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Microstructure evolution and hardness variation during annealing
of equal channel angular pressed ultra-fine grained nickel

subjected to 12 passes
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Abstract The microstructure, thermal stability and
hardness of ultra-fine grained (UFG) Ni produced by 12
passes of equal channel angular pressing (ECAP) through
the route Bc were studied. Comparing the microstructure
and hardness of the as-ECAPed samples with the published
data on UFG Ni obtained after 8 passes of ECAP through
the route Bc reveals a smaller average grain size (230 nm
in the present case compared with 270 nm in 8-pass Ni),
significantly lower dislocation density (1.08 x 10'* m™>
compared with 9 x 10" m™? in 8-pass Ni) and lower
hardness (2 GPa compared with 2.45 GPa for 8-pass Ni).
Study of the thermal stability of the 12-pass UFG Ni
revealed that recovery is dominant in the temperature range
150-250°C and recrystallisation occurred at temperatures
>250 °C. The UFG microstructure is relatively stable up to
about 400 °C. Due to the lower dislocation density and
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consequently a lower stored energy, the recrystallisation of
12-pass ECAP Ni occurred at a higher temperature
(~250 °C) compared with the 8-pass Ni (~200 °C). In the
12-pass Nickel, hardness variation shows that its depen-
dence on grain size is inversely linear rather than the
common grain size " dependence.

Introduction

Bulk ultra-fine grained (UFG) (range ~ 100 nm-1 um) and
nanostructured (grain size <100 nm) materials produced
using severe plastic deformation (SPD) techniques exhibit
unique physical and mechanical properties or properties
which differ vastly from those of their coarser variants.
Such SPD-processed materials are of interest also because
they are relatively free of residual porosity and contami-
nation [1, 2]. Decreasing the grain size towards a lower
limit [3] increases the strength broadly in accordance with
the Hall-Petch (H-P) relationship- i.e., the yield stress, oy,
is proportional to the inverse of the square root of the
average grain size, d. Cryo-rolling [4], accumulative roll
bonding [5, 6], equal channel angular pressing [1, 2, 7],
high pressure torsion [1, 8] etc., and combinations thereof,
have been shown to produce grain sizes down to 100 nm
and below and there is a significant improvement in the
mechanical properties, particularly the strength. The
stacking fault energy (SFE), initial grain size prior to
deformation (there is also a school of thought that the effect
of this variable is insignificant), purity of metal, strain and
the processing technique (which defines the state of stress
applied) all determine the final grain size. Among the
different SPD techniques, equal channel angular pressing
(ECAP) is capable of producing relatively large billets [9].
In contrast, repeated cold rolling and folding has given rise
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to the smallest grain sizes reported so far (less than 20 nm)
[10].

Pure nickel (of medium SFE), when subjected to ECAP,
resulted in a relatively homogeneous microstructure after 8
passes, with an average grain size of ~0.27-0.30 pm [11,
12]. Further grain refinement down to ~0.23 uym was
possible by increasing the number of passes to 12 [13]. But,
the microstructure after 12 passes was inhomogeneous
[13]. To understand the stability of the ultra-fine grain size,
a systematic study of the deformed and the annealed
microstructures, along with the corresponding textures, is
essential. Texture and grain growth kinetics in 8-pass
nickel have been investigated in several studies [11, 14—
19]. They revealed that the UFGs are relatively stable up to
200 °C. Grain growth is present beyond that temperature.
While the grain size could be further refined by increasing
the number of passes e.g., from 8 to 12 [13], the effects of
these smaller grain sizes on the mechanical properties of
the material are yet to be studied systematically.

In this study, the change in the average grain size of
12-pass ECAP nickel as a function of annealing tempera-
ture and time was investigated. The microstructures that
developed after recovery and recrystallization processes
were examined using electron back-scattering diffraction
(EBSD) and atomic force microscopy (AFM). The changes
in grain boundary character during the recovery of the cold
worked ECAP structure were also studied. Changes in
grain orientation spread (GOS) and grain average misori-
entation (GAM), which are measures of the long-range and
the short-range intra-granular misorientations, were corre-
lated with the changes in the grain size and hardness. The
relevance (or otherwise) of the Hall-Petch relationship for
this UFG material was checked and the present findings
were also compared with the earlier results. Grain size
evolution in nanostructured and ultra-fine grained Ni pro-
duced through other techniques e.g., electrodeposition, was
not a concern of this investigation.

