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A B S T R A C T

The influence of the mode of deformation (rolling and torsion) on the microstructures in Ni and Ti was studied.
The microstructure of samples deformed to the same von Mises equivalent strains were characterized by electron
backscatter diffraction (EBSD) and X-ray line profile analysis (XLPA). The maximum equivalent strains for Ni and
Ti were 2.65 and 0.5, respectively. It was found that despite the same equivalent strains, significant differences
were found in the microstructures deformed by rolling or torsion. For instance, the Ni sample rolled to the
equivalent strain of 2.65 has larger grain size with less distorted grain interiors than in the specimen torsion
tested to the same strain. This difference resulted in a lower stored energy in the rolled sample. The difference in
stored energy and lattice strain between rolled and torsion deformed samples is attributed to differences in slip
activity in each mode of deformation. In the case of Ti, the initial texture resulted in different contributions
of< c >/< c + a >dislocation slip and twinning to plastic deformation during rolling and torsion. Due to the
higher twinning activity in the Ti specimen rolled to the strain of 0.5, the fraction of< c >/< c + a >
dislocations is smaller than in the torsion tested sample. Despite the different microstructures, the stored en-
ergies in the two Ti materials do not differ significantly, as the lower fraction of< c >/< c + a >dislocations
in the rolled sample is compensated by their less clustered arrangement.

1. Introduction

The microstructure and properties of metallic materials can be tai-
lored through thermomechanical processing (TMP), involving se-
quences of cold/hot deformation (e.g., through rolling, forging and
drawing) and annealing cycles [1]. During TMP, static recrystallization
(SRX) and dynamic recrystallization (DRX) are important phenomena
that affect the microstructure development. The SRX and DRX depend
not only on the overall stored energy but also on the spatial distribution
of defects. The heterogeneity in the deformed microstructure is an
important factor that influences the recrystallization kinetics as well as
the resulting microstructure and texture [1,2]. During TMP, materials
undergo deformation under different states of stress depending on the
deformation mode, e.g., forging, rolling, extrusion etc. In view of this,
for analysing the recrystallization behaviour of materials it is important
to understand the influence of the deformation mode on the strained
microstructure. Surprisingly, there are very few studies in the literature
that analysed the influence of the deformation mode on the micro-
structure and its effect on SRX/DRX behaviour [3–7]. In our recent
study on Ni [8], we observed that for a given equivalent von Mises

strain (εVM = 1.6 and 2.65), deformation by torsion had resulted in a
larger fraction of high angle grain boundaries (HAGBs) and a higher
density of potential recrystallization nuclei when compared to samples
subjected to rolling. The above differences were attributed to the de-
pendence of the slip system activity on the stress state. The SRX kinetics
of torsion deformed Ni samples was significantly faster and the grain
sizes were smaller when compared to rolled samples [9].

α-Ti is a low symmetry hexagonal close-packed (HCP) structure
with significant anisotropy that undergoes deformation through dis-
location slip and twinning [10–12]. Ti samples deformed through hot
rolling under different strain paths has been shown to exhibit different
textures [10] and stored energy values [13]. The slip activity and
propensity of twinning during tension and compression are shown to be
strongly dependent on orientation [14,15]. The bulk mechanical
properties of Ti are orientation dependent and it depends on the basal/
near-basal orientation [16]. The microstructure and texture of de-
formed and annealed Ti depends on the rolling mode, i.e., unidirec-
tional rolling and multistep cross rolling [17]. Ti samples with different
initial texture after compression to same strain exhibited different re-
crystallization rates during annealing [18]. It can therefore be expected
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that the stress state will have a significant effect on the microstructural
evolution in Ti. To the best of our knowledge, there is no systematic
study in the literature on the effect of the straining mode on the de-
formed microstructure in HCP metals from the perspective of re-
crystallization.

In this study, the influence of the mode of deformation (rolling and
torsion) on the deformation microstructure from the perspective of
recrystallization is analysed in Ni and Ti samples using electron back-
scattering diffraction (EBSD) in scanning electron microscope (SEM)
and X-ray line profile analysis (XLPA). Ni and commercial purity (CP) Ti
(referred to as Ti hereafter) are selected as model materials as they
represent a medium stacking fault energy face-centered cubic (FCC)
material (which undergoes deformation through slip only at ambient
temperature), and an HCP material (which undergoes deformation
through both slip and twinning at ambient temperature), respectively.
In our previous study on Ni, the samples were deformed to large strains
(εVM = 1.6 and 2.65) and the microstructural heterogeneities were
analysed using EBSD [8]. In the present study, we report micro-
structural analysis on Ni samples deformed through rolling and torsion
to equivalent strains of εVM = 0.5, 2.65 and Ti samples deformed
through rolling and torsion to equivalent strains of εVM = 0.33, 0.5,
respectively. In addition, the energy stored in the microstructure is
calculated. The microstructures and stored energies obtained for the
samples deformed by rolling and torsion are compared.

