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a b s t r a c t
A ﬂat specimen of sub-microcrystalline nickel was tensile tested at 4 K until fracture
occurred and subsequently investigated by electron backscatter diffraction in a high resolution scanning electron microscope in order to deduce the local texture in the near crack
area. Thus, two sets of intersecting ﬁne slip markings observed on the surface (under ±55°
with respect to the tensile axis) could be explained as a result of localized simple shear in
the bulk material underneath the slip markings. The overall amount of shear in the region
near the crack was estimated to be 1.25 based on texture simulations using the viscoplastic
self-consistent polycrystal model.
Ó 2013 Published by Elsevier Ltd.

1. Introduction
Grain size and temperature affect the strength of materials. Generally, diminishing the grain size and lowering
the temperature increase their strength. However, these
beneﬁcial effects are limited since at a certain stress level
the deformation mode changes from homogeneous plastic
deformation towards localized plastic ﬂow. This ﬁnding is
not new, but was ﬁrst published in 1860 (Lüders, 1860)
and is nowadays also found in sub-microcrystalline and
nanocrystalline metals tested in tension (e.g. Yu et al.,
2005; Park et al., 2010) as well as in compression (e.g.
Wei et al. 2002). Despite the overwhelming technological
relevance very little is still known regarding the mechanisms responsible for the onset and subsequent persistence of localized shear in sub-microcrystalline and
nanocrystalline metals.
Since the time of Lüders (1860) surface slip markings
appearing during uniaxial deformation are known to be a
common feature of metal single and polycrystals. Pronounced surface slip markings often indicate the onset of
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localized slip as it was shown for single crystalline metals
(e.g. Niewczas et al., 2001a) as well as sub-microcrystalline
and nanocrystalline metals (Vinogradov et al., 2001; Wei
et al., 2002). The paper aims to correlate such surface slip
markings (traces of shear bands) observed after deformation at very low temperatures with microstructural features in the bulk in the model system ‘‘pure submicrocrystalline nickel’’. The paper continues the texture
investigations based on conical dark ﬁeld measurements
on a cylindrical specimen deformed in tension at 4 K
(Dey et al., 2010a; unfortunately, the abscissa of Fig. 2 in
this paper is wrong and has to be divided by 3). The observation of Dey et al., 2010a was that the initially homogeneous deformation suddenly changed towards repeated
‘‘catastrophic’’ shear events at about 2400 MPa. After a ﬁrst
stress drop of 16.9% the deformation continued until a second stress drop of the same order appeared. Also the second event was not fatal for the specimen. Again the
deformation continued, but then the specimen failed during a third shear event. The shear events were accompanied by loud acoustic emission. TEM micrographs taken
from the catastrophic sheared region showed a substantial
elongation of grains between growth direction and tensile
axis. The pole ﬁgures from the sheared region presented
deviations from the initial texture and were found to be
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uniaxial tension and compression typical ﬁbre textures
develop having axial symmetry, while for rolling and simple
shear they have orthorhombic and monoclinic symmetry,
respectively (Engler and Randle, 2010). In contrast, if grain
boundary sliding is the dominating deformation mechanism, texture formation is suppressed (Ivanisenko et al.,
2012).
2. Material and experimental methods

Fig. 1. TEM image of the PED plate in the initial state. The growth
direction is perpendicular to the image plane.

comparable with the typical shear texture obtained from
the operation of fcc {1 1 1}h1 1 0i slip systems. The conclusion was that in the localized shear zone the deformation
is carried by dislocation slip. It was argued that the trigger
mechanism for the onset of strain localization is probably
related to twinning.
In this paper the tools are wide-ranging (compared with
conical dark ﬁeld measurements) surface measurements
on a ﬂat specimen performed in high resolution in a scanning electron microscope (SEM) and detailed investigations of local texture using electron backscatter
diffraction (EBSD). The measured textures are ﬁnally connected with advanced texture simulations which yield
information on the deformation process the material has
experienced. Such conclusions are possible since the type
of texture depends on the deformation mode. For example,
if dislocation slip is dominating during deformation in

