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is also discussed.

The strain response of an electrochemically deposited nanocrystalline Ni-20 wt.% Fe alloy processed by
high-pressure torsion (HPT) was investigated by monitoring changes in hardness. Strain hardening was
observed in the very early stage of HPT, followed by strain softening before the onset of a second strain
hardening stage. Structural investigations revealed that the two hardening stages were associated with
an increase in dislocation density, whereas the strain softening stage was accompanied by a reduction in
the dislocation and twin densities, thereby demonstrating the main dependence of hardness on the dis-
location density in this material. Grain growth occurred during HPT and its role in the hardness evolution

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There has been considerable interest over the last decade in
producing bulk ultrafine-grained (UFG, <1 um) and nanocrystalline
(nc, <100nm) materials for superior mechanical properties via
severe plastic deformation (SPD) in which intense plastic straining
is achieved under a high confined pressure [1]. The most developed
SPD techniques include equal-channel angular pressing (ECAP) [2]
and high-pressure torsion (HPT) [3]. Available experimental evi-
dence suggests that HPT is more effective in producing smaller
grains than ECAP [4-6].

Extensive studies have been carried out to understand SPD-
induced grain refinement and the effect of the grain refinement
and other SPD-induced microstructural evolution on the mechani-
cal properties of materials [2,3,7]. At early stages of an SPD process,
coarse grains transform into elongated fine grains with lamellar
grain boundaries that gradually evolve from low angles to high
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angles [8,9]. Further plastic deformation results in a transition from
the lamellar structure to an equiaxed UFG or nc structure [8,9]. The
SPD process also introduces a significant increase in the dislocation
density in materials. The combined effect of grain refinement and
increased dislocation density leads to a significant strain harden-
ing or work hardening [9-11]. Further plastic deformation reduces
the total dislocation density by reducing the volume fraction of
grain boundaries. This leads to slight strain softening and, at least to
some extent, restores the strain hardening capability that increases
the ductility of materials [9,12-14]. Strain softening during grain
refinement has been widely reported and various mechanisms have
been proposed, including the formation of shear bands promoted
by the reorientation of grains [15], a reduction in the dislocation
density via an annihilation of dislocations at grain boundaries [16]
and dynamic recovery [9,17].

The general SPD-induced grain refinement described above
reaches a threshold and there is a minimum average grain
size that is achieved for any specific material and SPD process
[18]. Both intrinsic material properties such as stacking fault
energy and extrinsic processing parameters [18,19] are factors
that determine this minimum average grain size. One of the
factors leading to a minimum grain size is that SPD processes
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also result in grain growth. The minimum grain size is deter-
mined by a dynamic balance between the grain refinement process
and the grain growth process. It is difficult to investigate SPD-
induced grain growth phenomena using coarse-grained materials
because the dominant evolution phenomenon is grain refine-
ment. By contrast, SPD-induced grain growth has been readily
observed under various plastic deformation processes in materi-
als where the starting grain sizes were much smaller than the
minimum grain sizes achieved by SPD-induced grain refinement
[20-24].

Two SPD-induced grain growth mechanisms have been
reported. For grains larger than ~100 nm, grain growth appears to
occur predominantly via stress coupled grain-boundary migration
in which a grain grows at the expense of other neighboring grains
[25]. For grains much smaller than ~100 nm, grain growth appears
to occur via grain rotation and coalescence [26-29]. A grain growth
process is usually also accompanied by other structural evolution
processes, including the evolution of twin and dislocation densities
[29-33].

SPD-induced grain growth and other microstructural phenom-
ena affect significantly the mechanical behaviour of materials.
For example, deformation twinning in nc palladium during grain
growth induced by HPT led to an increase in the microhardness
from 280 to 394 [34]. A significant increase in dynamic plastic-
ity accompanied by a high strength was realized in a nc Ni-Fe
alloy under dynamic loading because of a deformation-induced de-
twinning process that may have played a primary role in relieving
stress concentrations, leading to flow softening [35]. Lietal.[21,31]
recently reported that slight plastic deformation via cold rolling of
a nc Ni-Fe alloy resulted in a reduction of dislocation density and
this produced strain softening.

