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Abstract: The formability at room temperature and low speed limits the application of aluminum
alloy, while high strain rates positively improve the formability of materials. The constitutive
behaviors of materials under high strain rates or impact loadings are significantly different from
those under quasi-static conditions, while few constitutive models consider the effect of the mobile
dislocation and forest dislocation evolution on the dynamic strain aging (DSA) over a wide strain-rate
range. The 5052 aluminum alloy, of which the primary source of strain-hardening is dislocation—
dislocation interaction, is widely used in manufacturing automotive covering parts and is considered
one of the most promising alloys. Therefore, this study conducts uniaxial tensile tests on AA5052-O
under conditions of temperatures ranging from 293 K to 473 K and strain rates ranging from 0.001 s !
to 3000 s 1, and compares the stress-strain relationships of AA5052-O under different conditions to
illustrate the constitutive relationship affected by the dislocation evolution over a wide strain-rate
range. The Arrhenius model based on the thermal activation mechanism is modified and extended
by considering the effects of dynamic strain aging (DSA), drag stress, and the evolution of mobile
dislocation and forest dislocation. Thus, a new physics-based constitutive model for AA5052-O is
proposed, which can well reflect the change in strain-rate sensitivity with the strain rate increasing.
The mobile dislocation density and total dislocation density are predicted with a modified Kubin-
Estrin (KE) model, and the influences of variable mobile dislocation on DSA and dislocation drag
are discussed as well. In order to verify the reliability of the new constitutive model, the dislocation
densities of the specimens before and after deformation are obtained with TEM and XRD, which are
in good agreement with the predicted values. This study also compares the newly proposed model
with classic constitutive models using multiple statistical evaluation methods, which shows that the
new physics-based constitutive model has not only more clear physical meanings for its parameters
but also has a higher prediction accuracy.

Keywords: constitutive model; high strain rate; dynamic strain aging; microstructure; dislocation
evolution; Arrhenius model

1. Introduction

The formability of aluminum sheets limits their application in complex-shaped prod-
ucts, such as automotive body parts. And scholars have proven that high-strain-rate
forming techniques such as electromagnetic forming (EMF), explosive forming (EF), and
electro-hydraulic forming (EHF) may improve the formability of sheet metal [1-4], and these
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techniques also have the advantages of simple die design, high workpiece accuracy, good
surface quality, and especially strong plastic deformation ability, making high-strain-rate
forming an ideal processing technology for materials with lower formability [5]. Thomas
et al. [6] proposed that the forming limit of 6063-T6 aluminum alloy under electromagnetic
tube bulging is 2-3 times higher than that under quasi-static forming. Balanethiram and
Daehn [7] believed that the improvement in formability is due to the change in the material
constitutive relationship under high strain rates.

The studies mentioned above indicate that the strain rate has a significant effect on the
deformation mechanism of aluminum alloys. It is necessary to conduct in-depth research
and establish suitable constitutive models to achieve well-controlled forming processes and
produce high-quality components. AA5052 has been widely used in the manufacturing of
automotive and aircraft sheet metal parts and critical components due to its excellent high
strength-to-weight ratio, corrosion resistance, and weldability [8-10]. And the main source
of strain-hardening of AA5052 is the dislocation—dislocation interaction, so AA5052-O is
studied in this paper to illustrate the constitutive relationship related to the dislocation
evolution over a wide strain-rate range.

Constitutive models are widely used for analyzing deformation behavior and pre-
dicting flow stress and are of great significance for optimizing process parameters. Chen
et al. [11] adopted the normalized dislocation density to evaluate the strain hardening
and proposed a dislocation mechanics-based plane stress material model, which could be
used for designing process windows, taking into account the formed shape as well as the
post-formed properties. Santos et al. [12] developed an elastic-viscoplastic constitutive
formulation for polycrystalline FCC metals subjected to high-strain-rate cold deformation
and discussed thermal activation and dislocation drag mechanisms. Fan et al. [13] studied
the influence of deformation temperature on the flow stress of the 2A12 aluminum alloy,
and found that after subtracting the structural component, related to grain size, disloca-
tions, and precipitates, from the total flow stress, a bell-shaped flow stress was left in some
specific temperature regions, which can be explained well with the dynamic strain aging
mechanism. Because the typical dislocation density-based K-M model could not capture
the negative strain-rate sensitivity caused by DSA, Dong et al. [14] proposed a modified
K-M model considering DSA to describe the tensile behavior of alloys, while relevant tests
were conducted at low strain rates and the reliability of the model in the wide strain-rate
range has not been verified.

Wang et al. [15] used the Arrhenius model to establish a strain compensation consti-
tutive model for AA5052 in the temperature range of 573-723 K. In fact, the Arrhenius
model has been widely used in the study of the thermal forming of materials [16-20] and
can reflect the mechanical properties of materials at different temperatures and low strain
rates well. However, there has been almost no research applying the Arrhenius model
to deformation under high-strain-rate conditions thus far, which is partly because the
Arrhenius model is based on the thermal activation mechanism and does not consider
the influence of dynamic strain aging under different strain rates and drag stress at high
strain rates.

To better illustrate the constitutive relationship affected by multiple mechanisms over
a wide strain-rate range of aluminum alloy, this paper establishes a physically-based consti-
tutive model for AA5052-O based on experimental results under conditions of temperature
ranging from 293 K to 473 K and strain rates ranging from 0.001 to 3000 s~! to study the
constitutive behavior of AA5052-O over a wide range of strain rates. The effects of the
mobile dislocation and forest dislocation evolution on the thermal activation mechanism,
dynamic strain aging, and dislocation drag mechanism are discussed, and the dislocation
evolution is depicted by a modified Kubin-Estrin model. The result shows that the new
constitutive model can well reflect the change in the strain-rate sensitivity with the strain
rate increases and the prediction accuracy is higher than that of existing models.
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2. Materials and Experiments
2.1. Materials

The applied material was the AA5052-O alloy from Chinalco Southwest Aluminum
Co., Ltd., (Chongging, China) and the mechanical properties of AA5052-O are listed in
Table 1. The heat treatment state was fully annealed, and the original grain size was
40-80 um. The chemical composition of AA5052-O from the optical emission spectroscopy

is given in Table 2.