Experimental

A commercial high purity nickel cylinder of 12.7 mm
diameter (purity of 99.98%) with an initial average grain
size of ~110 pm was used. This material was obtained
from the company Chempur and was sold in the
“annealed” condition. No further information was sup-
plied. But, the shape of the supplied material clearly sug-
gests that it was deformed prior to annealing. This
inference was reinforced by the observation of annealing
twins in the microstructure of the as-received material. The
Ni billet was pressed 12 times through a 90° ECAP die to
introduce a strain of ~ 12 using the route Bc. After 12
passes some degree of inhomogeneity in grain size was

observed [13]. The recrystallisation temperature was
determined using a differential scanning calorimeter (DSC)
supplied by TA Instruments. From the center of the
ECAPed billet small discs of 0.5 mm thickness were cut
perpendicular to the direction of extrusion using electric
discharge machining. The grain size, its distribution, grain
boundary statistics and the misorientations were deter-
mined using an EBSD set-up attached to a FEI SIRION
Field Emission Gun (FEG) SEM operating at 20 kV. The
results were analysed using TexSem Laboratories orienta-
tion imaging microscopy (OIM) software version 5.1. The
images were cleaned using “grain confidence index (CI)
standardization” and “neighbouring CI correlation” to
remove the bad data points. A grain was defined as having
a misorientation > 5, a minimum CI value of 0.1 and a
minimum of 3 pixels. The deformed and recrystallised
microstructures were imaged using Atomic Force Micros-
copy (AFM) (model SPA400 scanning probe microscope
supplied by SII Ind. Japan). AFM images were processed
using SPIWIN analysis software. Intermittent-contact
Atomic Force Microscopy (IC-AFM) and EBSD were used
to characterise the microstructures of the deformed and the
annealed samples. As it is easier to prepare samples for
AFM compared with TEM, in principle, the former tech-
nique could be very useful for the characterization of
deformed and recovered microstructures. The samples for
AFM and EBSD studies were ground on SiC abrasive
papers down to a mesh size of 4,000, followed by polishing
with diamond paste and with colloidal silica for at least
1 h. The samples were then electro-polished using a mix-
ture of 78 ml perchloric acid, 90 ml distilled water, 730 ml
ethanol and 100 ml butyl cellosolve. Vickers micro-hard-
ness measurements were made using a Shimadzu micro-
hardness tester with a load of 50 g for 45 s.

Experimental results
Differential scanning calorimetry

Figure 1 displays a DSC plot for the 12-pass nickel at
heating rates in the range of 10-50 K min~'. There is a
broad exothermic peak with the onset and the peak (max-
imum) temperatures being at ~355°C and ~370 °C
respectively at a heating rate of 50 K min~" and this range
becomes narrower with decreasing heating rate. The peak
is due to the stored energy, which is released during the
recrystallisation of the deformed grains and subsequent
grain growth. The authors believe that an additional con-
tribution came from the ferromagnetic to paramagnetic
transition in Ni which occurs at ~360 °C [14] and due to a
positive change in the heat capacity in the transformation
region this transition appears endothermic in character
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Fig. 1 DSC scan of ECAP Nickel from room temperature to 650 °C

(Fig. 1). Therefore, the net signature recorded in the DSC
plot is the sum of these two opposing effects. Though the
heating rate employed in the DSC experiment strongly
influenced the position of the exothermic peak (caused by a
release of the stored energy of deformation), the position of
the endothermic peak (attributed to the Curie transition) is
unchanged (Fig. 1). As a result, in the DSC scan performed
at 10 K/min, the area under the exothermic peak is very
small because of the overlapping endothermic Curie tran-
sition peak and the exothermic recrystallisation peak. This
is consistent with the classification of Ehrenfest [15] that
the Curie transition is a second order transformation and
that it does not involve nucleation and growth and conse-
quently is heating rate-independent. In contrast, recrystal-
lisation, which occurs by nucleation and growth, is strongly
dependent on the heating rate and this statement is con-
sistent with this results.

