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a b s t r a c t

The influence of strain on the hardness of an electrochemically deposited nanocrystalline Ni–20 wt.%
Fe alloy processed by high-pressure torsion (HPT) for 20 and 30 revolutions was investigated. Strain
softening followed by a stable hardness value was observed. Structural investigations revealed that, while
dislocation density was important, continuous grain growth played a major role in the strain softening.
eywords:
evere plastic deformation
anocrystalline materials
train softening
islocation density
omer–Cottrell locks

The stable hardness indicates that an equilibrium structure was achieved, supporting a dynamic balance
between deformation-induced grain growth and grain refinement and between deformation-induced
dislocation generation and dislocation annihilation.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Severe plastic deformation (SPD) techniques, including equal
hannel angular pressing and high-pressure torsion (HPT), have
een widely used to produce bulk ultrafine-grained (UFG, <1 �m)
nd nanocrystalline (nc, <100 nm) materials for superior mechan-
cal properties [1–4]. Extensive investigations were carried out to
nderstand the deformation mechanisms at different stages of the
rain refinement process. It is well established that deformation
nduced grain refinement occurs via dislocation activities and/or
he formation of twins, as well as via the interaction between dis-
ocations and twin boundaries [5–10]. There is always a minimum
verage grain size in a deformation-induced grain refinement pro-

ess for any specific material and under any specific deformation
ondition [11]. This minimum average grain size is determined by
oth intrinsic material properties, such as stacking fault energy,
nd by extrinsic processing parameters [11,12]. One of the fac-

∗ Corresponding author. Tel.: +61 2 9351 2348; fax: +61 2 9351 7060.
E-mail address: xiaozhou.liao@sydney.edu.au (X.Z. Liao).

921-5093/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.03.007
tors leading to a minimum grain size is deformation-induced grain
growth. The minimum grain size is achieved by the dynamic
balance between grain refinement and grain growth processes.
Coarse-grained materials were used to investigate deformation-
induced grain refinement processes in which the grain growth
processes are overwhelmed by the much stronger effect of grain
refinement [5–12]. By contrast, deformation-induced grain growth
has been readily observed in materials where the starting grain
sizes were much smaller than the minimum grain sizes achievable
by deformation-induced grain refinement [13–21].

A deformation-induced grain growth process is usually accom-
panied by an evolution in the dislocation density [15,22–24].
Previous investigations reported a complicated dislocation den-
sity evolution during HPT-induced grain growth in nc Ni–Fe alloys.
Specifically, the dislocation density increased in the very early
stages of HPT processing because of the large number of disloca-
tions emitted from grain boundaries [24,25]. The high density of

dislocations in nc grains was very unstable and further deformation
reduced the dislocation density [22,24]. As grain growth continued,
a high density of Lomer–Cottrell (L–C) locks was formed, leading to
a subsequent increase in the dislocation density [22,24]. The L–C
lock formation was predicted for deformed nc metals on the basis

dx.doi.org/10.1016/j.msea.2011.03.007
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
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f Molecular Dynamic simulations in nc Al [25] and it has been
xperimentally verified in various nc materials [24,26,27].

The evolution of dislocation density during a deformation-
nduced grain growth process significantly affects the mechanical
ehavior of materials. In related work, Li et al. [15,23] reported that
lastic deformation via cold rolling of a nc Ni–Fe alloy resulted in
reduction of dislocation density and this produced strain soft-

ning. The HPT processing of a nc Ni–20 wt.% Fe alloy to different
train values showed that (1) strain hardening, strain softening and
second strain hardening occurred consecutively; (2) the hardness
volution followed the dislocation density evolution; (3) the effect
f grain growth on hardness evolution was not as strong as that of
he dislocation density evolution; and (4) the upper grain size limit
f grain growth was not achieved for HPT under 6 GPa for up to 10
evolutions [24,28].

It is therefore of interest to provide insight into the following
uestions. First, how does the structure, including grain size and
islocation density, of the nc Ni–20 wt.% Fe alloy continue to evolve
ith further increases in HPT strain? Second, how does the struc-

ural evolution further affect the hardness of the material? Third,
ill an equilibrium structure be achieved and, if so, will the final

verage grain size be comparable to that obtained via HPT-induced
rain refinement? To answer these questions, HPT processing of
he alloy was conducted through 20 and 30 revolutions, detailed
ardness testing was performed, and the structural evolution was
haracterized using X-ray diffraction (XRD) and transmission elec-
ron microscopy (TEM). The results reveal the presence of a strain
oftening stage followed by a stable hardness stage. The strain soft-
ning is due to continuous grain growth and a reduction in the
islocation density while the stable hardness stage indicates that
n equilibrium structure was achieved.

