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The microstructure evolution of aluminum alloys during plastic deformation is a complex metallurgical process
controlled by interacting physical mechanisms, such as recovery, continuous dynamic recrystallization (CDRX),
and substructure evolution. The present study proposes a dislocation-based model framework to describe the
microstructural evolution of dislocation density, subgrain size, misorientation angle, and flow stress. The wall
dislocation density is modeled on the basis of the average subgrain size and misorientation evolution. The
dislocation density and substructure evolution are independently simulated and compared with electron back-
scatter diffraction (EBSD) experimental results. Their mechanisms are thoroughly discussed. The decrease in low-
angle subgrain size and the increase in the misorientation angle of subgrain boundaries with increasing strain
rate, as well as their evolution with temperature and strain rate, are well reproduced over a wide range of large
strains. Furthermore, the evolution of these experimental substructures is employed to model other related
mechanical properties. The framework is successfully applied and validated for AA1050 and AA5052 aluminum

alloys across different deformation conditions.

1. Introduction

Numerous researchers [1-8] have studied the microstructure evo-
lution laws under various conditions for high-stacking fault energy
materials, such as aluminum alloys, indicating that recovery and dy-
namic recrystallization (DRX) are essential softening mechanisms dur-
ing hot forming. Recovery is a softening process during which defects,
primarily dislocations, are either annihilated or rearranged to reduce the
internal energy of the material [9-11].

Consequently, continuous deformation contributes to an increased
misorientation of low-angle subgrain boundaries (the critical misorien-
tation angle set as 15°), which progressively transform into high-angle
grain boundaries (HAGBs) with misorientation angles exceeding 15°,
as observed in continuous dynamic recrystallization (CDRX) [12-14].
CDRX is the most common mechanism observed in Al alloys during hot
forming. The other two forms are discontinuous dynamic recrystalliza-
tion (DDRX) [15,16] and geometric dynamic recrystallization (GDRX)
[17,18]. In contrast to DDRX, CDRX is a non-nucleation process, the
primary mechanism of CDRX being the continuous rotation of subgrains
[19,20].

Understanding and modeling complex dislocation density reactions
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are the keys to controlling DRX and the deformation behavior of Al
alloy. Several approaches [21-24] are reported in the literature
describing the dislocation density evolution and the flow curves of
aluminum alloys during hot deformation.

The dislocation density-based models for metal plasticity rely on the
work of Kocks [25], Bergstrom [26], Bergstrom and Roberts [27], and
Mecking and Estrin [28]. Kocks and Mecking [29] modeled and
reviewed the dislocation-mediated flow stress with dislocation accu-
mulation and annihilation during the deformation of FCC metals, called
the Kocks and Mecking (KM) dislocation model, which is the basis of
many subsequent microstructure evolution models. Roters et al. [30]
established a new work-hardening model for homogeneous and het-
erogeneous cell-forming alloys. They distinguish three internal state
variables in terms of three categories of dislocations: mobile and
immobile dislocations in the cell interiors and immobile dislocations in
the cell walls. Hughes and Hansen [31,32] investigated and modeled the
deformation structures and the microstructural origins by classifying
low angle incidental dislocation boundaries (IDBs) and medium to high
angle geometrically necessary boundaries (GNDs) during work hard-
ening stages.

Estrin et al. [33] introduced a novel dislocation model to
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Fig. 1. Illustration of the microstructure evolution during continuous compression: (a) initial microstructure before deformation; (b) generation of cells and sub-
grains; (c) generation of recrystallized grains; (d) full recrystallization state.

