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a b s t r a c t
In this work, the mechanical behaviour and microstructure changes of AA-7075 alloy subjected to a
repetitive-bending-under-tension (R-BUT) process were studied. In the R-BUT process, a metallic strip
undergoes repeated localised bending and unbending. Load-displacement curves derived from R-BUT
tested samples displayed a drastic increase in elongation to failure as compared to samples subjected
to standard tensile tests. Additionally, the results confirmed that the force required to deform the RBUT samples is much reduced as compared to the load required during simple tension. Finite element
analysis confirmed that the sample subjected to the R-BUT process underwent intense shear deformation.
Transmission-electron-microscopy (TEM) and electron-backscattered-diffraction (EBSD) analysis of the
deformed matrix from the ND-RD plane (through-thickness) exhibited evidence for the formation of fine
grains. TEM analysis confirmed that the fine grains formed were in the size range of 200–400 nm. Intense
shear deformation experienced by the matrix led to shearing followed by spheroidization of precipitate
particles. The influence of precipitate particles on the grain refinement process through Particle
Stimulated Nucleation of fine grains in the matrix is also presented. EBSD analysis suggested that a
Continuous Dynamic Recrystallisation process is the key mechanism behind the grain refinement in
the sample during R-BUT processing.
Ó 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Thriving human populations, globalisation and global warming
have made both the manufacturing sector and consumers focus on
technologies to produce products which can be recyclable, reduce
carbon emission, be cost-effective and flexible to accommodate
future demands. Severe plastic deformation (SPD) is a technology
that can be used in aerospace and the bio-medical industries for
producing bulk ultrafine-grained materials without compromising
component dimensional tolerance [1]. There are a range of processes that are classified as inducing severe plastic deformation,
these include equal channel angular pressing (ECAP) [2,3], incremental equal channel angular pressing (I-ECAP) [4,5], high pressure torsion (HPT) [6,7], accumulative roll bonding (ARB) [8,9],
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multi axial forging (MAF) [10,11], repetitive corrugation and
straightening (RCS) [12,13], twist extrusion (TE) [14,15] and constrained groove pressing (CGP) [16,17]. Some of these are used primarily for research, others to produce low volume components.
Among them, ARB, RCS and CGP are primarily techniques that have
been used to fabricate ultrafine-grained (UFG) sheet materials. In
all SPD operations, shear plastic deformation applied through the
process is a crucial factor in grain refinement. Lee et al. calculated
the shear straining introduced by different passes of ARB and correlated this to the grain size distribution through the Al sheet
thickness [18]. It has also been shown how shear straining distributed through the sheet thickness in the different cycles of
RCS changes the microstructure of aluminium sheet [19]. Kumar
et al. explained how the bending and unbending through flattening
occurring in CGP can introduce shear plastic deformation in each
pass. In the following CGP cycle this shear straining increases
and impacts on the microstructure of the aluminium sheets [16].
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strated that Al-6022-T4 sheet material is twice as ductile in the RBUT test in comparison to a tensile test. Zecevic et al. [25] and Poulin et al. [26] have reported a strong (1 1 1) fibre texture in Al6022T4, and (0 1 1) fibre texture in dual phase steels for R-BUT tested
samples. In recent work by the authors, the favourable impact of
R-BUT on the mechanical behaviour of commercially pure titanium
has been reported and possible reasons for the observed enhancement in elongations have been discussed [20]. Although there are a
number of research works focusing on enhancing mechanical properties of materials through R-BUT, there is no investigation or feasibility study of this manufacturing operation for fabricating UFG
materials. Therefore, this study aims at evaluating the capability
of the R-BUT process in making UFG AA-7075 sheets at room
temperature.

Basically, in both the SPD processes of CGP and RCS, repetitive
bending and unbending has significant impact on microstructure
and, depending on the number of passes, it can reduce the grain
size below 1 mm. Repetitive Bending under Tension (R-BUT) could
be a promising new manufacturing operation capable of fabricating UFG materials. R-BUT is a testing methodology equipped with
three sliding rollers configured similar to the three-point bending
test (see Fig. 1). The three rollers slide up and down in cycles along
the gauge volume to bend and unbend the sample, at the same
time pulling the specimen in tension. In this process necking localization is postponed, and material can be deformed far beyond its
standard elongation in simple tension [20]. The bending and
unbending in a repetitive manner occurring during the process
can play a crucial role in grain refinement, similar to that occurring
in bending/unbending type SPD operations e.g. CGP, RCS and CGR.
However, the larger bending radius and a significant higher number of cycles achievable in R-BUT compared to other SPD operations can have a more effective impact on grain refinement.
Originally, Benedyk et al. in 1971, introduced R-BUT to study the
high strain deformation of materials as observed in some incremental forming or forging operations, in particular in the automotive industry [21]. Emmens et al. performed R-BUT experiments to
understand the impact of test parameters like speed and bending
levels on material elongation [22]. They concluded that the pulling
speed and depth setting are key parameters for achieving
enhanced elongation properties of materials. Moreover, it was
shown that formability of the material is reduced when roller
speed is low due to an increase in the number of bending and
unbending cycles. Roemer et al. [23] and Barrett et al. [24] demon-

2. Experimental procedure
2.1. Material
In this study, AA7075 aluminium alloy in the form of sheet
metal having thicknesses around 2 mm and 3 mm are selected.
The chemical analysis of this alloy is given in Table 1.
2.2. R-BUT testing
The test rig used for performing the R-BUT operation was developed at the University of Strathclyde. The R-BUT testing rig was
attached to a Zwick/Roell Z150 standard mechanical testing

Fig. 1. (a) CAD model of the R-BUT assembly, (b) a photograph illustrating the actual testing rig attached to a Zwick/Roell Z150 testing machine and (c) R-BUT testing sample.
All dimensions are in mm.
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been targeted. All experiments were conducted at room temperature and under a fully lubricated condition to minimize the friction
due to roller contact effects and also to avoid any surface damage.
The sample geometry adopted for R-BUT tests is given in Fig. 1(c)
and the samples for this work were extracted using waterjet cutting from a blank of AA-7075 alloy.

