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ARTICLE INFO ABSTRACT

Severe plastic deformation imposed under high hydrostatic pressure introduces a considerable dislocation
substructure in metals from the early stages of deformation, ultimately resulting in grain fragmentation.
Characterization and quantification of the substructure require methods with a sufficiently high angular and
spatial resolution to reveal the local heterogeneities in orientation differences and the length scales of the
substructure. However, the statistical relevance of the observations should be assured which requires relatively
large fields of view. In present work, the evolution of dislocation substructures during static and dynamic high
pressure torsion processing of commercially pure aluminum is examined. Orientation data obtained by electron
backscatter diffraction using two different mapping step sizes are utilized to assess the detection of the dis-
location substructures and boundaries during the grain fragmentation stage.

Accumulation of distortion in the crystal produces an increase in measurement noise at each pixel which is
estimated using Kamaya's plots. The storage of dislocations and related angular misfits reduces the peak height of
the probability density distribution of misorientation gradients, moves the peak to higher misorientation gra-
dients and widens the distribution. Superposition of double Rayleigh distributions over the combined dislocation
boundary data predicts a slightly higher median for the frequency of geometrically necessary boundaries and
larger misorientation gradients across these boundaries in dynamically deformed material. In incidental dis-
location boundaries, higher misorientation gradients are only observed at lower equivalent strains. Buildup of
shear strain leads to the deterioration in the quality of the fitting to a double Rayleigh distribution and is linked
to the complex evolution pattern of the dislocation boundaries. Finally, in statically deformed material, aniso-
tropy in the substructure evolution is observed in the shear and radial planes.
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1. Introduction equilibrium structure and affects the material properties owing to its

modified kinetic and thermodynamic characteristics [7].

High pressure torsion (HPT) is one of the most commonly used
methods of severe plastic deformation (SPD) which is mainly due to its
unique ability to impart extremely large strains in one single operation.
Indeed, in most other SPD processes such as equal channel angular
extrusion (ECAE) introduced by Segal [1,2] and accumulative roll
bonding (ARB) proposed by Saito et al. [3], the deformation is imposed
in discrete steps. Though already proposed by Bridgman in the early
1950s [4], HPT was reintroduced in the 90s [5] as a SPD process that
imposes continuous torsion deformation on a disk sample under high
axial pressure. As a result, a very fine grain structure is obtained in
metals with a multitude of enhanced and interesting properties, espe-
cially strength and superplastic forming [6]. Additionally, the grain
boundary (GB) area in SPD materials, though less than 1%, has a non-

SPD performed at either high strain rate or low temperature is
known to produce enhanced dislocation density, thereby generating
much finer cell structure [8]. In addition to inhibiting thermally sti-
mulated relaxation processes, high strain rate deformation may raise
local flow stresses to very high values, triggering deformation twinning
even in materials with high stacking fault energy. Thus, multiple de-
formation mechanisms acting to accommodate the deformation, lower
the strain levels needed to achieve the same refined microstructure as
that obtained in low strain rate SPD methods. Recently, a dynamic HPT
(DHPT) method capable of imposing torsional strain rates of the order
of 10,000 s~ ! was introduced and found to refine the original coarse
grains of commercially pure aluminum slightly faster than conventional
HPT [9]. Present work primarily deals with the evaluation of the
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dislocation substructures and boundaries formed in the fragmenting
grains as a result of deformations imposed during HPT and DHPT
methods.

For most metals, the process of grain fragmentation is governed by
dislocations or more specifically the interaction between dislocations.
In order to describe and characterize the dislocation structures which
form as a result of moderate strains, a general framework was provided
by Kuhlmann-Wilsdorf [10]. This was further extended by Hansen to
the large strains normally observed in cold rolling and drawing op-
erations [11]. In deformation structures, the most easily distinguishable
feature is the “mosaic block” structure, which is formed when two al-
most dislocation free regions are separated by dislocation cell bound-
aries (CBs). These cells together form individual domains bounded by
extended cell block boundaries (CBBs). The cell boundaries are the
aggregates of incidental or statistically stored dislocations (SSDs) and
therefore, denoted as incidental dislocation boundaries (IDBs). The cell
block boundaries, on the other hand, are composed of geometrically
necessary dislocations (GND) and called as geometrically necessary
boundaries (GNBs). This means that the misorientation across IDBs is
due to the rigid rotations of the two neighboring volume elements. In
the case of GNBs, on the contrary, different active slip systems, changes
in shear amplitudes or local strain differences between two neighboring
regions produce the necessary misorientation [12]. With increasing
strain, the spacing between the GNBs decreases, bringing down the
number of dislocation cells contained within and their size. Simulta-
neously the misorientations across both IDBs and GNBs increase,
causing widening of the misorientation angle distribution [11]. Gen-
erally, IDBs are characterized by a lower misorientation angle, narrow
distribution of the angles and a random distribution of the mis-
orientation axes. In contrast, the GNBs display larger average mis-
orientations, a wider distribution of the angles and misorientation axes
clustered around preferred axes [13]. Hughes et al. observed a strain-
independent scaling behavior for the misorientation angle (6), in case of
both IDBs and GNBs, when 6 is normalized using the mean mis-
orientation angle, § as a scaling parameter, resulting in the following
equation [14]:

)

P®©, 6) ef(éé] (1)
where P is the probability density distribution for misorientation an-
gles. § and 5 are exponents of the scaling parameter having values of 1
and —1, respectively. A similar scaling behavior was observed for the
relative probability of the measured link lengths, i.e. dislocation line
lengths between two nodes when scaled with respect to the average link
lengths [15]. Thus the entire process of the formation of dislocation
rotation boundaries can be characterized by the mean misorientation
angle (8). Pantleon and Hansen [13] later observed that the probability
density distributions of the misorientation angles developed across IDBs
and GNBs can be easily described by a Rayleigh distribution:
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where o = /28 is the standard deviation of the distribution. The ex-

perimental dgta for their study were collected separately for IDBs and
GNBs using transmission electron microscopy (TEM), which only allows
obtaining local data from images with limited field size. Other micro-
structural observation techniques such as electron backscatter diffrac-
tion (EBSD) do not allow to distinguish between the boundary type, i.e.
IDB or GNB, however, much larger sample areas are scanned. In case
that all the boundaries are characterized together, structural para-
meters on separate boundaries can still be obtained by considering a
Rayleigh distribution for each boundary type. The probability density
distribution of all the misorientation angles is then fitted by super-
posing two Rayleigh distributions adopting the following equation:
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where &gy and Epp (Epp = 1 — Egnp) are the relative fractions, Ognp
and Oppp the misorientation angles, and ogyg and ojpp the standard
deviations of the GNBs and IDBs, respectively. Thus fitting of the double
Rayleigh distribution provides the fraction and mean misorientation for
either kind of boundaries. Recently, Moussa et al. proposed to use the
orientation imaging maps obtained from conventional EBSD measure-
ments and to fit the double Rayleigh distribution over the misorienta-
tion gradients (dO6/dx) calculated using kernel average misorientation
(KAM) data [16,17]. This uncovered a new approach where sufficiently
large EBSD maps obtained at suitable step sizes could provide statisti-
cally relevant values of relative frequencies of dislocation rotation
boundaries and the associated mean misorientation gradients.

The misorientation angles developing across low energy dislocation
structures (LEDS), subsequent to the mutual interaction of dislocations,
are treated as a result of fluctuations in the number of mobile dis-
locations [15,18]. Thus determination of the dislocation densities
formed within the original coarse grains is crucial for the evaluation of
evolutionary stages of deformation and their relation with the re-
crystallization mechanisms during SPD [19]. Nye proposed that the
local dislocation density tensor (a) is determined entirely by the elastic
distortion tensor and is related with the dislocations emanating from
operative slip systems as given by [20]:

N
a= ) p' (B v)=—curlp¢
Z; C)]

where p is the dislocation density, b the Burgers vector, v the dislocation
line vector for each slip system ¢, N is the total number of slip systems
and f° = ¢° + w° is the sum of the elastic strain tensor and the lattice
rotation tensor [21]. However, Eq. (4) remains under-constrained and
may possess multiple possible solutions, leading to the requirement of
optimization in order to obtain the nearest possible solution for the
geometrically necessary dislocation density (GNDD). Kubin and Mor-
tensen, based on a strain gradient model, proposed a quite simple re-
lation to relate the lattice curvature observed during plastic deforma-
tion with GNDD [22]:

_ X0
Ponp = e )

where y is a constant which depends on the dislocation character and x
is the distance over which the misorientation 6 between the neigh-
boring points is calculated.

However, the dislocation densities obtained by Eq. (5) are in-
herently sensitive to the measurement noise. The uncertainty in or-
ientation measurement in undeformed material is known to be sensitive
to the crystal orientation. On the introduction of strain, measurement
noise worsens owing to the presence of dislocation content in the
structure. This is because the distortion of crystal lowers the quality of
Kikuchi diffraction patterns, making the detection of these bands and
subsequent indexing less accurate [23]. Another problem is the pattern
overlap in heavily deformed samples, whereby a large fraction of
boundaries with low misorientation angles and very narrow spacing are
present. All these complexities may result in a strong increase of the
fraction of non-indexed points in EBSD measurement with accumu-
lating strain in the material [23].

