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Abstract. Hot stamping of aluminium alloy sheets is widely used for manufacturing high performance panel
components across various industries. However, the anisotropic characteristics of the alloy and their evolution
during deformation under hot stamping conditions, remain poorly understood, resulting in significant challenges
in accurately determining its thermomechanical behaviour and developing predictive models. To address this
knowledge gap, a series of uniaxial tensile tests on a 1.5mm thick AA6082 sheet under hot deformation
conditions were conducted in this study using a Gleeble simulator at temperatures ranging from 350 °C to 500 °C
and strain rates of 0.1 s�1 and 0.5 s�1. The planar anisotropy along both the length and width directions of
AA6082 samples, as well as their evolution during hot deformation was investigated by calculating the r-value
(known as the Lankford coefficient) based on the full-field strain distribution within the gauge length, measured
using digital image correlation (DIC). The effects of strain fields selected from different regions within the gauge
area on the calculated r-value were analysed. An empirical equation for r-value was proposed, for the first time,
to model the planar anisotropy evolution across various deformation temperatures and strain rates under hot
stamping conditions. This equation was subsequently applied to correct the stress-strain curves obtained using
the C-gauge, an alternative strain measurement method, and the corrected data were compared with curves
measured by DIC. This study provides insights on accurately determining thermomechanical behaviour and
developing predictive models of aluminium alloys under hot stamping conditions.

Keywords: Planar anisotropy / aluminium alloy / hot stamping / digital image correlation /
Lankford coefficient
1 Introduction

The demand of employing high strength, lightweight
aluminium alloy components in vehicle manufacturing and
aerospace industry has been continuously increasing in
recent years [1,2]. Advanced manufacturing techniques
such as hot stamping and extrusion have been developed
for fabricating thin-walled sheet components with complex
shapes [3–5]. In these forming processes, the alloy is heated
to a certain temperature and then deformed in specific tools
to achieve the designed shape with improved formability at
the high forming temperature. To capture the alloy’s
deformation behaviour in the deformation processes with
corresponding temperature profile, the Gleeble thermal-
mechanical simulator has been extensively employed due
to its ability to precisely control both the testing
temperature and strain rate over a wide range [6–8].
.zhang17@imperial.ac.uk

penAccess article distributed under the terms of the Creative Com
which permits unrestricted use, distribution, and reproduction
Li et al. [9] investigated the thermomechanical behaviour of
boron steel in hot stamping by employing the Gleeble to
perform high temperature tensile tests ranging from 20 to
900 °C, with the strain rate from 0.01 to 10 s�1. Zhang et al.
[10] performed the tensile tests in Gleeble simulator at
temperatures of 375 and 450 °C with strain rates of 0.1 to
0.5 s�1 to capture the thermomechanical behaviours of
AA6082 in hot stamping. The key reason for obtaining
stress-strain relationships across a wide range of deforma-
tion temperatures and strain rates is to provide essential
data for constitutive and process modelling of the material
in hot stamping. These data provide the foundation for
ensuring the feasibility and accuracy of predicting material
behaviour during the fabrication processes [9,11].

In the Gleeble tensile test system, in addition to
controlling deformation temperatures and strain rates,
accurate strain measurement technique is crucial for
properly depicting the stress-strain relationship during
the deformation process [12,13]. Multiple methods have
been adopted in measuring the strain of the specimens
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Fig. 1. Specimen geometry and dimensions for Gleeble tensile
tests (the unit of dimensions in the figure is mm).
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during Gleeble tensile tests, such as relying on recording
the displacements of the jaws/grips [14,15], placing strain
gauge rosettes on the specimen surface [16], employing
C-gauges to measure the diametric or width change of the
specimen during deformation [17,18], and directly placing
L-gauges along the length of the specimen to obtain strain
data [12,19]. Although the Gleeble simulator can produce
variable deformation temperatures and strain rates to
capture the material’s deformation behaviour in hot
stamping process, one limitation still exists is that the
temperature gradient along the specimen length direction
caused by the heat loss to specimen grips can affect the
characterisation of thermomechanical properties of the
material [10,20]. For instance, the fracture strain and
tensile strength of boron steel at the temperature of 700 °C
and strain rate of 0.1 s�1 show significant variation
depending on the gauge lengths used from 15 to 30mm,
with the determined fracture strain ranging from 13% to
53% and strength between 213 and 260MPa [9,21,22]. The
inconsistency in tensile tests with varying gauge lengths
can result in substantial effects on the determination of
constitutive relations and the subsequent prediction of
material behaviour. Therefore, it is of significance to obtain
an in-depth understanding of the strain evolutions across
the full field and their influence on the determination of the
stress-strain results during deformation.

