of micro SBs during subsequent tensile tests. How-
ever, we cannot exclude the continued growth of SBs
formed during HPT during tensile testing if the local
stress–strain conditions allow it.

4.2. Dislocation slip

Dislocation slip obviously contributes significantly to
plastic deformation in the post-necking regime. In the
Pd–20% Ag alloy there was a pronounced increase in grain
length along its long axis, from 185 to 222 nm, which cor-
responds to approximately 20% strain due solely to disloca-
tion slip. This value seems to be even larger than the total
tensile strain (Fig. 6a), however, one should note that this
total strain does not correspond to the actual strain experi-
enced by the specimen. After the onset of necking strain is
restricted to an area much shorter than the gauge length,
therefore standard equations for the estimation of strain
are no longer applicable [48].

Estimation of SF density from Fig. 5b reveals a rather
high density of partial dislocations, �2.2 � 1016 m�2,
which nearly an order magnitude higher than the disloca-
tion density before the tensile test. It is in good agreement
with the high strain hardening capacity of Pd–20% Ag
alloy during plastic deformation. Moreover, SFTs consist-
ing of intrinsic stacking faults on four {1 1 1} planes locked
by six stair-rod dislocations are sessile and may act as a rel-
atively hard obstacle for dislocation motion, as reported in
a molecular dynamics simulation [49]. Thus, the high inci-
dence of SFs and SFTs found in Pd–20% Ag may effec-
tively retard the development of a neck after formation.
Necking results from multiple slipping when dislocation
gliding develops in all possible slip systems. SFs and SFTs,
however, may serve as plane barriers to a moving disloca-
tion, leading to the domination of slipping in a single slip
system and the suppression of slipping in all other slip sys-
tems, resulting in a shallow neck region [50].
5. Conclusions

In summary, in situ tensile testing with grey scale corre-
lation is a powerful tool to study the deformation process
in miniature specimens. It can uncover almost impercepti-
ble mesoscopic deformation flow and reveal the details of
the evolution of surface deformation, which is the footprint
of underlying mechanisms. The present study confirms the
following.

i. Shear band formation and propagation is a very
important mechanism in the plastic deformation of
fcc UFG materials, such as UFG Pd and Pd–Ag
alloys.

ii. The responsible microscopic mechanism for micro
shear banding is related to cooperative grain bound-
ary sliding.

iii. Variation of the stacking fault energy may provide an
additional strategy for dislocation storage in UFG
materials, leading not only to enhanced strain hard-
ening capacity, but also to better resistance to strain
localization after neck formation. First, lowering of
the stacking fault energy promotes the formation of
grains of smaller size during HPT, which in turn
results in a more frequent incidence of shear bands
and, consequently, a more homogeneous distribution
of shear. Furthermore, stacking faults may serve as
plane barriers to moving dislocations, leading to the
domination of slipping in a single slip system and
suppression of slipping in all other slip systems,
resulting in a shallow neck region.
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