Microscopic investigations
Atomic force microscopy—phase imaging

The microstructure of the 12-pass ECAP Ni was reported
to be inhomogeneous with both elongated and equiaxed
grains [13]. This is confirmed by the IC-AFM (also known
as dynamic force microscopy (DFM)) phase contrast image
shown in Fig. 2a.' The change in contrast in the phase
image is due to a change in the phase of the vibrating tip
from its reference value. This phase change is more evident

' A conventional AFM image (image of topography) is obtained by
recording the changes in the vibrational amplitude (deflection) during
scanning. In contrast, a phase image is obtained by monitoring the
phase change between the input signal that drives the cantilever and
the output signal.
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near the boundaries i.e., near the distorted lattice, and
minimum (or~ 0) near strain-free areas. The colour cod-
ing on the scale bar extends from dark through bright in
which the dark shaded areas represent the regions of neg-
ligible phase shift (less distortion) and bright shaded areas
represent regions of greater phase shift (heavily distorted).
The grain boundaries can be located by tracking the
changes in the phase image. The IC-AFM images of the
ECAPed and annealed samples (at 250 °C for 1 and 6 h)
are shown in Fig. 2b and c, respectively. The phase profiles
(Fig. 2d) plotted across the lines drawn in Fig. 2a—c, show
the changes in phase in which the valleys in the plot are
indicative of the presence of grain boundaries (marked GB
in Fig. 2a—c). The region between two valleys could be
considered as a grain and the small changes in phase
between two valleys are due to the small lattice distortions
within the grains. It can be seen that the overall phase
change is more after 12 passes of ECAP and it is reduced
following annealing at 250 °C for 1 and 6 h. The average
grain size after 12 passes of ECAP obtained from AFM
imaging is ~ 174 nm. After annealing at 250 °C for 1 and
6 h, the grain size increased to ~230 and ~ 340 nm,
respectively. The above results show that the IC-AFM
technique, due to its high resolution, could be used to study
some details of the microstructure of bulk UFG/nanoma-
terials, which is not possible using other techniques (It will
be useful to be more specific about this last point, by giving
details).

Electron back scattering diffraction imaging

To obtain quantitative information on the grain boundary
character, EBSD investigations were carried out on the
as-ECAPed and annealed samples. Figure 3 shows the
EBSD (unique grain colour) images of the as-received
ECAP Ni (Fig. 3a) and samples annealed for 1 h at 250 °C
(Fig. 3b), 300 °C (Fig. 3c) and 400 °C (Fig. 3d). Figure 3e
shows the variation of equivalent circle diameter (ECD)
grain size as a function of annealing temperature. Grain
sizes were estimated by considering twin boundaries as
grain boundaries (wt—with twins) as well as by not con-
sidering twin boundaries (wot—without twins). As to be
expected, the grain size determined by considering twins is
less than that “without twins” after annealing at tempera-
tures > 350 °C. Interestingly, the wt-grain size after
annealing at 400 °C is less than that obtained after
annealing at 350 °C. This is attributed to the formation of
fine twin ledges or closed twins (Fig. 3d) due to grain
boundary migration during recrystallisation/grain growth
(see also the Discussion section).

To study the recovery process in detail, samples
annealed at 150 °C for 1 h through 6 h were evaluated by
EBSD. When the ECAP sample was annealed at 150 °C for
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Fig. 2 Intermittent-contact
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1 h, the area fraction of smaller grains (<1 pm) had
decreased to ~39% from ~53% and that of larger grains
(~3-5 pum) had increased to 17% from ~ 5%. The average
grain size after annealing at 150 °C for 1 h was ~0.40 pm
compared with a grain size of ~0.23 pm in the as ECAPed
condition.

Evaluation of boundary fractions shows that the fraction
of CSL X1 boundaries had increased after annealing at
150 °C for 1 h (compared with the as-ECAPed material)
but it decreased after annealing at 3 and 6 h (Fig. 4a). The
LAB fraction after 1, 3 and 6 h annealing was 37 &+ 2,
20.5 £ 1 and 22.8 £ 1 (all in percentages), respectively.
The increase from 3 to 6 h is not much significant and is
within the experimental error. An increase in the twin
boundary (X3 type) fraction was observed after 6 h
annealing. This increase signifies the onset/presence of
recrystallisation [16].