More recently, increasing investigations have adopted
the non-contact strain measurement method known as
digital image correlation (DIC) in the Gleeble tensile tests
[23,24]. By painting high contrast random speckle patterns
on the surface of the specimen’s gauge area, this method
offers advantages in depicting a comprehensive strain field
of the specimen during large deformation [10]. Shao et al.
[25] utilised a paint consisting of amorphous precipitated
silica and titanium dioxide for high temperature strain
measurements, which can withstand temperatures up to
1093 °C to generate the speckle patterns. The strain fields of
AA6082 deformed at temperature between 400 and 500 °C
and strain rates from 0.1 to 4 s�1 were successfully captured
within the small deformation range [25]. However, at high
deformation conditions, the shiny effect caused by high
temperatures and large deformations degrades the quality
of captured deformation images and corresponding failures
in the DIC analysis, leading to failures of strain measure-
ments. To overcome this gap, Chen et al. [26] developed a
novel procedure for generating more effective speckle
patterns utilising a cross-polarisation optical system. The
developed system helped to extend the measurable time in
the uniaxial and biaxial tests conducted in the Gleeble
simulator, allowing for more accurate determination of the
thermomechanical properties [26]. By employing DIC
measurement, Zhang et al. [27] investigated the strain
distribution along the gauge length during deformation of
boron steel. Several different gauge lengths were used to
evaluate the ductility of the material and found that the
determined ductility is highly dependent on the selected
gauge length within the strain field measured by DIC.
Despite the progress in employing the DIC method to
depict a more comprehensive strain filed for the Gleeble
tensile tests at high temperatures and deformation rates,
the strain distribution and evolution pattern during the
test across the full field, along with their effects on the
determination of thermal mechanical property as well as
anisotropy evolution, still urgently need further exploration.

Considering the significance of understanding the full
field strain distribution and anisotropy evolution in
determining the mechanical properties of the material, it
is of substantial urgency to conduct further investigations
to resolve this ambiguity. This study aims to explore the
characteristics of strain distribution and anisotropy along
length and width directions across various selected strain
fields in Gleeble tests, as well as providing insights into
the evolution of strain distribution and anisotropy with
the proceeding of deformation and their effects on the
determination of the mechanical properties. In this study,
uniaxial tensile tests for AA6082 were conducted using the
Gleeble simulator at temperatures ranging from 350 to
500 °C and strain rates of 0.1 and 0.5 s�1. The strain was
measured using DIC method and the characteristics of the
full filed strain distribution as well as its evolution during
deformation was investigated. This study makes its novel
contributions in the following aspects: 1) The anisotropy
along the length and width directions, and its evolution
during deformation under different temperatures and
strain rates were studied. 2) A novel empirical relation
was proposed to capture the r-value evolution with
increasing strain at varying temperatures and strain rates.
3) The stress-strain relations determined using the
C-gauge, the DIC method, and the corrected relation
based on the established r-value equation were compared
and analysed, providing insights on determining the
material thermomechanical properties in Gleeble tests
using C-gauge and DIC strain measurements.
2 Material and experimental procedures

The material used in this study is aluminium alloy AA6082
sheets with a composition of Al-0.87Si-0.33Fe-0.026Cu-
0.51Mn-0.97Mg-0.044Cr-0.025Zn-0.016Ti (wt%). The
1.5mm thick sheets were cut along the rolling direction
into the dog-bone specimens with design and dimensions
shown in Figure 1.

The thermomechanical tests were conducted using a
Gleeble 3800 thermal-mechanical simulator system dem-
onstrated in Figure 2. This system utilises electric current
for heating the specimens via the direct resistance heating
method and high-pressure air for cooling. The temperature
control during the tensile test was achieved through a pair



Fig. 2. Setup for the Gleeble tensile tests and thermal profile for testing AA6082.

Table 1. Test programme for the Gleeble tensile tests of AA6082, including strain measurements using DIC or C-gauge
or both.