Table 1
Nominal chemical composition of AA-7075 alloy (wt.%).
Zn

Mg

Cu

Al

5.6

2.5

1.6

Balance

Table 2
R-BUT test matrix.

Penetration Depth (mm)

x

Tensile test

Set 1

Set 2

Set 3

Set 4

0
N/A

1
200

2
200

4
200

2
800

2.3. Finite element modelling of the R-BUT process
The finite element model of the R-BUT process was constructed
based on the experimental test setup described in Section 2.2. The
testing sample was modelled using 10,815 three-dimensional
reduced integration Hexagonal (C3D8R) elements. The size of elements was selected after performing mesh sensitivity analysis.
Since the rollers used in the experiments were much stiffer than
the testing samples, these were modelled using 3239 three dimensional rigid elements (RNODE3D) to reduce computational time.
Interaction between the rollers and sample was defined using a
general contact algorithm in ABAQUS; this formulation automatically detects the contact once established. All exterior surfaces
were included in the analysis for active contact checking. The contact pressure between the contacting surfaces was computed using
the hard contact formulation available in ABAQUS. This formulation computes the contact pressure based on the applied loading
and material stiffness. As shown in Fig. 2, the analyses comprised
of two explicit dynamic steps, i.e. an initial penetration step where
one of the rollers penetrated in the horizontal direction while
keeping the rest of the rollers and both (top and bottom) surfaces
of the samples fixed in the horizontal and vertical directions (middle figure). Penetrations of 2 and 4 mm were used in the present
study. For step 2, the roller positions were locked in the horizontal
plane and movement in the vertical plane was simulated simultaneously with tensile deformation as shown in Fig. 2 (right; step 2).
The roller speed used for these analyses was 40 mm/sec. To achieve
this, each roller is constrained at its centre to restrict its linear
motion along the horizontal axis while also restricting rotations
about the horizontal and vertical axes. A velocity boundary condition was applied, to simulate roller motion, using an amplitude
function to translate the rollers in the vertical direction (Fig. 2
right). Results of the simulations are discussed in Section 3.1.

machine. A CAD model and a photograph of the test rig is shown in
Fig. 1. The R-BUT testing rig consists of three 35 mm diameter rollers which apply 3-point bending on the sheet metal sample
selected for testing. The bending assembly slides along the sample
with controllable/adjustable velocities. Further technical details of
the R-BUT testing rig have been reported in a previous study [20].
Briefly, setting up the R-BUT testing includes the following steps:
1. Clamping the sample;
2. Applying bending using an adjustable roller;
3. Applying a pulling load where simultaneously the roller assembly starts moving up and down with a controlled velocity.
A number of trials were performed to study the influence of the
major experimental parameters associated with the R-BUT test.
The prominent R-BUT parameters include the bending levels, the
travel velocity of the bending assembly and the pulling velocity
applied along the length of the strip. Since the straining condition
can be controlled by both the pulling velocity and the bending
assembly velocity, the term x is defined as the ratio of bending
and pulling velocities as shown in Eq. (1):

x¼

bending assembly v elocity ðmm=sÞ
pulling v elocity ðmm=sÞ

ð1Þ

A three point bending condition can be achieved by penetration
of the adjustable roller towards the other rollers. Therefore, any
increase in penetration depth will lead to an increase in the bending levels which in turn decreases the bending radius. Table 2 presents the selected test matrix in this study. As elaborated, the two
main parameters of the bending penetration as well as x have

Fig. 2. Finite element setup illustrating the steps considered for FE modelling sample subjected to R-BUT process.
3
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Imhof Matthies Vinel (E-WIMV) algorithm in MAUD has been used
for generating the normalised pole figures and Orientation Distribution Functions (ODF). The units for the normalised pole figure
are expressed as multiples of a random distribution (m.r.d). Finally,
the MTEX toolbox [29] was used to present the ODFs.

2.4. Microstructural characterisation
2.4.1. TEM analysis
For TEM observations, the coupons from the tensile and R-BUT
tested samples were sectioned using a slow speed diamond saw to
cut slices of thicknesses around 400 lm. These slices were
mechanically polished to decrease the thickness to 80–100 lm.
Discs of 3 mm diameter were punched out using Gatan punch
(Model 659). The final polishing was done by using a twin-jet
electro-polisher with A2 electrolyte, at 15 V and 40 mA. The temperature of the electrolyte bath used for the twin jet electropolishing was maintained in the range 25 °C to 30 °C. A Struers
Tenupol5 twin jet polisher was used to thin the centre of the thin
foils until perforation, without introducing artifacts, so that the
areas around the hole were electron transparent. Ethanol was used
for final cleaning of the twin-jet polished samples. TEM observations were made using a FEI Tecnai Osiris TEM microscope operating at 200 kV (X-FEG gun). The imaging modes in this work were
bright field (BF) and dark field (DF). Selected area diffraction patterns (SADP) were recorded to assess the degree of grain refinement. Moreover, electron X-ray energy dispersive spectroscopy
(EDS) was conducted in the scanning mode (STEM) to acquire
chemical data including elemental mapping. Samples for
microstructural analysis were extracted from coupons cut out
close to the fracture tip from the ND-RD plane.