. Experimental material and procedures

An electrochemically deposited nc Ni–20 wt.% Fe alloy was pur-
hased from the Integran Technologies Inc (Pittsburgh, USA) after
ynthesizing using the method described in Ref. [29]. The as-
eposited material was a non-equilibrium supersaturated solid
olution with a single phase face-centred cubic structure [29].
isks with a diameter slightly less than 10 mm and a thickness of
1.5 mm were polished on both sides using sand papers (400–2000
rade) until their thickness reached 0.8 mm. These disks were then
ubjected to HPT processing under an applied pressure of 6 GPa
nd a rotation rate of 1 rpm for 20 and 30 revolutions, respectively,
sing a quasi-constrained HPT facility [30]. Tracking of the temper-
ture rise during the HPT process indicated a rapid rise from ∼25 ◦C
o ∼50 ◦C after 5 turns and then a slow increase to ∼70 ◦C after 30
urns.

After HPT processing, the disks were mechanically polished
o produce a mirror-like surface using diamond lapping films
30–1 �m) for hardness testing. The hardness test was conducted
sing a Leco LV700AT hardness tester equipped with a Vickers

ndenter and with a load of 10 kg applied at each point for 15 s
nd at different radial positions of each disk. A schematic diagram
as presented earlier [28] showing the positions for the hardness
easurements on each disk. The error bar for each mean hardness

alue was obtained from the tested highest hardness value to the
owest value.

The XRD measurements were performed using a Siemens D5000
-ray diffractometer on the central part (r < 2.5 mm) and the edge

art (2.5 mm < r < 5 mm) of each disk. The XRD peak broadening
as used to evaluate the dislocation density [24]. The errors in

hese dislocation density measurements were assessed by scan-
ing each specimen three times and they were demonstrated to
e less than 6% which is significantly smaller than the dislocation
Fig. 1. Vickers hardness plotted against distance from the centres of disks after HPT
processing for 20 and 30 revolutions.

density changes between different deformation stages. TEM sam-
ples were prepared via standard techniques [28] and experiments
were performed using a JEOL JEM-3000F operating at 300 kV. The
average grain sizes were statistically estimated by measuring at
least 200 grains with clear grain boundaries in bright-field TEM
images where the grains exhibited strong diffraction conditions and
therefore appeared dark.

3. Experimental results

3.1. The evolution of hardness

Fig. 1 shows Vickers hardness values at different radial positions
on the 20- and 30-revolution HPT disks. The Vickers hardness for
the 20-revolution HPT disk decreased from the radius of ∼1.0 mm
towards the edge of the disk, reaching the lowest value of ∼4.75 GPa
at the radial position of 4.0 mm. The Vickers hardness for the 30-
revolution HPT disk also experienced a sharp decrease from the
disk centre to the radius of 2.5 mm and then levelled off to a lowest
value of ∼4.75 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, ε, in Fig. 2.
The equivalent strain is defined as ε = 2�Nr/h

√
3, where r is the

distance from the disk centre, h is the thickness of the disk and N
is the number of HPT revolutions [31]. For comparison, previously
published data for HPT revolutions up to 10 [28] are re-plotted in
Fig. 2(a) together with the data for 20 and 30 revolutions shown
in Fig. 2(b). The hardness values at equivalent strains smaller than
180 in Fig. 2(b) are in agreement with those shown in Fig. 2(a)
although, as discussed previously [28], the strain softening stage
with strain values from 20 to 35 in disks with low numbers of
HPT revolutions was not observed at larger numbers of revolutions.
Beyond a strain value of 180, the hardness decreases gradually
until reaching a lowest value of ∼4.7 GPa at a strain value of ∼340.
Further deformation had no additional effect on the hardness. Fol-
lowing the designations given earlier [28], the strain softening stage
and the subsequent level hardness stage are denoted deformation
stages V and VI, respectively. Thus, stage V corresponds to a region
with radius from 1.5 to 4 mm of the 20-revolution disk and the
central part (r < 2.5 mm) of the 30-revolution disk, whereas stage
VI corresponds to the edge part (r > 2.5 mm) of the 30-revolution
disk.
3.2. The evolution of grain size and dislocation density

Fig. 3 shows typical low magnification TEM images of samples
at (a) deformation stage V and (b) deformation stage VI, respec-