2. Material and Methods

Ni and Ti samples for torsion and rolling deformation were ma-
chined out of extruded rods with the diameters of 15 mm (shown in
Fig. 1). Torsion test details and specimen dimensions are given in [19].
Ni samples were deformed through free end torsion for 2 and 9.6 turns.

Ti samples were deformed through free end torsion for 2 turns at which
sample failed. In the case of the torsion tested samples, the strain varies
along the specimen radius and hence sections corresponding to εVM
values introduced through rolling were studied. The von Mises
equivalent strain along the radius of the torsion tested samples can be
calculated as:

= θr
l

ϵ
3VM (1)

where θ, l and r are the angle of rotation, the height of the cylindrical
specimen (l= 38 mm in this case) and the distance from the sample
center, respectively.

Ni samples were rolled to the thickness reductions of 35% and 90%
which correspond to εVM of 0.5 and 2.65, respectively, as calculated
from the following formula:

=
−

ln
t

ϵ 2
3

1
1VM (2)

where t is the thickness reduction. The Ti samples were rolled to the
thickness reduction levels of 25% and 35% which correspond to εVM of
0.33 and 0.5, respectively. The rolling was performed with 5% reduc-
tion per pass for both and Ni and Ti samples.

The microstructural characterization of the deformed samples was
carried out by XLPA and EBSD. For XLPA, X-ray diffraction patterns
were measured by a high-resolution rotating anode diffractometer
(Rigaku) with CuKα1 radiation (wavelength: λ = 0.15406 nm). The
Debye–Scherrer diffraction rings were detected by two dimensional
imaging plates and the line profiles were determined as the intensity
distributions perpendicular to the rings. The evaluation of the patterns
was carried out by the Convolutional Multiple Whole Profile (CMWP)
fitting method [20]. In this procedure, the experimental diffraction
pattern is fitted by the sum of a background spline and the convolution
of the theoretical line profiles related to crystallite size and dislocations.
The theoretical line profile functions used in this fitting procedure were
based on a model of the microstructure where the crystallites (or co-
herently scattering domains) have spherical shape and a log-normal size
distribution. The following parameters of the microstructure were de-
termined by the CMWP fitting procedure: the mean crystallite size
(< x >), the average dislocation density (ρ) and the dislocation ar-
rangement parameter M. The dimensionless parameter M is calculated
as Reρ1/2 where Re is the effective outer cut-off radius of dislocations.
The value of M reflects the arrangement of the dislocations. Thus, a
smaller value of M relates to a more shielded strain field of dislocations
and the arrangement of dislocations into low energy configurations,
such as low angle grain boundaries (LAGBs) or dipoles, yields a con-
sequent decrease in M. The mean crystallite size (< x >) was calcu-
lated as< x > = m·exp. (0.5 σ2), where m is the median and σ2 is the
log-normal variance of the crystallite size distribution.

For EBSD, samples were prepared through metallographic polishing
with final stage of polishing being done with colloidal silica (particle
size: 0.05 μm). In the case of Ti, a second step of polishing was also
applied using a mixture of 70% colloidal silica (particle size: 0.05 μm)
and 30% hydrogen peroxide. The analysis of the microstructure was
carried out on the central region of the RD-ND plane (see Fig. 1) for the
rolled samples. In the case of the torsion-tested samples, the micro-
structure was studied at the locations of the Z-R section which corre-
spond to the εVM values achieved in rolling (see Fig. 1). From the above
measurements, the IPFs corresponding to the RD-TD section and Z-θ
section were obtained by making suitable rotations. EBSD for both Ni
and Ti deformed samples was carried out by FEGSEM (FEI made Inspect
F model) equipped with high-speed HIKARI camera using TSL OIM™
data acquisition and post-processing software (version 7.2). The EBSD
scans for the initial state of Ni and Ti were performed with a step size of
1 μm. The EBSD scans were performed with a step size of 50 nm for the
Ni samples deformed to the strain of 2.65 while for other deformed
samples a step size of 300 nm was used. The grain boundary

Fig. 1. Schematic of rolling and torsion test sample obtained from annealed extruded Ni
and Ti rod. ED: extrusion direction of rod, RD: rolling direction, ND: normal direction and
TD: transverse direction of rolling sample, Z: axial direction, R: radial direction and θ:
tangential direction of torsion test sample. The dots indicate the sections on which EBSD
was performed.
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misorientation distribution and the number-averaged grain size
(equivalent grain diameter) were determined from the EBSD images.
The grains were considered as the regions in the EBSD images bounded
by grain boundaries having misorientation higher than 5°.