3. Results and discussion
3.1. Repetitive bending under tension of AA-7075
Before performing the R-BUT tests, room temperature tensile
tests were conducted on samples of naturally aged AA-7075 sheets
using the screw driven Zwick/Roell Z150 machine at an engineering strain rate of 10-3 s1. The engineering stress - engineering
strain curve of the AA-7075 alloy derived from the load–displacement curves of samples from sheet of 2 mm thickness is presented
in Fig. 3. The values of yield strength and ultimate tensile strength
of this material are 98 and 215 MPa, respectively. The uniform
elongation of the sample under uniaxial tension is 0.14. It is noted
that the flow curve displayed serrations beyond the yield point
during room temperature tensile testing. This heterogeneous plastic deformation is probably due to the Portevin-Le Chatelier (PLC)
effect becoming activated under tensile loading. This could be
associated with the interaction between solute atoms of Mg and
the mobile dislocations, which is recognised as dynamic strain ageing [30]. In general, during plastic deformation, dislocations glide
towards the loading direction using the available slip systems
within the grains. During plastic deformation, dislocations form
tangles which allows a cloud of solute atoms to condense around
them. The driving force for this accumulation of solute atoms
around the core of dislocations is to decrease the distortion in
the crystal lattice. This is facilitated by pipe diffusion with mobile
dislocations becoming trapped and pinned [31]. With the aid of
stress, these solute atom clouds can be overcome by thermally
activated dislocation motion. This dislocation-unpinning-process
and also the long-range dislocation interactions, lead to a drop in
the macroscopic stress value as can be seen in Fig. 3. It should be
noted that the loading condition, as well as the microstructure
state, can control the appearance of PLC effect in these materials
i.e. the appearance of the PLC effect in these materials is influenced
by presence of precipitates and test temperature, as well as strain
rate.
Fig. 4 presents the load–displacement plots of the AA-7075
samples subjected to R-BUT with different penetration depths i.e.
bending levels. For the sake of comparison, a load–displacement
curve of a sample subjected to standard tensile testing with a same
pulling rate of 0.2 mm/s is also presented in this figure. It is shown
that the level of bending has a significant impact on the pulling
force required to deform the sample. Higher bending levels lead
to lower maximum forces taken by the specimen before fracture.
During bending of the sample, a part of the cross section of the
sheet is under tension and the other part of the cross section is
under compression. These two sections are separated by neutral
line, which is a function of the R-BUT parameters. It has been
shown that the required pulling force to deform the sample under
R-BUT depends on the area of cross-section which is under compressive straining [32]. For the sample with a higher penetration
depth, more material in the cross section is under compression
leading to a reduced force to deform the sample. It is noted that
the bending deformation zone (the area in contact to the rollers)
requires a lesser tensile force to deform the material plastically.
This means that the rest of the material was under a lower force
than the yield strength and therefore, remained within the elastic
limit.

2.4.2. EBSD analysis
The microstructural characteristics of the as-received and processed samples were analysed using the Electron Back Scattering
Diffraction (EBSD) technique. Samples from the ND-RD plane were
used for this analysis. The EBSD scans were carried out in a FEI
QuantaTM 450 FEG-SEM microscope over an area with a dimension
of 1,200  1,000 lm2 using a step size of 1.5 lm for all the scans.
Furthermore, higher magnification EBSD scans (60  60 lm2 with a
step size of 100 nm) were collected to analyse the deformation
characteristics of aluminium matrix after R-BUT. TSLÒ OIM data
collection software was used for completing the EBSD scans and
also for post processing. EBSD datasets were subjected to a twostep clean-up procedure, i.e. neighbour orientation correlation
(grain tolerance angle 5°, minimum confidence index 0.1 and 5th
level neighbour orientation correlation) and grain dilation correction (grain tolerance angle of 5° and a minimum grain size of 4 pixels) using the OIM analysis software.
2.4.3. Bulk texture analysis
The texture of the R-BUT samples was analysed using the General Materials Diffractometer (GEM) instrument at ISIS neutron
facilities in Oxford [27]. The advantage of the neutron diffraction
over other diffraction techniques is that it offers a higher penetration depth, bulk and local texture analysis, no sample preparation
was required, no sample rotation is required and a complete pole
figure is obtained in a short time due to the time-of-flight analysis
at the ISIS pulsed spallation neutron source. A range of neutron
wavelengths between 0.2 and 3.5 Å was used for the measurements. The GEM instrument at ISIS is equipped with 7000 individual detector elements which for texture analysis are grouped into
164 banks, such that each bank covers approximately 10°10°
[27]. Three samples were allocated for bulk texture analysis in this
study: (i) the as-received sample (ii) a uniaxial tensile sample and
(iii) an R-BUT sample. In this study, a beam size of 20  10 mm2
(height  width) was used to record in total 15 Bragg peaks at
20 min for each sample. In order to normalise the data to the wavelength distribution of the neutron flux and to convert the data into
d spacing patterns, the Mantid software of the GEM instrument
was used. Then, the Maud software [28] was employed to analyse
the converted data using Rietveld fitting. The extended Williams
4
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Fig. 3. Engineering stress - engineering strain curve of the as-received AA-7075 sheets under uniaxial tensile testing.

Fig. 4. Variation in load–displacement curves of AA-7075 alloy subjected to R-BUT under different bending levels.