The sub-microcrystalline nickel discussed in this paper
was already characterized elsewhere (Dey et al., 2010a;
Hollang et al., 2010). A brief description of the initial state
reads as follows: A rectangular slab (70  40  2 mm3) of
additive-free sub-microcrystalline nickel was produced
using the pulsed electrodeposition technique in a sulfamate bath without additives for grain reﬁnement (e.g. saccharin). The initial microstructure of the plate was
investigated by X-ray diffraction measurements, electron
backscatter diffraction (EBSD) and transmission electron
microscopy (TEM: Phillips CM 200). The TEM foil was produced by conventional electrochemical dimpling (Struers
Tenupol). A representative TEM image with growth direction (GD) parallel to the image plane is shown in Fig. 1.
The evaluation of X-ray line proﬁles using an altered Williamson–Hall (WH) plot yielded a size of ‘‘coherently scattering domains’’ dWH 35 nm and a rather high level of the
‘‘root mean square stresses’’ hr2rms i1/2  200 MPa. However,
the average grain size dEBSD = 140 nm obtained from large
scale EBSD images (230  170 lm2) was found to be 5
times higher than dWH. It was either 150 nm or 130 nm if
determined from the image taken parallel or perpendicular
to GD, respectively. There was a weak h1 1 0i ﬁbre texture
along GD.
The dog-bone shaped ﬂat tensile specimen with 10 mm
gauge length (rectangular cross section 3.80  0.24 mm, cf.

Fig. 2. Stress–displacement curve of the sub-microcrystalline Ni specimen tested at 4 K. Inset shows the part above 2100 MPa characterized by sudden
small stress drops. At about 2400 MPa sudden fracture terminated the deformation experiment.
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Fig. 2) with GD perpendicular to the ﬂat surface was cut by
spark erosion, subsequently mechanically ground and
ﬁnally electropolished. The tensile test was performed at
4 K in an Instron 4502 load frame equipped with an open
continuous ﬂow cryostat with liquid He coolant (Brunner
and Diehl, 1992) at a constant cross head displacement
rate of 0.086 mm/min, thus providing an initial plastic
strain rate of about 104 s1.
The quantitative microstructure and texture analysis is
based on EBSD measurements. The investigations were
performed in a Zeiss Ultra 55 equipped with a ﬁeld emission gun. The shear texture measured in the region near
the crack was simulated with the viscoplastic self-consistent polycrystalline (VPSC) model (version 7b). For details
of the basic principles (e.g. the deﬁnition of ‘‘shear’’ used)
see Hill (1965), Molinari et al. (1987) and Lebensohn and
Tomé (1993). In order to meet the experimental observations (slip markings appear under 55°, see below), two
shears in the plane normal to the tensile axis (TA) are
superimposed: The ﬁrst is negative in the 55°-direction
with respect to TA while the second is positive in 125°direction (see Fig. 2c). By considering the same amount
of shear c in the two shear systems, the corresponding
velocity
gradient
L
is
given
in
the
basis
!
!
!
ðe1 ; e2 ; e3 Þ ¼ ðTA; ND; GDÞ by:

L ¼ Lk þ Lpk ¼ c_ sinð2kÞðe1  e1  e2  e2 Þ;

