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Abstract: This study aimed to propose a new approach for predicting the warm deformation be-
haviour of AA2060-T8 sheets by coupling computational homogenization (CH) with crystal plasticity
(CP) modeling. Firstly, to reveal the warm deformation behaviour of the AA2060-T8 sheet, isothermal
warm tensile testing was accomplished using a Gleeble-3800 thermomechanical simulator at the
temperatures and strain rates that varied from 373 to 573 K and 0.001 to 0.1 s−1. Then, a novel crystal
plasticity model was proposed for describing the grains’ behaviour and reflecting the crystals’ actual
deformation mechanism under warm forming conditions. Afterward, to clarify the in-grain deforma-
tion and link the mechanical behaviour of AA2060-T8 with its microstructural state, RVE elements
were created to represent the microstructure of AA2060-T8, where several finite elements discretized
every grain. A remarkable accordance was observed between the predicted results and their experi-
mental counterparts for all testing conditions. This signifies that coupling CH with CP modelling
can successfully determine the warm deformation behaviour of AA2060-T8 (polycrystalline metals)
under different working conditions.

Keywords: AA2060-T8; crystal plasticity modelling; computational homogenization; dynamic recovery;
storage and recovery processes

1. Introduction

One of the most critical lightweight metallic materials used recently in aircraft, military,
and aerospace industries is the third generation Al-Li alloys due to their remarkable
mechanical and physical properties compared with conventional Al alloys. Adding Li
caused these outstanding properties, impacting the modulus of elasticity and weight
reduction. Adding 1% of Li reduced and enhanced the density and modulus of elasticity of
Al alloy by 3% and 6%, respectively [1–3]. Al-Li alloys are categorized into three generations
based on their manufacture date: first (1st), second (2nd), and third generations (3rd) [1,4].
AA2060-T8 is one of the third generation alloy families introduced in the last few years by
Alcoa Inc. to replace the traditional Al alloys in aerospace applications [5]. Nevertheless, it
shows poor formability and serious anisotropic behaviour notably at room temperature,
limiting its industrial applications [6–9]. High strain rate deformation [10–18] and high
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temperature forming [19–21] are significant techniques for enhancing the formability of
AA2060 sheets and addressing the drawbacks of conventional cold forming technologies.
Thus, understanding the warm deformation behaviour of AA2060 experimentally and
using advanced modeling approaches under different working conditions is essential for
manufacturing sound components from AA2060-T8 alloy.

So far, little investigations have been accomplished to figure out the flow behaviour
and deformation mechanisms of this alloy at high temperatures. Abd El-Aty et al. [22,23]
investigated the mechanical behaviour of AA2060 at room temperature and a wide range
of strain rates. Furthermore, they proposed a new computational framework to determine
this alloy’s flow and anisotropic behaviours at room temperature and several strain rates.
After that, they [24] developed an Arrhenius constitutive model to figure out the effect of
strain rates and temperatures on the flow behaviour of AA2060 and estimated its activation
energy (Q) to reveal the difficulties of forming this alloy under warm forming conditions.
Ou et al. [25] explained the hot deformation behaviour of AA2060 at different forming
conditions, and they realized that dynamic recovery (DRV) is the main reason for softening
during hot forming. Additionally, they mentioned that 380–500 ◦C and 0.01–3 s−1 are the
optimum hot forming conditions (temperatures and strain rates) for AA2060-T8 alloy sheets.
After that, Gao et al. [26] combined their outstanding results [25] to examine the capability
of fabricating aerospace components from AA2060 by hot forming in-die quenching (HFQ)
technology. They mentioned that 2 s−1 and 470 ◦C are the optimum HFQ conditions (strain
rate and temperature) to manufacture sound AA2060-T8 components.

From the above discussion, it is clear that figuring out the flow behaviour of AA2060
at warm forming conditions experimentally and theoretically was not yet studied. The
flow behaviours of Al alloys under warm forming conditions are complex since they de-
pend on many factors (i.e., strain rates, strain, and deformation modes) [21]. These key
factors control the dynamic softening and strain hardening, affecting the formability and
deformation behaviour of these alloys [27,28]. Dynamic softening mechanisms, such as
DRV, usually appear in Al and Al-Li alloys with high stacking-fault (SFE) during warm
and hot deformation [28]. Elkhodary et al. [29], Pandey et al. [30], Abedrabbo et al. [31],
Clayton et al. [32], and Lin et al. [21] reported that the mechanisms that contribute to soft-
ening and recovery during deformation at high temperatures are susceptible to strain rate
and temperature. Thus, predicting the warm deformation behaviours of AA2060-T8 sheets
is meaningful for describing their mechanical responses at several working conditions.
Therefore, the motivation of this study was to couple computational homogenization (CH)
and crystal plasticity (CP) modelling to propose a new framework that considers the storage
and recovery processes for simulating and predicting the warm deformation behaviours of
AA2060 at various deformation conditions.

Three essential features are required to simulate and predict the macroscopic me-
chanical behaviour by coupling CH and CP modeling. The first feature is the constitutive
equation that characterizes the grains’ behaviour for reflecting the crystal deformation
mechanisms. The second feature represents the actual microstructure AA2060-T8 sheets
using RVE. The third feature is the material parameters that are crucial for characterizing
the behaviours of grains correctly. This investigation used CP modeling as the constitutive
model for AA2060 sheet grains. In the proposed CP model, the total dislocation density was
decomposed into edge and screw components to consider DRV caused by a cross slip of the
screw dislocations at low homologous temperatures. The experimental stress-strain curves
characterized the material parameter of the proposed CP model. After that, the proposed
constitutive model was implemented using a monolithic time-integration algorithm-based
backward Euler method. For considering the in-grain deformation behaviours, the ho-
mogenization process used the representative volume element (RVE) for representing the
real sheet metal microstructure. For constructing RVE, the initial microstructures and
micro-textures were measured by electron backscatter diffraction (EBSD). In addition,
periodic boundary conditions (PBC) were developed for considering geometrical and
deformation-induced anisotropy. The accuracy of the proposed approach (coupling CH
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with CP modeling) for predicting the warm deformation behaviour of AA2060 at different
conditions was verified by comparing the experimental and predicted results. Additional
verification was performed by calculating a set of statistical parameters for quantitatively
evaluating the reliability and measuring the predictability of the proposed approach.