Test category 1 Test category 2

Test condition Temperature Strain rate Test condition Temperature Strain rate

1A (DIC, C-gauge) 500 °C 0.1 s�1 2A (DIC) 500 °C 0.5 s�1

1B (DIC) 450 °C 0.1 s�1 2B (DIC) 450 °C 0.5 s�1

1C (DIC) 350 °C 0.1 s�1 2C (DIC) 350 °C 0.5 s�1
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of K-type thermocouples welded at the centre of the
specimen. Strain during the tests was measured using
a C-gauge extensometer and/or the DIC method. For
C-gauge measurements, a C-gauge extensometer with a
12mm measurement range was positioned parallel to the
centre line of the specimen along the width direction to
measure changes in width during the tension tests. For DIC
measurements, deformation was captured using a high-
speed camera Photron FASTCAM Mini UX50 (Photron,
Japan) at a resolution of 1280 by 1024 pixels and the cross-
polarisation technique [26]. The whole gauge area, where
high contrast random speckle patterns were applied, was
recorded at a frame rate of 500 frames per second (fps) for
strain analysis. The speckle patterns consist of a thin black
background layer with random tiny white dots, produced
using black and white high-temperature VHT FLAME-
PROOFTM paints (Sherwin-Williams, US), respectively
[26]. Figure 2b illustrates the thermal profile of the alloy
during the tensile test. The specimen was heated to 530 °C
for solution heat treatment at an initial heating rate of
30 °C/s which was reduced to 5 °C/s when temperature
reaches 500 °C to avoid overheating. After soaking for 120 s,
the specimen was quenched at a rate of 50 °C/s to the
deformation temperature and held for 2 s to stabilise the
temperature. Finally, the specimen was stretched at a
specified strain rate. The test conditions including the
deformation temperature and strain rate are listed in
Table 1.

The deformation images for the tests recorded by the
high-speed camera were postprocessed using GOM Corre-
late 2018, a commercial software package, to establish the
full field strains within the gauge area. For the convenience
of analysis, the constructed coordinate and selected strain
field regions are demonstrated in Figure 3. In this study, as
the tensile direction is parallel to the rolling direction of
the specimen, the X-axis is set parallel to the length of the
specimen, while the Y-axis is parallel to the width of the
specimen. The major true strain is denoted as ex to
represent the strain along the X-axis direction, and
the minor true strain is denoted as ey as the strain along
the Y-axis direction. The origin of the coordinate system is
located at the centre point as shown in Figure 3b. The total
deformation time from the start of the test to specimen
failure is defined as ttot, and t represents the deformation
time at the current stage. tn represents the normalised
value of the time at current deformation stage expressed as
tn= t/ttot, with a value ranging from 0 to 1. Figure 3c
demonstrates the temperature distribution along the
X-axis, obtained from [10] during the Gleeble test under
the same conditions. Figure 3d shows the temperature
history recordedat different locations along the gauge length
during whole deformation at 500 °C and 0.1 s�1. The results
indicate that each location remained nearly constant
throughout deformation, with variations of less than 2 °C.

To quantitively investigate the evolution of strain and
r-value across the obtained DIC strain fields, different
regions within the specimen gauge area are employed. As
exhibited in Figure 3a, the regions are classified into two
groups: Group I consists of squares with various sizes
including S1 with a size of 2mm� 2mm, S2 with
4mm� 4mm, S3 with 6mm� 6mm, S4 with 8mm� 8mm,
while Group II contains regions with the same height and



Fig. 3. Definitions and settings for DIC analysis. exmax denotes the highest major true strain along the X-axis direction obtained from
the DIC results. The distance in (c) represents the distances of the measured points from point O along the X-axis.
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Table 2. Selected regions and their groups.

Group I Group II

Region Size Region Size

S1 2mm � 2 mm S3 6mm � 6 mm
S2 4mm � 4 mm S5 6mm � 12 mm
S3 6mm � 6 mm S6 6mm � 18mm
S4 8mm � 8 mm
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different width including S3 with 6mm� 6mm, S5 with
6mm� 12mm and S6 with 6mm� 18mm. The detailed
illustration of the region groups is provided in Table 2.

It should be noted that the variation in temperature
along X-axis is significant, with a drop around 80 °C when
the distance is 20mm away from point O. Therefore, the
gauge area from S1 to S4 is chosen to investigate the
influence of the area on the measured DIC results, as a
minor temperature drop of 3 °C is observed within the
distance of 5 mm to the point O, as similar to the findings in
[28]. On the other hand, when comparing the gauge area of
S3, S5, and S6, the temperature variation along the X-axis
must be considered, as the temperature drops from 500 °C
from the centre point O to 483 °C at 10mm distance away
along X-axis. Since the temperature distribution in the
specimen is not uniform during the test, a reference
temperature is adopted in the following context, defined as
the temperature measured at the centre point O.

Considering that the specimen’s width is 10mm and
temperature variation along the X-axis within this range is
minor, it can be concluded that temperature distribution
along the Y-axis of the specimen is more uniform. In
addition, it should be noted that the shapes of the regions
also change with the ongoing deformation as shown in
Figure 3b. The strain and r-value evolutions at separate
points (O, 1, 2, …, 6) are studied with their locations
demonstrated in Figure 3a. Additionally, the average
values of both strain and r-value of the regions S1 to S6
during deformation process are also investigated.