S. Ni et al. / Materials Science and Engineering A 528 (2011) 4807–4811 4809

F
H
(

t
a
g
r
X
a
r
d
w
d
a
i
t
t
s
a
H
a

T
D
T
a

ig. 2. Vickers hardness plotted against von Mises equivalent strain for disks with
PT processing for 2, 3, 5, and 10 revolutions [28] (a), and for 20 and 30 revolutions

b).

ively. The average grain sizes were estimated as ∼72 nm in stage V
nd ∼120 nm in stage VI. TEM observations demonstrated that the
rain size distributions throughout deformation stage VI remained
oughly constant. The average dislocation density calculated from
RD data was estimated as ∼2.1 × 1015 m−2 and ∼2.0 × 1015 m−2

t the edge parts of the 20- and 30-revolution HPT disks cor-
esponding to the late stage V and stage VI, respectively. The
islocation density at the central part of the 20-revolution disk
as ∼2.6 × 1015 m−2. Because the central part of the 20-revolution
isk includes a small amount of material in deformation stage IV
nd because the dislocation density in stage IV is ∼6.0 × 1015 m−2,
t is clear that the dislocation density drops significantly during
he transition from deformation stage IV to stage V and, in addi-
ion, there is litle change in the dislocation density in deformation

tages V and VI. Combined with the earlier data [28], Table 1 lists the
verage grain sizes and dislocation densities of the material before
PT and in all 6 HPT deformation stages. This tabulation reveals
continuous grain growth as the strain increases and an obvious

able 1
islocation densities calculated by XRD data and average grain sizes measured from
EM images of disks at different deformation stages. The ranges of equivalent strain
t different deformation stages are also listed.

Deformation stage Equivalent
strain

Dislocation
density (m−2)

Average grain
size (nm)

As-deposited 0 2.2 × 1015 21
I 0–4.5 3.6 × 1015 22
II 4.5–20 5.8 × 1015 30
III 20–35 4.1 × 1015 35
IV 35–182 6.0 × 1015 50
V 180–340 2.1 × 1015 72
VI 340–550 2.0 × 1015 120
Fig. 3. Typical low magnification TEM images of the edge of a 20-revolution HPT
disk (a) and the edge of a 30-revolution HPT disk (b).

dislocation density reduction from stage IV to V. The average dislo-
cation density reached an equilibrium value in the late stage V and
stage VI.

As reported previously, high densities of L–C locks were formed
in deformation stage IV which is a direct consequence of the
deformation-induced grain growth via grain rotation and is respon-
sible for a significant increase in dislocation density and for strain
hardening [24,28]. As deformation proceeds to stages V and VI, the
dislocation density decreased dramatically from ∼6.0 × 1015 m−2

in deformation stage IV [24] to ∼2.0 × 1015 m−2. Careful high-
resolution TEM observations revealed that the extent of L–C locking
was significantly reduced in deformation stages V and VI, and the
dislocation distributions and dislocation densities were similar in
the two stages. Fig. 4 presents a high-resolution TEM image of a typ-
ical grain in deformation stage VI. As shown in Fig. 4(a), a contrast
variation is seen within different regions of the grain, for exam-
ple, region A and region B, as indicated by two white rectangles.
The Fourier transformation of a large area covering both regions A
and B, shown on the upper right corner of Fig. 4(a), confirms that
regions A and B are part of a single grain. Fig 4(b) and (c) show
enlarged high-resolution TEM images of areas A and B in Fig. 4(a),
respectively. Fig. 4(b) shows that no defects exist in the grey areas
in Fig. 4(a). From Fig. 4(c), no obvious misorientation was observed
between the dark region and the grey region. Fig. 4(d) shows the
Fourier-filtered image of a selected rectangular area in Fig. 4(c) in

which dislocations were observed and marked with “T”. Most of
these dislocations are distributed randomly with only a few form-
ing L–C locks. Detailed TEM analysis of the whole grain revealed
that most of the large grain is dislocation-free while high densities
of dislocations were distributed randomly but visible only within



4810 S. Ni et al. / Materials Science and Engin

Fig. 4. (a) A high-resolution TEM image and its Fourier transformation of a grain
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The latter is due to the dissociation of Lomer–Cottrell locks formed
t deformation stage VI. Selected rectangular areas marked with A and B in (a) are
nlarged in (b) and (c), respectively. (d) A Fourier-filtered image of the selected
ectangular area in (c).

imited areas which appeared dark because of the strain caused by
he high densities of dislocations. The numbers of closely paired
islocations forming L–C locks in deformation stage IV decreased
ramatically, indicating that the previously formed L–C locks were
nlocked as deformation proceeded to higher strain values and they
ay have glided away and disappeared at grain boundaries.