A previous investigation focusing on the structural evolution
of a nc Ni-20wt.% Fe alloy processed by HPT to different strain
values showed that the grain growth mechanism has a signifi-
cant effect on the evolution of the dislocation density [32]. The
evolution of dislocation density and other structural features
will affect significantly the mechanical behaviour of the mate-
rial. However, the relationship between the structural evolution
and the mechanical properties in the material is not yet clear.
In this study, we conducted detailed hardness testing to char-
acterize the HPT-induced hardness evolution. Combining with
the previous results on the grain size and dislocation density
evolution deduced from X-ray diffraction (XRD) measurements
and transmission electron microscopy (TEM) observations [32], as
well as new TEM results on other structural features, we discuss
how the overall structural evolution affects the hardness of the
material.

2. Experimental procedures

We studied an electrochemically deposited nc Ni-20wt.% Fe
alloy with a homogeneous microstructure purchased from the
Integran Technologies Inc. (Pittsburgh, USA). The alloy was syn-
thesized using the method described in Ref. [36]. The as-deposited
material was a non-equilibrium supersaturated solid solution
with a single phase face-centred cubic structure [36]. Specimens
for HPT processing were sectioned into disks with a diame-
ter slightly less than 10 mm and a thickness of ~1.5 mm. These
disks were polished on both sides using sand papers (400-2000
grade) until their thickness reached 0.8 mm. The HPT process
was then conducted using a quasi-constrained HPT facility [3].
Disks were subjected to Y4-revolution HPT under an applied pres-
sure of 3GPa and 2-, 3-, 5-, and 10-revolution HPT under an
applied pressure of 6 GPa, respectively, using a rotation rate of
1rpm.
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Fig.1. Schematicillustration of the positions for taking the hardness measurements.

After HPT processing, the disks were mechanically polished
to produce a mirror-like surface using diamond lapping films
(30-1 m) for hardness testing. Hardness measurements were
taken using a Leco LV700AT hardness tester equipped with a Vick-
ers indenter and with a load of 10 kg applied at each point for 15s.
The Vickers hardness Hv obtained in this way had units of kgf/mm?
which may be converted to GPa using 1kgf/mm? =0.009807 GPa
[37]. The hardness was measured at points with radius values of
r=1, 1.5, 2, 2.5, 3, 3.5 and 4mm and these values were averaged
from 12 datum points positioned by a rotational increment of 30°
around the disk centre. The hardness values at the disk centre and
at a radius value of 0.5 mm were averaged from 3 datum points by
a rotational increment of 120° and from six data by a rotational
increment of 60° around the disk centre, respectively. The points in
adisk where hardness was tested are shown schematically in Fig. 1.
The error bar for each mean hardness value was obtained from the
tested highest hardness value to the lowest value.

The samples for TEM investigation were prepared by cutting
small disks with a diameter of 3 mm at selected areas in the HPT
disks. The TEM disks were prepared using standard techniques and
TEM investigations were carried out using a JEOL JEM 3000F micro-
scope operating at 300 kV.

3. Experimental results
3.1. Hardness evolution

Fig. 2 charts the Vickers hardness values at different radial posi-
tions on the as-deposited disk, the Y4-revolution HPT disk under a
pressure of 3 GPa, and the 2-, 3-, 5-, and 10-revolution HPT disks
under a pressure of 6 GPa. The Vickers hardness increased from
4.8 GPa in the as-deposited sample to 5.2 and 5.6 GPa at the centres
of the disks subjected to pressures of 3 and 6 GPa, respectively. The
Vickers hardness of the Y4-revolution HPT disk experienced a mod-
erate increase from the disk centre to the edge, indicating that strain
hardening occurred in the initial stages of plastic deformation. It
is interesting to note that strain softening occurred at the edge
of the 2-revolution HPT disk and the lowest hardness in the disk
approached that of the as-deposited sample. Strain softening also
occurred in part of the 3-revolution disk within radius values from
1.5 to 2.5 mm and the lowest hardness was around 5.1 GPa which
is a little higher than the lowest hardness found in the 2-revolution
disk. It should be noted that strain softening has been reported
also in the early stages of cold rolling in a nc Ni-Fe alloy with a
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Fig. 2. Vickers hardness plotted against distance from the centre of disk samples
after HPT processing under 3 GPa pressure for V4 revolutions and under of 6 GPa
pressure for 2, 3, 5, and 10 revolutions, respectively. The hardness of the as-received
material is also presented.

composition similar to the alloy used in this investigation [21,31].
The hardness in the 5- and 10-revolution disks is reasonably uni-
form with some fluctuations between 5.4 and 5.6 GPa.

