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Abstract. A detailed orientation imaging microscopy (OIM) investigation was conducted to evaluate
the microstructural characteristics in samples of pure nickel processed using three different
procedures of severe plastic deformation (SPD): equal-channel angular pressing (ECAP), high-
pressure torsion (HPT) and a combination of ECAP and HPT. Electron backscattering diffraction
(EBSD) techniques were employed to measure the microtextures and the distributions of the
misorientation angles. A thorough analysis of the microtexture revealed the shear plane normal
and shear direction for UFG nickel obtained by various kinds of severe plastic deformation. It is
shown that a combination of ECAP and HPT leads both to a greater refinement in the microstructure
and to a smaller fraction of boundaries having low angles of misorientation.

1. INTRODUCTION

Recently, much attention has been given to ultrafine-
grained (UFG) materials, with grain sizes in the
submicrometer or nanometer range, which are ex-
pected to have higher strength and toughness than
their coarse-grained counterparts [1]. A possibility
for attaining a UFG structure is through the use of a
processing technique involving the application of
severe plastic deformation (SPD): examples of SPD
processing include equal-channel angular pressing
(ECAP) [2-4], high-pressure torsion (HPT) [3-6],
accumulative roll-bonding (ARB) [7-9], friction stir
processing (FSP) [10-12] or combinations of these
techniques such as ARB followed by FSP [13] or
ECAP followed by HPT [14-16]. An important ad-
vantage of SPD processing is that the same proce-
dure may be used to introduce UFG structures into
a wide range of metallic alloys.

There are two important characteristics defining
the UFG structure in metals. First, it is necessary
to measure the mean grain size, the distribution of
grain sizes, the distribution of the grain boundary
misorientations and the texture of the as-processed
material. Second, it is important also to examine
the thermostability of the UFG microstructure since,
if the ultrafine grains are reasonably stable at el-
evated temperatures, there is a potential for achiev-
ing superplastic ductilities at both unusually low test-
ing temperatures and exceptionally rapid strain rates
[17]. Despite the fact that an increase in strength is
generally associated with a loss in ductility in test-
ing at ambient and low temperatures, recent experi-
ments demonstrated that SPD processing, when
taken to a sufficiently high strain, is capable of pro-
ducing materials exhibiting extraordinary combina-
tions of both high strength and high ductility [1].
This result was attributed to the unique characteris-
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tics of the UFG microstructure produced by SPD
processing including the presence of an exception-
ally high fraction of non-equilibrium grain boundaries
[4].

The two procedures of ECAP and HPT appear
to be the most attractive for developing microstruc-
tures having reasonably homogeneous distributions
of ultrafine and equiaxed grains. In ECAP a bar or
rod is pressed through a die constrained within a
channel bentinto an L-shaped configuration [2,18-
20], whereas in HPT a thin disk is subjected to a
high pressure and concurrent torsional straining
[5,6,21]. Although there have been extensive reports
documenting the microstructural evolution taking
place during SPD processing in ECAP [22,23] and
HPT [6] and the subsequent stability of the UFG
microstructures in annealing treatments [24-26],
relatively little attention has been given either to the
development of texture in SPD processing or to the
nature of the grain boundary misorientation distri-
butions. However, both of these parameters play a
significant role in determining the bulk properties of
the materials. Some information has become avail-
able recently on the texture and grain boundary
misorientation distributions after ECAP of pure Al
and Al alloys [27-37], ECAP of pure Cu [38-40],
ECAP and HPT of pure nickel [6, 41] and ECAP of
pure Zr [42]. Although the results on pure Ni are
fairly limited [41], the experimental data suggest
that HPT produces a microstructure with a higher
fraction of high-angle grain boundaries than ECAP.
However, no systematic investigation has been con-
ducted to date to examine the development of tex-
ture and the boundary misorientation statistics when
processing by ECAP, by HPT and by a combina-
tion of these two processing procedures. Accord-
ingly, the present investigation was initiated to pro-
vide this information.

Pure nickel was selected as a model material
for use in this investigation and the experiments were
conducted to determine the distribution of grain
sizes, the texture and the characteristics of the grain
boundary misorientation distributions using orien-
tation imaging microscopy (OIM). Special attention
was paid to an analysis of microtexture in order to
detect specific crystallographic orientations exist-
ing in FCC materials under condition of pure shear.