Fig. 5(a). Blue and red coloured curves indicate the R-BUT samples
with x = 200 and x = 800, respectively. Penetration depth for both
samples was the same at 2 mm. Although uniform formability and
the maximum tensile force of the sample with x = 200 is higher
than the sample with x = 800, the overall hardening rate for both
cases was similar. Since the bending assembly speeds for these two
cases were the same, the frequency of oscillation of bending and
unbending for both cases equals 0.16 Hz at the beginning of the
tests. It is however noticeable that the sample with x = 200 failed
after 42 cycles and the sample with x = 800 failed after 158 cycles
due to fracture. In the other words, each point of the sample with
the blue curve, experienced 316 cycles of bending and unbending.
The reason for this high number of R-BUT cycles of the samples
with the higher x could be associated with lower levels of tensile
straining applied on the sample. Fig. 5(b) also presents the photograph of the sample which went up to fracture under R-BUT process with penetration depth of 2 mm and velocity ratio of 800.
Based on the FE models constructed in Section 2.3, analyses for
different roller penetrations, tensile deformation speeds, and roller
speeds, have been performed. Six of these results are presented
here for brevity. Computational time for each simulation ranges
from 9 days to 16 days depending on process parameters. Fig. 6
shows the plots of through thickness normalised plastic shear
strain ratios to show the extent of plastic shear strains due to RBUT. This normalised ratio is computed by dividing the plastic
shear strains for the corresponding set of R-BUT process parameters with those from a conventional uniaxial test. The R-BUT process parameters varied are penetration depth, tensile
deformation speed, and roller speed. It can be inferred from

Fig. 4 also shows that the samples subjected to R-BUT showed a
higher level of displacement than their standard formability under
tensile testing. A comparison among the R-BUT samples reveals
that increasing the bending levels firstly leads to an increase and
then a slight decrease in elongation as summarized in Table 3. In
standard tensile testing, the sample fails as a result of initial ‘diffuse necking’ and rapid subsequent ‘localised necking’ after reaching the maximum tensile strength. This is marked by the formation
of a deformation band at an angle of 54to the first principal stress,
i.e. the tensile direction. However, in the R-BUT process, the rollers
change the local geometry and modify the stress state and localised necking is postponed. Furthermore, it has been previously
reported that FE simulations have indicated that the sample under
R-BUT conditions experiences a negative stress triaxiality resulting
in late fracture compared to standard tensile testing where a positive stress triaxiality occurs [20].
The impact of the speed ratio, x (EQUATION (1)), on the load–
displacement curves of the aluminium sheets is presented in

Table 3
The effect of R-BUT with different bending levels on uniform elongations and
maximum pulling forces.
Penetration depth
(mm)

% Increase in fracture
strain

% Decrease in maximum
tensile force

0.0
1.0
2.0
4.0

reference
126%
226%
142%

reference
17%
34%
82%
5
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Fig. 5. (a) Variation in load–displacement curves of AA-7075 alloy subjected to R-BUT under different speed ratios; (b) photograph of an R-BUT processed sample and the
location of through thickness TEM sample.

Fig. 6. (a-c) FE model predictions of the effect of R-BUT process parameters (penetration depth and velocity ratio,x) on through thickness plastic shear strain ratio.

Fig. 6 that the plastic shear strain ratios are high near the surfaces
while the central (middle) part of the sample is not significantly
affected by the rollers. It was also found that increasing the pene-

tration increases the plastic shear strain ratio throughout. The
number of roller cycles had a significant effect on the plastic shear
strains near the surfaces; as the number of roller cycles increased,
6
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allel to the RD). It is observed that orientation of the pre-existing
grains has an influence on the direction of shear deformation
occurring during tensile loading. This is confirmed by the change
in orientation of the shear bands (marked by lines) activated
within the grains (Fig. 8(b)). The shear deformation in R-BUT keeps
changing its direction due to repeated bending and unbending
resulting in the interaction of shear bands. This leads to the formation of fine grains as the level of strain imposed increases. IPF maps
recorded from the R-BUT samples confirm the formation of fine
grains within the prior elongated grains and along their grain
boundaries, cf. Fig. 8(c) (x = 200) and Fig. 8(d) (x = 800). The main
difference between these conditions lay in the values of penetration depth and velocity ratios (x). A higher the penetration depth
led to a decrease in the thickness of pre-existing grains and an
increase in the fraction of fine grains formed (Fig. 8(c)). The formation of the fine grains is likely to be associated with a strain
assisted continuous recrystallisation process due to the intense
shear deformation. Fig. 8(c) and Fig. 8(d) reveal the development
of a larger fraction of fine grains in the case of the R-BUT tested
sample with x = 200, as compared to the case of the sample with
x = 800. This confirms that penetration depth has major influence
on the amount of shear deformation.
EBSD scans were conducted at higher magnifications on the RBUT tested samples to confirm the underlying mechanism involved
in the development of fine grains in the deforming matrix. Fig. 9(a)
shows an IPF map from a higher magnification scan of the sample
after R-BUT (x = 200). The majority of the pre-existing grains covered in the scans revealed evidence of interacting shear bands during the deformation as marked by dashed lines. Also, the existence
of different coloured regions within those grains confirmed the formation of fine grains having a totally different orientation than the
parent grains. The IPF map from the region shown by rectangular
box in Fig. 9(a), given in Fig. 9(b), confirms the existence of fine
grains with an average size of less than 2.5 mm. Evidence for fine