Fig. 2. Electron backscatter diffraction (EBSD) images of AA1050 Al alloy deformed to a different strain: (a) inverse pole figure (IPF) maps of the undeformed
specimen, (b)-(c) IPF maps of the specimens deformed with strain 0.3 and 0.6 (at a temperature of 300 °C and a strain rate of 0.1 s’l), and (d)—(e) IPF maps of the
specimens deformed with strain 0.3 and 0.6 (at 400 °C/0.1 sH.
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characterize the hardening behavior of cell-forming crystalline mate-
rials under large strains, which incorporates a cellular dislocation
structure consisting of cell walls and cell interiors. Toth et al. [34] also
developed a dislocation based polycrystal plasticity model to explain
strain hardening at large strains, incorporating interiors and wall
dislocation densities. Recently, Toth and Rollett [35] proposed a strain
hardening model for deformation stage IV recently, which accounts for
lattice curvature-induced dislocations, including variations in geomet-
rically necessary dislocation (GND) density across different deformation
stages. These dislocation models are established for large strains, which
also provide valuable insights into the underlying mechanisms and
comparison with elevated temperature conditions.

Material models for DDRX-based microstructure evolution are
frequent in the literature [36-38], whereas physical models of sub-
structure evolution and subsequent CDRX processes are relatively
scarce. A physically-based CDRX model was proposed by Gourdet and
Montheillet [39], the GM model, which considers the average disloca-
tion density, the average crystallite size, and subgrain boundary
misorientation. Sun et al. [40] modified the GM model by adding sub-
grain boundary area, recrystallized grain boundary area, and high-angle
grain boundary area as internal-state variables. Chen et al. [41] modi-
fied the GM model with a coupled CDRX-VPSC (visco-plastic
self-consistent) model that employs dislocation density. Buzolin et al.
[42] developed a microstructure model for two-phase titanium alloys,
comprising microstructure, yield stress, constitutive equations, plastic
strain partitioning, and rate equations for the internal variables.
Furthermore, Ferraz et al. [43], Liu et al. [44] and Wang et al. [45] have
also developed models using mesoscale model, recently, based on the
GM model. Among the proposed dislocation-based model for Al alloys,
either a large number of non-physical fitting parameters are used
extensively, or the actual microstructure evolution is not integrated. In
this study, several innovative independent dislocation-based models are
introduced incorporating micro/substructural evolution parameters
directly, incorporating physically meaningful variables, is applied based
on experimental values.

The present work proposes a dislocation-based model framework to
reproduce dislocation population dynamics and microstructural evolu-
tion in Al alloys with elevated temperature conditions. The dislocation
model accounts for work hardening and various annihilation mecha-
nisms within cell interiors. A wall density model is established by
incorporating substructure evolution calculations. The microstructural
evolution laws are simulated as functions of temperature, strain, and
strain rate. The models are individually analyzed and validated against
independent experimental data, showing good agreement between the
simulations and experiments in a large range of strain.

2. State of the art

Fig. 1 illustrates the microstructure evolution during continuous
compression. The initial microstructure, before deformation, consists of
a parent structure with a low number of pre-existing dislocations
(Fig. la). As deformation commences, the accumulation and rear-
rangement of tangled dislocations lead to the formation of newborn cells
and subgrains through DRV (Fig. 1b). These subgrains gradually in-
crease their boundary misorientation due to subgrain rotation, ulti-
mately converting some of the low-angle subgrains into HAGBs [39]
(Fig. 1c). Additionally, as the subgrains absorb dislocations, their
misorientation further increases, as suggested by Huang and Logé [10].
With continued compression, the microstructure eventually reaches a
steady state.

The microstructure evolution and associated discussions have been
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studied in some literature [1-10] and the author’s publication [20,46],
which demonstrates the formation of a well-defined substructure and
subsequent DRX. Fig. 2 show the microstructure maps after compression
under various deformation condtions (refer to Section 4.2.1). Low-angle
subgrain boundaries and high-angle grain boundaries (HAGBs) are
shown as white and black lines, respectively. The main microstructural
evolution mechanisms observed in Al alloys based on both existing
studies and our experimental observations, can be summarized as
follows:

(i) Mobile dislocations with a density p accommodate plastic
deformation. The changes in density stem from the balance be-
tween their generation, annihilation, and transformation into
wall dislocations. As shown in Fig. 2, the accumulation of dislo-
cations into low-angle subgrain boundaries with forming a sub-
structure by dynamic recovery (DRV) [9-11], which is often
referred to as wall dislocations. Additionally, interior dislocations
within the grain also annihilate during processes such as DRV,
static recovery (SRV), or recrystallization. For instance, disloca-
tion annihilation occurs when dislocations approach each other
within a critical distance during DRV. Mathematical models of
dislocation density often incorporate these evolutionary pro-
cesses, such as KM model [29] and ABC model [23].
The formation of newborn subgrain boundaries resulting in a
rapid reduction in the average subgrain size as the misorientation
angle increases. Previous papers by the authors [46] have
revealed that the average subgrain size depends on factors such as
temperature, strain rate, and strain, in agreement with studies
from Poletti [47] and Nes [48]. The average subgrain size gy
decreases with deformation and reaches a “saturation value” at
large strains in literature [46,49].
(iii) The misorientation angle of subgrains § gradually increases to a
critical angle with the evolution of dislocation density and sub-
grain size [9-11]. Studies indicate that the acceleration of
misorientation at subgrain boundaries occurs at low strain rates.
Furthermore, higher temperatures can either increase or decrease
the steady-state value of misorientation, depending on the tem-
peratures and material properties [10,20]. The misorientation
angle of subgrain boundaries is strongly correlated with the
accumulation of dislocation density, as well as the formation and
size reduction of these boundaries.
DRX can occur during the hot compression of Al alloys, consistent
with the author’s published research [20], with the DRX fraction
Xprx increasing as the misorientation of low-angle subgrains in-
creases, leading to their progressive transformation into HAGBs.
(v) The average grain size D continues to decrease from the initial
mean grain size Dy until complete recrystallization is achieved,
resulting in a newly recrystallized grain size Sprx [10,50]. A
reduction in the initial grain size can significantly enhance the
kinetics of grain refinement during large strain deformation [51].
Similarly, smaller initial grain sizes and low-angle subgrain size
facilitate a more rapid attainment of stable subgrain size value, as
evidenced by the results of the current physical model (refer to
Section 4.2.4).

(i)

(iv)

These variables are incorporated into the present dislocation-based
CDRX model for Al alloys to simulate the microstructure evolution
under various deformation conditions. The work primarily develops
models for interior and wall dislocation densities, average subgrain size,
subgrain boundary misorientation, and flow stress based on substructure
evolution.
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3. Model development
3.1. Dislocation density evolution model

In high-stacking fault energy materials, such as Al alloys, disloca-
tions can arrange themselves into well-organized cell or subgrain
structures with continued deformation, leading to the gradual increase
of subgrain misorientation [9,10]. The wall dislocation density of sub-
grain boundaries strongly depends on the various deformation
parameters.

In the present work, the proposed evolution models incorporate
dislocation density, average subgrain size, and subgrain misorientation
angle as internal variables representing the material’s microstructure.
The total dislocation density (p,) is divided into two populations: the
interior dislocations with a density p; and the wall dislocations with a
density p,,. The interior dislocation density represents the dislocations
within parent grains and newly formed subgrains, while the wall
dislocation density represents the dislocations at the newly formed cell
or subgrain walls.

Considering the rule of mixtures applied to two populations, the total
dislocation density (p,) can be calculated as

Pr :fipi +prwv (€9)

where f; represents the material coefficient related to the fraction of
interior dislocations, and f,, is a material coefficient related to the
fraction of wall dislocations, with f; + fw = 1.

The interior dislocation density model incorporates several mecha-
nisms that determine the dislocation evolution. It is described with the
ABC dislocation model [23,52,53] and the GM model [39]. This model
mainly describes the following evolution processes: work hardening
(WH), the reduction of dislocation density through DRV and static re-
covery (SRV), as well as the average dislocation density reduction
caused by HAGBs movement as

dp, / dt=

where A, B and C are material-dependent coefficients, M is the Taylor
factor, G the shear modulus, b the Burger’s vector, ¢ the strain rate, kg
the Boltzmann constant, T the deformation temperature, d.: the critical
distance of dislocation annihilation, Dy the diffusion coefficient along
dislocation pipes, p.q is the equilibrium dislocation density, éw the

crit . Gb3
— 2CD
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average size (diameter) of low-angle walls/subgrains, fy the fraction of
HAGBSs, and vy is the migration rate of HAGBs.