Grain orientation spread (GOS) and grain average mis-
orientation (GAM) are often used to quantify the local
misorientation distributions obtained from the EBSD scans.
(GOS is defined as the average deviation in orientation
between any given measurement in the grain and the
average orientation of the grain. GAM is defined as the
average misorientation between all the neighbouring pairs
of measurements in a grain.) The above two parameters, by
definition, are the measures of the long-range and the short-

range misorientations within a grain. Figure 4b shows the
variation of GOS and GAM as a function of annealing
temperature. For the recrystallised grains, the GOS and
GAM values are typically less than 2 [17]. As GOS
increases with grain size, a more stringent criterion with
GOS <1 can be used to differentiate the recrystallised
grains from the deformed (unrecrystallised) ones in case of
sub-micron grain-sized materials characterized by FEG
SEM [17]. Figure 5 shows the recrystallised grains in the
GOS map where the recrystallised grains with GOS <1 are
coloured blue in the sample annealed at 300 °C for 1 h.
These grains have low angle misorientations (2 < 0 < 5)
and are few in number or are completely absent within the
grains.

Microhardness measurements

Figure 6a presents the variation of Vickers microhardness
after 1 h annealing at different temperatures. The average
hardness decreased gradually from ~2 GPa (as-ECAPed)
to ~1.7 GPa after annealing at 150 °C. There was an
increase in the scatter at 250 °C compared with 150 °C.
The hardness continuously decreased almost linearly with
increasing temperature from 250 °C through 400 °C. The
region between 150 and 250 °C is the stage of recovery,
where the stored energy due to prior cold work is

@ Springer
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Fig. 3 Microstructures of the as-ECAPed Nickel after 12 passes (a), and the annealed samples at 250 °C (b), 350 °C (c), 400 °C (d) and the

corresponding grain size plot (e). Twins are marked as T

recovered. The drop in hardness above 250 °C onwards is
due to recrystallisation. Recrystallisation was complete
after annealing at 350 °C. This is also clear from Fig. 4b,
where the GOS value reaches a minimum at 350 °C for
1 h. The mean GOS and GAM values after annealing at
350 °C is nearly the same (~0.6°) for an average wot-
grain size of ~ 18 um. The values for these two parameters
for the sample annealed at 400 °C for 1 h are ~0.5 and
~0.7 for an average wot-grain size of ~15 pm. After
annealing at 600 °C for 1 h, there is a slight increase in the
GOS value, which is attributed to significant grain coars-
ening (mean wot-grain size ~61 pm). (The mean GOS and
GAM values are ~0.7° and ~ 0.9°, respectively for an
average wot-grain size of ~61 um.) The increase in the
GOS value after 600 °C annealing is due to the drastic
increase in the average wot-grain size from 15 to 61 pm.
Cho et al. [18] have pointed out that the GOS value is
strongly dependent on grain size and this results support
this view. Evidently, a large number of measurements in a
grain will lead to a statistically increased deviation from
the average orientation and hence a higher GOS value.
The changes in the mean grain size with the annealing
temperature for 12-pass Nickel are presented in Fig. 6a and
the variations in the Vickers microhardness with the
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annealing temperature for the same material are plotted in
Fig. 6b. These hardness values are compared in Fig. 6b
with those for 8-pass nickel of different starting grain sizes,
the data for which are taken from ref. [11, 19]. However,
the comparison is not straightforward because the purity
levels of the samples used are not the same- 99.98% in the
12-pass Ni, 99.9% in the study of Neishi et al. [11] and
99.99% in the study of Zhilyaev et al. [19]. It is well-
known that recovery/recrystallisation and grain growth are
dependent on the impurity level (due to the segregation
potential of the impurities to grain boundaries) and the
grain size affects the hardness strongly through the Hall-
Petch equation. Therefore, this authors merely state that
these variations are complex, for which theoretical expla-
nations are yet to be found.