Table 1. Mechanical properties of AA5052-O [21].

Elongation after
Fracture (%)

Tensile Strength
Item (MPa)

Standard 170-215 >65 >14

Yield Strength (Mpa)

Table 2. Chemical composition of AA5052-O (in wt%).

Element Mg Si Fe Cu Mn Zn Cr Al
Standard 22-28 <0.25 <0.40 <0.10 <0.10 <0.10 0.15-0.35 Remainder
Actual 2.40 0.055 0.26 0.02 0.05 0.02 0.15 Bal.

2.2. Experiments
2.2.1. Uniaxial Tensile Tests

The geometry of low-strain-rate and dynamic tensile specimens are shown in Figure 1a,b,
respectively. All the specimens for a low strain rate are machined from an aluminum
alloy plate with the thickness of 1 mm. The procedures of low-strain-rate experiments are
documented in detail in ISO 6892-1:2019 [22], and the process of dynamic experiments is in
line with Khan [23].
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Figure 1. Schematic of (a) low-strain-rate tensile specimens (ISO 6892) and (b) dynamic tensile

specimens.

The low-strain-rate tensile tests were conducted under different temperatures (T =293,
373, 473 K), at a quasi-static (¢ = 0.001 s~!) strain rate, and under different strain rates
(¢ =0.001, 0.01, 0.1 s~ ') at room temperature (T = 293 K), using an AG-100KN material
mechanical properties testing machine from Shimadzu (Kyoto, Japan) and a Gleeble3500
thermal simulation testing machine from Data Sciences International, Inc. (Wilmington,
DE, USA), as shown in Figure 2a,b. The specimens were kept at the desired tempera-
ture for 30 min before starting the test to obtain a uniform temperature. At least three
experiments were conducted for each quasi-static condition to ensure the reliability of the
experimental results. The engineering stress o. and engineering strain ¢, were calculated
from Equations (1) and (2).
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where Ag, |, f, and d are the cross-sectional area of the specimen, the gauge length of the
specimen, the measured load, and the displacement data measured by an extensometer,

respectively.
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Figure 2. The test equipment (a) the AG-100KN material mechanical properties testing machine,
(b) the Gleeble3500 thermal simulation testing machine, (c) the split Hopkinson tension bar device.

The dynamic tensile tests were performed with a split Hopkinson tension bar device
as shown in Figure 2c. The stress—strain results were measured at strain rates of ¢ = 1000,
2000, 3000 s—! under room temperature (T = 293 K). The experimental devices include a
high-pressure gas gun, a sleeve striker, an incident bar with an end cap, a transmission bar,

and a measuring signal acquisition device, as shown in Figure 3.
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Figure 3. The schematic diagram of the split Hopkinson tension bar equipment: 1—momentum trap;
2—end cap; 3—laser generator; 4—laser receiver; 5—gas gun; 6—sleeve striker; 7—electric resistance
strain gauge; 8—incident bar; 9—tensile specimen; 10—transmission bar; 11—super dynamic strain

gauge; 12—transient waveform storage; 13—oscilloscope; 14—computer.

The engineering stress o and engineering strain ¢, in the sample can be calculated
from the reflected and transmitted strain wave signals collected by the strain gauge [24].

oe(t) :AA—bfetr(t) 3)
e(t) =— %Ere (t) 4)

%mzékm& 5)
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where Ay, is the cross-sectional area of the bar, 15 is the length of the specimen; ¢ and &, are
the signals of the incident rod and transmission rod, respectively; E and Cj, are, respectively,
the elastic modulus and elastic wave velocity of the rod.

Based on the assumption of volume invariance, the true stress oy and the true strain &
of the specimen were calculated from the engineering stress o, and engineering strain ee.

0t = Oe(1+4€e) (6)
et = In(1+¢e) (7)

2.2.2. Microscopic Testing

The dislocation distribution morphologies of the fracture specimens were observed by
a JEM-2100 transmission electron microscope (TEM) (JEOL, Tokyo, Japan). Specimens for
TEM observation were punched into 3 mm-diameter disks from slices, and mechanically
thinned down to a 40-60 um thickness. Then, the disks were thinned on the Struers
TenuPol-5 electrolytic double spray instrument (Struers, Ballerup, Denmark), and the
sample meeting the requirements of TEM observation was prepared.

The X-ray diffraction (XRD) data of the samples were obtained by Rigaku SmartLab
SE type X-ray diffractometer (Rigaku, Tokyo, Japan). The scanning speed of the X-ray
diffractometer was 2° /min, and the scanning range was 10~90°.

3. Results
3.1. Stress—Strain Curves

The main focus of this work is to study the deformation process of AA5052-O under
different strain rates and different temperatures. Non-uniform deformation occurs during
the tensile process of the specimen, which affects the calculation of the true stress, and
necking is the starting point of non-uniform deformation and strain localization during
tension. The occurrence of necking in this study is determined based on the modified
Consideré criterion proposed by Weber [25]. Figures 4 and 5 show the flow stress—plastic
strain curves of the specimen under different strain rates and temperatures. The solid
line represents the uniform deformation zone, the dashed line represents the non-uniform
deformation zone, and the starting point of necking occurs at the junction of the two.
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Figure 4. Stress—strain relationship of AA5052-O at different strain rates (T = 293 K): under (a) low

strain rates; (b) high strain rates.
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Figure 5. Stress—strain relationship of AA5052-O at different temperatures (¢ = 0.001 s~ 1).
The strain-rate sensitivity exponent (m) indicates the sensitivity of flow stress to the
strain rate during the plastic deformation of a material. A larger strain-rate sensitivity

exponent m represents the better ability of the material to deform uniformly, resulting in
better formability. And the value of m can be obtained by Equation (8) [26]:

_dlno

®)

- Olné | 7

As shown in Figure 4a, under low-strain-rate conditions, AA5052-O exhibits a low
strain-rate sensitivity (SRS), the flow stress obtained at a strain rate of 0.01 s ! is close to
or even slightly lower than that at a strain rate of 0.001 s~!, and m varies from —0.008
to 0.007 according to Equation (8). The Portevin-Le Chatelier (PLC) effect of a serrated
pattern is also observed. Both the low or negative strain-rate sensitivity and PLC effect
suggest the existence of dynamic strain aging (DSA) in AA5052-O. Under the high-strain-
rate conditions in Figure 4b, obvious positive SRS appears, and the maximum value of
m can reach 0.7. With increasing strain rate, the necking and fracture of the material
occur later. Comparing the tensile results of the material under low-strain-rate and high-
strain-rate conditions, it can be observed that necking occurs earlier in the high strain
rate deformation samples. Under the conditions of 1000 s~! and 2000 s~!, the material
fracture occurs earlier compared to the low-strain-rate conditions. However, as the strain
rate reaches 3000 s}, the elongation of the material significantly increases and is higher
than the maximum elongation obtained under low-strain-rate conditions, indicating that
high-speed forming can improve the formability limit of the material. Figure 5 shows
the effect of different temperatures on the flow stress under quasi-static conditions. No
obvious temperature softening phenomenon is observed when the temperature increases
from 293 K to 373 K. However, with a further increase in temperature to 473 K, the flow
stress drops sharply, which may be due to the acceleration of dislocation generation and
annihilation mechanisms at higher deformation temperatures. At low strain rates, the
dislocations and rearrangements caused by thermal deformation have enough time to be
canceled out, resulting in a lower flow stress.

3.2. TEM Analysis

Figure 6 shows the dislocation morphology of AA5052-O specimens after quasi-static
and high-strain-rate tensile deformation. It can be seen that the dislocation density is low
and the dislocation cells are large under the quasi-static condition in Figure 6a, and a higher
dislocation density and smaller dislocation cells are observed under the high-strain-rate
condition in Figure 6¢. At high strain rates, the atomic diffusion rate is accelerated and
the grain boundary diffusion and migration ability are enhanced, so multiple dislocation
slip systems are activated and dislocations from different slip systems cross each other,
thus forming many dislocation cell structures, which can improve the plasticity of the
material [27]. Therefore, a high strain rate leads to a high dislocation density, resulting in a
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smaller size of the dislocation cell structure. The combination of dislocation entanglement
and smaller dislocation cells can lead to a lower dislocation moving speed, which increases
the flow stress of the material. In addition, the parallel dislocation walls loaded on a
particular plane are also observed under the high strain rate in Figure 6d, which are
typical dislocation arrangement features of planar slip mode and can be attributed to
the short range order (SRO) of an Al-Mg solid solution. The destruction of SRO after
continuous activations of dislocations under planar stress reduces the local resistance to
dislocation movement, thus limiting the movement of the dislocation in a few planes, which
is conducive to plane slip [28,29]. And the generation of long parallel dislocation walls in
Figure 6d indicates a higher planar stress to realize continuous activations of dislocations
in a short time.

Figure 6. TEM micrographs showing the dislocation configurations of specimens at different strain
rates: (a,b) quasi-static tensile test (¢ = 0.001s7 1, gp = 0.315); (c,d) SHTB test (& = 3000 s, ep = 0.348).

The residual dislocation density can be estimated by statistical analysis of TEM images
to perform quantitative analysis on the microstructural evolution of materials. Each TEM
image of a grain substructure can be divided into three regions: (i) areas without visible
dislocations, (ii) areas with visible dislocation lines, and (iii) dark and blurry areas [30]. For
areas with visible dislocation lines, a method is employed whereby a grid consisting of
multiple horizontal and vertical lines is overlaid on the area to be measured [31]. When
dislocation lines strongly overlap, they appear as dark, blurry regions (tightly intertwined)
in TEM, where individual lines cannot be distinguished. The above method cannot calculate
a reliable dislocation density for such entangled dislocations. To address this issue, it can
be assumed that dislocation lines are cylindrical lines with a diameter of d, corresponding
to the minimum distance allowed by lattice distortion between neighboring lines. The
geometric model of highly dense dislocations, which simulates the arrangement of blurry
regions, is simplified as a prismatic bundle filled with cylindrical dislocations tightly
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packed together. It should be emphasized that this model is a simplified representation of a
possible arrangement, and the actual entanglement is a more complex arrangement. Based
on this model, the total number of dislocations in the prismatic bundle is calculated to be:

1

=z ©)

p
According to Equation (9), the value of dislocation density in highly dense dislocation
arrangements can be estimated by the inverse square of the measurement line diameter of
a single dislocation. The value of d can be determined by individually visible dislocations
close to the dark-blurred region. It is noteworthy that the dislocation density calculated
by this method is the upper limit of the possible range of values [30]. Therefore, in this
paper, the dislocation density near the dark-blurred region is used to replace the dislocation
density in the dark-blurred region, obtaining the lower limit of the dislocation density. The
final evaluation of the dislocation density is obtained by taking the median of the upper
and lower limits.
Finally, the dislocation density of the entire TEM image is calculated based on the ratio
of the area fraction of different regions.

P = A1p1 + A2p (10)

A; and A, respectively, refer to the percentage of the total area occupied by visible
line areas and dark-blurred areas, while p; and p, refer to the dislocation density of the
visible line areas and dark-blurred areas, respectively.