3. Results

3.1. Microstructure of the Rolled and the Torsion Tested Ni Samples

Fig. 2a–e shows the inverse pole figure maps (IPF) of the initial Ni
sample, and the specimens rolled and torsion deformed to εVM= 0.5 and
2.65. The initial material has a grain size with the average diameter of about
57 μm (standard deviation: 55 μm). In the case of rolling, the grains are

elongated along the rolling direction. Most of the grains have their or-
ientation close to {112} and {110}. Orientation gradients within the grains
of the rolled and the torsion deformed samples are due to grain subdivision
that has occurred during deformation. In the Ni sample rolled to εVM = 0.5,
orientation gradients are observed in all grains and they are elongated along
the rolling direction. The development of orientation gradients in rolling can
be attributed to the constraint experienced during deformation and thus the
grains cannot rotate freely as in the case of torsion. In the rolled Ni samples
deformed to εVM= 2.65, bands of elongated grains parallel to the rolling
direction are observed. The microstructure of the torsion deformed sample
is more refined compared to the rolled sample. The average grain sizes
obtained by EBSD are ~400 and ~330 nm for the Ni samples rolled and
torsion tested to the strain of 2.65, respectively.

Fig. 2. Inverse pole figures of (a) initial state of Ni sample, EBSD scan performed on section perpendicular to ED. (b) rolled to εVM = 0.5, (c) torsion deformed to εVM = 0.5, (d) rolled to
εVM = 2.65 and (e) torsion deformed to εVM = 2.65. Colour code in rolled and torsion deformed samples correspond to RD-TD section and Z-θ section, respectively.
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The grain boundary misorientation distributions in the angle range
between 3 and 65° for the Ni samples rolled and torsion tested to the
equivalent strains of 0.5 and 2.65 are shown in Fig. 3a and b, respec-
tively. For εVM = 0.5, the torsion tested sample has only marginally
higher low angle and high angle grain boundary densities than for the
rolled Ni sample. At the same time, in the case of Ni samples deformed
to εVM = 2.65 the low angle grain boundary density (between 3 and
10°) in the rolled sample is higher as compared to the torsion deformed
samples, whereas the torsion tested sample has a higher high angle
grain boundary (between 10 and 65°) density than the rolled sample.
The deformation during torsion is less constrained than in rolling and
therefore rotation of grains is easier during torsion deformation. Thus,
the higher fraction of high angle grain boundaries in the torsion tested
sample deformed to the strain of 2.65 can be attributed to grain sub-
division due to slip activity and rotation of subgrains during deforma-
tion, resulting in the formation of high angle grain boundaries. The
kernel average misorientation (KAM) distribution for the Ni samples
deformed to the equivalent strains of 0.5 and 2.65 are shown in Fig. 3c.
For the samples deformed to the strain of 2.65, the EBSD step size was
smaller (50 nm) than for other specimens (300 nm). Therefore, for the
former samples the KAM corresponding to the 6th neighbour was used
for the comparison with EBSD scans run with 300 nm step size. For both
lower and higher strains, the KAM of the torsion deformed specimens is
higher than for the rolled samples.

Fig. 4 shows the CMWP fitting for the Ni sample deformed by tor-
sion for the von Mises equivalent strain of about 2.65. The open circles
and the solid line represent the measured and the fitted intensity

profiles, respectively. The parameters of the dislocation structure de-
termined from the diffraction patterns for the Ni specimens deformed
by rolling and torsion are listed in Table 1. The dislocation density in
the torsion tested sample is ~21 × 1014 m−2 which is ~20% higher
than in the rolled specimen. The dislocation arrangement parameter,M,
on the other hand is much larger (nearly 2 times) for the torsion tested

Fig. 3. Misorientation distribution of Ni deformed to (a) εVM = 0.5, (b) εVM = 2.65 and (c) kernel average misorientation distribution.

Fig. 4. CMWP fitting for the Ni sample deformed by torsion to the equivalent strain of
2.65. The open circles and the solid line represent the measured and the fitted diffraction
patterns, respectively. The intensity is shown in logarithmic scale. The inset illustrates the
quality of fitting by showing the difference between the measured and fitted data for
reflection 200 which is plotted with linear intensity scale.
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sample than for the sample deformed by rolling. This difference in-
dicates that the shielding of the strain field of dislocations in the rolled
sample is higher than for the torsion-tested material. The higher
shielding of the strain field in the rolled sample can be achieved by
arranging dislocations into low energy configurations, such as dipoles
and low angle grain boundaries for dislocations with opposite and same
signs, respectively. This observation is in line with the lower KAM va-
lues obtained from the EBSD analysis. The grain sizes determined by
EBSD and the crystallite sizes obtained by XLPA are given in Table 1.
The difference between the grain and crystallite sizes is due to the
hierarchical nature of the microstructures in plastically deformed me-
tals where the grains are subdivided into subgrains and/or dislocation
cells which scatter X-rays incoherently [21]. Therefore, the crystallite
size (also called as coherently scattering domain size) determined by
XLPA corresponds to the size of subgrains and cells. As a consequence,
the crystallite size is smaller than the grain size in plastically deformed
materials. In EBSD, the grain sizes are determined using a misorienta-
tion angle criterion of 5° due to which the subgrains whose misorieta-
tion is smaller than 5 ° are not considered in the grain size estimation.