2. EXPERIMENTAL MATERIAL AND
PROCEDURES

High purity (99.99%) nickel was selected because
experiments have shown that the stacking fault en-
ergy of pure Ni, which is intermediate between the

stacking fault energies of pure Al and pure Cu, leads
to a smaller grain size than in pure aluminum and a
more homogeneous microstructure than in pure
copper [43]. Prior to testing, the nickel was annealed
for 6 hours at 973K to give an initial grain size of
~100 um.

For processing by ECAP, cylindrical billets were
machined having diameters of 16 mm and lengths
of 130 mm and these billets were pressed at room
temperature using a die having an internal angle, @,
of 90° between the two channels and an outer arc of
curvature, ¥, of 20° at the point of intersection of the
channels. It can be shown from first principles that
these values of ® and ¥ lead to an imposed strain
of ~1 on each separate passage of the billet through
the die [44]. All of the billets were pressed repeti-
tively for a total of 8 passes under a pressure of
~800 MPa giving an equivalent strain of ~8, with the
billets rotated by 90° in the same sense about the
longitudinal axis between each separate pass in the
processing procedure designated route B [45]. Af-
ter pressing, an electric-discharge facility was used
to cut small disks from the centers of the cylinders,
with the disks lying perpendicular to the longitudi-
nal axes of the billets, and these disks were used
for the subsequent measurements.

For HPT, samples were prepared in the form of
disks having diameters of ~10 mm and thicknesses
of ~0.3 mm and they were inserted into a torsion
straining facility and subjected to a total of 5 com-
plete revolutions at room temperature under an ap-
plied pressure of 6 GPa. Recognizing that it is diffi-
cult to precisely quantify the strain imposed in HPT
[6], the strain is henceforth expressed solely in terms
of the total numbers of turns or revolutions imposed
on the sample.

In order to examine the potential for improving
the microstructure and the subsequent properties
through a combination of ECAP and HPT, an addi-
tional sample was prepared using one of the disks
cut from a billet after ECAP and then subjecting
this disk to HPT for 5 revolutions under an applied
pressure of 6 GPa: this specimen is henceforth des-
ignated ECAP+HPT. Schematic illustrations of the
processing procedures are given in Fig. 1.

The microtexture and the grain boundary
misorientations were determined using OIM. The
experimental data were collected using a Philips
XL-30 FEG scanning electron microscope (SEM)
with a TSL orientation imaging system. For a quan-
titative description of texture, it is necessary to de-
fine the laboratory coordinate system in order to
perform a Bunge rotation [46] in Euler space. There
is no unambiguous choice for the ECAP and HPT
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Fig. 1. Schematic representation of the processing
procedures used in this investigation to produce UFG
nickel.

processes and this contrasts with rolling where the
normal direction (ND), rolling direction (RD) and
transversal direction (RD) can be established. The
same coordinate system is designated in the OIM
system. For the ECAP process, the coordinate
system suggested in earlier work [47] was used,
as defined in Fig. 2a. There is some discussion in
the literature concerning the equivalent description
of the shear plane and shear direction. Recently
[37], it was demonstrated that the shear plane in
the ECAP sample can be equivalently described as
the Z plane and the shear direction as parallel to
the X axis in the coordinate system shown in Fig.
2a. A similar conclusion can be drawn from the pa-
per by Segal [48], which describes the rotation of
the plane for the principal shear stress in ECAP to
the Z-plane orientation. For HPT, the natural choice
for the coordinate system is shown in Fig. 2b where
ND is perpendicular to the plane of the disc, RD is
parallel to the radial direction and TD is parallel to
the tangential direction.

3. EXPERIMENTAL RESULTS

The value of the mean grain size represents the key
parameter in defining the nature of the UFG micro-
structure formed through SPD processing. In gen-
eral, the mean grain size is usually determined from
measurements taken using TEM but these mea-
surements tend to be difficult because it is well es-
tablished, after processing by both ECAP and HPT,
that many of the boundaries in the as-processed
material are diffuse in nature or represent transition
zones between highly deformed grains. In addition,
the boundary extinction contours are often very ir-
regular due to the non-equilibrium character of the

[io]

e

Fig. 2. Coordinate system adopted for ECAP (a)
and HPT (b) samples.

boundaries and the presence of many extrinsic dis-
locations. Nevertheless, preliminary observations by
TEM gave mean grain sizes in the Ni samples of
~350 nm after ECAP, ~170 nm after HPT and ~140
nm after ECAP+HPT, respectively.