The last term in eq. (2) accounts for the reduction of the average
internal dislocation density accompanying the migration of HAGBs.
Following the GM model [39], the migration rate vy of aluminum fol-
lows a power-law function of the strain rate, exhibiting minimal tem-
perature dependence. The driving force generated by differences in local
dislocation density increases with the strain rate. The rate of HAGBs is
adopted from Gourdet and Montheillet [39] as

.\ m
é
Vu =Vo (*) )
=)
where & is the initial value of the strain rate, v the initial migration rate
of HAGBs, and m is a material constant related to the migration rate.
The average dislocation annihilation due to DRV occurs when two

dislocations with antiparallel Burgers vectors approach each other
within a critical distance d;t, leading to their annihilation. The critical

(€))
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distance d; can be theoretically derived from the dislocation annihi-
lation mechanism, which is expressed as [54]

Gb*

dcri ~a_/1 A
" 27(1 — 1) Quac

4

where v is the Poisson’s ratio, and Qy,. is the vacancy formation energy.
The diffusion coefficient along dislocation pipes D4 can be expressed
as [55]

Q
Dy =Dyo €xp (R_;"> )

where Dy is the pre-exponential factor for pipe diffusion, Qq is the
activation energy for pipe diffusion, and R is the gas constant.

Since dislocation generation continues while deformation proceeds,
an increasing number of dislocations are piled up, leading to the for-
mation of new low-angle subgrains/LAGBs [9-11]. The evolution of the
wall dislocation density is directly considered with changes in the cor-
responding substructure variables, reproducing the expected evolution
of substructure and dislocations using physically based parameters. The
wall dislocation density model is represented as the total length of wall
dislocation lines per unit volume, expressed as [56].

_ le Lwi
Vi

(5)

Oui

TS (6)

Pw =fs

where L,; is the total length of wall dislocation lines of the i-th subgrain
wall, V4, is the total volume of the i-th subgrain wall, 8y, is the average
misorientation angle of the i-th subgrain wall, r; is the ratio of subgrain
surface to subgrain volume of the i-th subgrain wall, and f; is a materials
coefficient related to the subgrain boundary fraction.

Following the Pesicka et al.’s model [56], only subgrain boundaries
with misorientation angles of less than 5° are considered. According to
current literature [9-11], the critical misorientation angles for
small-angle and high-angle subgrain boundaries after recrystallization
are set as 15°, leading to higher dislocation densities at these boundaries
(cell walls). Additionally, the model assumes that micro-grains exhibit
elongated shapes, with an average aspect ratio of 4:1 (length to width),
which also introduces higher dislocation densities along the elongated
direction in the model calculations compared to the hypothetical sub-
grains proposed in this study. Consequently, the value of f; is set to 1/8
in the present work.

Subsequently, we assume that low-angle subgrains exhibit hypo-
thetical shapes with a diameter of 5y, which can be determined from
EBSD data. Detailed measurements of subgrain sizes are available in
previous publications [46]. A mean-field model concept is then intro-
duced by calculating the surface area and volume of spherical subgrains.
The average low-angle subgrain size (diameter of subgrains), denoted as
6w and the subgrain misorientation angle 6, are introduced for
modeling, allowing the wall dislocation density to be expressed as

)

where 6y, is the average misorientation angle of subgrain (cell) walls.