3.2. Microstructure of the Rolled and Torsion Deformed Ti Specimens

The microstructure of the initial, extruded Ti sample is shown in
Fig. 5a. The average grain size of this specimen is ~28 μm (the standard
deviation is 23 μm). The initial Ti material has a texture in which the
hexagonal c-axis is perpendicular to the extrusion direction (denoted by
ED) as shown by the 0002 pole figure in Fig. 5b. This texture is typical
for extruded hexagonal metallic materials. The microstructures de-
formed by rolling and torsion to the strains of 0.33 and 0.5 are shown in
Fig. 5c–f. The grain sizes obtained from EBSD for the rolled and the
torsion deformed Ti samples are listed in Table 2. It can be concluded
that both rolling and torsion resulted in a one order of magnitude re-
duction of the average grain size to about 2–3 μm. The grain sizes for
the rolled and torsion tested samples were similar except for the spe-
cimen rolled to the strain of 0.5 (Table 2). In the sample rolled to a
strain of 0.5, the smaller grain size is caused by the higher twin
boundary density as it will be shown later. In our analysis, the twin
boundaries were also included in the HAGBs, therefore their formation
inside the original grains resulted in a grain refinement for the spe-
cimen rolled to the strain of 0.5. The misorientation distributions for
the angle range between 5 and 95° in the rolled and torsion tested
samples are shown in Fig. 6a. The peaks at the misorientation angles of
~65° and ~85° correspond to the 〈 〉{1122} 1123 type compressive twins
and the 〈 〉{1012} 1011 type tensile twins, respectively [12]. The number
densities of twin boundaries in the misorientation distribution are much
higher for the sample rolled to the strain of 0.5 than for other samples.
This observation is in line with the smaller grain size in this sample as
discussed above. The KAM distributions for the Ti samples deformed to
the equivalent strains of 0.33 and 0.5 are shown in Fig. 6b. For the
strain of 0.33, there is only a slight difference in the average KAM
values for the two specimens and the torsion tested sample has only a
marginally higher KAM compared to the rolled sample. However, for
the strain of 0.5 the average KAM is much higher for the rolled sample.

The IPF map in Fig. 5c shows that in addition to the dislocation slip
there is a significant twinning activity during rolling of titanium to the
strain of 0.33. In this sample, the tensile twin boundary density is
higher than the compression twin boundary density (see Fig. 6a). With

increasing the strain from 0.33 to 0.5 during rolling, the twin boundary
density considerably increased as shown in Figs. 5e and 6a. This ex-
tensive twinning resulted in a grain refinement in the Ti sample rolled
to the strain of 0.5 (see Table 2). It is also evident from Fig. 6a that in
the initial stage of rolling the tensile twin activity is dominant while
with increasing the strain to 0.5 the compression twin boundaries be-
came similarly significant. The considerable increase in low angle
boundary (between 3 and 10°) density and orientation colour gradient
within the twinned regions in the sample rolled to the strain of 0.5
indicate the occurrence of deformation through slip activity within the
newly formed twinned regions (Fig. 5e).

The microstructures of the Ti samples deformed to the strains of
about 0.3 and 0.5 were also examined by XLPA. Fig. 7 illustrates the
CMWP fitting for the Ti sample deformed by rolling to the von Mises
equivalent strain of about 0.5. The open circles and the solid line re-
present the measured and the fitted intensity profiles, respectively. The
parameters of the microstructure determined from the diffraction pat-
terns for the specimens deformed by rolling and torsion for two dif-
ferent equivalent strains are listed in Table 2. It should be noted that
similar to the Ni samples, the values of the crystallite size determined
by XLPA for the Ti specimens are much smaller than the grain sizes
obtained by EBSD. The reason of this difference is the hierarchical
nature of the microstructures of the plastically deformed metals as
discussed above. The average crystallite sizes in the rolled samples is
smaller than that for the torsion tested specimens (see Table 2), in-
dicating more refined subgrain structures in the rolled samples.

For the strain of 0.33, the dislocation density in the rolled sample is
~4.5 × 1014 m−2 which is about 50% higher than in the torsion tested
specimen. At the same time, the dislocation arrangement parameter, M,
for both the torsion tested and the rolled samples is almost the same.
With increasing the strain from 0.33 to 0.5, the dislocation density in
the rolled Ti increased moderately by about ~17% to
~5.3 × 1014 m−2 while there is no change in the arrangement para-
meter of dislocations (see Table 2). However, for the torsion tested
material the increase of the strain from 0.33 to 0.5 resulted in a sig-
nificant increase (with ~50%) of the dislocation density and a decrease
of the value of M, indicating the arrangement of dislocations into low
energy configurations (e.g., LAGBs or dipolar walls). For the strain of
0.5, the less clustered dislocation structure in the rolled sample is in line
with the much higher average KAM value as compared to the torsion
tested specimen.