Further, the GNDD in the material as a function of imposed de-
formation strain is dependent on the Burgers circuit size, corresponding
to the step size or kernel size in EBSD assessment, which separates the
GNDs from SSDs [24]. Though the presence of an individual dislocation
may introduce a deformation field in the material, at larger length scale
any geometric perturbations caused by the SSDs is negated by the
dislocations of the opposite sign within the Burgers circuit. Hence a
change in the number of dislocations which are geometrically necessary
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Fig. 1. The average GNDD calculated at different step sizes for an area near the
indenter tip for micro-indented single crystal tantalum. Three discrete regions —
(A), (B) and (C) are indicated [25].

depends on the size of the Burgers circuit that is considered [19]. As a
result, as shown in Fig. 1 from ref. [25], a different GNDD is obtained
with a change in EBSD step size (L). In the figure three distinct regions
(A), (B) and (C) are labeled. Region (A) at small and (C) at large step
size corresponds to a 1/L relationship [26]. Such a relationship in re-
gion (A) produces dislocation densities dominated by noise [24]. Only
at the moderate step sizes in region (B), the constant GNDD represents
the true GNDs accommodating the local strain heterogeneities at the
same length scale as the substructure [25,27]. For the single crystal
tantalum as shown in Fig. 1, region (B), corresponding to the true GND,
extended from ~0.1 to 1 pm, while for commercial purity aluminum
deformed using HPT at equivalent strains (e.q) from 1 to 50, the plateau
was observed between 80 and 320 nm [19]. The appearance of these
regions and their transition is dependent on the nature and the level of
deformation of the sample [28]. Hence in order to arrive at region (B)
for the HPT and DHPT deformed samples in present work and assist in
the ensuing structural parameter analysis of the dislocation boundaries,
EBSD assessment is performed at two mapping step sizes with a dif-
ference of an order of magnitude.

In HPT material, though shear plane surface is characterized mostly
to follow the progression of microstructure, anisotropy in grain mor-
phology exists between the shear and radial planes [29]. The micro-
structure evolution during HPT is known to evoke an anisotropic me-
chanical response in the material. In a recent study, a single-phase
Ti45Nb alloy in HPT deformed condition, when tested in a tensile test
exhibited anisotropic mechanical behavior in the samples extracted
along the shear and axial directions [30]. Higher yield and tensile
strength were observed in the shear direction, while the results for
orientation dependence of material ductility were inconclusive. How-
ever, in commercially pure aluminum, anisotropy in true fracture strain
values corresponding to the radial and axial directions was observed in
a sample extracted along the shear direction [31]. In this case, such
behavior was attributed to the lingering presence of prior rolling and
recrystallization texture at lower HPT strain and at a later stage to the
evolution of different shear texture components.

The main aim of present work is to perform a detailed micro-
structural investigation to differentiate between the evolutions of the
dislocation substructure in statically and dynamically deformed com-
mercial purity aluminum during high pressure torsion. Additionally, an
effort is made to address the open question on the suitable step size for
the statistical dislocation and dislocation boundary analysis from EBSD
maps of metals on which large plastic strains are imposed to refine the
microstructure. To that purpose, the orientation imaging data was
utilized to generate the misorientation gradient maps. Statistical ana-
lysis of the probability density distributions of the misorientation gra-
dient using a double Rayleigh distribution allowed to determine the
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relative frequencies of the GNBs and IDBs, and their respective mis-
orientation gradients. Next, the GNDD responsible for the generation of
independently deforming crystal domains bounded within the high
angle grain boundaries was determined. The misfit angles of the
boundaries gave an idea about the stored energies in the statically and
dynamically deformed materials. Finally, the substructure evolution on
the shear and radial planes was investigated in a HPT deformed sample
at different radial locations. Special attention was paid to detect ani-
sotropy in the microstructural changes taking place on these planes
with the progression of imposed deformation.

2. Material and methods

Commercially pure aluminum was used as the study material and
was obtained in the form of cast blocks. The chemical composition was
determined using atomic absorption spectroscopy (AAS) and the ma-
terial contained about 99.62% of Al while remaining impurities in-
cluded 0.28% Fe, 0.05% Si and 0.05% Cu. The cast blocks were cold
rolled to a thickness of 1.3 mm and then annealed at 773 K for 30 s,
producing an average recrystallized and strain-free grain size of 85 pm.
Disk samples of 15 mm diameter and ring samples having an outer
diameter of 11 mm and ring width of 3 mm were used for HPT and
DHPT experiments, respectively.

The schematics of the experimental setup used in the present in-
vestigation are as shown in Fig. 2. The HPT deformation is imposed in
semi-constrained condition under an axial pressure of 2.5 GPa and ro-
tational speed of 1 rpm. The sample reference system in simple shear
deformation mode as indicated in Fig. 2 (c) consists of three directions
namely, radial (RD), shear (¢) and shear plane normal (Z). The
equivalent strain introduced in the material is given by:

c _27TNr
4T J3h (6)

where N is the number of revolutions applied to the sample, r is the
radial distance from the center axis and h is the thickness of the sample.