)

3.2. Subgrain size evolution model

The high-temperature deformation of Al alloys typically occurs in
three stages [1,9,10,48]: (i) An initial stage where cells/subgrain
boundaries are formed, followed by (ii) subgrain refinement and (iii)
thermal coarsening of subgrains. The substructure-based model for the
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Table 1
List of input parameters for AA1050 Al alloy.
Symbol Name Unit Value Ref.
v Poisson’s ratio - 0.347 [65]
G Shear modulus MPa 29438.4—15.052T [66,67]
b Burgers vector m 2.86-1071° [68]
M Taylor factor - 3.06 [69]
Quac Activation energy for vacancy formation eV 0.67 [70]
Q4 Activation energy for pipe diffusion J.mol ! 83.2.10° [55]
Dgqo Pre-exponential factor for pipe diffusion m2s~! 1.510°° [55]
Up Debye frequency s 1.10'% [48]
A A parameter - 1.8-exp (0.0066T) This work
B B parameter - 3 This work
Cc C parameter - 11072 This work
fr Material coefficient related to subgrain refinement - 3.5-10°[é-exp(Q/RT)] ! This work
fe Material coefficient related to subgrain coarsening - 10000[¢-exp(Q/RT)]*° This work
fi Fraction of interior dislocations - 0.95 This work
fw Fraction of wall dislocations - 0.05 This work

average subgrain size evolution has been reported in a previous paper
and literature [46,48,57] and reads

3&b1/? Us — PV,
ds, / dt= — ﬁ%&w"l + fevpb® /P, {exp - (Wﬂ , (8)
B

6,775

where vp is the Debye frequency, P the driving force on the subgrain
boundary, V, the average activation volume for subgrain boundary
movement, Us the activation energy for self-diffusion in Al f; and f. are
material coefficients related to the subgrain evolution, s is the average
subgrain boundary misorientation in the steady-state stage, v; a material
coefficient that controls the subgrain refinement rate and which is set to
1 in the present work, and & is the average subgrain size in the steady-
state stage.

The driving force for subgrain coarsening is governed by the evolu-
tion of subgrain boundary energy and subgrain size, as described in Eq.
(9). In this equation, the prediction of subgrain boundary energy is
performed using the Read-Shockley relationship [48,57,58] with

. 2 Ow
P_g,wuhy_ymgm (1 In (0m>>, 9

where y represents the subgrain boundary energy, y,, is the boundary
energy of HAGBs, and 6, is the misorientation angle at which a
boundary is defined as a HAGB, typically taken as 15°.

The activation volume for subgrain boundary movement is deter-
mined by the average misorientation angle, which is used as [48].

Va=—_- (10)

3.3. Misorientation angle evolution model

In section 3.1, we evaluate the dislocation density evolution during
DRV and SRV. Following the methodology of Gourdet and Montheillet
[39], the calculation incorporates both the annihilation and trans-
formation of dislocations during recovery. A fraction a5 of the disloca-
tions is removed by recovery, while the remaining fraction 1 — as,
contributes to the formation of new subgrains and an increase of the
misorientation angle. The rate of the dislocation density during defor-
mation and subgrain rotation is then [39]

o (1 - as) dcrit~._ G_b3 2_ 2
dp,, / e =" ( 2BMp =% — 20Dy (pi peq> , an

s

where p . represents the total recovered dislocation density involved in
subgrain rotation, and 1 — a5 is the fraction of recovered dislocations

that participate in subgrain rotation. This quantity is taken as 0.5.

Subsequently, an extended subgrain misorientation angle model is
developed that considers various factors, including the dislocation
density, strain rate, average subgrain size, and subgrain boundary en-
ergy. The equation reads as

bé&w 1- (413 dcri . Gb3 c
do,, / de = fyl0e (1 %) <ZBMpi 520047 pé))y :

2n
12)

where n is the number of dislocation pairs within the boundary, with a
value of 3 as suggested by Gourdet and Montheillet [39]. c; is a material
constant that describes the relationship between the average misorien-
tation angle and the subgrain boundary energy, and fy is a material
coefficient related to the saturated misorientation angle.