3 Experimental results

Figure 4 illustrates the evolution of strain and r-value for
the specimen deformed at the reference temperature 500 °C
and strain rate of 0.1 s�1 (test condition I). The evolution of
the average values of themajor andminor strains across the
regions S1 to S6, as well as the values at the points O to 6
with respect to deformation time are exhibited in
Figure. 4a. As seen, the major strain ex at all the
investigated points increases and the minor strain ey
decreases as the deformation time progresses. Additionally,
points O, 1, and 4, located along the Y-axis (centreline of
the specimen), exhibit higher absolute strain values (higher
major strain and lower minor strain) than other points. In
contrast, points 2 and 3, located 2mm from the Y-axis, as
well as points 5 and 6, located 4mm from the Y-axis,
exhibit lower absolute strain values (lower major strain and
higher minor strain), with points 5 and 6 having lower
absolute strain values than points 2 and 3.
Figure 4b shows the evolution of average strain within
the regions of S1 to S6. A similar trend to that observed in
Figure 4a can be seen, where major strain values increase
and minor strain values decreases with proceeding of
deformation. Furthermore, for the regions S1, S2, S3, and
S4, the absolute values of the average major and minor
strains decrease with increasing area of the square regions,
i.e. the absolute strain values within S1 to S4 declines. For
region S3, S5, and S6, the average absolute values of the
strain decrease with increasing length of the regions from S3
to S6.

With the measured major and minor strain, the r-value
can be calculated using the widely adopted equation:

r ¼ ey
ez

ð1Þ

where ey is in-plane strain along the width direction of the
specimen (minor strain), ez is the out-of-plane strain
along the thickness direction of the specimen. By
assuming that the specimen remains a constant volume,
the equation to calculate the r-value can be further
expressed as:

r ¼ � ey
ex þ ey

ð2Þ

where ex denote the major strain. For the isotropic
material where r= 1 (i.e. ey= ez) during deformation, the
relationship between ex and ey can be calculated using
equation (2) as ex=� 2ey. Furthermore, a more divergent
r-value from 1 indicates higher anisotropy in the
deformation along the length and width of the specimen.

Figure 4c demonstrates the evolution of r-values for the
points of O to 6 as deformation progresses. These r-values
were calculated using the major and minor strains at the
respective locations shown in Figure 4a. Due to small
values of ey at the beginning of deformation as exhibited in
Figure 4a, the r-value curves in Figure 4c show fierce
fluctuations during the initial stage of deformation.
Additionally, the r-value curves demonstrate that the
points O and 1 to 3, located within the region S2, have lower
r-values than the points 4 to 6 located on the edge of region
S4. Points O and 3, located along the X-axis, demonstrate
lower r-values than points 1 and 2, which are positioned
2mm distance from the X-axis. Among points on the
edge of region S4, point 6 (located on the X-axis) shows
lower r-values than points 4 and 5, which are 4mm from the
X-axis. These shows that the points located farther from
the X axis exhibit higher r-values.



Fig. 4. Variation of the true strains, r-values and strain ratios with proceeding of deformation for specimen tested at the reference
temperature of 500 °C and strain rate of 0.1 s�1 (test condition 1A as shown in Tab. 1). The locations O to 6 and the regions S1 to S6 are
shown in Figure 3a.
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Figure 4d shows the average r-values within regions
from S1 to S6. Similar to the r-values demonstrated in
Figure 4c, the curves in Figure 4d fluctuate severely at the
initial period. Furthermore, the average r-values gradually
increase at a decreasing rate. For the Group I regions (S1 to
S4), the r-value rises with the increase of the region area, i.e.
the r-value increases from S1 to S4. For the Group II regions
(S3, S5, and S6), minor differences are identified for the
r-values among these three regions, with S5 showing the
highest value and S6 the lowest. Overall, the ratio within S1
has the lowest value and S4 has the highest.

The average r-value curves within regions S1 to S6
demonstrate a similar evolution trend as presented in
Figure 4b, where the curves fluctuate at the beginning stage
of deformation and gradually increase with the proceeding
of deformation until reaching their peak values. This initial
severe fluctuation is caused by the experimental errors in
the DIC strain measurements: the r-value calculated by
equation (2) can vary significantly when considering the
measuring error with small values of ex and ey at the
beginning of deformation.

To investigate the strain distribution and its evolution
during the deformation process, the major strain ex and
minor strain ey are obtained along the X- and Y-axes,
respectively, based on the DIC measurement results.
Figure 5 plots the major and minor strain distribution
along the X-axis ranging from �5 to 5mm, and along the
Y-axis ranging from �3 and 3mm at various deformation



Fig. 5. True major strain and true minor strain distributions at (a) 500 °C and 0.1 s�1 (test condition 1A) and (b) 350 °C and 0.5 s�1

(test condition 2C) along the X and Y axes at normalised times.
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stages. It can be observed that when deformed at various
normalised times, for both test conditions 1A and 2C, the
divergence in the value of the major strain along the X-axis
is larger than the corresponding minor strain along the
X-axis. However, for the major and minor strains along the
Y-axis, no distinct difference in divergence is observed as
the strains along the Y-axis remain stable along the
deformation process for both specimens.

