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Abstract

Physically based constitutive equations incorporating the key microstructural mechanisms e.g. dislocations, grain size,
etc, have been used widely to predict the stress-strain behaviour of alloys at plastic and viscoplastic conditions. This
enables an accurate prediction of the formed geometry as well as the final underlying microstructures. However, these
physically based constitutive equations have not been practically validated due to the lack of systematic experimental
data at microscopic scale. This leads to a large number of unknown constants required to be determined through various
optimization algorithms. The aim of this paper is to provide direct and systematic experimental data by revealing the
dislocation (geometrically necessary one) density and grain size evolution of AA6082, which is a widely used highstrength aluminium alloy for automobile structural panels, as functions of strain, strain rate and temperature, and is the
first-time using Electron Back Scattering Diffraction (EBSD) technique to visualize the microstructures during the hot
deformation. The evolution of the dislocation accumulation during the hot tensile deformation at 300, 450, 530 ˚C using
various strain rates (i.e. 1/s, 0.1/s, 0.01/s) was achieved. EBSD maps were analysed on samples submitted to a true strain
level of ~0.1 and ~0.3 under each condition. These maps cover >3000 grains and enable to capture the statistical nature
of the geometrically necessary dislocation densities during hot deformation. Despite the rapidly plateaued flow stress
curves at high temperatures, a continuously increased average GND density was observed in AA6082 with the imposed
true strain levels under all conditions. Dislocation channel structures were observed in the hot deformed samples.
Dynamic recrystallization was also observed, which coupled with the GNDs and affects the hardening behaviour of the
flow stress-strain curves. This work is the first study, using EBSD, to visualize the high temperature and high strain rate
induced dislocation distributions over a relatively large area, providing valuable data that may be used for subsequently
improving and calibrating the physically based material models.
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Introduction
The generation and evolution of dislocations in crystalline alloys play a vital role that determines the plastic

and viscoplastic behaviour of the flow stress-strain curves at both room and elevated temperatures. The
evolutions of dislocations during deformation have also been extensively modelled [1-6], using physicallybased constitutive equations to describe the stress-strain relationships, and accurately predicted the shape and
microstructure of the formed parts [4, 7, 8]. However, most of the predicted dislocation evolutions in the
existing modelling work only provided reasonable trends, i.e. a substantial increase followed by a saturation,
without any direct verifications [1, 2, 4], leading to in-accurate outputs of the dislocation maps in the
deformed parts and making it impossible to be used as inputs for any subsequent predictions [9, 10], e.g. age
hardening, fatigue, creep, etc. Considering the abovementioned importance of the dislocations and research
gap, it is vital to experimentally quantitatively determine the dislocation density distributions and evolutions
as functions of strains, temperatures and strain rates. This will provide valuable data for improving and
calibrating the existing dislocation-based material deformation models for a more accurate prediction [4, 11,
12].
So far, the majority of systematic dislocation studies have been focused on the room temperature [1317],and limited quantitative dislocation studies at elevated temperature can be found [18], where the existing
literature [19-21] focused on the detailed dislocation structures in limited local area. The studies of room
temperature dislocations are the foundations for plasticity theories [13, 17, 22-25]. Back to 1992, Bay et al.[13]
performed a valuable review on the dislocation structures in medium and high stacking fault f.c.c. materials,
including aluminium, nickel, Al-Mg alloys, after plastic deformation, where the detailed dislocation cell
structures from dislocation glide on difference slip systems were present in Transmission electron microscopy
(TEM) images. Later on, studies on understanding the room temperature dislocation structures and
quantitative analysis were extended to various alloys [15, 26, 27], and aiming for various applications, e.g.
rolling [28], equal channel angular extrusion (ECAP) [29, 30], stretching [14, 15], etc. Hughes and Hansen
[15] studied the universal work hardening behaviour of pure nickel, copper and aluminium during deformation
from 0.05-5.5 by extensive measurements using TEM. Munoz et al.[29] performed X-ray diffraction to
understand the dislocation concentrations. The exiting research provided fundamental understanding for the
development of material plasticity theories.
For aluminium alloys, which have a relatively higher stacking fault energy comparing to other crystals, e.g.
silicon, nickel or copper, cross slip is much easier and significant dislocation recovery is expected at high
temperatures [31]. Nevertheless, few studies were performed to study the high-temperature deformationinduced dislocations in aluminium alloys, where most of the research assumed that significant dislocations
recovery occurred during the high-temperature deformation, leaving negligible dislocations in the deformed
components. Studies were only performed on the severe plastic deformations[32-35], where the strain was
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higher than 1 and associated recrystallization occurred. For example, Yamashita et al.[32] characterized the
dislocations using TEM, and concluded that higher temperature increased importance of dislocation
annihilation and limited the grain refinements during the equal channel angular extrusion. D.G. Morris and
M.A. Muñoz-Morris[34] studied the microstructure evolution during annealing of heavily deformed Al-3Mg
alloy, where the dislocations, observed by TEM, was found to be reduced at low temperatures and activated
the recrystallization at high temperatures. However, the dislocation distributions observed in the above
literature were for severe plastic deformation (i.e. usually with a true strain >1) at low strain rates.
Additionally, existing research concentrated on the recrystallization process rather than dislocation evolutions,
where the details of the dislocations are lacking.
Relevant research [36-39], focusing on the temperature and strain rates effects on the flow stress and the
associated hardening behaviour of fcc pure metals (e.g. Al, Cu), are a valuable foundation for understanding
high-temperature deformation-induced dislocation structures and deformation mechanisms. Five deformation
stages (i.e. I, II, III, IV and V) were identified, corresponding to easy glide, high linear hardening, decreasing
hardening, secondary hardening and recovery, respectively, for pure Al and Cu deformed up to 0.9 𝑇𝑚 [38, 39].
It has been recognized that the existence of the hardening stages was related to the hardening of the
dislocation cell walls through building up long-range misfit stresses, the accumulation of the misfit stresses
inside the cells and the activation of the rate-dependent stress relaxations [37]. For example, Argon and
Haasen[37] examined the hardening curves of pure Cu at different temperatures (up to 200 ˚C) and strain rates,
and corresponded the hardening behaviour with the dislocation cell structures. Mecif et al. [38]
comprehensively studied the temperature effects (from room temperature to 0.9 𝑇𝑚 ) on the plasticity
behaviour in Cu and Al single crystals during deformation at 2 ×10-4/s, and concluded that lattice rotations
decrease with increase in temperatures and vanished above 0.7 𝑇𝑚 . Khan et al. [39] further modelled the
viscoplastic behaviour of single crystal pure aluminium using dislocation-density based model, considering
the possible interactions between slip systems. The existing studies provided appreciated basics for
understanding the high temperature-induced dislocations in pure metals. It is necessary to perform a detailed
study for commercial alloys on the dislocation distributions and evolutions with respect to deformation levels
at various of temperatures and strain rates, using appropriate techniques that could reveal the dislocation
structures, and capture the statistical nature of the dislocations.
Several dislocation characterization techniques can be used to quantify the dislocation density, such as the
transmission electron microscopy (TEM) [32, 34], X-ray diffraction (XRD) [40], neutron diffraction (ND)
[41], chemical pitting [42], electron backscattering diffraction (EBSD) [14, 43]. TEM is a well-established
method, which enabled the development of the plasticity theories by directly observing the localized
dislocation structures. However, the main drawback of this method is the local nature of the analysis, where
the observed results are accurate but with relatively poor statistical relevance. X-ray and neutron diffraction
methods are good means for statistically studying the overall dislocation density by calculation from the line
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broadening at the diffraction peaks. However, they are difficult to observe detailed dislocation structures [41].
Pitting method enables dislocations to appear at the free surface of the sample, but finding the appropriate
etching chemical is nontrivial for alloys [42].
EBSD technique is an inter bridge that fills the length-scale gap between the TEM and X-ray diffraction,
which allows both the observation of the dislocation structures, and in the meantime gives quantitative
average dislocation density value over a relatively large mapping area [46]. This technique has been compared
and validated by various other dislocation density measurement techniques such as TKD-TEM [47] and
Pitting[48] on various materials. EBSD sensitivity study was also reported in Ultramiscropy[49], confirming
its reliability on misorientation and grain boundary measurements, especially for metals [14, 18, 43, 47, 50].
By measuring the misorientations of the material, geometrical necessary dislocations (GND) can be estimated
based on the rotation of grain orientations[14, 50]. Following Ashby’s description [51], statistically stored
dislocations (SSD) are those mutual trapped dislocations in the forms of dipoles, while GNDs are dislocations
to accommodate deformation gradients, satisfying the compatible deformation. In existing studies, the EBSD
estimated GND density seems to be able to represent for the total stored dislocation density. This is even true
for dislocation structures formed in Al alloys at elevated temperatures, where dislocations tend to form low
energy GND boundaries (e.g. low angle grain boundaries), while the majority of the statistically stored
dislocations (SSDs) is likely to be annihilated. Thus, EBSD is a suitable tool to characterize the GNDs in Al
alloys and quantify the distributions and evolutions at various deformation states. Furthermore, EBSD can
measure the grain size and texture variation due to the recrystallization, which may occur during the hot
deformation.
The aim of this work is to systematically study the hot deformation induced GND distributions and
evolutions in aluminium alloys AA6082 using the EBSD technique. Nine samples were deformed in tension
to a true strain of ~0.1 and ~0.3 at 300 ˚C, 450 ˚C and 530 ˚C, with a strain rate of 0.01, 0.1 and 1/s. The
detailed GND structures were given with respect to the hot plastic deformation levels. Additionally,
quantitative analysis on the average GND values and grain sizes were performed to achieve statistical data for
correlations to the hot flow stress-strain relationships under the studied temperatures and loading conditions,
revealing the hot deformation mechanisms.
2