In hexagonal crystals there are eleven families of slip systems on
basal, prismatic and pyramidal planes with three different Burgers
vectors [22]. The eleven dislocation slip system families can be classi-
fied into three groups based on their Burgers vectors: (< a > type),

= 〈 〉b 00012
1
3 (< c >type) and = 〈 〉b 21133

1
3 (< c + a >type). The

distribution of dislocations in the eleven slip systems can also be esti-
mated from the CMWP evaluation, as described in detail in [23].
Table 3 shows the fractions of dislocations with< a > ,< c >and<
c+ a >Burgers vectors. For all samples, the majority of dislocations
have< a >and< c + a >Burgers vectors with the fractions of
27–54% and 42–59%, respectively. The contribution of< c > -type
dislocations is marginal (less than 14%). Similar to the dislocation
density and the dislocation arrangement parameter, the fractions of
dislocations did not change with increasing strain for the rolled sam-
ples. On the other hand, in the torsion tested materials the fraction
of< c+ a >dislocations increased with increasing strain. For the

Table 1
Parameters of the microstructure determined by XLPA for the rolled and torsion deformed Ni samples.< x > : mean crystallite size, ρ: average dislocation density, M: dislocation
arrangement parameter. Edisl: energy stored in dislocations, d: grain size from EBSD with grain tolerance angle of 5°.

Sample < x >[nm] ρ [1014 m−2] M Edisl [106 Jm−3] d [nm]

Ni, rolling, εVM = 2.65 46 ± 5 17 ± 2 2.3 ± 0.3 4.0 ± 0.6 400 ± 30
Ni, torsion, εVM = 2.65 65 ± 7 21 ± 2 4.4 ± 0.5 5.4 ± 0.7 330 ± 25
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Fig. 5. (a) Inverse pole figure for the initial, extruded Ti sample performed on the section perpendicular to extrusion direction ED. (b) 0002 pole figure determined from the inverse pole
figure shown in (a). (c) Inverse pole figure for rolled Ti (εVM = 0.33), (d) torsion deformed Ti (εVM = 0.33), (e) rolled Ti (εVM = 0.5) and (f) torsion deformed Ti (εVM = 0.5). Colour code
in rolled and torsion deformed samples correspond to RD-TD section and Z-θ section, respectively.

Table 2
Parameters of the microstructure determined by XLPA for the rolled and torsion deformed Ti samples.< x > : mean crystallite size, ρ: average dislocation density, M: dislocation
arrangement parameter. Edisl: energy stored in dislocations, d: grain size from EBSD with grain tolerance angle of 5°.

Sample < x >[nm] ρ [1014 m−2] M Edisl [106 Jm−3] d [nm]

Ti, rolling, εVM = 0.33 40 ± 5 4.5 ± 0.5 4.1 ± 0.5 2.5 ± 0.4 3700 ± 230
Ti, torsion, εVM = 0.33 71 ± 8 3.1 ± 0.4 4.1 ± 0.4 1.8 ± 0.2 3260 ± 210
Ti, rolling, εVM = 0.5 25 ± 3 5.3 ± 0.6 4.3 ± 0.5 2.8 ± 0.4 1790 ± 43
Ti, torsion, εVM = 0.5 68 ± 7 4.6 ± 0.5 2.8 ± 0.3 2.8 ± 0.4 3050 ± 115
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strain of 0.5, the fractions of< c >and< c+ a >dislocations are
much larger in the torsion tested sample than in the rolled specimen.
This indicates a larger contribution of dislocations to the shear in the
hexagonal c-direction for the torsion tested sample. The smaller activity
of< c >and< c + a >dislocations in the rolled sample is compen-
sated by twinning as seen from the misorientation distributions ob-
tained from EBSD (see Fig. 6a).

4. Discussion

4.1. Difference in the Microstructures Obtained by Rolling and Torsion

For the Ni samples deformed to the same high equivalent strain
(εVM = 2.65), the rolled material has a higher grain size with less dis-
torted grain interiors compared to the torsion tested specimen. The

smaller lattice strain inside the grains can be attributed to the more
clustered dislocation structure as indicated by the smaller value of the
dislocation arrangement parameter M (Table 1). The deformation
during rolling is more constrained and the deformation occurs through
multiple slip system activity resulting in generation of dislocations of
three or more different Burgers vectors [24,25]. The subgrains formed
during the initial stage of deformation undergo very limited rotation in
rolling. The formation of stable texture further restricts the rotation of
subgrains. As a result of this, the low angle grain boundary fraction is
quite significant in rolling. The smaller lattice strain in the rolled
samples can be attributed to the nature of slip activity during rolling. In
the case of torsion, deformation occurs with slip along a single slip
direction, resulting in the generation of dislocations of the same type
(i.e., the same Burgers vector) [24,26,27]. Also, the subgrains can ro-
tate freely about the torsion rotation axis. This results in the formation
of high angle grain boundaries in torsion and contributes to the larger
degree of grain refinement.