2. Experimental Procedure

The material utilized in the current study was rolled sheets of AA2060-T8. A Gleeble-
3800 simulator was utilized to accomplish the isothermal warm tensile tests at 373, 423, 473,
523, as well as 573 K and

.
ε = 0.001, 0.01, and 0.1 s−1 using the sample depicted in Figure 1.
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Figure 1. The details of the tensile sample of AA2060T8 sheet (2 mm thickness) used for the
Gleeble simulator.

The Gleeble-3800 simulator was designed to perform the physical simulations of
thermomechanical processes at a maximum heating rate, quenching rate, and stroke rate
of 10,000 ◦Cs−1, 10,000 ◦Cs−1, and 2000 mms−1, respectively. Furthermore, the Gleeble-
3800 simulator is outfitted with a control system for imposing the aggressive decay of
the speed of the actuator to achieve a constant strain rate. The setup of the Gleeble-
3800 simulator used in this study is shown in Figure 2. The deformation temperature
was evaluated using thermo-couples that were welded in the gauge length center of the
test sample. This provided a signal for precise checking, as presented in Figure 2. The
deformation temperatures, strain, and strain rates were automatically controlled and noted.
All the test samples were heated to the necessary testing temperatures before testing. To
ensure repeatability and consistency, all test samples were repeated three times at each test
condition, and the average value was considered for each condition. The experimental
stress-strain (σ-ε) curves of AA2060-T8 sheets obtained from the isothermal warm tensile
tests using Gleeble material simulators under the aforementioned warm forming conditions
are depicted in Figure 3.
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3. Coupling CH with CP Modelling and Numerical Implementation

Several items are necessary to predict the warm deformation behaviour of AA2060 via
coupling CH with CP modelling. These items are a new constitutive equation describing
the grain’s behaviour for reflecting the deformation mechanism of crystals under warm
working conditions, RVE for representing grains of the AA2060-T sheets, and a set of
parameters for precisely describing the grain’s behaviour. The details of each feature are
discussed in the following sub-sections.

3.1. CP Modeling

The present study used a dislocation-based single CP model as a constitutive equation
of AA2060. The theoretical framework of the proposed CP model followed the previous
works performed by Cheong et al. [33], Arsenlis et al. [34], and Ha et al. [35]. The kinematic
framework of finitely deforming the single crystal was introduced based on multiplica-
tive decomposition. After that, a description of stress states and the evolution of three
kinetic variables were presented (i.e., crystallographic slip shearing rates, slip resistance,
and dislocation densities). The multiplicative decomposition described the kinematics
of an elasto-plastically deforming continuum body by introducing a locally stress-free
intermediate configuration β̃ that is not uniquely defined within a rigid body rotation.
However, we constitutively prescribed that the plastic flow of the crystalline materials left
the crystal lattice undistorted and un-rotated. Thus, the deformation gradient F, as written
in Equation (1), can be decomposed into an elastic Fe part and a plastic Fp part [36], where
Fe contains rigid body rotation and the elastic distortion of the lattice, and Fp describes the
plastic flow associated with the crystallographic slip.

F = FeFp (1)
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Due to the incompressibility condition during the plastic deformation, the following
conditions are required.

Jp = det Fp = 1 (2)

By similarity, L (velocity gradient tensor) is also decomposed to (Le) and (Lp), elastic
and plastic elements, respectively, as follows:

L = Le + Lp (3)

where Le and Lp are the elastic and plastic velocity gradients written as:

Lp = Fe L̃
p

Fe−1 (4)

L̃
p

is the pull-back of the plastic velocity gradient to the intermediate configuration β̃.
The velocity gradient tensor L is described as follows:

L =
.
F

e
Fe−1 + Fe ~

L
p
Fe−1 (5)

At low homologous temperatures, it is assumed that the dislocation glide on well-
defined crystallographic slip systems is the dominant source of plastic deformation. Thus,
the plastic flow can be written as:

L̃
p

=
.
F

p
Fp−1 = ∑n

α−1
.
γ

a
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Thus, the slipping direction (𝒎𝜶) in the current configuration is characterized to its form 
in 𝜷෩ by: 

a
(6)

where:
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.
γ

a stands for the shearing rate on the α-slip system, and n is the potential slip
system’s number. Sa is the Schmid tensor that describes the slipping systems with the
direction and slip-plane normal ma

0 , na
0 , respectively [36–38]. For FCC metallic materials,

the crystallographic slip was expected to take place on the {111} 〈110〉 slipping systems.
The elastic deformation totally carries the distortion of the crystallographic slip systems.
Thus, the slipping direction (mα) in the current configuration is characterized to its form in
β̃ by:

mα = Femα
0 (8)

In addition, nα (i.e., the equivalent slip plane normal) was written as:

nα = nα
0Fe−1 (9)

where it is assumed that mα
0 and nα

0 are orthogonal to each other.
Since the elastic deformations are infinitesimal compared with the plastic deformation,

the linear Saint Venant relation can be used to describe the stress response of single crystals:

Se = Ce:Ee (10)

where Se is the second Piola-Kirchhoff stress tensor and is related to the Cauchy stress
tensor (σ) as:

Se = JeFe−1σFe−T (11)

and E is the elastic Green-Lagrange strain tensor defined as:

Ee = ( Ce − I)/2 (12)

where:
Ce = FeT Fe (13)
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Ce can be fully characterized by temperature-dependent stiffness parameters [39]:

Cij = Co
ij−

Sij

exp
(

tij
θ

)
−1

(14)

where θ is the absolute temperature (K). C0
11 = 114.2 GPa, C0

12 = 61.9 GPa, C0
44 = 31.6 GPa,

S44 = 2.56 GPa, S12 = 2.0 GPa, and S11 = 10.1 GPa, t11 = 258.4; t12 = 293.6, t44 = 168. S11, S12,
and S44 are the elastic compliance parameters defined by

S11 =
C11+C12

(C11−C12)(C11+2C12)
(15)

S12 =
−C12

(C11−C12)(C11+2C12)
(16)

S44 =
1

C44
(17)

In the intermediated configuration, the resolved shear stress tensor (τα) projected on
the slip plane in the glide direction can be written as:

τα = (CeSe):
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[36], where Fe contains rigid body rotation and the elastic distortion of the lattice, and 𝐅𝐩 
describes the plastic flow associated with the crystallographic slip. 𝐅 = 𝐅𝐞𝐅𝐩  (1)

Due to the incompressibility condition during the plastic deformation, the following 
conditions are required. 𝑱𝒑 = 𝐝𝐞𝐭 𝐅𝐩 = 𝟏  (2)

By similarity, L (velocity gradient tensor) is also decomposed to (𝐋𝐞) and (𝐋𝐩), elastic 
and plastic elements, respectively, as follows: 𝐋 =  𝐋𝐞 + 𝐋𝐩  (3)

where 𝐋𝐞 and 𝐋𝐩 are the elastic and plastic velocity gradients written as: 𝐋𝐩 = 𝐅𝐞 𝐋ሚ 𝐩𝐅𝐞ି𝟏   (4)𝐋ሚ 𝐩 is the pull-back of the plastic velocity gradient to the intermediate configuration  𝜷෩. 
The velocity gradient tensor L is described as follows: 𝐋 =  𝑭ሶ 𝒆𝐅𝐞ି𝟏 + 𝐅𝐞 𝑳෨𝒑𝐅𝐞ି𝟏   (5)

At low homologous temperatures, it is assumed that the dislocation glide on well-
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where: 

 𝒂 =  𝒎𝟎𝒂 ⊗ 𝒏𝟎𝒂  (7)

where 𝜸ሶ 𝒂 stands for the shearing rate on the α-slip system, and n is the potential slip 
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a
(18)

where Ce is the elastic right Cauchy-Green deformation tensor.
The Orowan equation can be used to relate the crystallographic slip shearing rate with

the collective motions of dislocations, as follows:

.
γ

α = bρα _
vα (19)

where b is the magnitude of the Burgers vector, and ρα and
_
vα are the density and average

velocity of mobile dislocations on the α slip system.
Under a quasi-static condition, the average dislocation velocity can be approximated as:

_
v ∼= lf/tw (20)

lf is the average distance between each obstacle on the slip plane, and tw is the waiting
time for a dislocation to surpass the local obstacles. When a dislocation segment conflicts
with an obstacle, the frequency of the jumps over the obstacles through a thermal fluctuation
at a finite temperature θ > 0 is given by the following:

tw
−1 = vD b lf

[
exp
(
−∆G∗

kBθ

)]
(21)

where vD is the Debye frequency, kB is the Boltzmann constant, and ∆G∗ is the differ-
ence in the activation-free enthalpy when the dislocation segment moves from the stable
configuration to the unstable configuration. Kocks et al. [38] proposed the following form:

∆G+ = F0

{
1−〈 |τ

α|−sα
a

^
τ

α 〉
p
}q

(22)

For detecting the shapes of the profile of the energy barrier associated with the inter-
action between the obstacle and dislocation [39], p and q are considered to be within the
following range:

0 ≤ p ≤ 1, and 1 ≤ q ≤ 2 (23)
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By combining Equations (19)–(22), the evolution of the crystallographic shearing rates
is expressed as:

.
γ

a =
.
γ0 exp

[
F0

kBθ

{
1 − 〈 |τ

α|−Sα
a

^
τ

α 〉
p
}q]

(24)

where
.
γ0 is the reference slip rate.

The evolutions of the total dislocation density are written as the competition of the
storage and recovery mechanisms:

.
ρ =

.
ρ
(+) +

.
ρ
(−) (25)

Assuming the dominant source of the dislocation nucleation, the athermal storage rate
can be written as:

.
ρ

α =
c

.
γ

α

bLα (26)

where c denotes the fraction of the shearing rate by the total dislocation, and L is the mean
free path.

.
ρ

α = 2yc
ρα .

γ
α

b
(27)

where yc is the critical annihilation distance for canceling out the two dislocations with
opposite polarities.

For the annihilation process, the cross slip of screw dislocations and the climb of
edge dislocations are responsible for the dynamic recovery at low and high temperatures,
respectively. According to Essman et al. [39], the screw dislocations glide, multiplicate,
and cross in the interior of dislocation cells, whereas edge dislocations accumulate in the
cell walls.

Thus, we further decompose the total dislocation density as:

ρα = ρα
e︸︷︷︸

edge dislocation compoents

+ ρα
s︸︷︷︸

screw dislocation components

(28)

where ρα
e and ρα

s are edge and screw dislocation density components, respectively.
Therefore, the evolution of dislocation densities can be expressed as:

.
ρ

α
i =

Ci
b

[
Ki
Li
− 2diρ

α
i

]∣∣∣ .
γ

α
∣∣∣ , i = e,s (29)

Since we are concerned with the deformation response at low homologous tempera-
tures, the critical annihilation distance for edge dislocations is assumed to be constant for
simplicity. Since cross slip is a thermally activated process, however, the critical annihi-
lation distance for screw dislocations is also a function of temperature and stacking fault
energy. Motivated by the form proposed by Nix et al. [40], we employed the following
phenomenological form:

ys =
^
ysexp(− b

aθ
) (30)

where
^
ys is the reference critical annihilation distance (

^
ys = 400 nm), and a and b are

constants, a = 0.001, b = 8.617 × 10−5.
According to the Taylor equation [41,42], the total athermal slip resistance parameters

(Sα
T ) were calculated via:

Sα
a = λµb

√
∑Ns

β=1hαβρβ (31)

where µ is the shear modulus, b is the Burgers vector’s magnitude, and λ is the statistics
parameter to identify the deviations from the regular spatial arrangements of the dislo-
cation densities. Additionally, hαβ is the matrix of dislocation interaction. Many scholars
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introduced various models depending on the discrete dislocation dynamics [43–45] or
the back extrapolation of latent hardening experimentation [46,47]. Nevertheless, in this
investigation, the equation used was Equation (32) for simplicity:

hαβ = ω1 + (1 − ω2)δ
αβ (32)

where δαβ is the Kronecker delta, and ω1 and ω2 are the interaction coefficients.