Finally, according to Equation (10), a statistical analysis was performed on the TEM im-
ages, and the results showed that under the quasi-static deformation condition (¢ = 0.001 s,
ep = 0.315), the dislocation density of the sample was 1.5 x 10 m~2, while under the
high-speed deformation condition (¢ = 3000 s~!, ¢, = 0.348), the dislocation density was
8.77 x 10 m~2.

3.3. X-ray Diffraction Analysis

Figure 7 shows a typical XRD spectrum of AA5052-O. No diffraction peaks were
observed except the aluminum matrix in the diffraction pattern. From the partial enlarged
detail of the (200) crystal plane, it can be seen that the full width at half maximum (FWHM)
values of the stretched samples are significantly larger than those of the parent material.
Under high-speed rate conditions, the FWHM of the sample is larger than that of the
quasi-static condition. The increase in FWHM indicates the presence of a large number
of lattice defects in the crystal, and the magnitude of this value can reflect the dislocation
density of the material. As discussed earlier, it is difficult to calculate the dislocation
density directly from TEM images when the dislocation density reaches a certain level. The
appearance of tightly intertwined dislocations will exacerbate the difficulty in evaluating
the dislocation density, bringing many difficulties and controversies to the quantitative
characterization of dislocation strengthening [32]. Therefore, it is necessary to use the peak
width of diffraction to estimate the approximate range of dislocation density. The modified
Williamson-Hall equation was used to estimate the dislocation density p of deformed
samples under different test conditions, as shown below [33]:

B-cos@ 1 2sin©
kA D 2Tk (1
B-¢2
P :bT (12)

where 3 is the full width at half maximum, D is the average particle size, A is the wavelength
of Cu Ka radiation (A), 0 is the diffraction angle, ¢ is the microstrain, k is a constant between
0.9 and 1, and b is the magnitude of the Burgers vector for Al (0.286 nm).
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Figure 7. XRD patterns of specimens after uniaxial tensile tests at strain rates of 0.001 s~! and
3000 s~ 1: (a) full scanning range; (b) partial enlarged detail of the (200) crystal plane.

Research by Suo [34] and Lee [35] has shown that the dislocation density in the
aluminum alloy in its undeformed state is 2.5 x 10'> m~2, while under quasi-static de-
formation conditions, the dislocation density is approximately 10'* m~2. Based on the
above formula, the dislocation densities before and after the deformation of the specimen
under ¢ = 0.001 and 3000 s—! conditions were calculated to be 1.59 x 10'2, 1.54 x 104, and
8.69 x 10'* m~2, respectively, which are close to the results of Suo and Lee. Additionally,
the XRD calculations and TEM statistics are also in good agreement with the results.

4. Constitutive Model and Discussions
4.1. Development of the New Physically-Based Model with Extension of the Arrhenius Model

In this study, the flow stress is divided into the yield stress which can be predicted
using a modified Arrhenius model, and the strain-related terms considering the effects of
strain on the microstructure and stress, which avoids the difficulty in solving the changing
parameters of a modified Arrhenius-type model in the process of deformation. Generally,
dislocation strengthening is the main source of strain hardening, but the effects of strain on
the DSA-related stress and the drag stress should also be considered:

0 =0y+A04is+A0D + A04rag (13)

where oy is the yield stress, Aogis, Aop, and Aogr,g, respectively, represent the stress
increments related to the dislocation strengthening mechanism induced by strain, DSA-
related stress variation, and the attenuation of drag stress.

4.1.1. Yield Stress Component

The Arrhenius formula is the most successful formula for explaining the relationship
between strain-rate constants and temperature [36]. Studies have shown that the main
factors affecting the high-temperature tensile flow stress of metallic materials are the strain
rate, deformation temperature, and strain. Based on the Arrhenius formula, Sellars and
Tegart proposed that the relationship between flow stress, temperature, and strain rate
under high-temperature plastic deformation conditions can be represented by a hyperbolic
sine formula containing the deformation activation energy Q and temperature T [37]:

¢ = Afsinh(ap0y)]™ -exp(—lgr) (14)
where ¢ is the strain rate, R is the molar gas constant (8.314 J/(mol-K)), oy is the yield
stress (MPa), A is a temperature-independent constant, ny is the stress exponent, which
reflects the relationship between strain rate and stress, and «, is a material constant. This
model is also known as the Arrhenius constitutive model, which can well describe the
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relationship between stress, temperature, and strain rate and is the most widely used model
for predicting the flow behavior of materials at high temperatures [16].

From the results of the stress—strain relationship, it is known that AA5052-O exhibits
prominent characteristics of dynamic strain aging, while the Arrhenius-type model is
mainly based on the thermal activation mechanism. Therefore, it can be anticipated that
it cannot characterize the constitutive relationship of AA5052-0O. In this paper, the stress
component related to the dynamic strain aging mechanism is separated, and the Arrhenius-
type model is preliminarily modified:

¢ = Afsinh(aa (oy — op))]™ exp(— Q

ﬁ) (15)

where op represents the stress component related to the dynamic strain aging mechanism,
which will be further discussed in subsequent chapters.

Currently, the application of the Arrhenius constitutive model is mainly focused on
the analysis of the constitutive relationship of materials under high-temperature conditions
and low strain rates. However, as the strain rate continues to increase, the effect of the drag
stress caused by phonon action on the flow stress gradually strengthens. Therefore, the
preliminary modified Arrhenius constitutive model still has obvious limitations. Based on
the relationship between the macroscopic strain rate and dislocation motion established by
the Hungarian metallurgical engineer Orowan [38] (as Equation (16)), this study further
modified the model for predicting the flow stress of aluminum alloys at larger strain rates.