In the comparison of the very different microstructures formed in Ti
during rolling and torsion to the strain of 0.5, we should consider the
texture of the initial, extruded material. In this texture, the c-axis is
perpendicular to the extrusion direction. As the torsion axis is parallel
to the extrusion direction, large shear stresses operate during torsion in
the prismatic and pyramidal lattice planes lying approximately per-
pendicular to ED. These stresses induce very strong activities of<
c >and< c + a >dislocations in the torsion tested specimen. For the
rolled Ti samples, the RD-TD plane was perpendicular to ED, therefore
in many grains the hexagonal c-axis lies in the rolled sheet. If the
friction during rolling is negligible, the maximum shear stresses operate
in the planes with the inclination angle of 45° to the rolled sheet (si-
milar to uniaxial compression). In the presence of friction forces, the
inclination angle deviates slightly from the value obtained for the
friction-free case. Nevertheless, the highest shear stresses do not act
parallel to the majority of the prismatic and pyramidal planes during
rolling, therefore the activity of< c >and< c + a >dislocations is
not so strong when compared to the torsion deformation. As plastic
deformation in hexagonal c-direction can be accommodated either by
slip of< c >/< c+ a >dislocations or twinning, the decrease of the
slip activity of< c >/< c+ a >dislocations is accompanied by an
increased contribution of twinning to plasticity. In addition, during
rolling the sheet was compressed in direction ED, i.e., perpendicular to
the c-axis which resulted in tensile stresses in the crystallographic di-
rection 〈0002〉. This stress state is beneficial for 〈 〉{1012} 1011 type
tensile twinning [15]. The occurrence of this twin mode results in a
change of c-axis orientation by 85°, i.e., the c-axis became parallel to
the compression direction during the next steps of rolling. Therefore, in

Fig. 6. (a) Misorientation distribution and (b) Kernel average misorientation distribution of Ti deformed to εVM of 0.33 and 0.5.

Fig. 7. CMWP fitting for the Ti sample deformed by rolling up to the equivalent strain of
0.5. The open circles and the solid line represent the measured and the fitted diffraction
patterns, respectively. The intensity is shown in logarithmic scale. The inset illustrates the
quality of fitting by showing the difference between the measured and fitted data for
reflection 110 which is plotted with linear intensity scale.

Table 3
The fractions of dislocations with< a > ,< c >and< c+ a >Burgers vectors.

Sample < a >[%] < c >[%] < c+ a >[%]

Ti, rolling, εVM = 0.33 51 ± 6 2 ± 2 47 ± 5
Ti, torsion, εVM = 0.33 47 ± 5 11 ± 3 42 ± 4
Ti, rolling, εVM = 0.5 54 ± 6 3 ± 3 43 ± 5
Ti, torsion, εVM = 0.5 27 ± 4 14 ± 3 59 ± 5
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the subsequent steps of rolling applied for the achievement of the high
strain of 0.5, 〈 〉{1122} 1123 type compressive twins were formed in the
formerly twinned regions. This process is referred to as double twinning
and explains the increased fraction of compressive twins for rolling at
high strains [15]. It is noted that Salem et al. [28] have also reported
lower twin density for Ti deformed by simple shear when compared
with uniaxial compression. In the present case, during torsion (which
resembles to simple shear deformation) the propensity of twinning is
less compared to rolling in which compressive stresses were developed.

4.2. Estimation of Stored Energies for the Rolled and the Torsion Tested Ni
and Ti

In the recrystallization behaviour of plastically deformed materials,
the stored energy has a crucial role since it acts as a driving force for the
nucleation and growth of new, defect-free grains. It may be noted that
the stored energy in deformed materials has contributions pre-
dominantly from geometrically necessary dislocations (GNDs) and sta-
tistically stored dislocations (SSDs). Different techniques viz. differ-
ential scanning calorimetry (DSC), X-ray diffraction, neutron
diffraction, EBSD and transmission electron microscopy (TEM) are
employed to estimate the stored energy of deformation [29]. The stored
energies obtained from each of these techniques were reported to be
significantly different [30]. The differences in stored energy are at-
tributed to the differences in the volume as well as whether contribu-
tions from both GNDs and SSDs are being obtained or not. The stored
energy values obtained from DSC is always reported to be higher
compared to other techniques [30]. EBSD and TEM based techniques
are widely used for localized stored energy estimation. In the present
study, stored energies are estimated from XLPA and EBSD techniques.
Contributions from both GNDs and SSDs are accounted for in the stored
energy estimation based on XLPA technique and also the data corre-
sponds to the bulk due to large interaction volume. Due to the limita-
tions of the angular resolution of EBSD technique, the stored energy
contributions from SSDs cannot be estimated. This is because SSDs do
not cause misorientations measurable by EBSD. However, the EBSD
based technique is ideal for measuring spatial variation of local stored
energy and statistically significant data can be obtained from large
areas [29].