The DIC method is able to capture the full field strain
distribution and its evolution throughout the Gleeble
tensile test as demonstrated in Figures 4 and 5. By
comparing the strain at different locations illustrated in
Figure 4b and the strain distribution and its evolution
when deformed at different conditions as shown in Figure 5,
a general distribution trend can be observed: the strain
significantly decreases along the length direction (X-axis) as
the distance from the centre point increases, while showing
minor fluctuations across the width direction (Y-axis).

Figure 6 shows the r-value results along the X-axis
ranging from�5 to 5mmand along theY-axis ranging from
�3 to 3mm for test conditions 1A and 2C with increasing
tn. The r-value was calculated using equation (2), with the
obtained major and minor strain distributions along the
X- andY-axes as shown in Figure 5. It can be observed that
the r-values onX- andY-axes increase with increasing tn for
both specimens. It should be noted that the r-value
distributions along the X- and Y-axes are nonuniform,
particularly at low deformation time. This nonuniformity



Fig. 6. Evolutions of r-value distribution andDrmax along theX- andY-axes with increasing tn for 500 °C and 0.1 s�1 (test condition I),
and 350 °C and 0.5 s�1 (test condition VI).
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Fig. 7. Evolution of r-values across regions of S2 and S4 as a function of true strain (ex) for the Test Category I (strain rate of 0.1 s�1)
and Test Category II (strain rate of 0.5 s�1).
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of the r-value along both axes can be attributed to the
temperature gradient along the gauge length of specimens
[10].

To quantitatively compare the distribution of r-values
and fluctuation evolution along the X- and Y-axes as
deformation progresses, the average r-value was calculated
within the range of�3 to 3mm along both axes at different
tn as shown in Figures 6c and 6d. Additionally, the
maximum r-value difference Drmax along theX- andY-axes
is respectively calculated following the equation as:

Drmax ¼ rmax � rmin ð3Þ

where rmax and rmin respectively stand for the maximum
and minimum r-values along the X- or Y-axes within the
range from �3 to 3mm at different tn. It can be observed
that the average r-value curves along the Y-axis for test
conditions 1A and 2C is slightly higher than those along the
X-axis during the deformation process at different tn.
Furthermore, the curves of average r-value for both
specimens along the X- and Y-axes show a gradual
increase at a decreasing rate with the proceeding of
deformation. Additionally, Drmax along the Y-axis for both
specimens exhibit a higher value compared with that along
the X-axis at different tn, indicating that the r-value
along the Y-axis has a higher extent of variation than that
along the X-axis during deformation.

Figure 7 displays the evolution of the average r-value
within regions S2 and S4 versus the major strain ex for
specimens deformed at reference temperatures of 350 to
500 °C and strain rates of 0.1 and 0.5 s�1. All the r-value
curves demonstrate a trend of severely fluctuation at the



Fig. 8. Effect of deformation temperatures and strain rates on the evolutions of r-value within regions S2 and S4 with increasing major
strain ex.
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beginning of deformation. With the proceeding of defor-
mation, the r-value curves exhibit an increasing trend at a
decreasing rate until reaching their peak value in the latter
stage during deformation. In addition, for each test
conducted at the same strain rate and for the same region,
the r-value increases with increasing temperature. Based
on the definition of r-value, the increasing of r-value at
various strain rates and temperatures indicates that the
planar anisotropy reduces and the material becomes more
isotropic as the deformation progresses.

Figure 8 exhibits the effects of various temperatures
and strain rates on the evolution of r-value at increasing
major strain ex. Specifically, Figures 8a and 8b demon-
strates the r-value variations at reference temperatures of
350, 450, and 500 °C. It can be observed that when
deformed at the same strain rate of 0.1 or 0.5 s�1, increasing
applied temperature increases the r-value obtained at the
same major strain (ex=0.2, 0.35, 0.5) and within the same
area (S2, S4). In addition, a higher r-value is achieved with
increasing area of the determining region (S2, S4) at the
same major strain. Figures 8c and 8d exhibits the effect of
strain rates on the r-value evolution. It can be noticed that
the r-values obtained at 0.5 s�1 are lower than those at
0.1 s�1 when all other conditions (major strain, tempera-
ture, selected strain field) are the same. Furthermore, when
comparing the r-values obtained at the same strain, strain
rate, and applied temperature in different regions S2 and S4
as shown in Figure 8, the r-value in region S2 is lower than
that in region S4.

Figure 9 presents the stress-strain curves determined
from the DIC and C-gauge strain measurements at 500 °C
and 0.1 s�1. The curves determined using the measured
strains within different regions (S3, S5, and S6) and gauge
lengths (L3, L5, and L6) are demonstrated in Figure 9a.