3.2. CH Procedures

CH is primarily based on the characteristics and the finite element (FE) modeling of
the RVE, which represents the actual microstructure of AA2060. In the CH of metallic
material, three models of RVEs were used. In the current study, a grain-based RVE model
was utilized, in which every grain is represented by several cubic elements. Thus, further
information about the size and the shapes of the grains in the metallic materials can be
efficiently included. In this investigation, the established RVE model possessed equiaxed
grains shapes. Furthermore, the model was discretized 100 × 100 × 100 C3D8R element.
Figure 4 depicts the RVE model utilized in the present investigation. This model consists of
fifty grains and various colors representing the different grains. A neper 4.6.0 software [48]
used widely to establish a polycrystal model was used in the current study to create the
unit cell model. According to the statistics, as the grain numbers of RVE models increased,
their responses converged to the actual macroscopic behaviour of the material.
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Figure 4. The proposed RVE model (grain-based) utilized in the current investigation, where the
cubic elements depicted the grain.

The main issue when establishing the grain-based RVE models is representing the
initial textures of the received material. Most previous studies, for simplicity, assumed that
all the materials had isotropic behaviours [49–51]. Nevertheless, due to thermomechanical
processing, most as-received sheet metals exhibit anisotropic behaviour, where the defor-
mation histories are basically unknown. Hence, in the current investigation for correctly
assigning the initial textures for the RVE models, the crystallographic data collected through
EBSD measurements were reduced using the coarsening method, eliminating the pixel
every two pixels and reducing the point numbers in a data set by four. This method was
recurred for acquiring fifty crystallographic orientations approximating the initial textures
of AA2060. The size of the grains, besides the texture distributions, might affect the macro-
scopic behaviour of the RVE models; however, the surface measurements detected using
EBSD cannot precisely reflect the sub-surface distributions of grains for actual material.
Notwithstanding, as presented in the consequent results, the macroscopic (σ−ε) figures
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might be reasonably obtained when the element numbers in the RVE model are acceptable.
Figure 5 depicts the (111) pole figure of the reduced texture of the initial AA2060-T8.
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The mechanical behaviour of the RVE model was obtained by FE modelling, where
the established model was used directly as FE meshes, in which each voxel describes one
cubic finite element. Additionally, appropriate boundary conditions must be implemented
on each face of the cubic element. Hazanov et al. [49] noticed in their study that the
deformation behaviours of the metallic sheets determined via implementing the PBCs
on the cubic cell’s faces were very close to the actual behaviour than that obtained from
imposed displacements or forces. Hence, in the current investigation, PBCs were used
for considering the geometrical and deformation-induced-anisotropy caused by the initial
texture of AA2060. Additionally, PBCs were utilized to ensure compatibility between
adjacent boundaries of the RVE model before and after deformation. It should be noted
that, in the case of anisotropic metallic materials, even if the macroscopic external loading
is uniform, the deformation of the RVE may be non-uniform.

To accurately predict the deformation behaviour of the AA2060 sheet utilized in this
study under warm forming conditions by coupling CP modelling with CH framework,
it was crucial to determine a set of material parameters that are necessary to properly
describe the behaviour of grains and are utilized in the proposed dislocation density-
based CP model. The set of parameters included Cs , Ce, Ke , Ks , de, and ds. Cs and Ce
represent the fractions of the total slip rate contributions by screw and edge segments,
respectively. Ke and Ks are constants that govern the mobility of dislocations, while de and
ds denote the maximum distances for mutual annihilation between the antiparallel edge
and screw dislocations, respectively. Previous studies determined these parameters based
on calibration results for Al alloys. From these parameters, only Ks and ds were adjustable
for approximating the stress-strain behaviour. The set of material parameters for pure Al
single crystals was adopted as a baseline, and it was assumed that precipitation due to
Li particles could account for the hardening rate of AA2060. However, the slip resistance
of different slip systems in the grains of polycrystalline aggregates can be dissimilar due
to varying hardening during previous deformation. For simplicity, it was assumed that
dislocations were evenly distributed, and the initial slip resistance of each slip system was
the same. Additionally, the initial slip resistance was set to be higher than that of pure Al
single crystals due to precipitation hardening.
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4. Verification of the Proposed Approach

The deformation behaviour of AA2060 sheets under warm forming conditions was pre-
dicted and captured by the FE modeling of the proposed RVE model. The grain’s behaviour
for reflecting the actual deformation mechanisms was modelled via CP modelling. Figure 6
demonstrates the RVE model before and after 15% uniaxial deformation. Figure 6b shows
the heterogeneous deformation that happened in each grain due to the interaction impacts
between the adjacent grains. The accuracy and the predictability of coupling CH with CP
modelling for predicting the warm deformation behaviour of the AA2060-T8 sheet were
validated by comparing the stress-strain curves determined from the proposed approach
with those acquired from experimental work, as depicted in Figure 7. As presented in these
figures, the predicted results aligned with those obtained from experimentation in all ex-
perimental conditions. This signifies that coupling CH with CP modelling, which considers
the phenomenon of dynamic recovery, can predict the warm deformation behaviour of
AA2060-T8 sheets. This remarkable agreement was attributed to including the physical
mechanisms of the plastic deformation and the key details of AA2060-T8′s microstructure
in the proposed approach.
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Further validation for the predictability of coupling CH with CP modeling was per-
formed by calculating statistical parameters such as NMBE, RMSE, AARE, and R, as listed
in Table 1 and introduced in Figure 8. R is the correlation coefficient, which is a vital pa-
rameter calculated from Equation (33) to determine the strength of linear relations between
predicted and experimental stresses. If the R nears 1, this signifies that the reliability of the
proposed approach is outstanding [50,51].