¢ = Mbp,,v (16)

In the equation, ¢ represents the macroscopic strain rate, M is the Taylor factor, b
is the Burgers vector, py, is the mobile dislocation density, and v represents the average
dislocation velocity, which can be given by Equation (17) [39]:

1
tw + 1

v = (17)
where 1 is the free path, i.e., the distance between two short-range obstacles. The total time
required for a mobile dislocation to complete a single free path includes the waiting time for
thermal activation at the obstacle (t\/) and the sliding time during the free path (t;). When
the strain rate is low, the waiting time of the mobile dislocation at the obstacle is much
greater than the sliding time t;. The preliminary modified Arrhenius constitutive model
can be used to reflect the thermal activation process. When the effect of dislocation drag is
considered, i.e., the sliding time of dislocation during the free path cannot be ignored, then:

(18)

where vy is the dislocation sliding velocity, b is the Burgers vector, B is the viscosity coeffi-
cient related to the material and temperature, and T represents the long-range stress [26],
which can be calculated by the equation:

7= aGb./p + 1o (19)

Among them, xGb,/p represents the long-range obstacle caused by dislocation density,
To represents the initial defect of the material; « is the Taylor constant and p is the total
dislocation density. The modified Arrhenius constitutive equation can be obtained from
Equations (17)—(19):

bpm
B + bpy
b(%,f) A[Sinh(O(A(O‘y*O‘D))}nAexp(f%)

(20)
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where the Taylor factor M, the size of the Burgers vector b, the viscosity coefficient B, and
the molar gas constant R are common material constants that can be obtained directly from
the reference literature [40,41].

4.1.2. Dislocation Strengthening Component of Flow Stress

One of the most surprising findings in plasticity theory is the relationship between
stress and the dislocation density p caused by dislocation strengthening. If the influence of
dislocation density on stress in the yield stress is not ignored, the increase in flow stress
related to the dislocation density can be expressed as follows:

Adgis = «GMb(\/p — , /By) (21)

where py is the total dislocation density when yielding occurs.

4.1.3. DSA Component of Flow Stress

In numerous experimental studies, a significant additional hardening caused by the
dynamic strain aging phenomenon has been reported. Without considering the effect of
dynamic strain aging, it is not possible to accurately predict the behavior of materials.
Based on the model proposed by McCormick, Jiang et al. [42] characterized the stress
component caused by DSA:

op=C" (22)

Y represents the pinning strength of a solute atom per unit dislocation movement,
C* represents the concentration of solute atoms in the mobile dislocation line, and the
value of C* during deformation is determined by the effective aging time t,. During the
effective aging time t,, solute atoms diffuse to temporarily obstructed dislocations and can
be expressed by the modified saturation Cottrell-Bilby strain-aging kinetics [43].

C* =Cs*[1 —exp(—Bta)] (23)

In the equation, Cs* represents the saturation value of the solute atom concentration, 3
is a material parameter for the diffusivity of solute atoms, t, is the effective pinning time of
solute atoms to moving dislocations, and np is a material parameter related to the diffusion
characteristic exponent. The gap between t, and t,, is ignored, and the effect of DSA is
significant only at low strain rates, where t; < ty, so t, is approximately equal to:

__ Mpp,bl
TG

ta (24)
where 1 is the free slip distance that the dislocation migrates during the deformation
process, which is almost the same as the spacing distance d between adjacent dislocations.

Considering the distribution of dislocations, the quantitative relationship between 1 and p
can be described by Equation (25) [40]:

1=1/\/p (25)

Because heat can provide energy for the movement of point defects, the temperature
can affect the motion of solute atoms and vacancies. At low temperatures and high strain
rates, the diffusion rate of solute atoms is lower than the corresponding dislocation velocity,
resulting in a weak dynamic strain-aging effect. At high temperatures and low strain
rates, solute atoms move with dislocations, and their diffusion rate is higher than the
corresponding dislocation velocity, resulting in solute atom clusters that do not pin the
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dislocations and weaken the effect of DSA. Therefore, the final expression for considering
the temperature effect on DSA is:

Mp,.b “D) T — Tgp .2
op = Dg[1 —exp( — — exp[— (——= 26
o =Dil1—exp(~ B((2) el - () @)
where Ds= yC, representing the saturation strength of solute atoms, Tg4 is the temperature
corresponding to the peak stress of DSA, where the interaction between dislocations and
solute atoms is the strongest, and ¢ reflects the temperature range of DSA [44].

4.1.4. Drag Stress Attenuation

Moreover, during deformation, the mobile dislocations in the material rapidly multiply,
causing a decrease in the velocity and drag stress. Therefore, when considering the effect of
plastic strain on flow stress, the drag stress attenuation term should be considered:

MBE Py

—_ -1 27
o < (o 1) 27)

AO<drag =

4.1.5. Evolution of Internal State Variables

The mechanical response of materials is closely associated with the density of the
mobile dislocations and the total dislocations, and the new physically-based model takes
the mobile dislocation density and the total dislocation density as internal state variables.
Therefore, exploring the evolution law of dislocation density with strain is necessary.
Due to the short duration of dynamic deformation and the fact that the deformation
temperature rise is insufficient to reach the recrystallization temperature within the range
of deformation parameters studied in this paper, it is believed that there is no dynamic
recrystallization and grain growth phenomenon, mainly considering the proliferation of
dislocations and dynamic recovery. Kubin and Estrin proposed that the evolution of the
forest dislocation density ps and the mobile dislocation density p,, were related to the
multiplication, mutual annihilation and capture of mobile dislocations, fixed effect due
to interactions of mobile dislocations with forest dislocations, and dynamic recovery of
forest dislocations [45]. The research of Csanddi [46] shows that the reduction in the density
of mobile dislocations during the plastic deformation of fcc metals can essentially be
attributed to capture mechanisms related to the mutual annihilation and capture, and both
the formation and the annihilation of forest dislocations are controlled by non-conservative
motion activated by dislocation thermal energy. According to the hypothesis of Csanadi,
both the densities of forest dislocation and mobile dislocation are 0.5 times the initial total
dislocation density py, and the KE model can be simplified to:

_ G G —Cpmo

P = o — 2P0 exp(~Cacy) 29)
26 (2% 1+ 2 exp(—Cae) (29)
=7 (G p(—Cacp

where C; is a parameter related to the multiplication of mobile dislocations, and C; is
associated with the capture of mobile dislocations and the annihilation of forest dislocations.