the plastic shear strains also increased. Additionally, it is noticeable
that the plastic shear strains at the centre increase with an increasing number of cycles up to a point and then reverse directions. Tensile deformation speed increases the plastic shear strain ratios
through the sample thickness for the same number of cycles.
Through thickness equivalent plastic strain ratios for the various R-BUT process parameters, such as penetration depth, tensile
deformation speed, and roller speed are also plotted in Fig. 7. It
was found that equivalent plastic strain ratios are high near the
surfaces while central (middle) part of the sample was not significantly affected by the rollers. It can also be inferred from Fig. 7 that
increasing the penetration depth increases the equivalent plastic
strains throughout. The equivalent plastic strains near to the surfaces increased with an increasing number of cycles, whereas at
the centre these strains saturated after a certain number of cycles
which was dependent on penetration depth and deformation
speed.
3.2. Microstructural characteristics
3.2.1. EBSD- microstructure and misorientation profiles
The normal direction inverse pole figure (ND-IPF) maps from
EBSD scans at low magnification from samples representing the
starting condition, after tensile testing and after two conditions
of R-BUT are shown in Fig. 8(a-d), respectively. These IPF maps
are beneficial for understanding the deformation characteristics
of the elongated grains present in the ND-RD plane of samples at
different conditions. The IPF map presented in Fig. 8(a) reveals that
the grains are elongated along the rolling direction and the majority of them have a crystallographic orientation of h1 1 1i//ND. From
Fig. 8(b) it is apparent that the strain imposed during tensile loading led to the formation of shear bands within the pre-existing
elongated grains. Note that the shear bands generated during tensile tests are at an angle of 45° to loading direction (which is par-

Fig. 7. (a-c) FE model predictions of the effect of R-BUT process parameters (penetration depth and velocity ratio,x) on through thickness equivalent plastic strain ratio, (d)
contour plot of equivalent strain in the sample subjected to R-BUT with penetration of 2 mm and velocity ratio of 800.
7
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Fig. 8. ND-IPF maps from ND-RD plane of (a) starting condition, (b) after tensile test (c) after R-BUT with penetration: 4 mm and x = 200; and (d) after R-BUT with
penetration: 2 mm and x = 800.

Fig. 9. (a-d) EBSD results from ND-RD plane of the R-BUT tested sample (penetration 4 mm; x = 200) indicating the evidence for fine grains developed within the grains due
to CDRX process as well as along the high angle grain boundaries of banded grains.
8
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Fig. 10. Line profile analysis results from ND-RD plane of sample subjected to the R-BUT tested sample (penetration 4 mm; x = 200) indicating the misorientation difference
observed with in the pre-existing grains due to formation of fine grains with HAGB. The blue lines represent point to origin and the red lines indicate point to point
misorientation angles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. (a-d) EBSD results from ND-RD plane of the R-BUT tested sample (penetration 2 mm; x = 800) indicating the interaction of deformation bands within the elongated
grains as well as fine grain formation in the matrix: (a) and (b) IPF maps; (c) Image quality map and (d) Grain boundary map.
9
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Fig. 12. Line profile analysis results from ND-RD plane of the R-BUT tested sample (penetration 2 mm; x = 800) indicating the misorientation difference observed with in the
pre-existing grains due to formation of fine grains with HAGB. The blue lines represent point to origin and the red lines indicate point to point misorientation angles. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fine grains around HAGBs. The grain boundary map provided in
Fig. 9(d) shows that the grain boundaries of the majority of preexisting grains act as nucleation sites for fine grains (marked by
grey circles).
Results from the line profile analysis are presented in Fig. 10
where four individual lines were used to analyse the local misorientation and orientation gradient development within the pre-existing
grains of the matrix. The blue-coloured lines indicate point to origin
and the red-coloured lines represent point to point misorientation
angles. It is clear from the misorientation profiles that the majority
of fine grains formed in the matrix as a result of CDRX process were
surrounded by high angle grain boundaries (HAGB).
EBSD results from R-BUT samples of x = 800 condition are given
in Fig. 11. The IPF map given in Fig. 11(a) confirms that pre-existing
grains of different orientation in the scanned area have been severely
deformed. It is notable that the crystallographic orientation of each
constituent grain had a major influence on the extent of plastic slip
occurring as result of shear deformation during the R-BUT process.
The IPF map recorded at a higher magnification from the region
marked by the rectangular box in Fig. 11(a) indicates the existence
of fine grains developed within the four pre-existing grains (G1,
G2, G3 and G4) which had three different crystallographic orientations with respect to loading direction (Fig. 11(b)). The evidence of
interacting shear bands during the R-BUT is marked by dash lines.
The IQ map given in Fig. 11(c) shows the presence of precipitates
(marked by yellow arrows) along with fine grains in the matrix.
The fraction of fine grains formed with HAGBs were found to vary
with respect to the parent grain orientation - this is shown by the
GB map given in Fig. 11(d). The GB map reveals that the fraction of
fine grains formed is less in the case of grain G4 as compared to other
three grains namely G1, G2 and G3.
Misorientation profile analysis along lines parallel to the loading direction in all four grains are given in Fig. 12. These results
confirmed that the intensity of shear deformation occurring in
the pre-existing grains of the samples of x = 800 condition is comparatively lower than the samples in the x = 200 condition. This
could be due to the reduced bending depth adopted for the RBUT samples of the x = 800 condition.