ð1Þ

with k = 55°. From Eq. (1) it is clear that the combination of
these two shears leads to tension along TA and compression along ND in equal proportion. Only octahedral glide
{1 1 1}h1 1 0i is considered in the simulation and no hardening is imposed on the slip systems. The input texture is
composed of 3000 grain orientations obtained from the
EBSD measurement. Several values of c as well as strainrate sensitivity m were tested in the simulations.
3. Results and discussion
Fig. 2 shows the engineering stress as function of the
cross head displacement. The specimen exhibits the strong
parabolic hardening behavior typical for sub-microcrystalline and nanocrystalline metals at low temperatures (Hollang et al., 2006). However, at 2200 MPa the smooth steep
rise in stress with ongoing displacement is followed by
some sort of ‘‘jerky ﬂow’’ characterized by sudden small
stress drops as shown detailed in the inset of Fig. 1.
At about 2400 MPa sudden fracture terminated the
deformation experiment after only 1.2% plastic strain as
the hardening coefﬁcient reaches zero. This can be seen
clearly in Fig. 3, which shows the ﬂow stress as a function
of plastic strain. The latter could not be measured directly
at the specimen, but was calculated from the cross-head
displacement for a gauge length of 10 mm (Hollang et al.,
2006). The stress drops shown in Fig. 2 are now accompanied by ‘‘strain gaps’’ in Fig. 3. For example, the ﬁrst three
strain gaps visible in Fig. 2 (see inset) are the result of a
sudden plastic straining of about 0.02% in each case. Each
stress drop is followed by elastic reloading. Afterwards
the material deforms plastically for a short while before
another stress drop occurs.
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Generally, the ﬂat specimen behaves very similar if
compared with the cylindrical one discussed by the
authors in Ref. Dey et al. (2010a) and mentioned brieﬂy
in the introduction above. Particularly, this holds for the
ultimate tensile stress, which is about 2400 MPa in both
cases. However, the ﬂat specimen behaves differently in
two remarkable senses. First of all, after 0.7% plastic strain
the appearance of the small stress drops announces some
changes in deformation mode. And secondly, after further
0.5% plastic straining in ‘‘discontinuous’’ deformation
mode sudden fracture occurred as the strain hardening
coefﬁcient reached zero.
The small stress drops observed are unique in the context of the sub-microcrystalline nickel discussed here, but
seem to be very similar to those observed by Niewczas
et al. (2001a) and Niewczas et al. (2001b), in copper single
crystals tested at 4.2 K. They argue that the onset of twinning acts as trigger for adiabatic deformation if the stress
reaches the level necessary to nucleate twins. Despite the
differences between single crystalline copper and submicrocrystalline nickel the present authors argue that
twinning may also act as a trigger for the onset of local
shear banding in sub-microcrystalline nickel, where the
deformation proceeds by conventional dislocation slip
(Dey et al., 2010a). The authors argue that the shear band
propagation exhausts itself very fast at stresses below
2400 Mpa, while it is accelerated by local ‘‘deformation
heating’’ of the specimen (see, e.g. Zaiser and Hähner,
1997) at 2400 MPa, which therefore is a threshold stress.
Indeed, Tabachnikova et al., 2010, observed ‘‘traces of
melting’’ on the failure surface of 22 nm Ni–20% Fe compression samples deformed at 170 K and 77 K after fatal
failure by shear banding under 45°. Due to the high temperature and experimental rate sensitivity of the material
this ‘‘deformation heating’’ really has a ‘‘catastrophic’’
effect.
This explanation differs somewhat from that of Rösner
et al. (2009) found for the failure of nanocrystalline Pd
and Pd90Au10 during in situ tensile tests at ambient temperature. They found intergranular fracture to be the main
response of the material and argued that an early onset of
the limit to plastic ﬂow is responsible because dislocationbased deformation processes are not able to operate sufﬁciently within the small grains to relax stress concentrations prior to fracture. In some cases deformation twins
were formed in Pd and Pd90Au10 due to the stress ﬁeld of
the advancing crack tip providing favorable intragranular
propagation paths for the crack tip. A rather obvious consequence of this cracking mechanism found by Rösner et al.
(2009) is the lack of any texture evolution near the crack
surface. However, pronounced slip markings as well as a
distinct shear texture in the region next to the crack are
key features of the sub-microcrystalline nickel after deformation at 4 K. This will be discussed next.
The dimensions, coordinate system, surface shear and
crack traces of the deformed ﬂat tensile specimen are schematically sketched in Fig. 4a. The surprisingly straight
crack line is inclined under 55° with respect to TA,
Fig. 4b. Surprisingly, this corresponds to the inclination angles frequently observed in metallic glasses tested in tension at room temperature (e.g. Mukai et al., 2002;
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Fig. 3. Stress–strain curve of the sub-microcrystalline Ni specimen tested at 4 K. Inset shows the part above 2000 MPa characterized by sudden small stress
drops and corresponding strain gaps. At about 2400 MPa and a plastic strain of about 1.2% sudden fracture terminated the deformation experiment as the
hardening coefﬁcient reached zero.