Previous studies have shown that deformation behavior is significantly influenced by
the deformation temperature and strain rate, while deformation parameters determine the
evolution of the dislocation density. Therefore, the parameters C; and C; can be modified
as functions of the temperature and strain rate:

ch fiet

Ci = Aq(eexp( (30)
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QCZ fie2
=) (31)

where A1, Q.1, ne1, Az, Qu, and n, are all material constants.

Using Equations (19)—(31), a new constitutive model based on the Arrhenius model
is obtained. In this model, the yield stress is obtained from the modified Arrhenius
constitutive equation, which decouples the DSC effect with the thermal activation process
and considers the sliding process of dislocation during the free path. The decoupling of the
DSA component can effectively avoid the difficulty in predicting yield stress due to the
competition between the effects of DSA and the thermal activation mechanism, and provide
a more powerful prediction ability compared with the monotonous original Arrhenius
equation. And the consideration of the sliding process of dislocation helps to explain the
sharp increase in the stress due to the viscosity at high strain rates. The strengthening
effect caused by strain is reflected by the dislocation strengthening component Aog;g, the
DSA-related stress variation Aop, and the attenuation of drag stress Aogy,g, which are
all strongly associated with the dislocation density. Thus, the KE model is modified as a
submodel to derive the internal variable of dislocation density. The complete form of the
model is shown below, where Pym/ Py, and oyp represent the density of mobile dislocations,
total dislocation density, and DSA stress component at yield (¢ = 0), respectively. The
newly proposed model is based on the Arrhenius model and takes into account the effects
of DSA, dislocation strengthening, and stress drag. And if the material does not have the
DSA effect, the relevant term can be deleted.

Cz = Az(éexp(

0 = 0y + Aogis + Aop + A0grag
bpym

5 N bpym

b(%j) A{sinh(aA(Uy*O'yD)>]nAeXP(7%)

oyp = Ds[1 — exp(—p (Némy\/piyb)nD)eXP[_(T_gSA)zl
% = aGb. /By + 0

Aogis = aGMb (/5 — /5y

Mpymb \ D Mp,b\"D T—Tsa |2
Aop = Ds((~B(T2)"™) — exp(~B(Mea) P)exp[~(T4)] ()
et = 8 (52
Pm = & — @& Pexp(~Cagy)

2C 2C CZ(E +€com )
P=7 — (C—; - po) 1+ =22 Jexp(—Caep)

Ci=A (éexp(Qd)>nCl
Co = Ag(texp($)) ™

L7

S

4.2. Establishment of the New Constitutive Model

The new model was established for AA5052-O based on experimental data. Some of
the parameters were directly obtained from the reference literature, while the remaining
model parameters must be determined with an optimization algorithm. The genetic
algorithms model the process of natural selection as an optimization protocol and are
a well-established class of evolutionary methods suitable for solving minimization or
maximization problems, even when the search space is large and the topology is complex,
which means it is suitable for multi-parameter optimization in our study. However, the
maintenance of a large population pool and the staged modeling of fitness-dependent
selection, reproduction, and mutation processes require a large number of merit function
(fitness) assessments per iteration, and are therefore computationally costly [47]. Thus,
the gradient-based Levenberg-Marquardt algorithm, which costs less computation per
iteration and is more efficient, was coupled into the iteration to accelerate convergence.
Figure 8 is the flowchart illustrating the hybrid optimization method.
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Figure 8. The flowchart illustrating the hybrid optimization method.

The fitness function used in the optimization process is as shown in Equation (33).

fit = ! (33)

N n Sk ik 2
n; ) k pre — Yexp
Yl Zj:l iy (—o_ijk >

exp

ijk ijk . . .
where o}y and oy, are the predicted stress and experimental stress at a strain of ¢, a
% p Pi

strain rate of é]-, and a temperature of Tk, respectively.

The crossover probability is set as 0.6, the mutation probability is set as 0.2, and the
termination condition is the number of iterations reaching 400. The final model parameters
are shown in Table 3.

Table 3. Material parameters and constants for AA5052-O.

Parameter Value Reference
4 0.5 Huang [40]
M 3.06 Huang [40]
b 2.86 x 10710 m Zaretsky [41]

B/T 7.5 x 1078 Pa-s-K~! Zaretsky [41]
R 8.314J/mol-K Nieto-Fuentes [48]
G 26,654 Pa Adjusted
Po 1.59 x 1012 m—2 Experiment
Ty 32.88 MPa Adjusted
A 3.127 x 10° Adjusted
Aq 1.010 x 101 m~2 Adjusted
Ay 16.335 Adjusted
Q 13.85 kJ /mol Adjusted

Qq 14.53 kJ /mol Adjusted

Qe 132.788 kJ /mol Adjusted
oA 5932 x 1073 Adjusted
na 15.654 Adjusted
Nep 0.088 Adjusted
np 1.078 Adjusted

vC; 102.3 MPa Adjusted
B1 2.159 x 1077 Adjusted
Tsa 346.788 K Adjusted

& 186.396 K Adjusted
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Figures 9 and 10 are comparison charts between the predicted results of the new
model and the experimental results. As shown in Figure 9, the model can well reflect the
stress—strain relationship under different strain rates at room temperature. Figure 9a shows
that the model predicted the negative strain-rate sensitivity of AA5052-O at low strain
rates. The yield stress at a strain rate of ¢ = 0.001s~! was close to that at a strain rate of
¢ =0.01 5!, but the flow stress at a strain rate of ¢ = 0.001s~! was higher than that at a
strain rate of 0.01 s~! when the strain increased to a certain value. At high strain rates,
the predicted values of the model shown in Figure 9b are also close to the experimental
results, especially when & = 3000 s~!, where the predicted values and experimental results
are basically on the same curve. As shown in Figure 10, the predicted results of the model
for the stress—strain relationship under different temperature conditions at quasi-static
conditions are also relatively ideal: when the temperature rises from 273 K to 373 K, the
predicted flow stress shows no significant changes, but when the temperature rises from
373 K to 473 K, the predicted flow stress decreases significantly, which is highly consistent
with the experimental results. In Section 5 of this paper, the model accuracy was evaluated
with indicators such as the correlation coefficient, mean absolute relative error, and root
mean square error.