Experimental Procedure

2.1

Material and sample dimensions

The as-received material in this study was commercial AA6082-T6 sheets, with a thickness of 1.5 mm and
chemical compositions of Al–0.90Si–0.70Mg–0.42Mn–0.38Fe–0.08Cu–0.05Zn–0.03Ti–0.02Cr (wt–%).
Tensile specimens were machined from the sheets with their axis parallel to the rolling direction. The
specimen geometries, in Fig. 1, were designed according to those described in [52-54], where a 14 mm
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Fig. 1. Hot uniaxial tensile test specimen (All dimensions are in mm).
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2.2

Thermal mechanical tests (Gleeble)

To eliminate the precipitate effects on the dislocation density, in preparation for the Gleeble tests, all
specimens were firstly solution heat treated at 530 ˚C for 5 min, followed by water quenching to room
temperature to achieve the as-quenched states. These as-quenched specimens were then stored in freezer at 25 ˚C to reserve the supersaturated solid solution states, for the subsequent Gleeble tests.
Before the Gleeble tests, a pair of thermocouples was welded to the centre of the specimen to measure the
temperature and provide feedback signals to the Gleeble 3800, such that the designed heating rate and the
target deformation temperature were accurately controlled. Additionally, a C-Gauge was attached to the
middle of the specimen to record the strain of the determined gauge length during the deformation. Gleeble

Temperature

hot tensile tests were performed, following the temperature profile given in Fig. 2.

SHT

Hot deformation

at 530 °C

at 300, 450,
530 °C

Gleeble air
cooling: 50 ˚C/s

• EBSD examination
Time

Fig. 2 Schematic illustration of the hot deformation process
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The Gleeble 3800 was programmed to first heat the specimens at 100 ˚C/s to a temperature that was 25 ˚C
below the SHT temperature, and then gradually heat them at 10 ˚C/s to the target SHT (i.e. 530 ˚C)
temperature. The high heating rate (i.e. 100 ˚C/s) was used initially to prevent the formation of precipitates
during heating [52], while the reduced heating rate (i.e. 10 ˚C/s) was used later to avoid the temperature
overshooting issue. Subsequently, the specimens were soaked at 530 ˚C for 5 s to re-dissolve any precipitates
that may form during heating, and air quenched at -50 ˚C/s to the target deformation temperatures. The air
quenching rate of -50 ˚C/s was the controllable fastest cooling rate using Gleeble[52, 55] and was proved to be
sufficiently fast to prevent the generation of any precipitates before the hot deformation [55].
Achieving the stress-strain curves during the high-temperature deformation, tests were repeated at identical
temperatures and strain rates, stopped at a true strain level of ~ 0.1 and ~0.3 followed by quenching, which
were used for the EBSD characterization. The reliability and repeatability of the tests were ensured by
comparing the stress-strain curves achieved at identical conditions while with various true strain levels.
The detailed Gleeble tests conditions were presented in Table 1. It is worth mentioning that the selected true
strain levels are less or equal to half of the fracture strain (𝜀 ≤ ~ 0.5 𝜀𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 )under each condition. Though
a true strain level of 0.43 was performed for the deformation at 530 ˚C at 1/s strain rate, the fracture strain
under this condition is ~0.9[4]. According to the existing research, studying the strain distributions of Gleeble
testing [56], deformation level smaller than 0.8×fracture strain will not raise significant localized strain
concentrations, though strain slightly varied in the longitudinal direction, which is inevitable for Gleeble
testing. Additionally, the reliability of the tests was also ensured by measuring the lateral deformation of the
sample. The true strain was calculated from the displacement measurement of the C-gauge, which is
schematically illustrated in Fig. 1. C-gauge provides direct deformation level in the central of the sample.
EBSD measurements were performed on the exact C-gauge measured location, guaranteeing the accurate
relationship between the strain levels and the measured microstructures. The deformation temperatures were
also presented in the fraction form (𝑇/𝑇𝑚 ) in Table 1, provided that the melting temperature of the tested
AA6082 is 555 ˚C.
It may be worth mentioning that AA6082 is a relatively quench insensitive material, where the incubation
time for the formation of the precipitates is relatively long [57]. The incubation time of AA6082 has been
studied using both the temperature-time-transformation (TTT) [57] and the temperature-time-property (TTP)
[55, 57] diagrams. Hence, based on the existing research, our experiments were designed within the reported
incubation time of precipitates, aiming to solely concentrate on the evolution of GNDs and grain sizes during
the hot deformation process.
The Gleeble thermal-mechanical testing has been widely used to achieve the viscoplastic behaviour of
metals, especially under relatively high strain rates for hot stamping applications [4, 52-55], which is one of
the most accurate methods to perform thermal-mechanical tests with deigned heating rate, temperature and
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strain rates. The temperature could be controlled within ± 0.5 ˚C.The recorded temperature evolutions and the
measured stress-strain curves are presented in Appendix I, Fig. A-1 and Fig. A-2. For the same deformation
temperature and strain rate, the stress-strain curves coincide with each other, implying the macroscopic
consistency of the samples and confirming the reliability of the hot deformation tests.
Table 1 Gleeble tests conditions (“✓” represents the EBSD test conditions)




Fixed Strain Rate: 1/s
Temperature

True strain level

Fix d T mp r t r : 450 ˚ (0.8 ∙ 𝑻𝒎𝒆𝒍𝒕 )
Strain rate

True strain level

300 ˚C (0.54∙ 𝑇𝑚 )