In order to better understand the effect of HPT-induced plas-
tic deformation on the hardness evolution, the hardness values are
plotted as a function of the von Mises equivalent strain in Fig. 3,
where the equivalent strain, ¢, is defined as & = 2wNr/+/3h, where
r is the distance from the disk centre, h is the thickness of the
disk and N is the number of HPT revolutions [38]. Fig. 3(a) shows
the relationship between the hardness and equivalent strain up
to a value of £=4.5, recorded in the disk subjected to a Y4 revo-
lution under 3 GPa, which indicates clearly that strain hardening
occurred in the initial stages of HPT. For the convenience of further
discussion, this equivalent strain regime is designated as deforma-
tion stage I. Fig. 3(b) shows the hardness-strain relationship for
higher values of equivalent strain recorded from the disks subjected
to 2-, 3-, 5-, and 10-revolution HPT under 6 GPa. Consistent with
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Fig. 3. (a) Vickers hardness plotted against the von Mises equivalent strain for the
sample processed by HPT under 3 GPa pressure for V4 revolutions; (b) Vickers hard-
ness plotted against the equivalent strain for the samples processed by HPT under
6 GPa for 2, 3, 5, and 10 revolutions.

Table 1

Dislocation densities calculated by XRD data and average grain sizes measured from
TEM images of disks at different deformation stages. The ranges of equivalent strain
at different deformation stages are also listed.

Deformation Equivalent Dislocation Average grain
stage strain density (m~2) size (nm)
As-deposited 0 2.2 x 10" 21

[ 0-4.5 3.6 x 10" 22

1 4.5-20 5.8 x 101 30

1 20-35 4.1x 10" 35

v 35-182 6.0 x 1015 50

the results in Fig. 3(a), the hardness also increases dramatically in
the initial stages of HPT, reaching a maximum of 5.6 GPa where
this is designated as deformation stage II. Strain softening starts to
occur at an equivalent strain value of about 20 and the hardness
decreases to a minimum of ~4.9 GPa at a strain value of about 35.
The strain softening process is designated stage III of the deforma-
tion. Rapid strain hardening occurs again with further deformation
and reaches a hardness plateau of ~5.6 GPa at an equivalent strain
value of around 45. Beyond this point, further deformation gives no
significant hardness change. The second strain hardening stage is
designated as deformation stage IV, as indicated in Fig. 3.

Review of the published literature shows that a reasonable level
of hardness and microstructural homogeneity is achieved in disks
subjected to 5 or more HPT revolutions [39,40]. This is because the
real shear strain in an HPT process is complex and it is not easily
explained using the ideal shear strain model [41,42]. The hardness
homogeneity in the 5- and 10-revolution disks in this investiga-
tion is consistent with these earlier reports. In addition, one datum
point at an equivalent strain value of ~34 obtained from the disk
subjected to 5-revolution HPT does not demonstrate strain soften-
ing and significantly deviates from that of the 2- and 3-revolution
disks.

3.2. Evolution of grain size and dislocation density

For the convenience of the analysis of the relationship between
structural evolution and hardness evolution, the average grain sizes
estimated from TEM images and dislocation densities calculated
from XRD data at different deformation stages [32] are summa-
rized in Table 1. The TEM and XRD data were obtained from the
Va-revolution HPT disk for deformation stage I, the central part
(0<d<2.5mm) and edge part (2.5 mm<d <5 mm) of 2-revolution
HPT disk for deformation stages II and III, respectively, and the
edge parts of 5- and 10-revolution HPT disks for deformation stage
IV. A twinned grain was treated as a single grain when evaluating
average grain sizes. Grain growth occurred continuously via grain
rotation and coalescence throughout the HPT process such that the
average grain size reached ~50 nm at deformation stage IV from
~21nm of the as-deposited material. In contrast, the dislocation
density does not evolve monotonously. Note that the minor aver-
age grain size difference between the as-received sample and the
sample at deformation stage I may be within statistical error.