The energy stored in the dislocation structure (Edisl) for a unit vo-
lume in Ni can be determined from the dislocation density using the
following formula:

=E AGb ρ R
b

ln ,disl
2 e

(3)

where G is the shear modulus (8.2 × 1010 Pa), b is the magnitude of the
Burgers vector (0.25 nm), ρ is the dislocation density, Re is the outer
cut-off radius of dislocations (also obtained by XLPA as Mρ−1/2) and A
stands for the factor depending on the edge/screw character of dis-
locations. The value of A equals to (4π)−1 and (4π(1-ν))−1 for screw
and edge dislocations, respectively, where ν is the Poisson's ratio (0.3
was taken). The values of Re were 55 and 98 nm for the rolled and the
torsion-tested Ni specimens, respectively. The parameter q determined
from XLPA describes the edge/screw character of dislocations. The
theoretically calculated values of q for pure edge and screw dislocations
in Ni are 1.38 and 2.21, respectively. In the case of mixed dislocations,
the value of A can be obtained from the experimentally determined q
using a simple rule of mixture:

=
−

+
−

−
A

q
π

q
π ν
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4

2.21
0.83

1
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.
(4)

For both the rolled and the torsion-tested samples investigated in
this study, the value of q was 2.1. The energies stored in dislocations for
the rolled and the torsion-tested samples were calculated from Eqs. (3)
and (4) and listed in Table 1. In accordance with the slightly larger
dislocation density and the less shielded dislocation structure, the

stored energy for the torsion-tested specimen is ~5.4 × 106 Jm−3

which is about 35% larger than for the rolled sample, i.e., the ther-
modynamic driving force for recrystallization is higher for the torsion
tested material. The difference in the stored energies obtained for the
rolled and the torsion deformed samples can be attributed to the less
clustered dislocation structure in the latter specimen which is indicated
by the higher value of the dislocation arrangement parameter, M, de-
termined by XLPA (see Table 1).

The energy stored in a unit volume for dislocations in Ti (Edisl) can
be determined from the dislocation density using the following formula:

∑ ⎜ ⎟= ⎛
⎝

⎞
⎠=

E Gρ A f b R
b

ln ,disl
i

i i i
e

i1

11
2
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where G is the shear modulus (44 GPa), ρ is the dislocation density, Re is
the outer cut-off radius of dislocations (also obtained by XLPA), Ai

stands for the factor depending on the edge/screw character of dis-
locations, bi is the magnitude of Burgers vector for the ith dislocation
slip system. The value of Ai equals (4π)−1 and (4π(1-ν))−1 for screw
and edge dislocations, respectively, where ν is the Poisson's ratio (0.3
was taken). The energies stored in dislocations for the rolled and the
torsion-tested samples were calculated from Eq. (5) and listed in
Table 2. The stored energy for the rolled specimen at the strain of 0.33
is considerably larger than for the torsion-tested sample, i.e., the ther-
modynamic driving force for recrystallization is higher for the rolled
titanium. At the same time, at the strain of 0.5 the energy stored in
dislocations for the torsion tested sample is not different from the value
obtained for the rolled specimen. At first sight, it is a surprising result as
the arrangement parameter of dislocations is smaller for the sample
torsion tested to the strain of 0.5. However, the fractions of< c >
and< c+ a >dislocations are much larger for the torsion tested
sample than for the rolled specimen and these dislocations have higher
energy due to their larger Burgers vectors, compared to< a >
dislocations. It seems that the latter effect compensates the former one,
resulting in similar stored energies in the specimens rolled and torsion
tested to the strain of 0.5.

From the average KAM value, the stored energy was estimated
following the procedure outlined in [31] using the relation,

=E αθGb
d2

, (6)

where α is a constant which depends on the geometry of the dislocation
arrangement and is taken as 3, θ is the average KAM in radians, G is the
shear modulus, b is the average Burgers vector and d is the step size
(300 nm used in the present study).

The stored energy estimated on the basis of EBSD is given in Table 4.
For Ni deformed to the equivalent strain of 0.5, there is only a negli-
gible difference between the energies stored in the torsion tested and
the rolled specimens. At the same time, for the strain 2.65, the torsion
deformed samples have higher stored energy than for the rolled Ni
samples. The difference in the stored energy between the rolled and the
torsion deformed samples could be due to the difference in slip activity
during deformation.

For the rolled and the torsion tested Ti, the stored energies are given

Table 4
Stored energy obtained from EBSD.