Like HPT, the deformation in DHPT is applied under semi-con-
strained conditions and the applied strain is assessed using Eq. (6). The
ring sample is held under an axial pressure of 1.4 GPa, in an annular
groove machined into the mold having a depth of 0.3 mm on each
surface. As shown in Fig. 2 (b), almost the entire length of the incident
bar is pre-torqued in order to increase the amount of elastic energy
stored in the bar and the torsional pulse width. The friction clamp
system held together by a notched high strength steel bolt is placed near
the sample containing molds. The pneumatic system provided at the
friction clamp mechanism is used to break the bolt, releasing the stored
torsional energy and thus applying high-speed torsional deformation to
the sample material. The rotational speed acting on the mold at the
incident bar is given by:

Ry = i=T

Zb,in (7)
where T; is the incident torque amplitude, T, the reflected torque am-
plitude, and Z;, i, = ppCs/p, the torsional impedance of the input bar, ps
the density of bar material, C, the speed of wave propagation in torsion,
and J, the polar moment of inertia for a cylindrical bar. From the
condition of torque equilibrium within the sample, the strain rate ap-
plicable at different radial locations r can be assessed by the following
relation [9]:

. 1 27; - Tsample r
b=
3. Zywm  h ®

where Tyqmpie is the torque required to deform the sample material. In
DHPT, the strain rates when calculated using a mean radius of 4 mm,
were of the order of 10® s~ . The combined effect of the deformation
temperature and strain rate is most often represented by the Zener-
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Fig. 2. Schematics of the experimental setups used in the present study - (a) semi-constrained high pressure torsion [6], and (b) dynamic high pressure torsion
(DHPT) [9,32] and (c) sample reference frame with cylindrical coordinate axes: radial (RD), shear (¢) and shear plane normal (Z). The planes of microstructural
observation, shear plane (RD-¢) and radial plane (¢-Z) are distinguished by their normal directions — Z and RD, respectively.

Hollomon parameter, Z = ¢ e(%), where Q is the activation energy and
R the gas constant [33]. The applied deformation conditions in DHPT at
the room temperature resulted in a Zener-Hollomon parameter (In Z) of
~70, using a value 156 kJ/mol for Q from ref. [34].

The microhardness measurements were performed on the HPT and
DHPT samples on the RD-¢ plane using a Vickers diamond indenter
with a load of 300 gf and a dwelling period of 15 s, on a LECO AMH43
hardness testing machine. The hardness values were measured as an
average of three indents, lying at a distance of ~0.2 mm at each radial
location.

The orientation imaging microscopy (OIM) measurements were
carried out on the ¢-Z plane using an EBSD system mounted on a
scanning electron microscope with a field emission gun of type FEI-
Quantax®. The sample preparation included fine mechanical polishing
followed by electropolishing using Struers A2 electrolyte at a voltage of
45 V for 10 s. The EBSD maps were collected at a tilt angle of 70°, the
working distance of 16 mm, accelerating voltage of 15 kV and step sizes
of 0.1 and 1 pm. The microstructural investigations were performed
using mapping areas of 100 X 100 and 500 X 500 pm? for 0.1 and
1 um step sizes, respectively. TSL OIM™ software was used for the post-
processing of the data and microstructural analysis. The post-processing
data clean up included removal of pixels with confidence index lower
than 0.1 followed by grain confidence index standardization and a
single iteration of grain dilation.

3. Experimental results and discussion
3.1. Effect of EBSD mapping step size

The experimentally observed probability density (P) and accumu-
lated frequency (f) distributions are displayed in Fig. 3, for EBSD
mapping data acquired at two different step sizes, i.e. 0.1 and 1 um for
the DHPT samples, in order to differentiate between the substructures
resolved. The kernel average misorientation data was collected for 1 to
5 neighbors. As can be seen from P distributions for both 0.1 and 1 um,
in Fig. 3 (a) and (b) respectively, with increasing ¢, the distribution
peak Pyq. lowers and moves to higher misorientation gradients with
widening observed in the distribution. Such behavior is quite similar to
that observed for misorientations for both IDBs and GNBs when char-
acterized individually using TEM [14]. This, however, occurs with
significant differences between the misorientation gradients developed

at these two step sizes. These experimental distributions when fitted by
superposing two Rayleigh distributions using the following equation for
probability density distribution:

2 2
S © = g [ (sl diony exp( (de/dx)m;)] . [(de/(zix)lDB exp( <de/dx>m3]]

3 5
GNB 2096NB oibB 20pp

©)

or for accumulated frequency distribution:

2 2
faccumula[ed (e) = §GNB [1 - exp(—M)] + gIDB [1 - exp(—M)]

205 207pp
(10)

it is possible to determine the standard deviation (o) of individual
distributions of GNB and IDB and fraction of each of these boundaries,
Egng and Epp. Knowledge of o in a Rayleigh distribution allows calcu-
lation of mean misorientation gradient using relation:

X (7
retd

The modeled structural parameters of the dislocation structure are
given in Table 1 and the mean misorientation gradients, for IDBs and
GNBs at both the step sizes, are plotted vs. ¢4 in Fig. 4. The measure-
ment noise obtained as intercept values of the Kamaya's plots is found
to be increasing with &4 for both step sizes as the uncertainty in or-
ientation determination increases with deformation accumulating in
the crystal owing to the lowering of pattern quality and increasing
probability of pattern overlap [23,35]. The physical resolution limits of
the EBSD detector also contribute to the uncertainties in orientation
determination and hence the noise [36]. In order to gauge such a noise
contribution in the orientation measurement in EBSD maps, mis-
orientation distributions were calculated for ten different crystal or-
ientations in recrystallized aluminum. The misorientation distributions
for neighboring point pairs with the 1st neighbor were determined for a
5 x 5 um? area and are plotted in Fig. 5 (a), where it can be observed
that the different distributions are centered at ~0.4°. The average
misorientation angle between neighboring point pairs (Kernel Average
Misorientation - KAM) and all point pairs (Grain Orientation Spread -
GOS) for all the ten different grain orientations are shown in Fig. 5 (b)
and average values of 0.43 and 0.31° can be discerned, respectively. A
close correlation between the average KAM and GOS values indicate
that the orientations too away from the true orientation of the crystal
are randomly distributed in the recrystallized material. The