Numerous researchers have observed that the average misorienta-
tion of subgrains consistently reaches a steady-state value of about 4°-8°
for aluminum alloys when subjected to critical strain levels [10,59,60],
such that the misorientation angle is no longer sensitive to increasing
deformation strain, since df,,/dt = 0. Consequently, a material coeffi-
cient fy is introduced into the model, with the saturated misorientation
angle O, being expressed as

fo=cs (1 fg—"“) 13)

where c3 is a material constant that describes the relationship between
the average misorientation angle and the saturated misorientation
angle. O, is the saturated misorientation angle with continuing defor-
mation.

3.4. Constitutive model

Here, various strengthening theories are employed to describe the
relationship between macroscopic flow stress and the microstructure of
an AA1050 Al alloy, focusing on the basic yield strength and dislocation
strengthening mechanisms. The contributions of two types of disloca-
tions (interior dislocation density p; and wall dislocation density p,,) to
the flow stress are accounted for in a modified Taylor equation [61] as

0 =00+ aMGb(fi/7; + /Py ) a4

where o is the basic yield strength, and « is the strengthening coeffi-
cient related to interior and wall dislocation densities.
From the above discourse, the set of constitutive equations is
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Fig. 3. EBSD images of AA1050 Al alloy deformed to a different strain at a temperature of 500 °C and a strain rate of 0.01 s1: (a)~(b) inverse pole figure (IPF) maps
of the specimens deformed with strain 0.3 and 1.2, and (c)-(d) corresponding distribution histograms of misorientation angle.
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Fig. 4. Grain boundary maps of the specimens deformed to strain 0.9 under different deformation condions of (a) 400 °C/0.1 s™%, and (b) 500 °C/0.1 s~ .
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Fig. 6. Error analysis for the dislocation-based model.

The integration of the rate equations is performed with the MATLAB
software version R2016b. The simulation results and discussion are
presented in the following section.

4. Results and discussion
4.1. Model input parameters for AA1050 Al alloy

The initial average subgrain size &y is set to 100 pm, and the initial
subgrain boundary misorientation is assigned a non-zero value of 0.05°.
The value of the activation energy Q is 142 kJ mol~! for pure Al [62].
The energy of HAGBs y,, is taken as 0.324 J m~2, as suggested by Murr
[63]. The activation energy for self-diffusion in Al [64] is 210719 J.
atom!. The input parameters of the subgrain size evolution model have
been reported in a previous paper [46]. The dislocation density evolu-
tion parameters can be found in the literature as suggested by Sherstnev,
Lang, and Kozeschnik [23], Kreyca and Kozeschnik [52], and Gourdet
and Montheillet [39]. The initial interior dislocation density is set to
1-10" m~2 [23,52], and the initial wall dislocation density is calculated
from the initial value of the microstructure variables in Eq. (7).
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The fraction coefficient s is taken as 0.5 and the saturated misori-
entation angle with continuing deformation 6 is 5°. The material
constants c; and c3 are set to 0.75 and 50, respectively. The basic yield
strength 6o = 1.1[¢ e exp(Q/RT)]*!. The strengthening coefficient « is
taken as 0.2. The other input parameters for the model are summarized
in Table 1.

4.2. Model application and discussion

4.2.1. Experimental

The material investigated in this research is an AA1050 aluminum
alloy provided by Neuman Aluminium Austria GmbH (Marktl, Austria).
Single-pass isothermal compression experiments are conducted at tem-
peratures of 300 °C, 400 °C and 500 °C, strain rates of 0.01 s1,01s?
and 0.8 s™1, and true strain 0.3, 0.6, 0.9, and 1.2, using a deformation
dilatometer DIL 805 A/D (Hiillhorst, Germany). Previous studies [20,
46] have indicated the history of compression experiments. The true
strain values are determined within the deformation dilatometer:
true strain = Ln(L /Lo), where Ly and L represents the initial length of
the sample and the length after deformation, respectively.