(a)

(b)

(c)

Fig. 4. (a) Sketch of the tensile specimen showing the dimensions, coordinate system (ND = normal direction, GD = growth direction, TA = tensile axis) and
shear and crack traces. (b) Low magniﬁcation and (c) high magniﬁcation BSE images of the region near the crack.

Sergueeva et al., 2005). It is well known that in metallic
glasses deformation and fracture do not occur along the
planes of maximum shear stress (i.e. under 45° with respect to TA), but under 54° in tension and under 43° in
compression (Zhang et al., 2003). The reason for this is
the inﬂuence of the normal stress on the deformation process. Considering this it becomes obvious that the submicrocrystalline nickel at 4 K behaves much more like an

amorphous metallic glass than like a coarse-crystalline
metal polycrystal. Additionally, in Fig. 4c there are two sets
of surface shear band traces on the ﬂat surface that are inclined under 55°, too. It seems that both, thickness and distance of the shear bands are comparable with the grain
size. Indeed, such ‘‘micro’’ shear bands of thickness comparable with the grain size (dEBSD = 390 nm) separated by
about 5–10 lm have been observed by Dey et al. (2013)

S.R. Dey et al. / Mechanics of Materials 66 (2013) 1–6
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Fig. 5. Microstructures and their related pole ﬁgures of the (a) initial microstructure and (b) near-crack region. (c) Schematic simulation diagram of the two
shear systems and the corresponding simulated textures.

in cyclically deformed PED nickel. The appearance of intersecting shear bands can be explained very well on the basis
of advanced simulations of localization phenomena in an
aluminum alloy performed by Neale et al. (2003), using
the Taylor plasticity model.
The orientation maps of the initial microstructure and
that of the region near the crack (marked with a and b in
Fig. 4a) with their related pole ﬁgures are given in Fig. 5a
and b, respectively. Note that the orientation maps given
represent just one map of many smaller (7.4  6.8 lm2)

EBSD acquisitions in both regions, but the pole ﬁgures
are calculated from the sum of all acquisitions. The microstructure in the region near the crack is comparable to that
of the initial one (compare Fig. 5a and b), however, some
grain growth and very slight elongation has taken place.
Earlier, more elongated grains were observed by transmission electron microscopy of thin foils normal to GD obtained through focused ion beam cutting exactly in the
cracked region of a cylindrical sample deformed in tension
at 4 K (Dey et al., 2010a). The reason for not observing such
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pronounced elongated grains in the present EBSD image is
the rupture of the most sheared region preventing EBSD
very close to that. However, here like in Dey et al.
(2010a) a change in texture is captured. While the initial
texture is a weak ﬁbre texture with h1 1 0i||GD, the texture
in the region near the crack is considerably different and
characteristic for simple shear. A similar shear texture
was also reported in a ﬂat specimen of sub-microcrystalline Ni deformed cyclically at room temperature at very
high strain amplitude (Dey et al., 2010b, 2013).
The best match between the simulated and experimental texture is obtained for c = 1.25 and m = 0.1. The corresponding results are presented in Fig. 5b and c. The main
texture components are well reproduced, however, their
intensities are a little bit higher than those of the experimental ones. The reason may be the submicron grain size
leading to some grain boundary sliding which is not taken
into account by the VPSC model.

4. Conclusions
The simple shear texture observed in the near-crack
area of a ﬂat sub-microcrystalline nickel specimen deformed in tension at 4 K clearly supports the view that
localized plastic ﬂow by shear banding is responsible for
the observed discontinuous deformation mode indicated
by repeated stress drops in the stress-strain curve below
2400 MPa. This stress level, probably, is a threshold stress
where the shear band propagation is no longer damped
by the decreasing stress level, but is accelerated by local
‘‘deformation heating’’ of the specimen leading to catastrophic failure. Evidently, fracture is initiated in the most
sheared areas, where the inclination angle of the crack (55°
with respect to the tensile axis) reveals that there are similarities to shear band formation in bulk metallic glasses. It
must be emphasized that the sample fractured at a plastic
strain of only 0.012. Such small amount of homogeneous
deformation (and moreover in tensile test conditions) usually does not change the texture. Only the proposed strain
localization can lead to a sufﬁcient amount of deformation
able to change the texture in a way that corresponds to the
result of the EBSD measurements in the near-crack area.
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