grain formation is also supported by the image quality (IQ) map of
the same area presented in Fig. 9(c). Dark grey features in the IQ
map are the precipitate particles in the matrix. Close observation
in the proximity of those particles confirmed the presence of fine
grains as a result of a particle stimulated nucleation (PSN) process.
The existence of these precipitates might speed up the fine grain
formation by affecting localised slip activity occurring during the
R-BUT process. The grain boundary character map (GB map) given
in Fig. 9(d) from the same region confirmed that majority of fine
grains formed are surrounded by boundaries whose misorientation
angle is greater than 5° (green, blue and black). Evidence for the
presence of fragments of high angle grain boundaries (misorientation angle is larger than 15°) as a product of dynamic recrystallisation during intense shear deformation is confirmed by GB map
given in Fig. 9(d). Discontinuous dynamic recrystallisation (DDRX)
and continuous dynamic recrystallisation (CDRX) are two types of
recrystallisation process expected to operate in materials subjected
to severe plastic deformation where shear is the main mode of
deformation. Recent studies on SPD processed materials have
claimed that CDRX is one of the dominating grain refinement
mechanisms in the processed materials. CDRX is a recovery dominated process which involves progressive absorption of dislocations within grains in the vicinity of grain boundaries generating
sub-grains surrounded by low angle grains boundaries (LAGB)
[33,34]. Further increase in the strain imposed will lead to rotation
of the sub-grains formed which ultimately transforms the LAGB in
to high angle grain boundaries (HAGB). There is evidence for the
formation of incomplete HAGB segments (indicated by pink circles
in Fig. 9d) in the elongated grains covered by the scanned area. Formation of these incomplete segments of HAGB’s are a sign for the
occurrence of CDRX process during the R-BUT process. These
incomplete HAGB segments are likely to have evolved from the
LAGBs, due to the gradual accumulation of dislocations near to
the LAGB boundaries as a result of strain imposed during the RBUT process. Further absorption of these dislocations in the course
of R-BUT will lead to the extension of these incomplete HAGB segments to form fully enclosed fine grains. Another characteristic
feature associated with the CDRX process is the development of
10
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Fig. 13. Experimentally derived ODF showing the characteristics of bulk texture of (a) as-received material (b) R-BUT sample obtained by neutron diffraction.

Fig. 14. (a-d) BF-HAADF pair showing the evidence for the second phase particles acting as nucleation sites for dislocations and also in the matrix of the sample after tensile
testing.

and a weak (1 1 0) h0 0 1i orientation, as seen in Fig. 13(a). After processing however, (1 1 1) h1 1 0i has rotated towards the
(0 1 1) h2 1 1i texture component. It is noted however that
(0 0 1) h1 0 0i and (1 1 0) h0 0 1i can still be seen in the R-BUT sample

3.2.2. Crystallographic texture analyses
Fig. 13 shows the ODF sections at phi2 = 0° and phi2 = 45° of the
sample before and after the R-BUT process. The as-received sheet
material has dominant cube and (1 1 1) h1 1 0i texture components
11
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(Fig. 13(b)). In general, the (1 1 1)//ND texture is expected after universal shear plastic deformation, however, this texture usually
deviates if the shear direction alters repeatedly. A similar observation has been reported for an asymmetric rolling (ASR) operation
on an aluminium alloy [35]; i.e. if shear strain through ASR is
applied in the same direction, (1 1 1)//ND is the main texture in
the aluminium sheets whereas, this texture deviates by changing
the direction of the shear strain.
3.2.3. TEM
The microstructural state of samples subjected to tensile tests
are described by a set of STEM bright field (BF)/high angle annular
dark field (HAADF) images from two different locations close to the
fracture tip; - see Fig. 14. Note that the precipitates appear brighter
in the Z-contrast HAADF images given in Fig. 14(b) and Fig. 14(d). It
is clearly seen that the dislocations generated during deformation
under tensile load were accumulated in the matrix in close proximity to the precipitates cf. Fig. 14(a) and Fig. 14(b). Dislocations
emerging from other dislocation sources are also getting piled up
against the surrounding precipitates which resulted in the formation of low angle boundaries in the deforming matrix; see Fig. 14
(c) and Fig. 14(d). Hence the precipitates present in the matrix
not only acted as dislocation generation sources but also inhibited
the movement of dislocations.
Due to the dynamic recovery taking place during the R-BUT process, dislocations generated in the deforming grains are expected
to undergo polygonization under the influence of strain even at
room temperature. The deformation mechanism activated during
R-BUT is comparable to that occurring during repetitive corrugation and straightening (RCS) [12,19]. The RCS technique is also
known as constrained groove pressing [36] or repeated shear
deformation [37]. This is one of the top down severe plastic deformation approaches adopted to develop sheet materials with
ultrafine-grains with a high fraction of HAGB. The mechanism
behind the grain refinement process in the case of samples processed by RCS process includes the formation of dense dislocations
walls as a result of the increase in dislocation density within the
pre-existing grains. With the increase in the strain imposed
through the process, these dislocation walls are converted to
high-angle grain boundaries. Through the RCS process, the samples
are subjected to repeated bending and un-bending under the
plane-strain deformation condition without causing any change
to the cross-section of the sample processed. The bending and
un-bending process of sheet metal with the help of an asymmetrically grooved tool and a flat tool lead to simple shear deformation
in the transverse direction. Shear strain imposed during is the
shear deformation is the prime reason behind the refinement of
the grains falling in the shear deformation zone (SDZ) of the processed material. It is believed that materials processed by R-BUT
experience a similar deformation condition to that observed in
the RCS process. The main difference is the number of cycles
involving localised bending and un-bending in the processed material. This controls the amount of shear strain imposed, as well as
the level of grain refinement achieved. In the case of the R-BUT
process the number of cycles can be much higher than for the
RCS process. This will make a significant difference in the amount
of strain imposed as well as the degree of grain refinement and
grain homogeneity achieved.
Supporting the above arguments, the results presented in
Fig. 15 show the initial stages of grain refinement by the strain
assisted recovery process; again, these were taken from a site close
to the fracture tip. BF and DF pairs recorded at the different magnifications given in Fig. 15 (a-d) show the evidence for the formation sub-grain boundaries in the matrix of the R-BUT tested
sample. During R-BUT, dislocation cell boundaries are initially generated within the pre-existing grains which the sub-grains subse-

Fig. 15. (a-f) BF-DF pairs showing the formation of sub-grain boundaries within the
pre-existing grains of the R-BUT tested samples as result of dynamic recovery.

