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Cyclic deformation of sub-microcrystalline nickel at high plastic strain amplitude generated macro shear bands, causing fatal
cracking. The macro shear bands consisted of several micro shear bands, each band containing a single layer of elliptical grains that
appeared at less than 50° with respect to the loading axis. Micro texture investigations in micro shear bands revealed almost the
same texture with similar shear values as in macro shear bands. During cyclic deformation local overlapping of evolving micro shear

bands resulted in formation of fatal macro shear bands.
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Decreasing the grain size of polycrystalline mate-
rials to the sub-micrometer region is potentially benefi-
cial for structural applications, in particular due to the
increase in strength (e.g. [1]). Unfortunately, when cycli-
cally deformed, sub-microcrystalline, and even more so
nanocrystalline, materials exhibit a tendency to micro-
structural instability due to grain coarsening [2-4] some-
times accompanied by shear banding [5-8]. In a previous
paper [9] the authors investigated the cyclic behaviour of
sub-microcrystalline nickel (160 nm grain size produced
by pulsed electrodeposition) at high plastic strain ampli-
tude &p, = 1072 at room temperature. The authors re-
ported the occurrence of pronounced homogeneous
softening which was suddenly terminated by localized
deformation in a macro shear band (tens of d thick)
appearing under 45° that cracked very quickly. Traces
of the instabilities could be seen very clearly in the
microstructure: homogeneous grain coarsening without
texture evolution on the one hand, and a macro shear
band exhibiting strongly elongated grains with a very
pronounced simple shear texture on the other. However,
Ref. [9] left open the question: what is the microstruc-
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tural mechanism leading to the observed sudden transi-
tion from homogenecous cyclic softening to localized
macro shear banding?

Hence, the present work deals with further in-depth
investigation of the microstructure and texture sur-
rounding the macro shear band. As in Ref. [9] the data
were obtained using electron backscatter diffraction
(EBSD) in a Zeiss Ultra 55 scanning electron micro-
scope equipped with a field emission gun. Processing
and analysis of the acquired EBSD data were done using
EBSDmcf© software developed by one of the co-
authors [10].

The sheared specimen was first mechanically ground
until the cracked tip surface was exposed (after
~2.3 mm) and finally electropolished. An EBSD map-
ping of size 89 x 35 um? was taken on this surface in
the vicinity of the macro shear band covering area (c)
in Figure 2a of Ref. [9]. The resulting orientation image
map (inverse pole figure image with colours representing
crystallographic directions parallel to the growth direc-
tion of the specimen) is shown in Figure la. Several
grains elongated in a particular direction can be seen.
Ideally, a circular-shaped grain after a certain shear y
becomes elliptical (where « is the long axis and b is the
small axis of the ellipse) and the ellipse is inclined at
an angle o« with respect to the shear direction. The
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Figure 1. (a) Inverse pole figure image with the grain colours
representing the crystallographic direction parallel to the growth
direction of the electrodeposited specimen. (b) Coloured grains display
an ellipticity of >0.5 and an inclination angle o of between 15° and 45°.
(c) Elliptical fit in the selected range superimposed on the so-called
“band contrast”, grains arranged in micro shear bands inclined by 50°
with respect to the LA.
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relations between inclination angle, shape of the ellipse
and amount of shear are as follows [11]:

1 2
o= Farctg (5) (1)
1 1
(P24 P =——, (2)
b 2 l—e
where e is the “ellipticity”. Note that « is initially 45°
and tends to 0° when ¢ increases. Conversely,

e =1— b/a =0 in the case of a circular grain and tends
to 1 with increasing y. In Figure 1b all grains having val-
ues 0.5 <e <1 and 15° <a <45° are selected from the
orientation map and remain coloured. Interestingly,
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the grains thus obtained are not randomly distributed
in the map but are arranged in single strings under 50°
with respect to the loading axis (LA). In reality, the
strings of grains in the map are traces of only one system
of layer-like micro shear bands of thickness d extended
perpendicular to the map plane. The average grain size
in the micro shear band is found to be 390 nm, the rest
of the grains are 248 nm while the overall average grain
size in the map is 255 nm. In Ref. [9] the grain size in the
“deformed area” far away from the crack was reported
to be 190 and 240 nm in the macro shear band.

The micro shear bands are separated by about 5-
10 um. It is interesting to note that the sheared grains
in these micro shear bands are placed along a line that
50° to the LA—and not 45°. 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 the LA), but under 54° in tension
and under 43° in compression [12]. The reason for this
is the influence of the normal stress on the deformation
process. Nevertheless, in the case of the cyclically de-
formed sub-microcrystalline nickel discussed here the
macro shear band that finally cracked appeared at
exactly 45° with respect to LA (cf. Fig. 2b in Ref. [9]).
Perhaps, the cooperative shear of several grains is
energetically favourable along the 45° direction while
the sheared grains arrange themselves along lines
of 50°.