The lack of a homogeneous and clearly-defined
array of equiaxed grains in many materials after SPD
processing makes it difficult, if not impossible, to
fully characterize the UFG microstructure in terms
of the distribution of grain sizes. One possibility is
to assume, a priori, that the distribution follows a
log-normal function as in conventional ball-milling
but it is not easy to confirm this assumption be-
cause the complex contrast in the TEM images
makes it difficult to clearly differentiate between many
of the individual grains. The problem of microstruc-
tural characterization can be significantly overcome
through the use of OIM. Fig. 3 illustrates this prob-
lem by showing images taken by OIM (color coded
picture based on inverse pole figure) for the samples
prepared through all of the SPD processes: the ste-
reographic triangle on the left shows the orienta-
tions of the individual grains recorded by OIM. Itis
apparent from inspection of the images that the
microstructures in these conditions consist of a
reasonably equiaxed array of grains with mean grain
sizes in the range of ~0.3 pm, ~0.2 ym and ~0.1
pm for ECAP, HPT and ECAP+HPT samples, re-
spectively.

Microtexture data, in the form of pole figures
obtained from OIM measurements, are shown in Fig.
4 for samples prepared through ECAP, HPT and
ECAP+HPT, respectively; also shown in Fig. 5 are
3D views of the corresponding orientation distribu-
tion functions (ODF) calculated using harmonic
methods. Fig. 4 shows pole figures (001), (011) and
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Fig. 3. Gray-scale coded microstructures of UFG nickel after ECAP (a), HPT (b) and ECAP+HPT (c) operations.
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Fig. 4. Pole figures (001), (011), (111) for ECAP (a), HPT (b) and ECAP+HPT (c) nickel samples. Sche-
matic view of the same pole figures for C-component of shear texture is shown.
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Fig. 5. 3D view of orientation distribution function for ECAP (a), HPT (b) and ECAP+HPT (c) nickel samples.
Iso-surfaces of ¥, ¥ and % of maximum intensity are plotted. Schematic plot of A-fibers, B- fibers and C-

components are presented in right down corner.

(1112) types for UFG nickel obtained by ECAP (Fig.
4a), HPT (Fig.4b) and the combination of both (Fig.
4c). Following the work by Canova et al. [49], a de-
tailed analysis of texture in pure aluminum after
ECAP pressing was accomplished [50]. In particu-
lar, it was established that all three components of
torsion texture revealed in [49], namely the C-com-
ponent ({001}<110>), A- fiber ({111}<hkl>) and B-
fiber ({hkl}<110>), are observed in ECAP pure alu-
minum. Similar features have been discovered in
ECAP and HPT nickel samples. Major texture
maxima correspond to the C- component schemati-
cally depicted on Fig. 4. The maximum of the C-
component is stronger for ECAP nickel samples
(~5.5 of random level) and there is a weak A-fiber
present in the pole figures. The orientation distribu-
tion function plotted as 3D function in Euler angles
(9,, @, 9,) is shown in Fig. 5. A schematic diagram

of the A, B, C- components of pure shear texture is
depicted on Fig. 5¢, where the red squares corre-
spond to C-component, green circles are B, and B,
—fibers and blue line represents A-fiber.

The three dimensional ODF for ECAP, HPT and
ECAP+HPT nickel samples are plotted in the form
of iso-surfaces with ¥4, ¥2, and % of absolute maxi-
mum for corresponding orientation distributions. It
is noted that the ECAP texture (Fig. 5a) consists
mostly of C-component and it shows a minor maxi-
mum near the end of the A-fiber. The texture of the
HPT and ECAP+HPT nickel samples possess more
complex structures but nevertheless the C-compo-
nent dominates.