Fig. 9. True stress-strain curves determined from the measured strain data using C-gauge and DIC. The notations ‘Sn’ and ‘Ln’where
n is a number refer to the curves determined using respectively the n th DIC region and the gauge length having the same value as the
length of the n th DIC region.

X. Wang: Manufacturing Rev. 12, 22 (2025) 11
It should be noted that in the DIC measurement, the strain
was measured using gauge lengths corresponding to the
lengths of S3, S5, and S6, which are labelled as L3, L5, and L6
(equivalent to the lengths of 6, 12, and 16mm) respectively.
A notable difference can be observed between the stress-
strain curves obtained from the DIC and C-gauge strain
measurements. The stress for the C-gauge drops more
significantly with increasing strain compared to the DIC,
and the fracture strain for the C-gauge is much smaller
than the DIC. Additionally, distinct variance in the
evolution of the curves from different regions and gauge
lengths are observed, with the fracture strain varying
notably. However, minor discrepancies are observed
between the curves of S3 and L3, S5 and L5, S6 and L6.
This is attributed to the relatively uniform strain
distributions along the specimen width direction as shown
in Figure 5. Figure 9b shows two stress-strain curves
determined from the strains measured within regions S2
and S4 respectively. Minor discrepancies are observed
between these curves within the strain range of approxi-
mately 0 to 0.3. However, the discrepancies gradually
increase when surpassing the strain around 0.3.

4 Discussion

4.1 Characteristics of the full field strain distribution

As observed in Figure 3c, a strong inhomogeneity of the
temperature distribution exists along the length direction,
with a temperature drop nearly 100 °C at the location of
15mm away from the centre point O along the length
direction. This inhomogeneity can be caused by heat loss to
the specimen grip regions and the water cooling grips [10].
The higher temperature at the centre region of the
specimen induces the strain localisation throughout both
the early and later stages of the deformation as observed in
Figure 4. This indicates that strain localisation observed in
this study is dominated by heterogenous temperature
distribution rather than other factors such as necking,
particularly at the initial stages of deformation. Further-
more, the minor fluctuations in strain distribution along
the width direction throughout the deformation process, as
shown in Figure 4, indicate a more uniform temperature
distribution along the width direction, which results in a
minor effect of strain localisation in this direction.

Due to the inhomogeneity of the strain distribution
along the gauge length, the selection of investigated regions
or gauge lengths in the DIC measured strain fields exerts
significant influence on the determination of the material’s
constitutive relationship. As demonstrated in Figure 9, the
stress-strain curves determined from the Group I regions
(S2 and S4) as well as the Group II regions (S3, S5, and S6),
exhibit various evolution trends after the initial stage of
deformation and result in different fracture strains. Due to
the strain localisation, the curves determined from the
regions near the specimen centre, such as S3 and S2, exhibit
the highest fracture strains, while those from the regions
farther away, such as S6 and S4, show smaller fracture
strains. Additionally, due to the high uniformity of
distribution along the width direction, the curves deter-
mined using gauge length which equals to the region’s
length, such as S6 and L6, have minor differences as
exhibited in Figure 9a.

4.2 Evolution patterns of planar anisotropy

With the increase of ex and ey, the r-values as exhibited
in Figures 4 and7, demonstrate an increasing trend with
the proceeding of deformation. Based on the definition of
r-value, this increasing trend indicates that the planar
anisotropy reduces and the material becomes more
isotropic as the deformation progresses.



Table 3. Material constants for r-value evolution with
increasing ex of AA6082.

A1 for S2 A1 for S4 B1 n1 n2 for S2
190 204 5.66 8.4 2.52E-2
n2 for S4 Q J=molð Þ R J= mol⋅kð Þð Þ _er s�1ð Þ

2.82E-2 4800 8.314 1
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The r-value is strongly location dependent that its value
at various locations can vary distinctly as manifested in
Figure 4.When comparing at different locations as shown in
Figure 4b, the r-values at points 4 and 5 are higher than the
value at point 6within region S4. Additionally, for the points
within S2, the r-values at 1 and 2 are higher than 3. The
r-valuesattheseselectedpoints indicateatrendofdecreasing
anisotropy at locationswith larger distance to the centre line
along the length direction (X-axis) during deformation.
Furthermore, when comparing the average r-values within
the regions from S1 to S4, the r-value increases with the
expandingofarea fromS1 toS4.This increaseof r-valueas the
region expands from the origin point O manifests higher
anisotropy in the nearer areas surrounding point O during
deformation. On the other hand, for the average r-values
within the regions of S3, S5, and S6 having the same width of
6mm but different lengths from 6 to 15mm, no distinct
difference is exhibited in the r-values among these three
regions as shown in Figure 4d. Thus, the variation in r-value
is more sensitive to location/area changes along the Y-axis
direction compared to the X-axis for the specimen, which is
consistent with the observation that Drmax along theY-axis
is larger than along the X-axis during deformation as
exhibited in Figures 6c and 6d. As a result, although the
temperaturegradient ismore sensitive in the lengthdirection
than in the width direction, the r-value is more affected by
location changes along the width direction.