It was shown recently that the H-P relation applies to
both microcrystalline and sub-microcrystalline materials,
albeit with different slopes for the hardness H, versus d~%-
plots in the two regions [25]. Figure 7a shows a Hall-Petch
(H-P) plot (the H,, versus d=93 relationship) over the entire
range of grain sizes for ECAP 12-pass Ni, annealed at
different temperatures for an hour to obtain different grain
sizes. This is interesting because by annealing one tends to
decrease the dislocation density and increase the grain size,
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Fig. 4 Boundary fractions as a function of annealing time at 150 °C
(a) and changes in the GOS and GAM values (b) versus annealing
temperature

whereas the Hall-Petch relationship has been derived for
the situation where the dislocation density increases with
increasing grain refinement. Also shown in that figure are
the digitized data for pure Ni after § ECAP passes, data for
which are reported in ref. [11, 19]. In Fig. 7b the H, versus
d%° data for 12-pass Ni after all the annealing treatments
given in this study are presented, while in Fig. 7c the
hardness values of the as-ECAPed 8-pass and 12-pass
samples are plotted against the corresponding (wot-grain
size)_o's. Evidently, in both these latter plots the H-P
relationship is not obeyed. Figure 7d shows the hardness
versus (grain size)”"™ (m = 1,1/3 and ') plots for this set
of measurements and this indicates that a better fit is
obtained for m = 1.

Discussion
The AFM phase images in Fig. 2a—c, along with the phase

profile plotted in Fig. 2d, indicate a reduction in the local
strain in the sample. Careful examination of the phase

Fig. 5 Microstructure showing the recrystallised grains (coloured
blue) with GOS <1 in the sample annealed at 300 °C for 1 h (Color
figure online)

profile shows a gradual increase in the phase shift from the
centre of the grain towards the grain boundary, which
indicates increased accumulation of defects near the grain
boundary. The decrease in the overall phase shift with
increasing temperature and time (Fig. 2d), and the gradual
increase in the phase shift from the centre to the periphery
of the grain are indicative of the greater decrease in the
dislocation density (due to annihilation of dislocations) in
the interior of the grains compared with the grain boundary
regions, both of which are consequences of the recovery of
the deformed structure. Also the slope of the phase shift—
distance curve from the centre of the grain to its periphery
was much smaller than that for the as-ECAPed sample and
the sample annealed at 250 °C for 1 h, which indicates a
decrease in the density of dislocations on annealing. The
average grain size after 12 passes of ECAP obtained from
AFM imaging is ~ 174 nm. After annealing at 250 °C for
1 and 6 h, the grain size increased to ~230 and ~ 340 nm,
respectively. Evidently the IC-AFM technique could be
used to identify the grain sizes in the deformed and the
recovered microstructures in the sub-micron regime. But,
no information regarding the orientation of the crystallites
could be obtained. Therefore, it has not been possible to
analyse the type of dislocations or the boundary character.
A detailed analysis that correlates the changes in the phase
image obtained by the AFM technique to the misorienta-
tion changes estimated using TEM and EBSD analysis is
needed in a future study for obtaining deeper insights.
The average grain size in the as-ECAPed Ni obtained
from EBSD and TEM is nearly the same and is equal to

@ Springer
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Fig. 6 Change in the wot-grain size versus annealing temperature for
a fixed time of 1 h (a), and a comparison of the hardness variation in
this case with those for ECAPed Ni subjected to 8 passes (b)

~230 nm, and from AFM it is ~ 174 nm. In contrast, the
grain size obtained from the X-ray diffraction study was
significantly lower at ~70 nm [20]. This difference is
because AFM, SEM, EBSD and TEM techniques reveal the
average grain size on the surface/a very small and extre-
mely thin sliced section of the sample, while that obtained
from X-ray diffraction is representative of the coherently
scattering domains, which could be considered as equiva-
lent to the average crystallite size in the bulk [21]. More
importantly, the sensitivity of the X-ray method to small-
angle grain boundaries and dislocation cell walls is supe-
rior to that of the other imaging techniques and therefore in
the X-ray method there is a strong possibility of counting
the sub-grains and cells also as grains.

The decrease in the average grain size after annealing at
400 °C (Fig. 3d) could be attributed to the nucleation of a
large number of fine annealing twins during recrystallisa-
tion (as a result of growth accidents during grain boundary
migration) [22]. The number fraction of annealing twins is
~3% for annealing temperatures 250 and 300 °C. In
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contrast, the number fraction of twins had increased to
~28 and ~60%, respectively after annealing at 350 °C
and 400 °C for 1 h. The increase in the number fractions of
such twins contributes to the observed decrease in the
average wt-grain size (Fig. 3e) after annealing at 400 °C
for 1 h. (For comparison the wot-grain size is also given in
this figure.) A decrease in the twin density (~41%) after
annealing at 600 °C for 1 h could also be deduced from the
results of Mahajan et al. and Pande et al. [22, 23] on nickel
also, where growth-induced stacking faults were eliminated
at the higher temperatures.