The corresponding experimental results are presented in Fig. 3. The
detailed parameters of the electron backscatter diffraction (EBSD)
experiment are reported in a previous publication [20], . A duplex
subgrain/grain structure is observed, with the recovered microstructure
showing numerous low-angle subgrains within the elongated parent
grains due to DRV. Additionally, some recrystallized grains have formed
as a result of DRX. These features are characteristics of a dominant CDRX
mechanism [9-12].

The refinement of subgrains plays a crucial role, with the average
subgrain size being highly sensitive to the deformation parameters
[46-50]. The average size of the newly CDRX recrystallized grains is
nearly identical to that of the subgrains, further supporting the trans-
formation of low-angle subgrain boundaries into HAGBs, and in agree-
ment with results from Huang and Logé [10]. As plastic strain increases,
the gradual accumulation of dislocations along subgrain boundaries
accelerates the formation of HAGBs, thereby increasing the average
misorientation angle. Fig. 3c and (d) shows the corresponding distri-
bution of misorientation angles under various strains. The low-angle
subgrain boundaries represent the major fraction for both strain con-
ditions, accounting for 75% and 65%, respectively. This observation
indicates that subgrain boundaries continue to form extensively even at
high strain. Additionally, a gradual increase in subgrain boundary
misorientation is observed with increasing strain.
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Fig. 4 shows the grain boundary maps of the investigated alloy
deformed at temperatures ranging from 400 to 500 °C and a strain rate
of 0.1 s7L. A significant number of low-angle subgrain boundaries (2° <
misorientation angle <15°) are formed at a medium temperature of
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400 °C due to dislocation accumulation. As the temperature increases,
the gradually enlarging subgrains can be observed with enhanced
boundary mobility [9-12]. This illustrates the effect of temperature on
the substructure evolution and subgrain/recrystallized size. According
to the research in literature [9-12,20,46], strain rate will also affect the
microstructure variables during deformation. These variable effects will
be incorporated into the dislocation-based model.

4.2.2. Flow curves

The flow curves obtained from the experiments are represented by
symbols in Fig. 5. Subsequent simulations are performed using MATLAB
software with one single set of input parameters (refer to Section 4.1) for
all deformation conditions.

At the onset of deformation, work hardening (WH) dominates,
caused by the multiplication and tangling of dislocations, which results
in a continuous increase in flow stress. Simultaneously, numerous new
subgrain boundaries are formed during compression, resulting in a rapid
reduction of the average subgrain size [9,10]. As deformation com-
mences, the dynamic softening mechanisms become increasingly
prominent and eventually balance the continuous generation of dislo-
cations [39-43]. The analysis indicates that the dislocation-based model
potentially reproduces the measured flow curves.

To further evaluate the performance of the dislocation-based model,
the correlation coefficient (R) and root mean square error (RMSE) [71]
are evaluated as
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Fig. 9. Simulated interior dislocation density (p;) at different deformation conditions: (a) 0.01 s’l, (b) 0.1 s’l, and (c) 0.8 s
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where §.; represents the calculated flow stress, &, represents the
experimental flow stress, J. is the average calculated flow stress, . is the
average experimental flow stress, and N is the total number of data
points used in this study. The corresponding error analysis for different
tested conditions is shown in Fig. 6. The values of R and RMSE are 0.98
and 2.0 MPa, respectively.

4.2.3. Evolution of dislocation density

By numerically solving Eq. (2) and Eq. (7), the dislocation densities
in both, cell walls and cell interiors, are obtained and the total dislo-
cation density is calculated using Eq. (1). Fig. 7 illustrates the simulated
total dislocation density, as well as the dislocation densities in cell walls
and cell interiors, at the temperature of 400 °C and a strain rate of 0.1
s~L. The simulation results presented in Fig. 7 indicate that the interior
dislocation density increases rapidly during the initial stages of
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Table 2
List of different input parameters for AA5052 Al alloy.
Symbol  Name Unit  Value Ref.
A A parameter -) 0.005 e exp (0.015T)  This
work
B B parameter -) 2 This
work
C C parameter -) 1103 This
work
fi Fraction of interior -) 0.9 This
dislocations work
fw Fraction of wall -) 0.1 This
dislocations work

deformation. This trend is easily reasoned when considering the hard-
ening and softening mechanisms. As deformation progresses, the inte-
rior dislocation density reaches a plateau, reflecting a balance between
the generation and annihilation of interior dislocations, in agreement
with the observations of Prasad et al. [72].