0.08 ✓

0.28✓

1/s

0.08✓

0.32✓

450 ˚C (0.81 ∙ 𝑇𝑚 )

0.1✓

0.32✓

0.1/s

0.1✓

0.36✓

530 ˚C (0.95∙ 𝑇𝑚 )

0.13✓

0.43✓

0.01/s

2.3

0.32✓

EBSD measurements

EBSD characterization was performed on these hot deformed samples, as present in Table 1, to estimate the
GND densities. Sub-sized square samples were firstly cut from the middle of the uniform deformed region, as
annotated in Fig. 1, and then grounded down using SiC papers, sequentially from 320 to 4000 grits.
Subsequently, the grounded samples were OPS polished for 30 mins using suspension diluted with H2O with a
ratio of 1:5 to a mirror finish. The polished samples were further electro-polished at room temperature for 60 s
at 20 V using 9.5 vol. % perchloric acid in ethanol. The EBSD analysis was conducted on a Hitachi SEM
microscope with a Bruker e-Flash HR detector. The GND density was estimated and post processed using
MTex software. The mathematical framework of the GND calculation method is briefly described in
Appendix III. More detailed information about the mathematical framework can be found in [58].The GND
density was calculated from a misorientation of <5˚.
To achieve a statistically representative dataset for the GND density, relatively large EBSD maps (i.e. 1146
µm × 859.2 µm) were taken with a fixed step size of 2.24 𝜇𝑚[59] at 250X magnification. This relatively
large step size is selected to ensure the captured maps are statistically meaningful, whilst containing
distinguishable dislocation information (dislocation channels). Hence 2.24µm is selected to balance these
factors. Note that a large number of EBSD maps (in Fig. A-3 to Fig. A-4) are collected using an identical step
size, confirming the comparability of the analysis. Additionally, the value of the noise level (i.e. 8.2×1012/m2)
using this step size is significantly lower than the measured GND maps in the deformed samples, which
further confirm the reliability of the results. The calculation procedure of the GND noise floor is provided in
Appendix III for brevity. To clearly present the GND distributions, 600 µm × 500 µm enlarged GND maps
were shown in the manuscript. While the average GND distributions and grain sizes were calculated from the
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full EBSD maps(i.e. 1146 µm × 859.2 µm) to achieve statistical values. The full EBSD IPF, GND maps and
the corresponding misorientation maps were given in Appendix II (i.e. Fig. A-3 to Fig. A-8).
3

Experimental results

3.1

Initial Microstructure

(a)

(b)
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Fig. 3 (a) 600 µm × 500 µm EBSD map and (b) estimated GND content map of quenched AA6082 without
deformation. The step size is 2.24 µm. The colour bar in (b) shows GND density per m2 in log scale and grain
boundaries are indicated as the black lines in the maps. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
The initial microstructure and the estimated GND density of the quenched AA6082 are presented in Fig. 3.
A relatively weak texture can be observed in the as-received material, as identified in Fig. 3 (a) from the
relatively uniform colours of the grains, indicating the random orientation of the grains. Few GNDs were
presented in the quenched material, which could be recognized by the large blue areas in Fig. 3 (b). The
average GND value is only 9.07 ×1012/m2. This GND map and average value are used as benchmarks for the
comparison with the GND maps of the deformed material.
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Fig. 4 600 µm × 500 µm EBSD recovered GND content maps of polycrystalline AA6082 deformed at 300, 450,
530 ˚C using a constant strain rate of 1/s. The colour bar shows GND density per m2 in log scale. The
corresponding stress-strain curves are given in the top-right corner. The grain boundaries are indicated as
black lines in the maps and the large blue regions in A and B correspond to the rejected points by crosscorrelation quality analysis. The step size is 2.24 µm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Fig. 4 presents the EBSD estimated GND densities of the specimens, which were deformed at 300 ˚C, 450
˚C and 530 ˚C to a true strain level of ~ 0.1 and ~ 0.3. The detailed deformation conditions are given on the
top-left corner of each figure. A fixed strain rate of 1/s was used for all specimens in Fig. 4. In general, at the
provided deformation temperature, the average stored GND contents increased with the increase in plastic
deformations (i.e. the true strain values), which can be identified by the progressive accumulation of GND
from “cold” to “hot” spots. Considering the specimens that were deformed at 300 ˚C, as shown in Fig. 4 (A)
and (B), the averaged GND density increased from 4.8 ×1013/m2 to 5.7 ×1013/m2 when the true strain increased
from 0.08 to 0.28, resulting in relatively significant work hardening response during deformation, as seen in
the corresponding stress-strain curve at 300 ˚C. The presence of GND is less significant at higher temperatures,
comparing the maps in Fig. 4 (C) and (E) to that in Fig. 4 (A) with a similar true strain value of ~ 0.1. The
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colour of the GND maps tends to blue at higher temperatures. Similarly, at a fixed deformation temperature of
450 ˚C and 530 ˚C, the GND slightly increased with the increase in the true strain levels, evidenced by
comparing the GND maps between Fig. 4 (C) & (D) and Fig. 4(E) & (F).
From a detailed examination of the GND structures in Fig. 4, one can observe that in contrast to the room
temperature deformation[14], where most of the low-misorientation-angle GNDs gather near the grain
boundaries, especially around the triple junctions, the high temperature-induced GNDs tend to form lowmisorientation-angle channels across the bulk matrix. These low-misorientation-angle channel structured
GNDs could be identified from the accumulated red and yellow colours inside the grains. To clearly show the
channel structures, representative GND channels have been annotated on the enlarged figures in Fig. 4. These
channel structures are more clearly seen on the enlarged figure in the 530 ˚C deformed sample. Previous TEM
observations on f.c.c. material suggested that 10% plastic strain generated dislocation cell structures [60] and
the cell size increased with higher temperatures [45]. The resolved GND maps in Fig. 4 shows a similar
tendency, where the distance between the GND channels increased at higher temperatures, giving a fixed true
strain value. This can be seen by comparing the channel distance for 300 ˚C and 530 ˚C on the enlarged figure,
where more GND channels are presented in the 300 ˚C deformed sample than that in the 530 ˚C deformed one.
Hence, the average distance between each channel is smaller for 300 ˚C than that for 530 ˚C. Additionally, the
GND tends to form channel structures in the bulk matrix far from the grain boundaries with increasing
temperatures from 300 ˚C to 530 ˚C. At 300 ˚C, GND gathered both around grain boundaries and in the bulk
matrix, as annotated in the enlarged Fig. 4 (B), while most GNDs located in the bulk matrix to construct
channel structures when the temperature increased to 530 ˚C, as seen in the enlarged Fig. 4 (F).
Note that there exist some dark blue clusters, especially apparently presented in Fig. 4 (B). These
correspond to the non-indexed area from EBSD maps due to the unindexed diffraction patterns [14, 43]. These
non-indexed areas (i.e. the dark blue cluster) are likely to contain much higher GND densities [14], where the
significant disorientations in crystal structures may exist. This phenomenon is obvious for specimens
deformed at 300 ˚C while much less significant for that deformed at 530 ˚C, where fewer GNDs were
achieved due to the facilitated recoveries at higher temperatures.
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3.3