Pure Ni after 12 passes of ECAP using the route B¢
resulted in a finer grain size (~230 £ 37 nm) compared
with the grain size (~270 nm) after 8 passes of ECAP
[24]. In addition, the fraction of the HABs had increased
(from~60 to 63.07%) and that of the LABs (> 1) had
decreased (from 23.2 to 15.6%) with an increase in the
number of passes from 8 [26] to 12 [13]. GAM and GOS
values (refer also the TSL manual [25]) were used to
quantify the changes that occurred during the annealing of
the deformed Ni. Initially, in the recovery stage, an
increase in the GOS value indicates the migration of HABs
and the accommodation of more LABs (increase in ) 1
boundaries) might have introduced a steeper gradient in
orientation within the grains. In addition, the decrease in
the GAM value suggests that the accumulated dislocations
or distortions near the grain boundary (deduced from the
AFM phase profiles in Fig. 2d) are of low misorientations,
formed because of the recovery of the cold worked struc-
ture. The increase in the fractions of LABs (<5°) (Fig. 4a)
over the HABs after annealing at 150 °C for 1 h lowered
the value of GAM. However, this does not affect the value
of GOS because it mainly depends on the gradient of the
orientation in a grain. By considering this difference
between GOS and GAM, it could be stated that GOS is the
more useful parameter to follow the recrystallisation of a
material than GAM. The GOS value was found to be
smaller than the GAM value for the completely recrystal-
lised sample and for the one that had undergone grain
growth. In contrast, in the deformed and partially recrys-
tallized condition, no such trend could be observed. The
smaller GOS value in the recrystallised and grain growth
conditions is due to the reduced gradient in the misorien-
tation within the grains.

The hardness of 8-pass nickel was more than that for
12-pass nickel even though a finer grain size was obtained
after 12 passes (Fig. 7c). This could be due to significant
recovery during the ECAP processing between 8 and 12
passes for which experimental evidence is presented below.
This observation is also similar to what was found, for
example, by Molodova et al. [26] in copper. It may be
noted that the initial grain size in this study was different
(110 pm) from the 80 pm in the study of Neishi et al. [11].
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Zhilyaev et al. [19] reported a (mean) hardness of
~2.5GPa after 8 passes for a material with an initial grain
size of 30 um [19]. Interestingly, Zhang et al. [27] found in
a nickel sample with an initial grain size of 23 pum that the
hardness after 8 and 12 passes are ~3.3 and 4.5 GPa,
respectively on the y- plane i.e., the plane defined by the
extrusion direction and the transverse direction, of the
ECAPed sample. That is, in that experiment, in contrast to
this results, the hardness increased when the number of
passes was increased from 8 to 12. But, in this study the
hardness was measured on the y—z plane i.e., the plane
defined by the two directions perpendicular to the extrusion
direction. Therefore, this comparison with the earlier study
could also mean that grain refinement in orthogonal planes
is not similar. There is some experimental evidence
available already in this regard [28]. Moreover, when the
starting grain size itself is 23 pm as in the study of Zhang
et al. [29], the degree of deformation suffered by the
individual grains would have been less. It appears, there-
fore, that the initial hardness, the grain size before ECA
pressing, the plane on which the hardness is measured, the
amount and nature of impurities present (through their
effects on recovery/recrystallisation, grain growth and
segregation tendency) and the total degree of strain suf-
fered by the grains/sample all affect the value of the
hardness obtained following ECAP. In addition, it was
reported in an earlier study [13] that there was an increase