The average dislocation density of the as-deposited material was
2.2 x 101> m~2 but it increased to 3.6 x 10!> m~2 in material having
equivalent strain values between 0 and 4.5 in stage I of the defor-
mation. In stage II the average XRD dislocation density reached
5.8 x 10> m~2, and in stage IlI, with a relatively narrow range of
equivalent strain values of about 20-35, the average dislocation
density dropped significantly to 4.1 x 101> m~2. The dislocation
density at the place with an equivalent strain of about 35 may
be similar to that of the as-deposited material because of the
similarity of their hardness but this was not confirmed experimen-
tally because of the difficulty of conducting XRD measurements on
very small amounts of material. The dislocation density increased



S. Ni et al. / Materials Science and Engineering A 528 (2011) 3398-3403 3401

4 Ill'ilrlrlrmg_nm,w

1

-~ il

Fig. 4. A TEM image of a grain with high density of twins before de-twinning. A
fivefold twin and some single twins are visible in the grain. The twin boundaries
are indicated by white arrows and each twin domain of the fivefold twin is marked
with 1-5, respectively.

again as deformation continued, reaching a plateau of around
6.0 x 10> m~2 in stage IV. Note that the errors in these disloca-
tion density measurements are less than 6% which is significantly
smaller than the dislocation density changes between different
deformation stages [32].

3.3. De-twinning

Fig. 4 shows a typical TEM image of a high density of growth
twins in a grain in the as-deposited material. A fivefold twin and
some single twins exist in the grain. The twin boundaries are indi-
cated by white arrows and each twin domain of the fivefold twin
is marked with 1-5, respectively. High densities of growth twins
are often observed in electrodeposited face-centred cubic mate-
rials [43,44]. Careful examination revealed that high densities of
growth twins were retained throughout the deformation stage I.
However, the extent of the twinning started to decrease at stage Il
and it was reduced significantly during stage III. Few twins were vis-
ible thereafter. The twin boundaries observed in the as-deposited
material were usually atomically flat asis evident in Fig. 4. However,
zigzag-shaped twin boundaries were found at stages Il and III.

Fig. 5(a) shows a low magnification twin morphology observed
at stage II and Fig. 5(b) shows a high-resolution TEM image of
the area marked with a white rectangle in Fig. 5(a). As shown in
Fig. 5(b), two twin boundary steps are visible and marked with
white arrows. Several partial dislocations exist at each of the two
steps (3 partials at the left step and 4 at the right step). The height of
these steps is equal to the number of the accumulated partials mul-
tiplied by the {111} inter-planar distance [45,46]. These partials
could be generated from the grain boundaries that intersect with
twin boundaries during plastic deformation. Partial dislocation for-
mation from grain boundaries usually leads to a significant increase
in twinning in nc materials [47-49]. 1t can also result in de-twinning
if a partial forms and glides on the twin plane neighboring the
matrix [50]. Deformation-induced de-twinning in electrodeposited
Ni-Fe alloys has been reported [35] but the precise mechanism was
not investigated experimentally. Recent in situ TEM and compu-
tational modeling investigations [51] suggest that nanotwins are
unstable and that de-twinning can easily occur for thin twins. The
driving force was mainly attributed to a variation in the excess
energy of a coherent twin boundary. We believe that grain sizes
also play a significant role in this de-twinning phenomenon. Fur-
ther investigation is needed to understand the physics behind the
de-twinning phenomenon.

Fig. 5. (a) A TEM image of twin morphology observed in deformation stage II; (b) a
high-resolution TEM image of the area marked with a white square in (a) with two
steps along the twin boundary indicated with white arrows.