GND density maps at strain rates of 1/s, 0.1/s and 0.01/s
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Fig. 5 600 µm × 500 µm EBSD recovered GND content maps of polycrystalline AA6082 deformed at 450 ˚C
using a strain rate of 1, 0.1 and 0.01/s. The colour bar shows GND density per m 2 in log scale. The
corresponding stress-strain curves are given in the bottom-left corner. The grain boundaries are indicated as
black lines in the maps. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Fig. 5 presents the GND maps of the specimens deformed at 450 ˚C with various strain rates, from 0.01/s to
1/s, where the two true strain levels were selected, roughly around 0.1 and 0.3. The corresponding stress-strain
curves were given on the bottom left corner to present the deformation history. The average GND calculated
from the maps are within 8×1012/m2 to 4×1013/m2. The higher deformation levels induced higher GND values
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at a fixed deformation strain rate, which can be observed by comparing the GND maps in Fig. 5 (A) and (B),
and also Fig. 5 (C) and (D), where the colour of the map gradually tends from “blue” to “red”. Consider a
similar true strain level, lower true strain rates reduced the presence of GND densities, where the majority of
the points on the maps gradually tend from “yellow” to “blue” with reduced strain rates, from 1/s to 0.01/s, by
vertically comparing the GND maps in Fig. 5 (i.e. Fig. 5 (A) & (C); (B) & (D) & (E)). The lower strain rates
allowed longer dwell time during deformation at the high temperatures, enabling enhanced recovery of the
dislocations and thus reduced GND values.
Comparing the GND maps in Fig. 5 (A) and (B), high-temperature GND channel structures are present
under both conditions, which can be identified by the “yellow lines” on the GND maps. The average channel
distance decreased with increasing true strain level due to the continuous accumulation of deformations,
which created more GNDs and reduced the spatial distance between each individual “GND channel”.
Despite the presence of higher GND values (i.e. increased from ~ 2.8 ×1013/m2 to ~ 3.4 ×1013/m2) with
increased true strain levels, from 0.14 to 0.32, smaller and finer grains are also observed in the specimen (Fig.
5 (B)). Though some of these small grains also contain visible GNDs, it is still believed that recrystallization
occurred due to the considerably reduced grain sizes. High-temperature deformation is a dynamic process,
where dislocation generation, recovery and recrystallization may happen simultaneously. Hence the newly
recrystallized grains may simultaneously deform and generate visible GNDs inside the grains. Instead of
partial recrystallization, the grains over the entire GND maps were uniformly distributed, which can be clearly
observed from the larger EBSD map given in Appendix, Fig A-4. As evidenced in Fig. 5 (B), the deformation
at 450 ˚C to a 0.32 true strain level significantly stored GNDs, where a fraction of dislocations was consumed
by recrystallization to form new and small grains at the temperature > 0.3 𝑇𝑚 . While another portion of GNDs
was annihilated due to both the dynamic and static recovery process at the high temperature [2, 3, 61]. The
rest of the GNDs, subtracting the consumed amount at the high temperature, were still found higher than that
with 0.14 true strain in Fig. 5 (A), as identified by the GND values.
Partial recrystallization occurred when the strain rate reduced to 0.1/s, comparing the GND maps in Fig. 5
(C) and (D) (also clearer in Fig. A-4), where small grains, with the size of ~ 10 µm, are observed locally and
some large grains, containing high GND values and with the size of ~ 35µm, were retained. When the strain
rate reduced further to 0.01/s, the GND quantity became smaller, as shown in Fig. 5 (E), and hardly any
recrystallization is observed. In contrast, grain growth was observed comparing Fig. 5 (E) to the original state
in Fig. 3 (b).
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Fig. 6 The evolution of GND density distributions for increasing tensile true strain at (a) 300 ˚C, 450 ˚C and
530 ˚C with a strain rate of 1/s; (b) at 450 ˚C with various strain rates of 1/s, 0.1/s, 0.01/s. The true stresstrue strain curves under corresponding conditions. The error bars represent the ranges of GND density values
spanned from each GND map.
This section focused on the overall evolution of the GND values without considering the locations and
distribution of the GNDs (i.e. volume average GND evolution). The evolutions of the average GND values
over the volume with various true strain levels are presented in Fig. 6 (a) and (b) for a fixed strain rate of 1/s
and a fixed temperature of 450 ˚C, respectively. The achieved GND value for the as-quenched specimen (𝜀 =
0) is 9.07×1012/m2. As the material is deformed, the GND density rapidly increased at the early stage (𝜀 0 to
~0.1). Then the rate of the increase decreased when 𝜀 is further increased to ~0.3-0.4. The progressively
evolved GND density trends are similar to that for f.c.c. material at the room temperature [14, 62].
Considering the temperature effects, a higher temperature results in a slower generation of GND densities,
which may be attributed to the facilitated dislocation recovery[2, 4, 12, 63]. The average GND value increased
to 1.9×1013/m2 and subsequently to 2.5×1013/m2, when the applied true strain increased from 0.13 to 0.43 at
530 ˚C. When the deformation temperature reduced to 450 ˚C, the GND density increased to 2.8 10 13/m2 and
progressively to 3.4×1013/m2 with the specimen deformed to the true strain of 0.1 and 0.32, respectively. The
deformation at 300 ˚C achieved higher GND density than those at 450 ˚C and 530 ˚C, where the GND value
reached 5.6×1013/m2 at 𝜀 = 0.28. The quantified GND density evolutions in Fig. 6 (a) are expected to be
determined by GND storage and GND recovery. It is also affected by dynamic recrystallization if occurs
(i.e. 𝐺𝑁𝐷 = 𝐺𝑁𝐷𝑠𝑡𝑜𝑟𝑎𝑔𝑒 − 𝐺𝑁𝐷𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 − 𝑅𝑒𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 ). At 300 ˚C, where no
change in the average grain size was observed during deformation. Hence the GND evolution at 300 ˚C in Fig.
6 (a) is dominated by its storage and recovery. While at 450 ˚C, an apparent reduction in the average grain
size was observed, as seen in Fig. 4 C and D, indicating the occurrence of recrystalization. Therefore, the
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presence of GND at 450 ˚C is a combined result from storage, recovery and recrystallization. Fig. 6 (b)
presents the GND evolutions during deformation at 450 ˚C by imposing different strain rate of 1/s, 0.1/s and
0.01/s. The generation of the GND density slows down with reduced strain rate, where the average GND
value reduced from 3.4×1013 /m2 to 1.7×1013 /m2 at ~ 0.3 true strain level when the strain rate decreased from
1/s to 0.01/s. The dislocation generation rate is directly related to the deformation rate. With decreasing the
strain rate from 1/s to 0.01/s, the time used for the specimen to achieve ~ 0.3 true strain level exponentially
increased from 0.3 s to 30 s. The longer soaking time enabled a higher extent of dislocation recovery, resulting
in less presence of dislocation densities, which is consistent with the trends of the GND evolution in Fig. 6 (c).
Note the GND distribution was calculated using the MTEX, where the GND distributions were achieved
following a classic Gaussian distribution, similar to literature [14], under all conditions. To make the paper
concise, the GND distribution histograms were not given in the content, while the full width at half maximum
(FWHM) of the GND histograms can be achieved from the error bars of the GND density on the figures.
3.5