an
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Fig. 3. Experimental probability density ((a) and (b)) and accumulated fre-
quency (c) distributions for EBSD mapping data obtained with 0.1 ym (a) and
1 um (b) step size for DHPT samples. In (c) broken line is for 1 um (also shown
in inset) and filled markers are for 0.1 pm data.

measurement noise at the lowest strain for 0.1 um step size is quite
close to that observed in the annealed material, which is clearly not the
case for the 1 um step size, where generally higher values are obtained
for the orientation noise.

At low deformation levels, there is a possibility of crystal orientations
fluctuating within the range of measurement noise, which results in a
negative misorientation gradient [17]. The population of such pixels
should drop with an increase in deformation in the material since in-
creasing dislocation densities necessarily develop higher misorientations
and thereby positive gradients. Such pixels are assigned a zero value and
are given as null pixel frequency, N, (%) in Table 1. The pixels with
confidence index less than 0.1 in the processed EBSD maps are also in-
cluded in the N, values. From Table 1 it can be seen that N, decreases
with increasing e, for 0.1 pum step size, except at the highest strain.
Contrarily, for 1 um step size, the N, increases with &.,. Chen et al. ob-
served that for a certain grain size, the fraction of the non-indexed points
is directly proportional to the step size of the EBSD data acquisition in
coarse as well as ultrafine-grained Titanium [37]. Similarly for the EBSD
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Table 1

Structural parameters observed experimentally and calculated using a double
Rayleigh distribution for 1 and 0.1 pym step size EBSD mapping data at ¢, of
0.2, 1.3, 1.9 and 2.5.

Structural parameters EBSD scan step size

1 pm 0.1 ym

SPD strain

02 13 19 25 02 13 19 25

Experimental

A8/AX (°/um) 1.2 20 3.0 34 20 84 162 136
Double Rayleigh distribution

A8/Axgng (/um) 17 23 32 35 43 148 207 186
A6 Axpg (/um) 08 14 11 04 09 46 65 52
EonB 0.41 0.61 0.87 096 0.25 0.34 0.66 0.6
Measurement noise, (°) 1.2 33 46 47 05 10 18 17
Null frequency pixels, (%)* 46 6.6 141 17.4 122 68 65 8.0

2 Ppixels with 22 = 0.
Ax

25 A0
— (/um)
20 | o e0.1pm * .
O®]pm
15 °
10
° o
5 ° o. . .
0 ) o o A
0 0.5 1 1.5 2 2.5 3

Eeq

Fig. 4. Mean misorientation gradient vs. ¢.q modeled for IDBs and GNBs for two
different step size EBSD mapping data. (solid markers — GNBs; open markers —
IDBs).

maps recorded with 1 pym step size, with increasing &, there can be a
higher propensity of pattern overlap [23], which can act as a consider-
able factor contributing to a larger population of pixels with low con-
fidence index and hence higher N,,. In the case of 0.1 ym EBSD step size
at a g,q of 2.5, the effect of decreasing cell size and thereby increased
fraction of non-indexed pixels clearly outweighs the effect of increasing
misorientation gradients calculated at individual pixels.

A substantial difference is observed between the mean misorientation
gradients modeled for both IDBs and GNBs at two step sizes, cf. Fig. 4,
which either means that there exists a very large amount of SSDs within
the deformed material or the developed substructure is considerably
finer and thereby remains unresolved in the 1 pm step size EBSD maps. In
Fig. 6, using point-to-point misorientation profiles in 0.1 um EBSD maps,
the average boundary spacing calculated for different minimum mis-
orientation angles viz. 2, 5, 10, and 15° is plotted for ¢, up to 4.5. It can
be seen that above &, = 1.3 and 2.5, the boundary structures having
minimum misorientation angle of 2 and 5°, respectively decrease to a size
below 1 pm and thereby the ensuing misorientation gradients would
remain largely undetected in 1 ym EBSD maps. Fig. 7 shows the grain
boundary maps for &4 0.2-4.5, with boundaries indicated using black
color for 10-15°, green color for 5-10° and red color for 2-5° mis-
orientation. From grain boundary maps, it is evident that low mis-
orientation boundaries having minimum misorientation of 2 and 5° form
a significant portion of the total grain boundary area in the DHPT de-
formed samples at higher strains. If these boundaries are undetected and
thus neglected from the substructure analysis, appreciable errors can be
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orientation angles, viz. 2, 5, 10, and 15° with increasing ¢, for DHPT samples.

introduced in the subsequent statistical fitting of the experimental mis-
orientation gradients. Hence a step size of 0.1 pum is considered suitable
to investigate the deformation structures formed as a result of SPD in two
different modes, i.e. static and dynamic and perform the statistical ana-
lysis of the rotation boundaries.