4.3 Effects of temperature and strain rate on planar
anisotropy

The dependence of the alloy’s planar anisotropy on
deformation temperatureandstrain rateduringdeformation
has been previously reported [29,30]. In this study, this
dependencehasalsobeen identified,asshowninFigure8.For
the effects of various temperatures on the observed planar
anisotropy (Figs. 8a to 8b), the r-value increases as the
temperature rises from 350 to 500 °C when compared at
the same strain ex (0.2, 0.35, 0.5), same regions (S2, S4), and
same strain rate (0.1 s�1, 0.5 s�1). This indicates that for the
AA6082 investigated in this study, its planar anisotropy
decreases with increasing temperature. A similar trend has
beenreported forAA6016in [31]. Increasingtemperaturecan
lower the activation energy for dislocation motion and
prompt the activation of crystallographic slip systems
[32,33]. Consequently, it can reduce the differences in the
resistance to deformation at various directions and induce
lower planar anisotropy [31]. Regarding the effect of strain
rate on the planar anisotropy, Figures 8c–8d demonstrate
that the r-value of AA6082 decreases when the strain rate
increases from 0.1 to 0.5 s�1, while keeping other conditions
(temperature, selected strain fields, major true strain)
constant. This indicates a promotion in planar anisotropy
of AA6082 with increasing strain rate during deformation.

4.4 Comparison of different strain measurements
through proposed empirical equation

From the discussion in Sections 4.2 and 4.3, it is clear that
the planar anisotropy of AA6082 varies not only with the
proceeding of deformation, but also highly depends on the
deformation temperature and strain rate. To model the
r-value evolution versus strain, a novel empirical equation
is formulated in the present study as follows:

_r ¼ A= B tanh exð Þ þ 1ð Þn1ð Þ
A¼A1exp �

Q

RT

� �

B¼B1 _ex=_erð Þn2

8>>><
>>>:

ð4Þ

where _r represents the changing rate of the r-value. In the
equation. A and B are employed as temperature- and strain
rate-dependent parameters, respectively, to capture their
effects on r-value evolution. The parameter A is formulated
using the classical Arrhenius equation that is used to
express the effect of temperature; Q, R, and T denote the
activation energy, gas constant, and absolute temperature,
respectively.TheparameterB is directly related to the strain
rate _ex. _er stands for the referenced strain rate equals to 1 s

�1.
It should be noted that bothA andB are unitless.A1,B1, n1,
and n2 are material constants. The material constants
employed for predicting r-value evolution within regions S2
andS4 are listed inTable 3 . It shouldbenoted thatA1 andn2
were determined for regions S2 and S4, separately.

Figure 10 shows the predicted r-values derived from the
proposed empirical equations and their comparison with the
experimental r-values determined from regions S2 and S4
using DIC measurements. The results exhibit a good
agreement between the predicted and experimental results
of r-value evolution as the strain increases. Additionally, the
evolution of the r-value obtained from different regions can
be differentiated by adopting different values for A1 and n2.
As a result, the constructed empirical equation is capably of
modelling the variations in r-value evolutionwhen deformed
at different temperatures and strain rates within different
regions of S2 and S4. The empirical equation for the r-value
proposed in this study will benefit for both experimental
investigations andmodelling ofmetallic materials under hot
stamping conditions. In particular, the equation enables the
determination of longitudinal strain considering for anisot-
ropy between the specimen’s length and width directions
during deformation within specific temperature and strain
rate range in the hot stamping state. Furthermore, it can be
incorporated into numerical simulations to more accurately
predict the full-field plane strain behaviour during deforma-
tion. In addition, it should be noted that in this study the
evolution of r-value during the uniaxial tensile process was
investigatedusingDICmeasurements forAA6082.Forother
aluminiumalloys ormaterials (suchas steel or titanium), the
material constants required to capture the r-value can be



Fig. 10. Fitting results (solid lines) of r-value evolutions with increasing ex for S2 and S4 at strain rate of 0.1 and 0.5 s�1. The symbols
stand for the experimental data.
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different, however, these constants in the empirical equa-
tions can be determined from experimental data obtained
using the same method provided in this study. Based on the
determined r-value evolutions in the uniaxial process, the
interrelation between the material deformation behaviour
measuredusing theC-gaugeandDICmethodscanbe further
revealed, as illustrated in the following context.