The fractions of grains (i.e. all grains, the sheared
grains and the rest) with respect to their ellipticity values
e are calculated and are given in Figure 2a. The fraction
of sheared grains in the shear bands displays an average
ellipticity of 0.6, leading to a shear value y ~ 1. Note
that it is not always possible to rely on e values to calcu-
late y since metal/alloy grains formed under severe
shear, and therefore having e close to 1, usually frag-
ment into several smaller grains [13]. This can in fact
be observed in Figure 2b where fragmentation led to a
decrease in the ellipticity shear value while the shear va-
lue calculated from the inclination angle remains the
same with more points (depending upon the number
of fragments) in the graph. Hence, an average shear va-
lue of 1.0 is considered and it is assumed that not many
grains are affected by fragmentation.

The textures of the complete orientation map, the mi-
cro shear bands and the rest are given in Figure 3a.
These textures are shear textures which have been simu-

175 4

Fraction (%)
¥=2/tan(201)
N

0.00 0

15 2
y=e/V(1-¢)

25 3 3.5 4

(b)

Figure 2. (a) Ellipticity of all grains (full red diamonds, left scale), sheared grains (full green squares, right scale) in the micro shear bands and the rest
(open blue circles, left scale). (b) Shear strain calculated from the measured ellipticity as a function of shear strain calculated from the measured
inclination angle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 3. (a) {111} and {110} pole figures of the entire orientation
map, the sheared grains and the rest of grains. Also shown is the shear
plane with normal ND’ which is inclined at 45° with respect to the LA.
LA is the shear direction, GD is the growth direction. (b) Simulated
texture based on experimentally determined values of y=1.0 and
m = 0.1. Isoline values are: 0.8, 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4.

lated previously with the viscoplastic self-consistent
(VPSC) polycrystal texture model by applying shear
on {111}(110) slip systems [9]. The strength of shear
texture in the micro shear bands is about twice that in
the region in between, thus indicating strain localization
into micro shear bands, maintaining a certain inter-band
distance during cyclic deformation. Applying the exper-
imentally estimated shear of y ~ 1.0 with a strain rate
sensitivity m of 0.1 in the plane at 45° with respect to
the LA, the VPSC model reproduces the texture of the
shear band grains quite well as shown in Figure 3b.

Hoppel et al. [2] reported the formation of shear
bands in ultrafine-grained (UFQG) copper of commercial
purity. Like the micro shear bands discussed here for
nickel, the shear bands in UFG copper consist of single
layers of grains. However, there are remarkable differ-
ences: in the case of UFG copper the shear bands fre-
quently intersect each other at less than 90° and
consist of distinctly coarsened grains, which are not nec-
essarily elliptical. In contrast, the micro shear bands
considered here consist of elliptical grains (by definition)
which are not much bigger than the rest, and only one
system of micro shear bands is observed.

However, the mechanism responsible for the forma-
tion of micro shear bands is probably similar to that
proposed by Mughrabi and H6ppel [14]: the shear band
formation starts at coarsened patches in the material

and their growth is due to an interaction of cyclically in-
duced grain coarsening and grain rotation, which both
lead to a locally reduced strength of the material and,
as a consequence, to a concentration of plastic deforma-
tion in the coarsened and/or rotated regions.

Obviously, here grain rotation plays the dominant
role, leading to the pronounced shear texture observed.
This is in accordance with observations of Hafok and
Pippan [15] on high-pressure torsion (HPT)-deformed
nickel where a square grid was introduced into the pre
HPT sample (y =64, grain size d=400nm) before
applying an additional shear of y = 1. The post-shear
evaluation of the grid indicates the formation of micro
shear bands that cause local deformations of the micro-
structure. Based on their findings, Hafok and Pippan
[15] exclude grain boundary sliding as the main defor-
mation mechanism. Instead, they propose that inter-
granular slip of dislocations accounts completely for
the observed microstructural features in post-shear-
deformed HPT nickel. According to this, here both grain
ellipticity and shear texture in the bands are most likely
due to pronounced intergranular slip of dislocations.

Finally, based on the above findings it is reasonable to
conclude that during cyclic deformation not only grain
coarsening occurs from the beginning, but also the forma-
tion of micro shear bands. The increasing number and
length of these bands, together with the ongoing grain
coarsening, manifests as cyclic softening. At a certain
point a local overlapping of evolving micro shear bands
forms an easy glide path through the whole specimen vol-
ume where the plastic strain then localizes. The result is
the apparently sudden formation of a macro shear band,
which, in reality, is simply the termination of the forma-
tion and evolution of micro shear bands.
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