300
@ 350
250 —_
« <
A &% 300
= 200 =
N’ N’
@ 2 250
17,] 17}
g £=0.0015 ", Test £ = §=10005 ", Test
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2 100 é= 0015 ', Test g s $=20005, Test
= é= 0.01s ', The New Model = £=2000s ', The New Model
50 | é= 0.5, Test 150 | v £=3000s ", Test
é= 0.1 s_l, The New Model £=3000 s_l, The New Model
0 | | | 100 L L L
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
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Figure 9. Comparison between the experimental results and the new model predicted stress—strain
relations under (a) low strain rates (T = 293 K); (b) high strain rates (T = 293 K).
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Figure 10. Comparison between the experimental results and the new model predicted stress—strain
relations under different temperatures (¢é= 0.001 s~ 1).
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4.2.1. Prediction of Yield Stress by the New Constitutive Model

Figure 11 compares the predicted yield stress of AA5052-O of the new constitutive
based on a modified Arrhenius model and the traditional Arrhenius-type model. The
modified model shows that the yield stress exhibits strain-rate insensitivity within the
range of 0.001-1 s~!, which can be attributed to the competition between dynamic strain
aging and thermal activation mechanisms. As the strain rate increases, the stress component
caused by dynamic strain aging decreases, offsetting some of the stress increment caused
by the thermal activation mechanism, hence exhibiting strain-rate insensitivity. However,
as the strain rate further increases, the influence of dynamic strain aging on yield stress
decreases to a negligible level, and the thermal activation mechanism dominates, which
can explain that the yield stress significantly increases with the strain rate within the
range of 1 to 10* s~1. When the strain rate reaches 10° s~!, dislocation drag becomes the
dominant stress-influencing mechanism, and the yield stress sharply increases. In contrast,
the traditional Arrhenius-type model only considers the effect of thermal activation, and
the predicted results do not accord with the experimental values.

1400 New Constitutive Model Prediction

1200 F — Arrhenius Model Prediction
e  Experimental Data |

k.

o] (=4

S >

= <
T

Stress (MPa)
g

400 |

200

0 1 L Il 1 L Il 1 L
302 - 0 1 2 3 4 5 6

log(é)

Figure 11. Prediction of the yield stress of AA5052-O by a modified Arrhenius-type model and
traditional Arrhenius-type model.

4.2.2. Prediction of Dislocation Density by the New Constitutive Model

The constitutive model constructed in this study uses the mobile dislocation density
and the total dislocation density as internal state variables, so the prediction of disloca-
tion density is critical to the entire work. Figure 12 shows the relationship between the
dislocation density and strain predicted by the newly established constitutive model under
different strain rates. The initial dislocation density, calculated from XRD experimental
data, is 1.59 x 10'2 m~2. As shown in Figure 12, within the range of strain in the sample ex-
periment, the proliferation and recovery of dislocations did not reach dynamic equilibrium,
which is consistent with the results of the stress—strain curve obtained from experiments.
Table 4 compares the model prediction results of dislocation density, TEM statistical results,
and XRD data calculation results, and the maximum relative error is less than 26% at the
strain rate of 0.001 s~ ! and less than 14.2% at the strain rate of 3000 s~ 1, indicating that the
KE model modified by temperature and strain rate has a good predictive performance for
dislocation density. It also proves that the newly established constitutive model is reliable
to some extent.



Metals 2023, 13, 1948 17 of 22

1 X 1015 1 X 1015

(a) [ (b)

IS
T
=
>

Y
T

o

%

=
kS

Dislocation Density [m ]

Dislocation Density [m ]
<
(=)

é=0.0015 | £=1000s |
é=001 s 0.2 —— £=20005_
i=01 s £=3000s
0 . i : . . 0.0 . . . ‘ .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Strain Strain

Figure 12. Predicted relationship between the dislocation density and strain under (a) low strain
rates (T = 293 K); (b) high strain rates (T = 293 K).

Table 4. The dislocation densities from model prediction result, TEM statistical results, and XRD data
calculation results.

£€=0.001s"1, ¢, =0.315 £€=3000s""1, ¢, = 0.348
TEM result 1.5 x 104 m—2 8.77 x 1014 m~—2
XRD result 1.54 x 104 m—2 8.69 x 1014 m~2
Prediction 1.89 x 104 m—2 7.68 x 1014 m—2

4.3. Evaluation of the New Constitutive Model

Several statistical evaluation methods were adopted to scientifically evaluate the pre-
dictability of the newly proposed constitutive model for AA5052-O over a wide strain-rate
range and compare the new model with classic constitutive models such as the mod-
ified Johnson—Cook (J-C) model [49], the modified Cowper-Symonds (C-S) model [5],
the modified Field—Backofen (F-B) model [50], and the modified Zerilli-Armstrong (Z-A)
model [51]. These methods include the correlation coefficient (Rcc), mean absolute relative
error (AARE), and root mean square error (RMSE), which can be expressed as:

¥N (E; — E)(P; — P)

Rce = = - (34)
\/Z%\I (Ei—E) (P; —P)
AARE :Iili @ (35)
N 2
NZ,(Ei - P) (36)

where E; represents the experimental value and P; represents the predicted value. E and P
are the averages of E; and P;, respectively. N represents the total number of data used in
this study.