The grain boundary misorientation distributions
are shown in Fig. 6 for the three processing condi-
tions of ECAP, HPT and ECAP+HPT in the form of
the distribution of misorientation angle and the rel-
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Fig. 6. Distribution of angle (left side) and axes (insets) misorientations and Sigma (right side) for ECAP

(@), HPT (b) and ECAP+HPT (c) nickel.

evant axes are shown as insets. The corresponding
fractions of low-angle (X1) boundaries having
misorientations up to 15°, twin (£3) boundaries, other
special (S5-30) boundaries and high-angle bound-
aries (HAB) having orientations >15° are depicted
also as histogram. The misorientation angle in Fig.
6 denotes the measured disorientation angle be-
tween any two adjacent points in the OIM scan.
Inspection of Fig. 6 shows the distributions are bi-
modal in character for all three processing condi-
tions with peaks at both low (<15°) and high (>15°)
angles. The peaks at angles <15° are not consis-
tent with the theoretical prediction for a random dis-
tribution but the experiments show that the fraction
of these low-angle boundaries is lower in HPT than

in ECAP and there is an even greater reduction for
the sample processed by ECAP+HPT. There is also
evidence in all three distributions for the presence
of two peaks at the higher angles, with these peaks
lying in the vicinity of misorientation angles of ~35°
and ~60°, respectively. A similar effect was reported
in experiments on pure Al processed by ECAP [31]
and the second peak corresponds to the twin
misorientation.

It follows from Fig. 6 that the fraction of low-angle
boundaries decreases from ~27% after ECAP to
~17% after HPT and ~14% after ECAP+HPT
whereas a random distribution predicts a fraction of
high-angle boundaries of ~90%.
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4. DISCUSSION

Generally, relatively little attention has been given
to the nature of the texture after SPD processing.
However, there is a report of the evolution of texture
in Cu processed by HPT where, with increasing
strain in torsion, the intensity of the {200} peak de-
creased relative to the {111} peak giving an ultimate
ratio after 5 turns of HPT of ~6.3 [51]. This result is
not consistent with the present data for pure Niwhere
there is a strong axial texture of the {200} peak with
a maximum of ~3 compared to a maximum for the
{111} peak below 2.0 of random level. The texture in
ECAP copper was measured and modeled very re-
cently [52] and it was shown that it is similar to a
shear texture that is characterized by distinct ori-
entations of the C-component [49, 50]. After choos-
ing an appropriate coordinate system and making a
corresponding rotation of the OIM data, similar tex-
ture components were revealed in UFG nickel pro-
cessed by ECAP, HPT and ECAP+HPT operations.

Inspection of Fig. 6 shows that the distributions
of the misorientation angles for all UFG Ni speci-
mens reveal a bimodal character with peaks within
both the low and high angle ranges. In addition, the
magnitude of the low-angle peak decreases in the
order from ECAP to HPT to ECAP+HPT so that the
reduction in the low-angle peak corresponds also
to a reduction in the mean grain size. The presence
of these low-angle peaks is a natural consequence
of the very high strains, and thus the large numbers
of dislocations, that are introduced into the materi-
als during processing. Nevertheless, these low-angle
peaks are not consistent with the theoretical pre-
dictions for a random distribution of misorientation
angles. An important conclusion from the present
investigation is that a combination of ECAP and HPT
leads both to a finer homogeneous microstructure
and to a higher fraction of high-angle boundaries
with a general misorientation distribution that is sig-
nificantly closer, as shown in Fig. 6, to the theoreti-
cal distribution.

According to the sigma value distribution (Fig.
6), ECAP processing leads also to a higher fraction
of twin boundaries (23) by comparison with HPT.
The fraction of twins after ECAP+HPT was also
slightly higher than after HPT, thereby suggesting
that the twin boundaries are reasonably stable when
subjected to subsequent processing by HPT. Fig-
ure 6 shows also that all processing routes lead to
aremarkably high fraction of special boundaries (S5-
30) by comparison with the theoretical random dis-
tribution.

5. CONCLUDING REMARKS

1. Samples of pure nickel were processed by se-
vere plastic deformation (SPD) using three dis-
tinct procedures: ECAP, HPT and ECAP+HPT.
The results show the mean grain size is largest
after ECAP, intermediate after HPT and the small-
est grain size of ~140 nm was achieved after a
combination of ECAP and HPT.

2. Texture measurements reveal a strong texture
after ECAP and a weaker texture after HPT. There
are common features for texture developmentin
nickel samples during severe plastic deforma-
tion by ECAP and HPT (and also by their com-
bination) and the texture reveals the main com-
ponents (C-component, A- and B-fibers) typical
for pure shear in materials subjected to torsion
straining. A combination of ECAP and HPT leads
to a similar texture as after pure HPT but with
some deviations.

3. An analysis of grain boundary misorientation dis-
tributions reveals a higher fraction of low angle
boundaries for ECAP nickel (about 27%) with
the fraction decreasing for HPT (about 15-17%)
and ECAP+HPT samples (below 15%).
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