R =
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i=1 (σ
i
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_
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∑i=N
i=1 (σ
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Table 1. R, ARRE%, NMBE%, and RMSE calculated at
.
ε (0.001, 0.01, and 0.1 s−1).

Value R ARRE (%) RMSE (MPa) NMBE (%)
.
ε = 0.001/s 0.992 3.37 6.14 0.186
.
ε = 0.01/s 0.988 4.22 6.48 0.192
.
ε = 0.1/s 0.982 4.46 6.95 0.199

N is the number of points utilized in this analysis. σi
E and σi

P are the experimental
and predicted stresses, respectively.

_
σE and

_
σP are the mean of the experimental and

predicted stresses, respectively. Equations (34) and (35) were used to determine the average
absolute relative error (AARE) and root mean square error (RMSE), which are important for
quantifying the capability of the proposed approach for predicting the warm deformation
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behaviour of the AA2060-T8 sheet correctly [52–54]. The small values of AARE imply that
coupling CH with CP modeling can determine that the warm reliability of the proposed
approach is significant and vice versa [55].

AARE (%) =
1
N ∑i=N

i=1

∣∣∣∣∣σi
E −σi

P

σi
E.

∣∣∣∣∣ × 100 (34)

RMSE =

√
1
N∑i=N

i=1

(
σi

E−σi
P
)2 (35)

The last statistical parameter used in this validation stage was normalized mean bias
error (NMBE), utilized to quantify the mean bias in predicted results. NMBE was calculated
from Equation (36), where the positive value of NMBE means over-prediction; however,
the negative value indicates under-prediction [55].

NMBE (%) =
(1/N)∑i=N

i=1
(
σi

E−σi
P
)

(1/N)∑i=N
i=1 σi

E.
× 100 (36)
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and (c) 0.1 s−1. For revealing the warm deformation behaviour of the AA2060 sheet, isother-
mal tensile testing was accomplished using a Gleeble-3800 thermomechanical simulator
at temperatures and strain rates that varied from 373 to 573 K and 0.001 to 0.1 s−1. Then,
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a novel CP model was proposed for describing the grains’ behaviour and reflecting the
crystals’ actual deformation mechanism under warm forming conditions. In the CP model,
the total dislocation density was decomposed into edge and screw components to consider
DRV caused by a cross slip of the screw dislocations at low homologous temperatures. The
experimental stress-strain curves characterized the material parameters of the proposed CP
model. After that, the proposed constitutive model was implemented using a monolithic
time-integration algorithm-based backward Euler method. Afterward, to clarify the in-
grain deformation and link the mechanical behaviour of AA2060-T8 with its microstructural
state, RVE elements were created to represent the microstructure of AA2060-T8, where
several finite elements discretized every grain. A remarkable accordance was observed
between the predicted results and their experimental counterparts for all testing conditions.
This signifies that coupling CH with CP modelling can determine the warm deformation
behaviour of AA2060-T8 (polycrystalline metals) under different working conditions.

Author Contributions: Conceptualization, A.A.E.-A., Y.X., S.H. and S.-H.Z.; methodology, A.A.E.-A.,
Y.X., S.H. and Y.H.; software, A.A.E.-A. and S.H., formal analysis, B.A., Y.H., A.A. and M.M.Z.A.;
investigation, Y.X., S.-H.Z., B.A., A.A. and M.M.Z.A.; writing—original draft preparation, A.A.E.-A.,
Y.X. and S.H.; writing—review and editing, S.-H.Z., B.A., M.M.Z.A. and A.A.; supervision, Y.X.
and S.-H.Z.; funding acquisition, A.A.E.-A., Y.X. and Y.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (grant
number 52111530293), Sino–Belarus Inter-Governmental Science and Technology Cooperation project
(Grant No. CB02-01), and Youth Innovation Promotion Association CAS (grant number 2019195).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request through the corresponding author.

Acknowledgments: This study was supported via funding from Prince Sattam bin Abdulaziz Uni-
versity, Project number (PSAU/2023/R/1444). The authors also greatly acknowledge the financial
support by the BK21 Four program (SNU Materials Education/Research Division for Creative Global
Leaders, grant number: 4120200513611).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Abd El-Aty, A.; Xu, Y.; Guo, X.; Zhang, S.; Ma, Y.; Chen, D. Strengthening mechanisms, deformation behavior, and anisotropic

mechanical properties of Al-Li alloys: A review. J. Adv. Res. 2018, 10, 49–67. [CrossRef] [PubMed]
2. Hou, Y.; Myung, D.; Park, J.K.; Min, J.; Lee, H.-R.; El-Aty, A.A.; Lee, M.-G. A Review of Characterization and Modelling

Approaches for Sheet Metal Forming of Lightweight Metallic Materials. Materials 2023, 16, 836. [CrossRef] [PubMed]
3. El-Aty, A.A.; Guo, X.; Lee, M.-G.; Tao, J.; Hou, Y.; Hu, S.; Li, T.; Wu, C.; Yang, Q. A review on flexibility of free bending forming

technology for manufacturing thin-walled complex-shaped metallic tubes. Int. J. Lightweight Mater. Manuf. 2023, 6, 165–188.
[CrossRef]