The correlation coefficient Rcc is a commonly used statistical parameter that provides
information about the strength of the linear relationship between experimental values
and predicted values. However, a higher Rcc value does not necessarily mean a better
prediction performance, as the model may tend towards higher or lower values [52].
Therefore, this study also used AARE and RMSE as evaluation indicators. These two
indicators are unbiased statistical measures of the predictability of the model or equation,
as they are calculated by comparing the relative errors on a per-item basis.
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Table 5 presents the results of different evaluation metrics for each model, where the
correlation coefficient Rcc for all models is higher than 0.9, indicating a good correlation
between the results obtained by each model and the experimental data. However, as Rcc
values are not directly related to the prediction performance [52], the focus is on comparing
the magnitudes of the AARE and RMSE values for each model. It can be seen that the newly
established new model has the smallest relative error with respect to the experimental
results, with the smallest AARE and RMSE values, indicating that this new model has
certain advantages over traditional models. In addition, the modified C-S and J-C models
have AARE and RMSE values that are closer to ideal values compared to the modified F-B
and Z-A models, suggesting a better fitting result.

Table 5. Correlation coefficient (Rcc), mean absolute relative error (AARE), and root mean square
error (RMSE) of constitutive models.

Type of Model Rce AARE RMSE
The new model 0.990 0.028 10.004
Modified J-C model 0.999 0.033 13.712
Modified C-S model 0.999 0.048 11.870
Modified F-B model 0.994 0.063 17.133
Modified Z-A model 0.999 0.069 15.555

Figure 13 shows a comparison between experimental and predicted values of different
models at different strain rates. The results indicate that under low-strain-rate conditions,
the stress predictions based on the modified F-B model and the modified Z-A model do
not match the experimental results and cannot accurately describe the constitutive behavior
of AA5052-O during high-strain-rate forming processes. In particular, at strain rates of
0.001s7! and 0.1 s!, the predicted values deviate significantly from the experimental
values, which may be due to the existence of DSA mechanisms, making it difficult for the
modified F-B and Z-A models to make reasonable predictions of the flow stress of AA5052-
O in the low-strain-rate range. With the accumulation of strain, the densities of mobile
dislocation and forest dislocation increase rapidly, resulting in dislocation strengthening. At
the same time, the increasing mobile dislocation density will lead to the longer effective time
of dynamic strain aging, which will also cause strengthening. Although the dislocation
density tends to multiplicate more rapidly at high strain rates, which means a higher
dislocation strengthening, the strengthening induced by DSC is a nonlinear response.
Therefore, the combined effect of the two strengthening effects eventually leads to similar
flow stresses at different strain rates in the low-strain-rate range, which is difficult to be
expressed by traditional models, especially when fitting the data obtained at a wide strain-
rate range. However, in the high-strain-rate region, the predictions of these models are
closer to the experimental data, which can be attributed to the gradual reduction in the
DSA effects with increasing strain rate. The modified ]-C model shows a good predictive
performance in the low-strain-rate region and is very close to the predicted results of the
new model, but in the high-strain-rate region, especially at a strain rate of 3000 s 1, the
predicted values of the modified ]-C model are too large. Although the modified C-S model
coupled with the strain and strain rate shows a larger deviation from the experimental
values in the low-strain-rate region compared to the new model and the modified J-C
model, it can still describe the flow behavior well overall, even though this model fails
to provide an explanation for the changes in the constitutive relationship with strain and
strain rate from a mechanical point of view. In contrast, the newly established constitutive
model can predict the flow stress well at all strain rates and provides an explanation from a
microscopic mechanism perspective.
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Figure 13. Comparison of the experimental results with the predicted stress of AA5052-O at different
strain rates (a) 0.001 s~1; (b) 0.01 s71; (¢) 0.1 s71; (d) 1000 s—1; (e) 2000 s—1; and (f) 3000 s~ 1.

5. Conclusions

This paper compares the relationships of flow stress and strain at different strain rates
ranging from 0.001 s~! to 3000 s~ ! and at different temperatures ranging from 293 K to 473 K
to illustrate the influence of the dislocation evolution on the constitutive relationship over
a wide strain-rate range. The experimental results show that the elongation of the material
increases significantly under high-strain-rate conditions (up to 3000 s~!). Moreover, a
new physically-based constitutive model is proposed for the constitutive relationship of
AA5052-O based on the Arrhenius model. The conclusions can be drawn as follows.

(1) A new physically-based constitutive model is proposed, which considers the dynamic
strain aging, the drag stress, and the evolution of mobile dislocation and forest
dislocation, as well as the thermal activation mechanism. The flow stress under
different temperature and strain-rate conditions predicted by the newly proposed
constitutive model were close to the experimental data, and the model showed a high
correlation coefficient of 0.99.

(2) The yield stress predicted by the new constitutive model based on a modified Arrhe-
nius model shows that the competition between dynamic strain aging and thermal
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activation mechanisms is significant within the stain rate range of 0.001-1 s~ !, and
the thermal activation mechanism dominates in the range of 1-10%.

(3) The evolution of mobile dislocation and forest dislocation is well depicted by the
new constitutive model over a wide strain-rate range, and the relative error among
model prediction results of dislocation density, TEM statistical results, and XRD data
calculation results is at a low level.

(4) The newly proposed model is compared with the modified J-C model, the modified
C-S model, the modified F-B model, and the modified Z-A model, and the result
shows that both the AARE and RMSE of the new model are the lowest, indicating a
higher prediction accuracy.

Finally, it is worth noting that the new model is not only applicable to AA5052-O but
also to aluminum alloys with or without the DSA effect that have dislocation strengthening
as the primary source of strain hardening, especially for the Al-Mg aluminum alloy.
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