Relationship between flow stress, average GND density and average grain sizes

This section focused on evaluating the relationships between the overall flow stress-strain curves with the
evolutions of the average GND and grain sizes during deformation at 300 ˚C, 450 ˚C and 530 ˚C. During the
hot deformation under the studied range (i.e. temperature: 300 to 530 ˚C, strain rate: 0.01 to 1/s), dislocation
glide and dislocation climb are expected to dominate the rate-dependent viscoplastic behaviour [64], where
the evolution of dislocation densities significantly affects the stress-strain relationships. On the other hand, the
grain rotation and grain boundary migration also affect the stress-strain curves during the hot deformation[4,
65, 66]. As evidenced in [67, 68], the high temperature flow stresses were affected by the grain sizes, where
finer grain sizes reduce the flow stresses. Therefore, the average GND and grain sizes, representing the overall
statistically meaningful evolutions of the microstructures, were focused.
The uncertainty of the average grain size came from the standard deviation of the grain size distributions
from the original full-sized EBSD maps in Fig. A-3 and Fig. A-4 (Appendix I). Hence, these uncertainty
values (as those presented in Fig. 7 and Fig. 8) could indicate the unevenness of the grains in the scanned map.
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Fig. 7 (a) Flow stress-strain curves during high temperature deformation at 300, 450 and 530 ˚C using a
constant strain rate of 1/s. The evolutions of average GND and grain size under corresponding conditions: (b)
350 ˚C, 1/s , (c) 450 ˚C, 1/s and (d) 530 ˚C, 1/s. The error bars represent the ranges of GND density values
and grain size values spanned from each EBSD map.
Fig. 7 (a) presents the true stress-strain curves during hot deformation at 300, 450, 530 ˚C, where the
corresponding average GND density, grain size at each temperature are given in Fig. 7 (b), (c) and (d),
respectively. Additionally, the locations, where the tensile tests interrupted, were annotated, as A, B, C, D, E
and F, both on the stress-strain curves and beside each GND values. “O” is the initial conditions without any
deformation.
Considering the true stress-strain curve at 300 ˚C, as shown in Fig. 7 (a), significant hardening is observed
after material reaching the yield point, where no saturation of the flow stress curve is observed with
continuous straining from 𝜀 = 0.08 to 0.28. The flow stress increased from 116 MPa to 136 MPa. The major
factor that leads to the hardening behaviour at 300 ˚C is the continuous accumulation of the dislocations,
which may tangle and pining each other, increasing the deformation resistance, as evidenced by the increased
average GND density during deformation in Fig. 7 (b). While no apparent change is observed in the average
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grain size with different true strain levels, suggesting its negligible contribution to the material hardening
behaviour during deformation.
The material hardening behaviour becomes less significant during deformation at a higher temperature of
450 ˚C, where the flow stress gradually increases with the increase in the true strain levels, from 0 to 0.1, and
then fluctuates at ~ 40 MPa with further deformation, from 𝜀= 0.1 to 0.32. Corresponding the flow stress
curve (in Fig. 7 (a)) to the microstructure evolution (in Fig. 7(c)), one can conclude that the initial hardening
behaviour, from O to C in Fig. 7, is mainly attributed to the continuously increased average GND value during
the deformation, where the average grain size stayed unchanged.
With the increase in the true strain level from 0.1 to 0.32, a slight increase in the GND value is still
observed, which is expected to slightly harden the material, corresponding to the observed slight increase in
the true stress levels. A reduction in the grain sizes was also observed during this deformation, from an
average value of ~ 25 𝜇m to ~ 19 𝜇m. The reduction of grain sizes indicates the migration of the grain
boundaries, which may soften the flow stress under the high-temperature deformation conditions, as suggested
in [65-67]. Additionally, the smaller grain size may also resulting in the softening of flow stresses[67, 68].
Hence, the change of the grains may compensate a small fraction of material hardening from the accumulation
of the GNDs, leading to a relatively ‘flat’ stress-strain curve.
For the true stress-strain curves at 530 ˚C, given in Fig. 7 (a), as expected, the flow stress increased at the
initial stage, while no hardening behaviour was observed with further deformation from 𝜀 = 0.13 to 0.43.
Considering the microstructure evolution in Fig. 7 (d), GND density rapidly increases from stage O to E,
while the increase becomes slower from stage E to F, corresponding to the stress-strain curve. Regarding the
grain sizes, the grain size changes throughout the deformation process, firstly decrease from to ~ 25 𝜇m to ~
19 𝜇m, then increase to ~ 27𝜇m, indicating the continuous migration of the grain boundaries, which may
soften the flow stress curves during the deformation [65-67]. A quantitative estimation of the hardening
behaviour from GNDs were also performed in the next section.
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rate of 1/s and 0.1/s. The evolutions of average GND and grain size under corresponding conditions: (b) 450
˚C, 1/s, (c) 450 ˚C, 0.1/s. The error bars represent the ranges of GND density values and grain size values
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Fig. 8 (a) presents the true stress-strain relationships at 450 ˚C with a true strain rate of 1/s and 0.1/s. The
corresponding average GND and grain sizes from the interrupted tests, annotated as “O”, “A”, “B”, “C” and
“D” on Fig. 8 (a), are provided in Fig. 8 (b-c).
Considering the hot deformation at 𝜀 =1/s during straining from 𝜀 = 0 to 0.32 (i.e. point “O” to “B”) in Fig.
8 (a, b), the hardening of the flow stress curve at the initial straining stage, from “O” to “A”, is mainly
attributed to the GND increase, while the relatively flat region, from “A” to “B” may be attributed to the
balance between the GND hardening and the grain migration at 450 ˚C. A similar tendency was achieved for
the specimen deformation at 0.1/s, where the initial hardening stage (from “O” to “C”) is due to the GND
accumulation, while the flat stage from point “C” to “D” may due to the compensation of the grain migration
(i.e. ~25 𝜇𝑚 to ~23 𝜇𝑚).
Comparing the GND accumulation during the deformation at 1/s and 0.1/s, it is reasonable to conclude that
higher strain rates could introduce more GND dislocations, and facilitate the grain refinement, where smaller
average grain size was observed. However, the accurate recrystallization fractions for 1/s and0.1/s could not
be directly determined from the grain sizes, as dynamic recrystallization and grain growth occurs
simultaneously, especially during hot deformation. It shall be mentioned that under the studied strain rates,
where the deformation occurs in seconds, in-situ EBSD is rarely possible to capture the quantitative
microstructure evolutions. Such quasi-in-situ tests is currently the best way for looking at the microstructure
evolutions during the deformation, through recrystallization and grain growth could not be directly
distinguished.
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4

Discussion

4.1

Continuously increased GND and evolved grain sizes

In contrast to the general understanding of the dislocation evolution effect on the hot deformation at a strain
rate range of 0.01/s-1/s, where the dislocations are expected to be rapidly saturated at a temperature higher
than 450 ˚C [4, 5], a continuously increased average GND values was observed in Fig. 6 during the
deformation at 300 ˚C, 450 ˚C and 530 ˚C. Considering the aluminium alloy flow stress curves at elevated
temperatures, it is well recognized that the hardening of the flow stress decreased with the increase in the
deformation temperature [5]. When the deformation temperature increased to 450 ˚C, negligible hardening
was observed, especially when the true strain value exceeds 0.1 [4, 69, 70]. This is also true in our study,
where the flow stress plateaued after straining to 0.1 at 450 ˚C and 530 ˚C in Fig. 4 and Fig. 5. Some
constitutive modelling work attributed the plateaued flow stress to the rapid saturation of the dislocations,
where the dislocation in the model evolved similarly to that of the flow stress curves [4, 7, 71]. The
predictions are reasonable, considering the relatively high stacking fault energy of aluminium alloy, where
dislocations are easy to recover at high temperatures and hence are expected to quickly saturate during the hot
deformation [11,72]. However, the GND evolutions in this work showed a continuous increase, despite the
plateaued flow stress during the deformation.
Recrystallization and grain growth also occurred during the hot deformation, which is not expected to occur
at this relatively high strain rate, especially at 1/s. Comparing the grain size evolutions at different
temperatures, in Fig. 7 (b-d), it can be observed that no significant difference in the average grain size was
observed at 300 ˚C within 𝜀= 0.28. With the increase in the temperature, grain refinement was triggered. The
progress of grain refinement was promoted with higher temperatures. At 450 ˚C, grain refinement occurred
with a true strain of 𝜀= 0.32, while the occurrence of grain refinement was observed at a smaller true strain
value of 𝜀 = 0.13 at 530 ˚C. In terms of strain rate effect on the grain refinement, in Fig. 8 (b-c), lower strain
rate reduced the effectiveness of grain refinement, possibly due to the reduced presence of dislocations and
longer deformation time.
4.2