4. Li, T.; Wang, H.; El-Aty, A.A.; Li, J.; Zhang, Y.; Wei, W.; Chen, H.; Cheng, X.; Tao, J.; Guo, X. Theoretical modelling and finite
element simulation of AA6061 involute components based on 3D free bending process. Int. J. Mech. Sci. 2020, 178, 105607.
[CrossRef]

5. Khokhlatova, L.B.; Kolobnev, N.I.; Oglodkov, M.S.; Mikhaylov, E.D. Aluminum-lithium alloys for aircraft building. Metallurgist
2012, 56, 336–341. [CrossRef]

6. Dong, F.; Huang, S.; Yi, Y.; He, H.; Huang, K.; Gao, S.; Jia, Y.; Yu, W. Effect of increased stretching deformation at cryogenic
temperature on the precipitation behavior and mechanical properties of 2060 Al–Li alloy. Mater. Sci. Eng. A 2022, 834, 142585.
[CrossRef]

7. Dong, F.; Yi, Y.; Huang, S.; Wang, B.; He, H.; Huang, K.; Wang, C. Cryogenic formability and deformation behavior of 2060 Al–Li
alloys with water-quenched and T4 aged temper. Mater. Sci. Eng. A 2021, 823, 141722. [CrossRef]

8. Zheng, X.; Luo, P.; Yue, G.; Hu, Y. Analysis of microstructure and high-temperature tensile properties of 2060 Al-Li alloy
strengthened by laser shock peening. J. Alloys Compd. 2020, 860, 158539. [CrossRef]

9. Liu, T.; Zhao, Y.; Kang, Y.; Zhan, X. Effect of micro morphology in different zones on mechanical properties of 2060 Al-Li alloy
laser welded joints. J. Manuf. Process. 2020, 50, 336–344. [CrossRef]

https://doi.org/10.1016/j.jare.2017.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30034867
https://doi.org/10.3390/ma16020836
https://www.ncbi.nlm.nih.gov/pubmed/36676573
https://doi.org/10.1016/j.ijlmm.2022.09.007
https://doi.org/10.1016/j.ijmecsci.2020.105607
https://doi.org/10.1007/s11015-012-9580-1
https://doi.org/10.1016/j.msea.2021.142585
https://doi.org/10.1016/j.msea.2021.141722
https://doi.org/10.1016/j.jallcom.2020.158539
https://doi.org/10.1016/j.jmapro.2019.12.032


Materials 2023, 16, 4069 14 of 15

10. Abd El-Aty, A.; Xu, Y.; Zhang, S.; Ha, S.; Yan, Y.; Chen, D. Impact of high strain rate deformation on the mechanical behavior,
fracture mechanisms and anisotropic response of 2060 Al-Cu-Li alloy. J. Adv. Res. 2019, 18, 19–37. [CrossRef]

11. Wang, Z.; Zhang, K.; Song, Y.; Ali, R.A.; Chen, W.; Wang, X. Constitutive behavior and microstructural evolution of 2060 Al–Li
alloy under high strain rate: Experiment and simulation. Mater. Sci. Eng. A 2022, 844, 143048. [CrossRef]

12. El-Aty, A.A.; Xu, Y.; Zhang, S.-H.; Yan, M.; Guo, X.; Tao, J.; Hou, Y.; Lee, M.-G. Dynamic Deformation Behaviour of Al-Li Alloys Under
High Strain Rate Deformation; Inal, K., Levesque, J., Worswick, M., Butcher, C., Eds.; NUMISHEET 2022; The Minerals, Metals &
Materials Series; Springer: Cham, Switzerland, 2022. [CrossRef]

13. El-Aty, A.A.; Zhang, S.-H.; Guo, X.; Xu, Y.; Yan, M.; Chen, D.; Tao, J. The High-Speed Deformation Behavior of High-Strength
Lightweight Al-Li Alloy Sheets. In Forming the Future; Daehn, G., Cao, J., Kinsey, B., Tekkaya, E., Vivek, A., Yoshida, Y., Eds.; The
Minerals, Metals & Materials Series; Springer: Cham, Switzerland, 2021. [CrossRef]

14. Xia, L.; Zhang, S.-H.; Xu, Y.; Chen, S.; El-Aty, A.A.; Pokrovsky, A.I.; Bakinovskaya, A.A. Study of the ductility enhancement of
5A90 Al–Mg–Li alloy sheets with stress relaxation. Philos. Mag. 2021, 101, 2449–2472. [CrossRef]

15. Ma, Y.; Zhang, S.; Banabic, D.; Xu, Y.; Abd El-Aty, A.; Chen, D.; Cheng, M.; Song, W.; Pokrovsky, A.; Chen, G. Investigation on
Formability Enhancement of 5A06 Aluminum Sheet by Impact Hydroforming. CIRP Ann. Manuf. Technol. 2018, 67, 281–284.
[CrossRef]

16. Abd El-Aty, A.; Xu, Y.; Zhang, S.; Ma, Y.; Chen, D. Experimental investigation of tensile properties and anisotropy of 1420, 8090
and 2060 Al-Li alloys sheet undergoing different strain rates and fibre orientation: A comparative study. Procedia Eng. 2017, 207,
13–18. [CrossRef]

17. Zhang, S.; Ma, Y.; Xu, Y.; Abd El-Aty, A.; Chen, D.; Chen, G. Experimental Investigation of Novel Impact Hydroforming
Technology on Sheet Metal Formability. J. Phys. Conf. Ser. 2018, 1063, 012173. [CrossRef]

18. Zhang, S.; Ma, Y.; Xu, Y.; Abd El-Aty, A.; Chen, D. Effect of Impact Hydroforming Loads on the Formability of AA5A06 Sheet
Metal. IOP Conf. Ser. Mater. Sci. Eng. 2018, 418, 012114. [CrossRef]