In this study, both C-gauge and DIC methods were
employed to measure the strain for AA6082 sheets
deformed at 500 °C and 0.1 s�1 and it is found that the
two methods have a significant effect on obtained stress-
strain curve during hot deformation (see Fig. 9 ). However,
it should be noted that the C-gauge strain measurements
assume ex=� 2ey, which neglects the planar anisotropy of
the alloy. To account for the planar anisotropy, the relation
obtained from equation (2) as ex=� ey (1/r+1) was
employed to correct the stress-strain relation determined
from C-gauge. In this equation, ey represents the strain
measured by the C-gauge, r is the corresponding r-values.
Therefore, by employing the experimentally determined
r-values in Figures 7a and 7b, and predicted r-values in
Figures 10a and 10c, two corrected stress-strain curves
were obtained.

Figure 11 further illustrates the comparison between
the material deformation behaviour measured by the
C-gauge and DIC, as well as the corrected results using the
r-value derived from the empirical equation. Figures 11a
and 11b show the two corrected true stress-strain
curves labelled as experiment-corrected (Exp-corr) and
prediction-corrected (Pred-corr), as well as the original
curves obtained from the measured strains using C-gauge
and DIC methods, respectively for regions S2 and S4. As



Fig. 11. Stress-strain curves obtained using strains measured via C-gauge and DIC and using C-gauge strains corrected using the
experimental r-value (Exp-corr) and predicted r-value (Pred-corr), for the test condition at 500 °C and 0.1 s�1, as well as the stress
difference compared to the DIC curves at the same strain. S2 and S4 in (c) denote the regions for measurement.
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shown in Figures 11a and 11b, there is little difference
between the Exp-corr and Pred-corr curves, indicating that
the prediction of r-values from equation (4) is satisfactory.
As observed in Figures 11a and 11b, good agreement is
achieved among all the curves during the initial stage of
deformation. However, as deformation progresses, the
differences between the curves gradually increase, espe-
cially for the C-gauge curves compared to others. In
addition, Figure 11c shows the stress differences between
the Pred-corr and DIC curves, as well as between the
C-gauge and DIC curves, plotted as a function of the true
strain up to the fracture points of the Pred-corr and
C-gauge curves respectively. As demonstrated in the figure,
the stress differences of C-gauge to DIC are significantly
larger than the differences of the Pred-corr to DIC, while
only minor differences are identified between the curves
determined within regions S2 and S4 for C-gauge and DIC,
as well as Pred-corr and DIC respectively. When compar-
ing the stress difference at the strain of 0.25, the maximum
difference of C-gauge to DIC is 14.3%, while the difference
of Pred-corr to DIC is 3.8%. The C-gauge curve is
obtained by transforming the measured strain in the
specimen width direction (ey) to the length direction strain
(ex) under the assumption of planar isotropy (r=1) as
illustrated in equation (2). As a result, the pronounced
difference in the C-gauge curves can be attributed to this
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isotropy assumption, while neglecting anisotropy—particu-
larly between the width and length directions during
deformation—leads to noticeable discrepancies when com-
pared with the DIC results. On the other hand, this
highlights the improvedmeasurement accuracy achieved by
adopting the r-value correction to consider the effect of
planar anisotropy.

5 Conclusions

In this study, the planar anisotropy of AA6082 sheets
and its evolution during uniaxial tensile deformation at
temperatures ranging from 350 to 500 °C and strain rates
of 0.1 and 0.5 s�1 have been investigated. The DIC
strain measurement method has been adopted to obtain
the distribution and evolution patterns of the r-value
(also known as the Lankford coefficient) with proceeding
of deformation, as well as to analyse the effects of
applied temperature and strain rate on the r-value.
An empirical equation to model r-value evolution
with progression of deformation has been constructed
and verified with experimental data under different
conditions. The true stress-strain relations obtained
from C-gauge and DIC strain measurements, as well as
the corrected stress-strain relation using the r-value are
compared. The main conclusions can be summarised as
follows:

–
 The r-value of AA6082 depends on deformation level. It
evolves with deformation in a similar trend under
different testing conditions. Specifically, it starts at a
low value of approximately 0.1 and increases at a
decreasing rate, until reaching a peak value of approxi-
mately 0.5 at the end of deformation.
–
 The r-value of AA6082 depends on both deformation
temperature and strain rate. The r-value increases as
temperature rises, with amaximum increase of 23%when
deformed from 350 to 500 °C at 0.1 or 0.5 s�1. Conversely,
the r-value decreases as strain rate increases, with a
maximum reduction of 12% from 0.5 to 0.1 s�1 at 450 °C.
–
 The proposed empirical equation for modelling r-value
evolution incorporates temperature- and strain rate-
dependent parameters. It effectively captures the effects
of varying temperatures and strain rates on r-value
evolution of AA6082, as evidenced by satisfactory
agreements with the experimental data.
–
 A significant distinction is observed between the stress-
strain curves obtained using the C-gauge and DIC strain
measurement methods for AA6082, with an absolute
stress difference of 14.3% relative to the DIC at the strain
of 0.25.
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