Additionally, during the present investigation, the results of the
statistical modeling of misorientation gradients are observed to be
sensitive to the kernel diameter size. Hence in order to choose a kernel
diameter of the order of the same magnitude as that of the dislocation
cell observed at the highest strain investigated, the local misorientation
(6;) for an ith neighbor with i = 1 to 3 are considered for further in-
vestigation of the static and dynamic HPT material, giving an effective
kernel diameter of 0.4 pm.

Materials Characterization 160 (2020) 110088

3.2. Substructure evolution during HPT and DHPT

The experimental and modeled misorientation gradients along with
other relevant structural parameters after fitting the double Rayleigh
distribution for HPT and DHPT samples are given in Table 2. From
experimental misorientation gradients, it can be seen that the high
strain rate during DHPT introduces substructure in the material at a
slightly faster rate than that in HPT, i.e. the same level of deformed
structure is produced at a lower strain in DHPT material. In Table 2 (1**
and 2™ row), the modeled mean misorientation gradients obtained for
combined IDBs and GNBs are quite close to the mean misorientation
gradients observed for the experimental distribution data, which proves
that statistical fitting of EBSD misorientation data is capable of dis-
sociating different structural parameters of the grain fragmentation
process in SPD materials. As shown in Fig. 8 (a), in DHPT material
higher misorientation gradients are predicted for GNBs at all strains,
while in case of IDBs such a tendency exists at low deformation strains
when compared with their HPT counterparts. Using Eq. (5), the GNDD
is calculated and plotted in Fig. 8 (b). However, the local misorientation
value is substituted by misorientation gradients in Eq. (5) which makes
the detected lattice curvature and thereby the calculated dislocation
density independent of the length scale of the microstructure or the
kernel size considered within a reasonable range [31]. As described
earlier, the estimation of Nye's dislocation density tensor involves cal-
culation of lattice curvature based on the local misorientation gradients
for neighboring pixels [21]. Hence misorientation gradients determined
using Kamaya's plot were used in Eq. (5) [17,35]. In a recent study, it
was shown that with a value of 3 for ¥, the dislocation densities cal-
culated using Eq. (5) coincides with those determined using Nye's
tensor [38]. Additionally, this approach allows eliminating the effect of
measurement noise on the calculation of pgyp, since measurement noise
is determined for each pixel in an EBSD map in contrast to a general
value between 0.5 and 1.5° chosen for measurement noise, which leads
to artificial dislocation densities [39].

As foreseen, the SPD at higher strain rates can be seen to produce a
larger amount of substructure in the material in terms of the dislocation
densities. These dislocations organize themselves in low energy dis-
location configurations preserving their individual strain fields and
leads to a net lattice curvature to generate independently deforming
dislocation cell blocks within a coarse grain. In the present study, égnp
predicted for SPD material in both static and dynamic conditions are
slightly higher than those previously reported for conventionally cold
rolled aluminum [13]. When compared between HPT and DHPT ma-
terials, a higher median value of 0.5 is observed for gyp in DHPT
material, while it is 0.43 in HPT material.

Interestingly, the sum of squared differences of fitting for the double
Rayleigh distribution to the experimental data is found to be showing a
positive trend with the increasing deformation strain (Table 2). Pre-
viously, it was observed that at higher deformation levels, when in-
dividual misorientation data of IDBs and GNBs are fitted with double
Rayleigh distribution, two sets of boundaries, i.e. IDB;, IDB, and GNB;,
GNB,, respectively could be identified for each distribution [13]. The
double Rayleigh fitting, thus generated two different mean misorienta-
tion angles for each distribution, which increased with the accumulation
of deformation in the material. The evolution of the misorientation angle
across the dislocation boundaries thus seems to be sensitive to other
structural parameters. The crystal orientation, in which boundaries are
formed, was found to have a considerable effect on the angular evolution
of the IDBs and GNBs, as well as the morphology of such dislocation
boundaries [40]. Therefore fitting of the double Rayleigh distribution to
the EBSD data which combines the IDBs and GNBs seems to be an
oversimplification for a comparatively complex process where multiple
structural parameters may have an influence on the evolution of dis-
location structure and associated boundaries.

The Vickers microhardness measurements were performed at dif-
ferent radii for disk and ring samples for HPT and DHPT materials,
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Fig. 7. Grain boundary maps for DHPT samples deformed to ¢4 of 0.2, 1.3, 1.9, 2.5, 3.1 and 4.5, with boundaries indicated using black color for 10-15°, green color
for 5-10° and red color for 2-5° misorientation. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

respectively. As shown in Fig. 9, the hardness evolution with ¢4 can be
described using a simple equation: HV = ke.y" [41,42]. A log-log plot of
the Vickers hardness and ¢, provides the values of hardness coefficient
and exponent and are shown in a table in Fig. 9 for both materials. A
higher coefficient for DHPT material is in agreement with the micro-
structural observation, where a slightly rapid build-up of misorientation
gradients is manifested across both, the IDBs and GNBs. However, quite
a closeness of the hardness values to saturation hardness in DHPT
material produces a lower hardness exponent.