19. Cao, L.; Liao, B.; Wu, X.; Li, C.; Huang, G.; Cheng, N. Hot Deformation Behavior and Microstructure Characterization of an
Al-Cu-Li-Mg-Ag Alloy. Crystals 2020, 10, 416. [CrossRef]

20. Zheng, K.; Politis, D.J.; Wang, L.; Lin, J. A review on forming techniques for manufacturing lightweight complex—Shaped
aluminium panel components. Int. J. Lightweight Mater. Manuf. 2018, 1, 55–80. [CrossRef]

21. Lin, Y.; Chen, X.-M. A critical review of experimental results and constitutive descriptions for metals and alloys in hot working.
Mater. Des. 2011, 32, 1733–1759. [CrossRef]

22. Abd El-Aty, A.; Xu, Y.; Ha, S.; Zhang, S. Computational homogenization of tensile deformation behaviors of a third generation
Al-Li alloy 2060-T8 using crystal plasticity finite element method. Mater. Sci. Eng. A 2018, 731, 583–594. [CrossRef]

23. Abd El-Aty, A.; Ha, S.; Zhang, S.; Xu, Y. Prediction of tensile deformation behavior of Al-Li alloy 2060- T8 by computational
homogenization-based crystal plasticity finite element method. J. Phys. Conf. Ser. 2018, 1063, 012058. [CrossRef]

24. Abd El-Aty, A.; Xu, Y.; Zhang, S.H.; Guo, X.; Tao, J.; Lee, M.G. Phenomenological-based constitutive modelling of warm
deformation behavior of high-Strength lightweight AL-Li alloy sheets. IOP Conf. Ser. Mater. Sci. Eng. 2022, 1238, 012017.
[CrossRef]

25. Ou, L.; Zheng, Z.; Nie, Y.; Jian, H. Hot deformation behavior of 2060 alloy. J. Alloys Compd. 2015, 648, 681–689. [CrossRef]
26. Gao, H.; Weng, T.; Liu, J.; Li, C.; Li, Z.; Wang, L. Hot stamping of an Al-Li alloy: A feasibility study. Manuf. Rev. 2016, 9, 9–15.

[CrossRef]
27. Liang, H.; Nan, Y.; Ning, Y.; Li, H.; Zhang, J.; Shi, Z.; Guo, H. Correlation between strain-rate sensitivity and dynamic softening

behavior during hot processing. J. Alloys Compd. 2013, 632, 478–485. [CrossRef]
28. Bijish, B.; Lindgren, L. Dislocation density based model for plastic deformation and globularization of Ti-6Al-4V. Int. J. Plast.

2013, 50, 94–108.
29. Elkhodary, K.I.; Bakr, M.A. Single crystal plasticity with bend–twist modes. J. Mech. Phys. Solids 2015, 79, 44–66. [CrossRef]
30. Pandey, A.; Khan, A.S.; Kim, E.-Y.; Choi, S.-H.; Gnäupel-Herold, T. Experimental and numerical investigations of yield surface,

texture, and deformation mechanisms in AA5754 over low to high temperatures and strain rates. Int. J. Plast. 2012, 41, 165–188.
[CrossRef]

31. Abedrabbo, N.; Pourboghrat, F.; Carsley, J. Forming of AA5182-O and AA5754-O at elevated temperatures using coupled
thermo-mechanical finite element models. Int. J. Plast. 2007, 23, 841–875. [CrossRef]

32. Clayton, J. Dynamic plasticity and fracture in high density polycrystals: Constitutive modeling and numerical simulation. J. Mech.
Phys. Solids 2005, 53, 261–301. [CrossRef]

33. Cheong, K.-S.; Busso, E.P. Discrete dislocation density modelling of single phase FCC polycrystal aggregates. Acta Mater. 2004, 52,
5665–5675. [CrossRef]

34. Asaro, R.; Needleman, A. Texture development and strain hardening in rate dependent polycrystals. Acta Metall. 1985, 33,
923–953. [CrossRef]

35. Ha, S.; Jang, J.H.; Kim, K.T. Finite element implementation of dislocation-density-based crystal plasticity model and its application
to pure aluminum crystalline materials. Int. J. Mech. Sci. 2017, 120, 249–262. [CrossRef]

36. Peirce, D.; Asaro, R.J.; Needleman, A. An analysis of non-uniform and localized deformation in ductile single crystals. Acta Metall.
1982, 30, 1087–1119. [CrossRef]

https://doi.org/10.1016/j.jare.2019.01.012
https://doi.org/10.1016/j.msea.2022.143048
https://doi.org/10.1007/978-3-031-06212-4_67
https://doi.org/10.1007/978-3-030-75381-8_102
https://doi.org/10.1080/14786435.2021.1971316
https://doi.org/10.1016/j.cirp.2018.04.024
https://doi.org/10.1016/j.proeng.2017.10.730
https://doi.org/10.1088/1742-6596/1063/1/012173
https://doi.org/10.1088/1757-899X/418/1/012114
https://doi.org/10.3390/cryst10050416
https://doi.org/10.1016/j.ijlmm.2018.03.006
https://doi.org/10.1016/j.matdes.2010.11.048
https://doi.org/10.1016/j.msea.2018.06.088
https://doi.org/10.1088/1742-6596/1063/1/012058
https://doi.org/10.1088/1757-899X/1238/1/012017
https://doi.org/10.1016/j.jallcom.2015.07.027
https://doi.org/10.1051/mfreview/2016006
https://doi.org/10.1016/j.jallcom.2014.12.270
https://doi.org/10.1016/j.jmps.2015.03.005
https://doi.org/10.1016/j.ijplas.2012.09.006
https://doi.org/10.1016/j.ijplas.2006.10.005
https://doi.org/10.1016/j.jmps.2004.06.009
https://doi.org/10.1016/j.actamat.2004.08.044
https://doi.org/10.1016/0001-6160(85)90188-9
https://doi.org/10.1016/j.ijmecsci.2016.11.011
https://doi.org/10.1016/0001-6160(82)90005-0


Materials 2023, 16, 4069 15 of 15

37. Kocks, U.F.; Argon, A.S.; Ashby, M.F. Thermodynamics and Kinetics of Slip. In Progress in Materials Science; Chalmers, B.,
Christian, J.W., Massalski, T.B., Eds.; Pergamon Press: Oxford, UK, 1975.