Temperature and strain rate effects on GND dislocations

Generally, fixing the true strain rate, deformation at higher temperatures resulted in the presence of lower
GNDs at the same nominal true strain levels due to the enhanced dynamic recoveries, as given in Fig. 4 and
Fig. 6 (a). The GND values at 𝜀 ~ 0.3 also reduced significantly, from 5.6 ×1013/m2 to 1.7 ×1013 /m2, with the
increase in temperatures from 300 ˚C to 530 ˚C. The slower GND evolutions at higher temperatures reduced
the material hardening behaviour during the hot deformation, leading to relatively noticeable hardening at
300 ˚C while negligible hardening at 530 ˚C. The observed GND trends with respect to the deformation levels
at various temperatures are consistent with earlier EBSD work, e.g. Morris et al. [34] and Staker et al. [45],
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where dislocation recovery becomes more significant at higher temperatures and thus lower dislocation values,
though the studied temperature and strain rate range is different.
Considering the temperature effects on the GND structures, it was observed that the dynamic deformation
process enabled both the generation and recovery of the GNDs, such that the GNDs were re-arranged to create
channel structures in the bulk matrix. Additionally, less grain boundary GNDs were observed at higher
temperatures (i.e. 530 ˚C), while GNDs were gathered both near the grain boundaries and in the bulk matrix at
300 ˚C. As reported by Jiang et al. [14] that, GNDs tended to gather near the grain boundaries, which are
obstacles that hinder the further movements of dislocations, at room temperature. Our results showed that at
higher temperatures, GNDs were less trapped by the grain boundaries, where GND channels and cells were
present in the bulk matrix. Additionally, the thickness of the cell wall reduced at higher temperatures, which is
also observed in copper [45].
Reducing the strain rates reduced the presence of GNDs as observed in both Fig. 5 and Fig. 6 (b) due to the
lengthened deformation time at the high temperature, leading to a larger extent of dislocation recovery. The
observation is consistent with the existing understanding of the strain rates effects [5, 75，76]. No apparent
difference was observed on the dislocation cell structure and thickness, where dislocation channel structures
were observed in the bulk matrix.
4.3

Hardening behaviour and the corresponding GND structures.

This section focused on the hardening behaviour of the stress-strain curves and the corresponding GND
structures under different conditions. As suggested in[36-38], the hardening of the metal during plastic
deformation can be divided into five stages，where the last three stages are this work focused on. The stages
could be identified by plotting

𝑑𝜎
𝑑𝜀

𝑑𝜎

𝑣𝑠. 𝜎 and 𝜎 ∙ 𝑑𝜀 𝑣𝑠. 𝜎 curves, as schematically illustrated in Fig. 9 (a) [38].

Stage III exhibits a continuous reduced hardening rate, Stage IV exhibits an approximate linear hardening
with constant strain rate sensitivity, and Stage V follows a subsequent reduction in the hardening rate until
achieving 0. To correspond the studied microstructures to the hardening stages,

𝑑𝜎
𝑑𝜀

𝑑𝜎

and 𝜎 ∙ 𝑑𝜀 from the studied

stress-strain curves under representative conditions were plotted in Fig. 9 (b-d). Both the trends of
𝑑𝜎
match
𝑑𝜀

𝑑𝜎
and𝜎
𝑑𝜀

∙

the schematic illustrations in (a), indicating the occurrence of stage III, IV and V under the studied

conditions.
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Fig. 10 gives the hardening rate curves (i.e. 𝑑𝜎/𝑑𝜀 vs. 𝜎) for various temperatures. The corresponding
EBSD measurement points: A to F, were also added to both the flow stress curves and the hardening rate
curves. As expected, the hardening rate value (i.e. 𝑑𝜎/𝑑𝜀) reduced with increasing stress levels, and lower
temperature resulted in higher hardening rate values. Fig. 11gives the hardening rate curves (i.e. 𝑑𝜎/𝑑𝜀 vs. 𝜎)
for various strain rates. As expected, higher strain rates results in higher hardening rate values, comparing the
condition of 450 ˚C, 1/s to that of 450 ˚C, 0.1/s.
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It is generally accepted that the hardening of the metal during plastic deformation at stage III, IV and V
correspond to the hardening of cell walls, cell interiors and stress relaxations, respectively [36-38]. The
studied GND maps under all conditions located in Stage V, as annotated in both Fig. 10 and Fig. 11, where the
hardening rate gradually reduced to zero. For single crystal f.c.c. metals, the hardening at stage V was
primarily attributed to the accumulation of the misfit stresses in the cell interiors and the triggered stress
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relaxation inside the cells, as reported in [37]. However, referring to the GND maps in Fig. 4 and Fig. 5 in this
study, it was observed that new low-angle mis-orientated GND channel structures were continuously formed
during the deformation in Stage V (i.e. AB, CD, EF) for the commercial polycrystalline 6082 alloy.
4.4

Hardening contributions estimated from GNDs at various temperatures

This section provides a brief analysis on the existing data, including the stress-strain data and the achieved
average GND data, aiming to investigate the hardening contributions from the GNDs by plugging the GND
data into the Taylors equation and looking at its effects on the hardening behaviour of the stress-strain curves.
An assumption has been made that the GND evolution achieved in this work could provide representative
dislocation density evolution.
Hardening is the most critical factor for sheet metal forming which determines the deformation uniformity
rather than flow stress. For the point of resistance to deformation, hardening can be roughly indicated by the
increase of flow stress within a certain strain degree (∆𝜎~∆𝜀).
For conventional cold deformation, Taylor equation can be used to quantitatively determine the correlation
between dislocation density and flow stress, as given in Eq. (1).
𝜎 𝜌) = 𝜎0 + 𝛼𝜇𝑏√𝜌

(2)

where 𝜎0 is the initial yield stress,𝜇 is the shear strength,b is the burger’s vector,𝜌 is the total dislocation
density. Given the stress and dislocation values at two deformation points (i.e. point A & B, C & D and E & F
in Fig. 9), then the hardening contribution solely from dislocations could be estimated by the Eq. (3).
𝛥𝜎 𝜌) = 𝛼𝜇𝑏 √𝜌1 − √𝜌2 )

(3)

Considering the hot deformation, 𝛼 becomes a temperature dependent constant 𝛼 𝑇) as suggested by [77],
where 𝛼 𝑇) dramatically decreases with temperature when 𝑇 < 0.4 𝑇𝑚 , while is relatively stable when 𝑇 >
0.4 𝑇𝑚𝑒𝑙𝑡 .
According to previous work reported in[14] that the GND evolution could provide a representative trend of
the total dislocations, and correctly describe the hardening of the f.c.c material using a suitable material
constant. The hardening contribution from the dislocation density could then be estimated using the observed
GND values in this study, using Eq. (4),
𝛥𝜎 𝜌) = 𝛼𝐺𝑁𝐷 𝜇𝑏 √𝐺𝑁𝐷1 − √𝐺𝑁𝐷2 )

(4)

where 𝛼𝐺𝑁𝐷 is a temperature-dependent material constant for hot deformation. The deformation temperatures
in this study are > 0.5 𝑇𝑚 , hence the effects of temperatures on 𝛼𝐺𝑁𝐷 are assumed negligible [77] for the
studied temperature range.
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𝛼𝐺𝑁𝐷 could be determined using the experimental data at 300 ˚C, since no grain size changes were
observed at 300 ˚C and the hardening of the stress-strain curve at 300 ˚C is expected to solely come from
dislocation hardening. Therefore, 𝛼𝐺𝑁𝐷 is estimated as