Sample Stored energy from EBSD (MJ m−3)

Ni, rolling, εVM = 0.5 1.5 ± 0.12
Ni, torsion, εVM = 0.5 1.7 ± 0.07
Ni, rolling, εVM = 2.65 4.5 ± 0.13
Ni, torsion, εVM = 2.65 5.7 ± 0.25
Ti, rolling, εVM = 0.33 1.0 ± 0.1
Ti, torsion, εVM = 0.33 1.4 ± 0.2
Ti, rolling, εVM = 0.5 2.4 ± 0.3
Ti, torsion, εVM = 0.5 2.0 ± 0.2
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in Table 4. The stored energies determined by EBSD for the samples
rolled and torsion tested for εVM = 0.33 were 1.0 ± 0.1 and
1.4 ± 0.2 MJ/m3, respectively. For εVM = 0.5, the values of
2.4 ± 0.3 and 2.0 ± 0.2 MJ/m3 were obtained by EBSD for the stored
energies in the rolled and the torsion tested specimens, respectively. In
this calculation, the Burgers vector in Eq. (6) was calculated as the
average of the Burgers vectors for< a > ,< c >and< c+ a >
dislocations weigthed by their fractions given in Table 3. The difference
in the stored energy between the rolled and the torsion deformed
samples is attributed to the differences in slip and twinning activities
during rolling and torsion deformation.

The deviation of the EBSD stored energy from the value determined
by XLPA can be explained by (i) the much larger volume studied by
XLPA (better statistics of the obtained values) and (ii) the large EBSD
step size (300 nm) compared to the average spacing of dislocations
(about 50 nm calculated as the reciprocal of the square root of the
dislocation density). Due to the latter effect, it is possible that not all
misorientations caused by the dislocation structure are determined by
EBSD, therefore the stored energy is smaller than that obtained by
XLPA. In addition, the statistically stored dislocations do not cause
misorientations measurable by KAM, therefore this method can yield
only a part of the stored energy.

It should be noted that the stored energy calculated in this study is
related only to dislocations. In plastically deformed metals, other lattice
defects, such as excess vacancies and grain boundaries also contribute
to the stored energy. These contributions were not determined in this
work as the concentration of vacancies and the specific grain boundary
energy in the present rolled and torsion tested Ni and Ti samples are
unknown. However, former studies have shown that dislocations give
the major part of the stored energy in plastically strained metallic
materials which was unambiguously determined in this study. From the
systematic study performed in the present work, it is very clear that the
mode of deformation through which material undergoes deformation
has significant effect on the defect structure and the stored energy. In
addition, in the case of titanium the contributions of dislocation slip
and twinning to plasticity are also influenced by the method of plastic
straining. Thus, the mode of deformation is expected to have a sig-
nificant effect on the recrystallization behaviour which will be in-
vestigated in another study.

5. Conclusions

Ni and Ti samples deformed through rolling and torsion to same
equivalent strains were characterized by XLPA and EBSD. The following
conclusions can be drawn from the results:

• The rolled Ni sample has larger grains with less distorted grain in-
teriors than in the torsion tested specimen deformed to the same
high equivalent strain of 2.65. The smaller lattice distortion inside
the grains can be attributed to the more clustered dislocation
structure as indicated by the smaller value of the dislocation ar-
rangement parameter determined by XLPA.

• The stored energy in the samples deformed by torsion is larger than
the value obtained for the rolled Ni samples. The higher stored en-
ergy for the torsion tested specimens can be explained by the larger
intragranular strains and the less clustered dislocation structure as
indicated by the KAM obtained from EBSD and XLPA, respectively.

• In the case of the deformed Ti samples, in addition to dislocation
slip, twinning had a significant contribution to plasticity. In both
rolled and torsion tested samples, 〈 〉{1122} 1123 type compressive
twins and 〈 〉{1012} 1011 type tensile twins were detected. Due to the
texture of the initial extruded material, the occurrence of twinning
strongly depended on the mode of deformation. During rolling, the
compressive stress acting perpendicular to the hexagonal c-axis
yielded the activation of tensile twins. As this twinning mode results
in a rotation of the c-axis by 85°, at higher strains compressive twins

were also formed. The large twinning activity in the sample rolled to
the strain of 0.5 yielded greater grain refinement compared to other
specimens. In the torsion tested samples, the texture led to an easier
activation of the glide of< c >and< c+ a >dislocations by the
shear stresses. Therefore, the contribution of twinning to deforma-
tion is lower for the specimen torsion tested for the strain of 0.5 than
for the rolled sample.

• Despite the various microstructures in the rolled and torsion tested
Ti samples, large differences in the stored energies estimated by
XLPA were not observed. For instance, in the sample torsion tested
for the strain of 0.5 the higher average Burgers vector due to the
larger fractions of< c >/< c+ a >dislocations is compensated
by the more clustered arrangement of dislocations, thereby resulting
in a similar stored energy when compared to the rolled specimen.
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