38. Kocks, U.; Mecking, H. Physics and phenomenology of strain hardening: The FCC case. Prog. Mater. Sci. 2003, 48, 171–273.
[CrossRef]

39. Essmann, U.; Mughrabi, H. Annihilation of dislocations during tensile and cyclic deformation and limits of dislocation densities.
Philos. Mag. A 1979, 40, 731–756. [CrossRef]

40. Nix, W.D.; Gibeling, J.C.; Hughes, D.A. Time-dependent deformation of metals. Metall. Trans. A 1985, 16, 2215–2226. [CrossRef]
41. Alankar, A.; Mastorakos, I.N.; Field, D.P. A dislocation-density-based 3D crystal plasticity model for pure aluminum. Acta Mater.

2009, 57, 5936–5946. [CrossRef]
42. Arsenlis, A.; Parks, D.M. Modeling the evolution of crystallographic dislocation density in crystal plasticity. J. Mech. Phys. Solids

2002, 50, 1979–2009. [CrossRef]
43. Vattré, A.; Devincre, B.; Feyel, F.; Gatti, R.; Groh, S.; Jamond, O.; Roos, A. Modelling crystal plasticity by 3D dislocation dynamics

and the finite element method: The Discrete-Continuous Model revisited. J. Mech. Phys. Solids 2008, 59, 398–422. [CrossRef]
44. Zhou, C.; Biner, S.B.; LeSar, R. Discrete dislocation dynamics simulations of plasticity at small scales. Acta Mater. 2010, 58,

1565–1577. [CrossRef]
45. Devincre, B.; Hoc, T.; Kubin, L. Dislocation Mean Free Paths and Strain Hardening of Crystals. Science 2008, 320, 1745–1748.

[CrossRef] [PubMed]
46. Bouvier, S.; Gardey, B.; Haddadi, H.; Teodosiu, C. Characterization of the strain-induced plastic anisotropy of rolled sheets by

using sequences of simple shear and uniaxial tensile tests. J. Mater. Process. Technol. 2006, 174, 115–126. [CrossRef]
47. Franciosi, P.; Bevellers, M.; Zaoui, A. Latent hardening in copper and aluminum single crystals. Acta Metall. 1980, 28, 273–283.

[CrossRef]
48. Quey, R.; Dawson, P.R.; Barbe, F. Large-scale 3D random polycrystals for the finite element method: Generation, meshing and

remeshing. Comput. Methods Appl. Mech. Eng. 2011, 200, 1729–1745. [CrossRef]
49. Hazanov, S.; Huet, C. Order relationships for boundary conditions effect in heterogeneous bodies smaller than the representative

volume. J. Mech. Phys. Solids 1994, 42, 1995–2011. [CrossRef]
50. Rokni, M.R.; Zarei-Hanzaki, A.; Roostaei, A.A.; Abolhasani, A. Constitutive base analysis of a 7075 aluminum alloy during hot

compression testing. Mater. Des. 2011, 32, 4955–4960. [CrossRef]
51. Huang, C.-Q.; Deng, J.; Wang, S.-X.; Liu, L.-L. A physical-based constitutive model to describe the strain-hardening and dynamic

recovery behaviors of 5754 aluminum alloy. Mater. Sci. Eng. A 2017, 699, 106–113. [CrossRef]
52. Xiao, W.; Wang, B.; Wu, Y.; Yang, X. Constitutive modeling of flow behavior and microstructure evolution of AA7075 in hot

tensile deformation. Mater. Sci. Eng. A 2018, 712, 704–713. [CrossRef]
53. He, A.; Xie, G.; Zhang, H.; Wang, X. A comparative study on Johnson–Cook, modified Johnson–Cook and Arrhenius-type

constitutive models to predict the high temperature flow stress in 20CrMo alloy steel. Mater. Des. 2013, 52, 677–685. [CrossRef]
54. Li, H.; Wang, X.; Duan, J.; Liu, J. A modified Johnson Cook model for elevated temperature flow behavior of T24 steel. Mater. Sci.

Eng. A 2013, 577, 138–146. [CrossRef]
55. Srinivasulu, S.; Jain, A. A comparative analysis of training methods for artificial neural network rainfall–runoff models. Appl. Soft

Comput. 2006, 6, 295–306. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0079-6425(02)00003-8
https://doi.org/10.1080/01418617908234871
https://doi.org/10.1007/BF02670420
https://doi.org/10.1016/j.actamat.2009.08.028
https://doi.org/10.1016/S0022-5096(01)00134-X
https://doi.org/10.1016/j.jmps.2013.07.003
https://doi.org/10.1016/j.actamat.2009.11.001
https://doi.org/10.1126/science.1156101
https://www.ncbi.nlm.nih.gov/pubmed/18583605
https://doi.org/10.1016/j.jmatprotec.2005.04.086
https://doi.org/10.1016/0001-6160(80)90162-5
https://doi.org/10.1016/j.cma.2011.01.002
https://doi.org/10.1016/0022-5096(94)90022-1
https://doi.org/10.1016/j.matdes.2011.05.040
https://doi.org/10.1016/j.msea.2017.04.086
https://doi.org/10.1016/j.msea.2017.12.028
https://doi.org/10.1016/j.matdes.2013.06.010
https://doi.org/10.1016/j.msea.2013.04.041
https://doi.org/10.1016/j.asoc.2005.02.002

	Introduction 
	Experimental Procedure 
	Coupling CH with CP Modelling and Numerical Implementation 
	CP Modeling 
	CH Procedures 

	Verification of the Proposed Approach 
	Conclusions 
	References