4. Discussion

This study reveals a unique HPT-induced hardness evolution in
a nc Ni-Fe alloy: strain hardening occurs at the initial stages of
deformation, followed by a strain softening and subsequent further
strain hardening. The hardness evolution is a consequence of the
microstructural evolution of the material. Comparing Table 1 and
Fig. 3, we can see that the rapid hardening in stages [ and Il mainly
results from the dislocation accumulation due probably to the high
density of dislocation sources existing at the grain boundaries of the
as-deposited sample, by which the rate of dislocation generation
was relatively high at the initial stages of deformation. High densi-
ties of dislocations were pinned by solute atoms or interacted with
pre-existing twin boundaries, leading to strain hardening, while
the slight grain growth and de-twinning may consume some of the
hardening in stage II. The softening in stage IIl by comparison with
stage Il could be attributed to the evident decrease in dislocation
and twin densities. High densities of dislocations within nc grains
were unstable, thus further deformation of the material forced the
dislocations, which were initially weakly pinned by solute atoms,
to glide towards, and disappear at, grain boundaries when an exter-
nal force was available to activate dislocation slip [32]. Therefore,
the rate of dislocation disappearance at grain boundaries due to
dislocation slip surpassed that of dislocation generation, leading to
areduction in dislocation density [32]. Twins have been suggested
as dislocation obstacles in small grains and dislocation motion may
be hindered by twin boundaries which produce dislocation pile-ups
along the boundaries [43,52]. Twins have been claimed as one of the
main reasons for strain hardening [34] and de-twinning has been
reported to lead to strain softening [35]. Therefore, the de-twinning
phenomenon observed in this study should also play a role in hard-
ness evolution. The minor grain growth from 30 nm (stage II) to
35 nm (stage III) may make a very small contribution to the soften-
ing. Further deformation (stage IV) re-accumulated dislocations in
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the grain interiors, thereby increasing the dislocation density and
leading to a further increase in hardness. It has been demonstrated
that the formation of a large number of Lomer-Cottrell (L-C) locks,
which is a direct consequence of the deformation-induced grain
growth via grain rotation and coalescence [32], is responsible for
the second increase in the dislocation density. During the grain
rotation process, sub-grain boundary dislocations, which existed
three-dimensionally, glided away from the sub-grain boundaries
on different {111} planes. These dislocations might meet, interact
and tangle with each other, forming L-C locks [32]. Both experi-
mental evidence [53] and molecular dynamics simulations [54,55]
show that an L-C lock structure is extended on two {111} planes,
which provides a strong barrier to the motion of dislocations and
plays a critical role in strain hardening. Moreover, the L-C bar-
riers provide extra sources for dislocation generation, which can
enhance the dislocation storage capability to achieve good ductility
as well as strength in the materials.

There have been several reports on strain softening in nc mate-
rials and these have been rationalized on the basis of various
mechanisms. Billard et al. [56] observed strain softening in alu-
minum nano-powder during hot isostatic pressing which could be
explained by the mechanism of annihilation of dislocations at grain
boundaries and dynamic recovery. Yang et al. [14] reported strain
softening of nc nickel due to coarsening which was induced by
grain boundary migration. Huang et al. [57] reported that annealed
nanostructured aluminum was hard because of the lack of dislo-
cations to facilitate plastic deformation and was softened by cold
rolling which introduced a large number of dislocations that makes
plastic deformation easy when the metal is stressed. The funda-
mental mechanism that rationalizes low plasticity on the basis of a
low dislocation density was demonstrated by Shan et al. [58] using
in situ TEM nanocompression experiments on submicrometer-
sized Ni pillars. However, this mechanism is valid only when the
dislocation density is low. In a nc metallic alloy like the Ni-Fe alloy
studied here, the dislocation density is much higher than those
reported in pure metals (~3.6 x 101> m~2 for the present Ni-Fe
alloy compared with ~5.3 x 10'3> m~2 for pure Al after annealing
[57] and completely dislocation-free for pure Ni pillars after com-
pression many times [58]), so that further increasing the dislocation
density can only make dislocation motion more difficult because of
the strong interaction among the dislocations. As a result, the strain
softening mechanism observed in this material is different from
that in nc pure Al or Ni. Note also that strain softening induced by
a dislocation density reduction was reported in a nc Ni-18 wt.% Fe
alloy during cold rolling [31].

5. Conclusions

A comprehensive investigation into the hardness and
microstructure relationship of an electrochemically deposited nc
Ni-20 wt.% Fe alloy during high-pressure torsion was performed.
In summary, the following conclusions are drawn:

(1) With increasing HPT shear strain, the Ni-20wt. % Fe alloy
experiences progressively strain hardening, softening and then
hardening again.

(2) The hardness evolution of the material is primarily controlled
by the evolution of the dislocation density. The two strain hard-
ening stages are accompanied by an increase in the dislocation
density while the softening stage is associated with a decrease
in the dislocation density.

(3) The effect on the hardness of HPT-induced grain growth and de-
twinning is outweighed by the stronger role of the dislocations.
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