𝛥𝜎 300˚𝐶

. Given 𝑏 = 2.86Å, 𝜇 =

𝜇𝑏 √𝐺𝑁𝐷 300˚𝐶
−√𝐺𝑁𝐷 300˚𝐶
)
1
2

25.9 𝐺 𝑎 for aluminium alloy, 𝛼𝐺𝑁𝐷 was calculated to be 3. Taken the same 𝛼𝐺𝑁𝐷 value for the studied
temperatures, the hardening contributions from the GNDs at 300, 450, and 530 ˚C were then calculated using
Eq. (4)andtheresults arepresented in Table 2.
Table 2 Hardening contribution from GND using Taylor equation

Temperature (˚C)

True strain

GND density (/m2)

0.08
0.28
0.12
0.36
0.13
0.43

4.81E+13
5.65E+13
2.75E+13
3.50E+13
1.96E+13
2.49E+13

300
450
530

∆𝜎 𝐺𝑁𝐷) (MPa)
13.0
11.1
12.6

Then, the softening could be achieved by subtracting the GND hardening contributions from the total
hardening of the stress-strain curves and presented in Table 3.For clarity, this analysis based on the
assumption that GND evolution could represent the total dislocation density evolution.Based on this
assumption, the softening may come from the associated recrystallization, grain boundary migration [65, 66],
average grain size evolution[67, 68] and grain size homogeneity evolution.
Table 3hardening and softening of the flow stress curves
Temperature

True strain from

Total hardening from

Hardening from

𝜀1 𝜀2

the stress-strain curve,

GNDs,∆𝜎 𝐺𝑁𝐷)

Softening

∆𝜎

4.5

300 ˚C

0.08  0.28

13.0 MPa

13.0 MPa

0.0 MPa

450 ˚C

0.12  0.36

2.0 MPa

11.1 MPa

-9.1 MPa

530 ˚C

0.13  0.43

0.0 MPa

12.6 MPa

-12.6 MPa

Significance of the work and future work.

The EBSD detected quantitative GND and grain size evolutions in Fig. 7 and 8 in this work provide direct
data for validating the physically-based constitutive equations, which could narrow down the selection of
material constants and pushing one step forward of the current constitutive equation to a more physically
based state. Existing advanced rate-dependent physically-based constitutive equations typically contained an
internal state variable, 𝜌, to account for the global dislocation evolutions, which directly affect the hardening
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behaviour of the stress-strain curves [11, 53, 63, 78]. The trends of the quantitative GND in Fig. 6 with respect
to temperatures and strain rates may provide valuable data for calibrating existing physically-based
constitutive equations, significantly reducing the uncertainty of the fitting parameters. Note that this is based
on the assumption that GND could represent the total dislocation density. Additionally, existing physicallybased constitutive works in the studied range assumed that no recrystallization occurred due to the fast
deformation rate and hence did not consider the grain size evolution and its effects on flow stress [53, 79].
While the grain size analysis in Fig. 7 and Fig. 8 and the GND calculation in section 4.4 demonstrated
itsimportance in affecting the flow stress curves for future improvement of the constitutive equations.
The GND evolutions and distributions in Fig. 4 and Fig. 5 are also necessary to evaluate post-formed
strength after the subsequent ageing treatment in Al-Mg-Si alloys. As suggested in [3, 9, 10], dislocations are
high energy sites for nucleation of precipitates, affecting the uniformity of the precipitates in the bulk matrix
and then the strengthening responses. Thus, the experimental GND values and distributions could provide
clear initial microstructures for the subsequent ageing treatments. Current modelling work either concentrated
on the shape prediction of the formed parts [4, 53], or concentrated on the temperature effects on the age
hardening responses [9, 10, 80]. The GND evolutions in this work provide statistically meaningful data, which
delivers a chance to create an integrated model to link the constitutive models with the age-hardening model
for both shape and strength predictions.
It is still unknown the contribution of the recrystallization fraction on the grain refinement, and also not
able to distinguish the importance of recrystallization of the new grains and growth of the old grains. It shall
be mentioned that for dynamic recrystallization, the most suitable techniques to dynamically distinguish the
recrystallization fraction is in-situ EBSD. However, considering the studied range, where deformation
occurred within seconds. In-situ EBSD is not possible to capture the microstructure evolution within the
deformation time. EBSD test on the deformed samples is currently one of the best possible methods to
quantify the microstructure evolutions with respect to deformations. Future work on identifying the
recrystallized grains, and its relationship with detailed dislocation density and cell structures during the hot
deformation would be of value.
Another controversial argument would be the representative of GND for the total dislocation density
evolution. In this work, we targeted on the GND evolution and average grain size evolution of commercial
6082 aluminium alloy. Provided an assumption that GND evolution may give a representative trend of the
total dislocations, the hardening contribution from dislocation density was estimated. This assumption is based
on previous work [46], that have concluded that GND could give a representative trend in fcc. metal during
room temperature deformation. The EBSD technique suits better with providing quantitative information of
microstructure and GND density, compared to other dislocation characterization techniques. Also, there is an
increasing interest in applying EBSD to quantifying the dislocation behaviour during thermal-mechanical
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process, especially to industrial applications. However, caution must be taken when considering whether GND
could suitably represent the evolution of the total value during high temperature deformation. This would be
future work of interest along with the advance of dislocation characterization techniques.
5

Conclusion
Using EBSD technique, the GND density maps for large areas (1146 µm × 859.2 µm), containing 3000+

grains have been generated on hot-deformed AA6082 samples by imposing different true strain levels at the
temperature, ranging from 300 to 530 ˚C, when various strain rate of 0.01, 0.1 and 1/s are imposed.
Additionally, statistical analysis of GND density evolutions has been performed. Together with the statistical
grain sizes, the high-temperature deformation mechanisms were revealed. The following conclusions were
drawn:
(i)

Overall GND is increasing in all tested conditions as a function of applied plastic strains, despite the
rapidly plateaued flow-stresses. High temperature and low strain rate reduced the accumulation of
GND densities during deformation. The saturated GND values reduced from 5.6 × 1013 /m2 to 2.5 ×
1013 /m2with increased temperature from 300 ˚C to 530 ˚C. For the similar strain level (~0.3) at 450
˚C, the GND decreases from 3.5 1013 /m2 to 1.6 × 1013 /m2approximately.

(ii)

Dynamic recrystallization was observed during hot formation at 450 ˚C, where grain size reduced
from ~25 µm to ~19 µm during deformation with a strain rate of 1/s. Reducing the strain rates
suppressed the grain refinement. The average grain size was decreased to approximately 19.8 𝜇m
from original grain size at 1/s at a strain of 0.32 and 450 ˚C, while a slight decrease was observed at
the similar strain level for 0.1/s.

(iii)

The calculated hardening contributions from the GND, using Taylor’s Equation, are similar (~11
MPa) for deformation at different temperatures. The concurrently refined grain sizes and grain
boundary migration during deformation may be one of the possible reasons for softening the stressstrain relationship.

(iv)

The increase in the GND channel structures dominates the hot deformation at Stage V. High
deformation temperature resulted in more GNDs in the bulk matrix than that formed around grain
boundaries. No apparent differences in the GND structures and morphologies were observed with
varied strain rates.
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Appendix I. Recorded hot deformation temperature and stress-strain curves.

Fig. A-1 The Gleeble recorded temperature evolutions and corresponding stress-strain curves for the hot
deformation at (a), (d) 530 ˚C-1/s, (b), (e) 450 ˚C-1/s and (c) and (f) 300 ˚C-1/s.