Read and Shockley, based on their dislocation model for LAGBs,
calculated the energy per unit area of the grain boundaries [43]. Here,
the energy of a boundary is determined as a function of the angular
misfit and the orientation of the boundary. The quantitative expression
is given as:

E= [L]Q[A — In6]
4 (1 — v) (12)

where G is the modulus of rigidity, a is the lattice parameter, v is the
Poisson's ratio, and 0 is the angle of misfit or misorientation angle. The
quantity A is determined by the orientation of the boundary and the
energy of the atoms at the location of dislocation and has a value of
0.23 [43]. In the present case, the total boundary energy content for
both the HPT and DHPT materials is calculated by considering all the
dislocation boundaries, i.e. IDBs and GNBs. Fig. 10 shows the evolution
of boundary energy content with the SPD equivalent strain. As en-
visaged, incommensurate with the misorientation gradients developed
across the dislocation boundaries, in DHPT materials higher boundary
energy content is obtained compared with the HPT material. The
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Table 2
Comparison of various structural parameters observed experimentally and modeled using double Rayleigh distribution for static and dynamically deformed HPT
samples.
Structural parameters HPT DHPT
0.2 0.53 1.16 2.02 2.52 4.19 5.58 0.2 1.26 1.87 2.5 3.12 4.5
Experimental
A8/Ax (°/um) 2.0 3.3 5.7 10.1 13.0 15.1 16.0 2.3 9.1 15.3 13.2 17.2 19.8
Double Rayleigh fitting
AB/Ax (°/um) 1.8 3.1 5.4 9.8 12.6 14.7 15.3 2.0 8.1 14.8 12.6 16.4 19.1
A8/AXgNp (°/um) 3.2 5.9 12.7 17.5 20.7 23.0 26.3 5.1 19.0 23.8 21.9 26.3 31.0
A8/Ax;pp (°/um) 0.9 1.6 2.4 4.0 5.1 5.4 4.6 1.0 3.7 4.9 4.2 5.3 4.3
&GnB 0.39 0.37 0.3 0.43 0.48 0.53 0.49 0.27 0.29 0.52 0.47 0.53 0.55
Measurement noise, (°) 0.4 0.4 0.6 1.0 1.3 1.5 1.5 0.6 1.2 1.6 1.5 1.7 1.5
Null pixel frequency, (%) 14.9 9.4 8.0 5.9 5.7 7.8 13.6 25.8 17.1 10.3 13.5 13.8 10.3
SSD of fitting® 0.1 0.2 0.4 0.3 0.3 0.3 0.6 0.2 0.7 0.4 0.5 0.6 0.7
2 SSD - sum of squared differences.
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boundary energy increases quite sharply initially, before showing a
tendency for saturation above ¢4 of about 3.

3.3. Structural anisotropy — shear and radial plane

In order to investigate the anisotropy in structural evolution in the
shear (RD-¢) and radial (¢-Z) planes, a HPT sample rotated to 180° was
characterized on the respective planes of observation at three radial
locations amounting to &, of 4.19, 5.58, and 8.37. Fig. 11 shows the
combined KAM and grain boundary maps for both the planes with
boundaries having misorientation of 2-5°, 5-15° and 15-65° colored
red, blue and black, respectively. Unlike in the shear plane, the radial
plane shows a morphological texture in the shear direction. Though the

Fig. 10. The boundary energy per unit area calculated for both HPT and DHPT
materials at various e.q.

difference is not clearly visible for the LAGBs, a higher proportion of
high angle grain boundaries (HAGBs) can be easily detected in the ra-
dial plane, especially at ¢, of 8.37. The average KAM values for the
maps from Fig. 11 are plotted vs. &4 in Fig. 12 (a). The local mis-
orientation in the radial plane is higher during the fragmentation stage
generally observed for the commercial purity aluminum [29] but comes
closer to values identified in the shear plane at ¢, = 8.37. The
boundary length fractions for 2-5°, 5-15° and 15-65° boundaries pre-
sent in both planes at different ¢, are calculated and shown in Fig. 12
(b). At ¢, = 4.19, 2-5° boundaries are more in the radial than in the
shear plane, but the proportion of 5-15° and 15-65° boundaries, though
close is lower in the radial plane. With increasing ., the fraction of the
2-5° and 5-15° boundaries continues to decrease in the radial plane
compared to the shear plane. On the contrary, the 15-65° boundary
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Fig. 11. Combined KAM and grain boundary maps for shear (a)-(c) and radial (d)-(f) planes, with boundaries having misorientations of 2-5°, 5-15°, and 15-65°
colored red, blue and black, respectively, at different ¢4 of 4.19 (a) and (d), 5.58 (b) and (e) and 8.37 (c) and (f). (For interpretation of the references to color in this

figure, the reader is referred to the web version of this article.)

length fraction continues to increase in the radial plane. Thus it can be
seen that the newly forming HAGBs, nearing the saturation stage at
larger deformation strains, can be more readily observed in the radial
plane than in the shear plane, which implies that these new HAGBs are
more parallel to the shear plane than with the radial plane.