quently forming as the amount of imposed strain increases. The
BF-DF pair given in Fig. 15(e) and Fig. 15(f) shows the sub-grain
formation in the region of matrix having non-deformable particles
(marked by white arrows) which are less than 100 nm in diameter.
Studies have confirmed that the presence of dispersoids in the size
range ~ 50–100 nm in pure aluminium can accelerate grain refinement under intense shear deformation and have indicated that
improved dislocation generation as well as a reduction in the slip
distances have enhanced the extent of grain refinement [38].
Moreover, non-deformable particles are capable of homogenizing
slip as compared to shearable particles that will result in shear
localization [39]. One such shearable precipitate shearing at 3 locations (marked by a white circle) due to slip activity occurring during the deformation is shown in Fig. 15(f). It was reported that the
presence of dispersoids in aluminium alloys, together with the
homogenization of slip, retards the formation of intense shear
bands, thus facilitating the formation of high angle grain boundaries [40,41].
BF-DF pairs from different locations of R-BUT tested samples in
Fig. 16 show evidence for fragmentation of second phase particles
during processing. Dotted ellipses are used to mark the shearing
precipitates due to the interaction with deformation bands which
occurred during the R-BUT process. The majority of the precipitate
laths are breaking at more than one location. In addition to that it
appeared that fragments of those precipitates were partially spheroidized. Evidence for fragmented pieces of precipitates undergoing
12
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Fig. 16. (a-f) BF-HAADF pairs recorded from the samples after R-BUT confirms the fragmentation of precipitate laths as well as strain induced spheroidization of fragments.

Fig. 17. Composite maps of Al, Zn, Mg, Cr overlapped on STEM BF images, and individual elemental maps of Al, Zn, Mg, Fe, Cu and Cr. (a) the scanned area presented in Fig. 16a
and (b) the scanned area presented in Fig. 16e.
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Fig. 18. (a-c) Bright field micrographs recorded at different magnification shows the sub-grains formed within the grains of sample after R-BUT, (d) composite map of Al, Zn,
Mg, Cr overlapped on STEM BF image, and individual elemental maps of Al, Zn, Mg, Fe, Cu and Cr.

Fig. 19. Schematic illustrating the formation of elongated sub-grains as well as their sub-division due to creation of transverse boundaries as an outcome of dynamic
recovery.

higher closer to those particles and that will lead to nucleation of
very fine grains in their proximity. Thus, the presence of fine particles will increase the degree of grain refinement in addition to
the DRX process occurring in the deforming matrix to form fine
grains [44].
In order to determine the composition of the precipitates
undergoing fragmentation or shearing the HAADF imaging with
the STEM mode was adopted. Results from EDS analysis of regions
covered by the BF-DF pairs given in Fig. 16(a-b) and Fig. 16(e-f) are
presented in Fig. 17(a) and Fig. 17(b), respectively. Composition
maps of elements like Al, Zn Mg, Cu, Cr and Fe are also presented.
It is confirmed from the EDS results given in Fig. 17 that the rod
like precipitates (called as g) were those fragmented due to slip
activity occurring within the grains. The main constituent ele-

strain assisted spheroidization is seen clearly with in the dotted
ellipses shown in Fig. 16(a-d). Fig. 16(a) and Fig. 16(b) show that
the fragmented precipitates distributed in the matrix tend to provide preferential sites for dislocations to develop more deformation induced boundaries which would offer obstacles to the
dislocation movement, thereby resulting in an overall finer structure. The BF-DF pairs recorded at the lower magnification illustrate
the distribution of fragments of second phase particles in the
matrix (Fig. 16(e) and Fig. 16(f)). Moreover, this pair of micrographs shows the presence of more weakly misoriented and diffuse
boundaries in the matrix. Fine second phase particles distributed in
the matrix cause an increase in the rate of dislocation generation
by encouraging the formation of Orowan and prismatic loops during low strain deformation [42,43]. The dislocation density will be
14
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Fig. 20. (a) BF micrograph showing the sub-grains formed in the matrix of samples after R-BUT. (b)-(e) SADP patterns from sub grains 1, 2, 3 and 4, respectively (marked by
dotted circles); Open arrows indicate the precipitates pinning the grain boundaries. (f)-(g) BF-DF pair from the region at different tilt conditions showing the evidence for
precipitates pinning the boundaries of sub-grains formed.

to subdivide by specific transverse boundaries. These transverse
boundaries will undergo a high rate of misorientation change as
the extent of strain enforced in the deforming matrix increases.
The breakup of the elongated grains may be accelerated by heterogeneities caused by second phase particles in the plastic flow, as
indicated in Fig. 18(c). Similar observations are reported in TEM
analysis made on severely deformed aluminium alloys [45]. EDS
results given in Fig. 18(d) help to identify the elemental distribution
in the deforming matrix as well as in the different types of precipitates in the matrix shown in Fig. 18(c). A grain refinement model
has been proposed to explain the formation of elongated subgrains
by dynamic recovery as well as for sub-division of such elongated
grains by formation of transverse boundaries; see Fig. 19.

ments of those precipitates are Zn, Mg, and Cu. Due to the presence
of the heavier alloying elements like Zn, the rod like precipitates
observed in HAADF images given in Fig. 16 appeared bright due
to atomic number contrast.
Evidence for formation of elongated grains in the direction of
shear deformation that occurred in the matrix is shown in Fig. 18
(a). The BF image shown in Fig. 18(b) is the magnified region marked
by the rectangular box on Fig. 18(a). It is clearly seen that many precipitates are pinning the boundaries of the elongated grains. At very
high strain levels, the microstructure will undergo further refinement by progressive breaking up of these elongated grains into
sub-grains having a lower aspect ratio; this is observed in Fig. 18
(b). Fig. 18(c) shows that these elongated grains are generally found
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Fig. 21. (a-b) BF-DF pair recorded from R-BUT tested sample indicating the presence of fine grains with dislocations formation in the matrix having distribution fine
precipitates and evidence for the formation of fine grains around the second phase particle due to particle stimulated nucleation process.