Fig. A-2 The Gleeble recorded temperature evolutions and corresponding stress-strain curves for the hot
deformation at (a), (d) 450 ˚C-1/s, (b), (e) 450 ˚C-0.1/s and (c) and (f) 450 ˚C-0.01/s.
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Appendix II. Full EBSD, GND and misorientation maps of the deformed samples

: 0.08

: 0.28
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300 µm

Fig. A-3 1146 µm × 859.2 µm full EBSD IPF maps of polycrystalline AA6082 deformed at 300, 450, 530 ˚C
using a constant strain rate of 1/s. The deformation temperature and true strain level are annotated on each
figure. The grain boundaries are indicated as black lines. The step size is 2.24 µm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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: 0.01/s, : 0.32

300 µm

Fig. A-4 1146 µm × 859.2 µm full EBSD IPF maps of polycrystalline AA6082 deformed at 450 ˚C using a
strain rate of 1, 0.1 and 0.01/s. The strain rate and true strain level are annotated on each figure. The grain
boundaries are indicated as black lines in the maps. The step size is 2.24µm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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1012
Fig. A-5 1146 µm × 859.2 µm full EBSD recovered GND content maps of polycrystalline AA6082 deformed at
300, 450, 530 ˚C using a constant strain rate of 1/s. The deformation temperature and true strain level are
annotated on each figure. The colour bar shows GND density per m2 in log scale. The grain boundaries are
indicated as black lines in the maps and the large blue regions in A and B correspond to the rejected points by
cross-correlation quality analysis. The step size is 2.24 µm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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: 1/s, : 0.14

: 1/s, : 0.32

300 µm
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: 0.1/s,

0.36

1014

: 0.01/s, : 0.32

1013

1012
Fig. A-6 1146 µm × 859.2 µm full EBSD recovered GND maps of polycrystalline AA6082 deformed at 450 ˚C
using a strain rate of 1, 0.1 and 0.01/s. The strain rate and true strain level are annotated on each figure. The
colour bar shows GND density per m2 in log scale. The grain boundaries are indicated as black lines in the
maps. The step size is 2.24 µm. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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T: 300 °C,

0.08

T: 300 °C,

0.28

T: 450 °C,

0.10

T: 450 °C,

0.32

T: 530 °C,

0.13

T: 530 °C,

0.43

300 µm
Fig. A-7 1146 µm × 859.2 µm full EBSD measuredmisorientation maps of polycrystalline AA6082 deformed
at 300, 450, 530 ˚C using a constant strain rate of 1/s. The deformation temperature and true strain level are
annotated on each figure. Misorientation > 15˚ are indicated as black lines, misorientations between 5˚ and
15˚ are indicated as red lines, misorientations between 2˚ and 5˚ are indicated as green lines. The step size is
2.24 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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: 1/s,
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: 1/s,
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300 µm
Fig. A-8 1146 µm × 859.2 µm full EBSD measured misorientation maps of polycrystalline AA6082 deformed
at 450 ˚C using a strain rate of 1, 0.1 and 0.01/s. The deformation temperature and true strain level are
annotated on each figure. Misorientation > 15˚ are indicated as black lines, misorientations between 5˚ and
15˚ are indicated as red lines, misorientations between 2˚ and 5˚ are indicated as green lines. The step size is
2.24 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Appendix III. GND calculation method and noise evaluation
(i) GND calculation method
The mathematical framework to estimate GND density [58] in this work is briefly described below. The
disorientation vector, ∆𝜃𝑘 , in sample coordinates can be derived from the measured disorientation matrix ∆𝑔
using Eq. (A-1),
∆𝜃
2 sin ∆𝜃

∆𝜃𝑘 = −𝜖𝑘𝑖𝑗 ∆𝑔𝑖𝑗

Eq. (A-1)

with ∆𝜃 = arccos ∆𝑔𝑖𝑖 − 1)/2 , 𝜖𝑘𝑙𝑗 is the Levi-Civita permutation symbol and summation from 1 to 3
overallCartesian indices.From the disorientation between two neighbouring points separated spatially by ∆𝑥⃗,
the curvature tensor 𝜅𝑘𝑙 could be estimated using the Eq. (A-2),
𝜅𝑘𝑙 =

𝜕𝜃𝑘
𝜕𝑥𝑙

≈

∆𝜃𝑘

Eq. (A-2)

∆𝑥𝑙

where six components (i.e. 𝜅𝑖1 and 𝜅𝑖2 with 𝑖 = 1, 2, 3) of the curvature tensor can be obtained.Five out of the
six components can be derived using Eq. (A-3).
𝛼12 = 𝜅21
𝛼13 = 𝜅31
𝛼21 = 𝜅12

Eq. (A-3)

𝛼23 = 𝜅32
𝛼33 = −𝜅11 − 𝜅22

The four missing components are given below, which require curvature components 𝜅𝑖3 .
𝛼11 = −𝜅22 − 𝜅33
𝛼22 = −𝜅11 − 𝜅33

Eq. (A-4)

𝛼31 = 𝜅13
𝛼32 = 𝜅23

Additionally, one difference between two of the missing components is also accessible using Eq. (A-5)
𝛼11 − 𝛼22 = −𝜅11 − 𝜅22

Eq. (A-5)

Assuming that the orientation variation along the 3rd direction is negligible, where the derivates are set to zero,
the dislocation density tensor, 𝛼𝑖𝑘 , could then be approximate using Eq. (A-6).The total dislocation density
tensor is a sum of individual dislocation densities 𝜌𝑡 with a dislocation type (t), as presented in Eq. (A-6),
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𝑁

𝛼𝑖𝑗 = ∑ 𝑏𝑖𝑡 𝑙𝑗𝑡 𝜌𝑡

Eq. (A-6)

𝑡=1

where 𝑏 𝑡 is the Burgers vector,𝑙 𝑡 is the line vector.N denotes the number of each dislocation types, which is
associated with the crystalline lattice geometries, dislocation characters (e.g. edge, screw dislocations).
The derived 𝛼𝑖𝑗 components are less than that required to determine the dislocation density matrix, 𝛼𝑖𝑗 . Hence,
a minimum energy criterion was further applied to determine the final dislocation density matrix, as given in
Eq. (A-7).
𝑀

𝑁
,

𝜌𝐺𝑁𝐷 = ∑ 𝜌𝑡 = min ∑ 𝜌𝑡
𝑡 , =1

𝑦=𝐴𝑥

Eq. (A-7)

𝑡=1

The final GND density was then determined using an optimization algorithm method, satisfying the minimum
energy criterion, and presented in the manuscript.

(ii) Noise floor evaluation
The Eq. (A-8) is used to evaluate the noise floor of the processed GND maps [46],
𝑔𝑛𝑑

𝜌𝑚𝑖𝑛 =

𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑟𝑎𝑑𝑖𝑎𝑛𝑠)
𝑆𝑡𝑒𝑝 𝑠𝑖𝑧𝑒 × 𝐵𝑢𝑟𝑔𝑒𝑟 ′ 𝑠𝑣𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ

Eq. (A-8)

𝑔𝑛𝑑

where 𝜌𝑚𝑖𝑛 is the lower bound GND density sensitivity, the angular resolution is taken to be 0.3˚[81] for
conventional EBSD measurements [14], step size of 2.24 µm was used and the burger’s vector length is 2.86
𝑔𝑛𝑑

Å for aluminium. Hence, substituting these values to the above equations, yields 𝜌𝑚𝑖𝑛 = 8.2 × 1012 /𝑚2 .
This indicates the GND maps in figure 4 and 5 are reliable, as the average value of the calculated GND is
higher than the noise floor (i.e. 8.2 × 1012 /𝑚2 ).
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