Table 3 gives the experimental misorientation gradients and various

calculated structural parameters for both planes. Fig. 13 (a) shows the
experimental misorientation gradients observed for both planes at three
different deformation strains and distinct differences between them are
clearly visible. In the case of the RD-¢ plane, the experimental mean
misorientation gradient increases with &., which is the result of in-
creasing misorientation gradient across both GNBs and IDBs (see Fig. 13
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(b)). The GNB fraction on the shear plane increases to 0.56 at ¢, of 5.58
before descending to a value of 0.51 at ¢, = 8.37, which is similar to
the level observed at e, = 4.19. From Fig. 13(c), in the ¢-Z plane, on
the other hand, the experimental mean misorientation gradient, though
larger at ¢, = 4.19, is relatively constant thereafter, in spite of con-
tinuously increasing misorientation gradient across GNBs. Such a be-
havior can be ascribed to the steadily dropping misorientation gradient
across the IDBs and their corresponding frequency in the overall sub-
structure on the radial plane.

For commercially pure aluminum, during HPT deformation a tran-
sition between the fragmentation and steady-state stage was observed at
a strain of ~10 [19,31]. However, the structural parameters, e.g. mis-
orientation gradients across GNBs and IDBs, and GNB fraction in the
material starts progressing towards the saturation much before arriving
at such transition deformation levels [31]. The mean misorientation
gradient for GNBs and IDBs, was observed to be subsiding at

Table 3
Structural evolution across shear (RD-¢) and radial (¢-Z) planes in HPT de-
formed samples.

Structural parameters Shear plane Radial plane

4.19 5.58 8.37 4.19 5.58 8.37
Experimental
AB/Ax (°/um) 13.7 16.7 18.7 15.1 16.0 15.7
Double Rayleigh fitting
AB/Ax (°/um) 13.3 16.1 17.8 14.7 15.3 14.7
A6/ Axgnp (°/um) 22.5 25.4 30.1 23.0 26.3 29.2
A8/ Axipp (°/um) 3.9 4.4 4.8 5.4 4.6 4.2
EonB 0.51 0.56 0.51 0.53 0.49 0.42
Measurement noise, () 1.3 1.5 1.5 1.5 1.5 1.4
Null pixel frequency, (%) 8.9 9.6 14.3 7.8 13.6 18.3
SSD of fitting 0.4 0.5 0.8 0.3 0.6 0.8
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Fig. 13. (a) Experimental misorientation gradients calculated for shear and
radial planes of a 180° rotated HPT sample at three radial locations amounting
to .4 of 4.19, 5.58, and 8.37, and mean misorientation gradient values plotted
VS. £¢4 for experimental data, fitted GNB and fitted IDBs for (b) shear plane and
(c) radial plane. Solid lines in (b) and (c) - guide to the eye.

intermediate strain levels between 5 and 9, and the GNB fraction showed
a peak at ¢4 of 5.6 before diminishing to the lowest value at ¢4 of 27.9.
Thus from above observations, it can be conjectured that the sub-
structures exhibited on the shear and radial planes in HPT deformed
sample are at different stages of their transition towards the steady-state
and though the differences are modest, they are clear enough to indicate
the existence of anisotropy in microstructural evolution across these two
planes. Such discrepancies in microstructural progression along different
directions in the bulk material are bound to contribute towards the an-
isotropic response observed during subsequent mechanical testing.

4. Conclusions

Based on the observations made and their discussion following
conclusions can be drawn:

1. At larger EBSD step size of 1 pm, a significant portion of the dis-
locations and thereby the orientation gradients generated by them
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were unresolved. This is because, at moderate to large strains, a
large proportion of dislocation structure having a minimum mis-
orientation angle of 2 and 5° reached length scales much smaller
than 1 pm.

. Overall the accumulating strain distorted the crystal more and thus
increased the measurement noise. However, the lower spatial re-
solution in 1 pum step size maps caused higher measurement noise
and an increase in null value pixel frequency with increasing strain,
possibly owing to a higher propensity for pattern overlap in a more
refined structure.

. In DHPT material, in contrast to HPT samples, a higher mean mis-
orientation gradient for dislocation boundaries and larger median
for GNB frequency was observed, resultantly contributing towards
higher stored energies and hardness coefficient.

. Anisotropic substructure evolution was observed on the shear and
radial planes of an HPT deformed sample when investigated at
different stages of deformation.

. In spite of best efforts, the statistical fitting of double Rayleigh
distribution for combined IDB and GNB data deteriorates at higher
deformation strain. This is because the evolution of these boundaries
is influenced simultaneously by multiple structural parameters
during plastic deformation and hence fitting of double Rayleigh
distribution proves to be an oversimplification of an otherwise
complex process.
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