12 & -
Grain size ™

in the fractions of special boundaries, which was attributed
to an increase in dynamic recovery after 12 passes. In fact,
a decrease in the dislocation density (obtained from XRD
data) after 12 passes (~1.08 x 10 m72) was observed in
the present experiments compared with that for 8-pass
nickel (~9 x 10" m™~?) [29]. This result supports the idea
of an increase in dynamic recovery between the 8th and the
12th pass ECAP operation. This is also seen from the fact
that the recrystallisation of 12-pass Ni begins at a slightly
higher temperature (250 °C) compared with the 8-pass Ni
[11] i.e., the 12-pass ECAP sample has a partially recov-
ered microstructure and therefore recrystallisation com-
mences later than in the case of the 8-pass Ni sample,
which had a cold worked structure. These results could also
be interpreted to mean that the hardness tends towards a
saturation value after going through a maximum. It is noted
in this connection that saturation in the hardness value with
increasing number of passes has already been reported in
oxygen-free Cu [26, 30, 31], pure Al [27, 32, 33], Al alloys
[31] and Ni [34]. In Fig. 7c, the hardness values corre-
sponding to two 8-pass Nickel and one 12-pass Nickel
as-ECAPed samples are presented in a H-P plot. Consis-
tent with the arguments presented above, Fig. 7c reveals
that significant recovery is present between the 8th and the
12th pass (see above) and this has decreased the hardness
of the specimen subjected to 12 passes considerably.
The path the hardness—(grain size) %> relationship should
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have followed in the absence of dynamic recovery is shown
in this plot by a dotted line. It is clear from Fig. 7a that in
this results corresponding to 12-pass ECAP specimens, all
annealed for 1 h at different temperatures, and the earlier
results pertaining to 8-pass Nickel the H-P relationship is
obeyed. However, it should be noted further that for this
results, although a mean straight line could be drawn with a
decent degree of fit, it was clear that the deviation of some
of the datum points from the mean straight line was more
significant than in the earlier studies. In the author’s
opinion, this is due to the onset of the additional dynamic
recovery mechanism discussed earlier. But when the data
corresponding to all the annealed specimens of this study
(produced at different temperatures employing different
times) are plotted on a single graph, one obtains a sig-
moidal relationship for which there is no theoretical
explanation. This is because when one changes the grain
size by an annealing process, one alters significantly the
internal microstructure of the material, in particular, the
dislocation density. Then, the H-P equation will not be
valid. As this point has already been discussed in detail by
Koch and Narayan [3], there is no need for a separate
discussion. The hardness versus grain size data is plotted
with different grain size exponents (—m = 1, 1/3 and 1/2).
The better fit with less deviation from linearity was
obtained with m = 1. This also suggests that the H-P
equation is not obeyed in the case of severely deformed 12
pass ECAP nickel but the data can be represented best with
either a sigmoidal fit or a modified H-P relation (see
above).

Summary and conclusions

Based on studies on the microstructure, thermal stability
and hardness of ultra-fine grained (UFG) Ni produced by
12 passes of equal channel angular pressing (ECAP)
through the route Bc, the following conclusions are arrived
at:

1. A comparison of the microstructure and hardness of
12-pass ECAP UFG Ni samples with those obtained
after 8 passes of ECAP revealed a smaller average wot-
grain size (230 nm versus 270 nm in 8-pass Ni), sig-
nificantly lower dislocation density (1.08 x 10" m™>
versus 9 x 10" m™? in 8-pass Ni) and lower hardness
(2 GPa compared with 2.45 GPa for 8-pass Ni).

2. Study of the thermal stability of the 12-pass UFG Ni
revealed that recovery is predominant in the temperature
range 150-250 °C and recrystallisation occurred at
temperatures >250 °C. The UFG microstructure is
relatively stable up to about 400 °C. Due to the
lower dislocation density (a partially recovered

@ Springer

microstructure) and consequently a lower value of the
stored energy, the recrystallisation of 12-pass ECAP Ni
occurred at a higher temperature (~ 250 °C) compared
with the 8-pass Ni (~200 °C).

3. There is a good correlation between the changes in the
grain orientation spread (GOS) and the grain average
misorientation (GAM) values with the annealing
temperature and the hardness variation with the
annealing temperature. When the hardness values
were plotted against all the grain sizes obtained in
this study by different annealing treatments, the H-P
relationship was not obeyed. However, the latter
relationship was reasonably well obeyed, if the grain
size variation is achieved by varying only the temper-
atures of annealing, but keeping the time of annealing
fixed at 1 h. These results could be understood using
the concept of the simultaneous presence of dynamic
recovery, a concept for which there is support already
in the literature.
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