growth. This may lead to more efficient pinning of the grain boundaries causing grain growth to be retarded when the material is
exposed to elevated temperatures. Second phase particles present
during the deformation of the materials often use dislocation substructure as sites to nucleate and grow. When aluminium alloys
with non-deformable particles are subjected to severe plastic
deformation, an incompatibility may develop between them and
deforming matrix. This can result from the activation of different
slip systems around the particle during plastic deformation. The
surrounding matrix may rotate to bring down the incompatibility
with the non-deforming particles. The localized zones developed
as a result of this process are called particle deformation zones
(PDZ) [49,50]. The size of the PDZs formed depends on the level
of strain imposed and the size of the non-deformable particles. Dislocations are generated at the interface between the particle and
matrix during the process of the PDZ formation and this leads to
an increase in dislocation density close to those particles [51,52].
Localization of strain incompatibility between the deforming
matrix and non-deformable second phase particles is also expected
to develop in the aluminium alloy tested during the R-BUT process.
A high density of dislocations generated during an SPD process like
R-BUT accumulates in the surrounding area of the particles to
adjust such strain incompatibility [53]. Localised differences in
the effective strain imposed during the process lead to differences
in the dislocation densities generated in the particle free zones of
the matrix and at sites adjacent to the particles. Number of dislocations getting stored close to the particle are expected to be significantly high as compared to the particle free zones in the
matrix. It was reported that PDZ’s can be act as sites for particle
stimulated nucleation (PSN) for recrystallisation of new dislocation
free fine grains [54–58,51] in the case of aluminium alloys during
deformation at room temperature. The PDZs act as a driving force
for nucleation of crystallites in and around the second phase particles which remain non-deformable during the deformation. This
results in formation of recrystallization nuclei in the deformation
zones [59]. If several crystallites nucleate at a particle, then the
efficiency of PSN is claimed to be greater than one [60]. It was
shown that multiple new crystallites are expected to nucleate only
when the second phase particles formed in the matrix in the size
range of 5–10 mm [61]. But the size range of the non-deformable
particle shown in the BF-DF pair presented in Fig. 21 is around
1 mm and multiple active nucleation sites were noted.
Hence, the complex stress conditions generated during the RBUT would tend to support multiple nucleation around particles
of the type shown. It is also expected that there will be a mild

Fig. 19(a) shows the random distribution of dislocations generated during deformation due to activation of dislocation sources
within the grains. An increase in the strain imposed leads to
dynamic recovery which results in the formation of elongated dislocation cells as shown in Fig. 19(b) and these cells transform into
sub-grain boundaries. As dislocations are generated, further straining of the material leads to formation of random boundaries in the
transverse direction. As a result, the elongated sub-grains formed
are divided into equiaxed sub-grains as illustrated in Fig. 19(d).
The distance of separation between these elongated sub-grain
boundaries will decide the size of the sub-grains formed within
the pre-existing grains. Some studies on severe plastic deformation
routes to generate fine grains have claimed that grain boundary
diffusion assisted reorganization process plays a key role in the formation of equiaxed ultrafine grains from elongated sub-grain
boundaries [46]. By progressing the process, the level of imposed
shear strain on the material increases leading to an increase the
misorientation across sub-grain boundaries (low-angle grain
boundaries (LAGB)). These LAGB are eventually transformed into
boundaries with high misorientation (HAGB) [47]. The presence
of precipitates in the matrix may facilitate the above mentioned
steps of the grain refinement process, which is evident in the bight
field micrographs shown in Fig. 18.
The particle pinning of boundaries leading to ultrafine grain
range is clear from the BF micrograph shown in Fig. 20(a). This
can be deduced from the fact that all the fine grains in the micrograph are in the sub-micrometre range. SADP patterns shown in
Fig. 20(b-e) that were recorded using the smallest possible aperture on some of the fine grains (marked as 1, 2, 3 & 4) in Fig. 20
(a) confirm the presence of fine grains in the size range 200–
400 nm. Those particles pinning the boundaries (indicated by open
arrow) may be a second phase precipitated in the matrix or alternatively could be the fragments of precipitates sheared during the
deformation which occurred during R-BUT. The BF-DF pair
recorded from the region at a different tilt condition clearly shows
the evidence for precipitates pinning the grain boundaries of subgrains formed (Fig. 20(f) and Fig. 20(g)). Presence of such precipitates along the sub-grain boundaries may also help to stabilize
the grain size via the Zener drag effect. Also, the presence of such
precipitates at grain boundaries will lower their interface and
boundary energy. Force must be exerted in order to move the
boundary past a particle. This is a function of the particle size
and the energy of the migrating boundary [48]. Precipitates which
are pinning at the grain boundaries can be coarsened quickly as a
result of accelerated diffusion of alloying elements needed for their
16
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increase in temperature of the matrix near such non-deformable
particles during severe plastic deformation. Normally, continuous
dynamic recrystallization is expected to happen when materials
are subjected to plastic deformation at higher temperatures. However, due to the severity of the deformation occurring during the RBUT process at ambient temperature conditions were favourable
for recrystallization to occur dynamically in the areas close the
hard second phase particles; see Fig. 21. Therefore, continuous
dynamic recrystallization is suggested to be the main mechanism
behind the grain refinement process. Possibilities for developing
ultrafine-grains in the case of Al alloys with significant volume
fractions of second-phase particles after severe plastic deformation
processes were reported in [41,62,63]. Similar dynamic recovery
and recrystallization behaviour around precipitates has been
reported in the case of Al-Li alloy [64] and Al-Mg alloy [65] after
severe plastic deformation conducted at ambient temperature.
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