. Discussion

It is reasonable to anticipate that HPT-induced grain refinement
nd grain growth will lead to the same final grain sizes for mate-
ials with the same compositions and processed under the same
xternal conditions. This is the case for HPT-induced grain refine-
ent [32–34] and grain growth [13] of pure Ni, which reached

quilibrium average grain sizes of ∼105–170 nm and ∼129 nm,
espectively. This final average grain size is determined by extrinsic
rocessing parameters and intrinsic material properties includ-

ng the stacking fault energy, bulk modulus, melting temperature,
nd activation energy [11,12]. The maximum average grain size
f ∼120 nm achieved at the edge of the 30-revolution HPT Ni–Fe
isks appears to represent the maximum grain size achievable
y HPT-induced grain growth as there is no observable aver-
ge grain size change in stage VI. It is reasonable to anticipate
hat the measured temperature rise to ∼70 ◦C during HPT pro-
essing will have only a minor effect on the HPT-induced grain
rowth.

It has been reported that HPT-induced grain growth occurs
ia grain rotation when the original grain sizes are ∼20 nm
14,24]. This mechanism leads to the formation of large frac-
ions of low-angle sub-grain boundaries in the early stages of

PT processing. Because it is difficult to identify low-angle grain
oundaries in the 20- and 30-revolution HPT disks, the grain
rowth in the later stages of HPT processing in this study
hould occur via the mechanism of grain boundary migration
eering A 528 (2011) 4807–4811

in which large grains grow at the expense of smaller grains
[35].

The formation and dissociation of L–C locks were observed in
deformation stage IV and the transition point of stage IV to stage V,
respectively. Both the formation and the dissociation of L–C locks
have been predicted by molecular dynamic simulations [36–39].
The formation of L–C locks occurs in nc materials when two dis-
locations on different glide planes approach each other [24,26] or
when a dislocation interacts with a twin boundary [40,41]. The for-
mation followed by dissociation of L–C locks was observed in a nc
Pt ultrathin film by in situ deformation TEM [27]. When two full
dislocations meet under an applied stress on two intersecting slip
planes, they react to reach a low energy configuration and thereby
form a stable junction such as an L–C lock [42]. The structure of
an L–C lock consists of a junction segment along the line of inter-
section between the glide planes of the two initial full dislocations
and four arms of the junction which are dissociated in their glide
planes [38]. With increasing stress, the length of the junction seg-
ment decreases via an “unzipping” mechanism, which takes place
as the two dislocations forming the junction segment are pulled
apart under the action of the applied stress so that the junction
breaks [38]. The present TEM observations indicate that the L–C
locks formed in the early stages of the HPT deformation process can
unlock in the later stages of HPT when an external force is available
to activate the L–C lock dissociation.

This study reveals a strain softening stage and a stable hardness
stage following the previous four deformation stages reported ear-
lier [28]. While the hardness evolution in deformation stages I–IV
was determined mainly by the evolution of the dislocation density
[28], the hardness evolution in deformation stages V and VI fol-
lows a different mechanism. As indicated from the experimental
results, the dislocation density remained approximately constant
in stage V and VI after a sharp drop during the transition from
deformation stage IV to stage V. However, the grain size increased
continuously before reaching a stable size in stage VI, indicating
that the grain size evolution is a dominant factor that determines
the hardness evolution in stage V. Molecular dynamic simulations
[43] have confirmed that the Hall–Petch relationship operates for
materials having grain sizes similar to those visible in deformation
stage V so that an increasing grain size reduces the hardness. This
is consistent with the present observations in deformation stage V.

The stable hardness stage is associated both with an average
grain size at or close to the stable grain size of an HPT-induced
grain growth process and with a constant dislocation density. It
is therefore proposed that the stable and equilibrium hardness
value achieved in this stage is the result of balances between
deformation-induced grain growth and grain refinement and
between deformation-induced dislocation generation and disloca-
tion annihilation.

5. Conclusions

An electrochemically deposited nanocrystalline Ni–20 wt.% Fe
alloy was processed by high-pressure torsion to 20 and 30 revo-
lutions. A strain softening stage and a stable hardness stage were
observed. Grain growth occurred continuously, reaching a maxi-
mum average grain size of ∼120 nm at the edge of the 30-revolution
HPT disks. The strain softening stage is attributed to the dominant
role of grain growth and a reduction in the dislocation density.
in the early stages of HPT deformation. The stable hardness stage
results from balances between deformation-induced grain growth
and grain refinement and between dislocation generation and dis-
location annihilation.
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