As illustrated in Fig. 7, the wall dislocation density also increases
rapidly in the early stages. Wall dislocations are closely associated with
subgrain formation and misorientation angles, which leads to a distinct
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plateau in their development at larger strains. During compression, the
density of wall dislocations rises as subgrains continue to form,
reflecting the transformation of mobile interior dislocations into wall
dislocations. The simulation results are consistent with the established
3IVM model [22,73], wherein the density of wall dislocations is calcu-
lated based on the annihilation of dipole dislocations pg,, as dp,,/ dt =
(1 /fw) (dpaip /dt).

The simulated total dislocation density using different coefficients
for the cell wall fraction f,, (Eq. (1)), is displayed in Fig. 7 by the dash-
dotted lines. The total dislocation densities increase when increasing f.,
which leads to an increase in flow stress in the end.

A comparison between the simulated dislocation density from the
Gourdet and Montheillet (GM) model [39] and our dislocation model is
presented in Fig. 8. Gourdet and Montheillet simulated the interior and
wall dislocation density of 1200-grade aluminum at 460 °C and a strain
rate of 0.1 s™! using the GM model. Similarly, we employed identical
temperature and strain rate conditions in our study. The minor differ-
ences observed between the GM model and our results are likely
attributable to differences in alloy composition. The results exhibit
reasonable qualitative agreement.

Figs. 9 and 10 present the simulated results for the interior and wall
dislocation densities at other deformation conditions. The dislocation
density increases with decreasing temperature or increasing strain rate.
Low temperatures promote the accumulation of dislocations and reduce
their annihilation rate, resulting in a higher dislocation density, in
accordance with the conclusions of Yang et al. [20,46]. Furthermore,
according to Taylor’s strength equation, the dislocation density de-
creases as temperature increases. Similarly, high strain rates promote
the formation and rotation of low-angle subgrains and dislocation cells,
which is consistent with findings reported by Sakai et al. [9].

4.2.4. Evolution of average subgrain size and subgrain misorientation angle

Fig. 11 shows the simulated results for the average subgrain size
evolution, accounting for both, refinement and thermal coarsening of
subgrains. The subgrain size gradually decreases and nearly saturates at
a constant value, which is consistent with findings in the literature [1,9,
10,46,48]. Subgrain refinement caused by continuous new subgrain
formation is accompanied by subgrain growth at high temperatures. The
migration of subgrain boundaries leads to thermally induced coarsening
of subgrains, achieving a dynamic balance at higher strains [9,10].
Based on Egs. (8)-(10), the material coefficient v; governs the rate of
subgrain refinement during the rapid reduction stage. Concurrently,
subgrain coarsening is influenced by dislocation density, driving force,
activation volume, etc, of the subgrain boundaries.

The classical Hall-Petch relationship [74], expressed as oz, =
KsubSsub /2, describes the influence of grain boundaries and subgrain
boundaries on material strength. Here, oy, is the low-angle subgrain
size, and kg, is a material constant for subgrain boundary strength-
ening. As illustrated in Figs. 2-4, EBSD experiments revealed the for-
mation of a large number of new subgrain boundaries, which can
enhance the material’s strength and flow stress during deformation.

The simulated results in Fig. 12 show that the average subgrain
misorientation increases continuously during deformation across all
temperatures and strain rates. As suggested by McQueen and Kassner
[60], the average misorientation angle in Al increases rapidly due to the
formation of dislocation dipoles and the absorption of mobile disloca-
tions. This increase continues until a critical misorientation angle is
reached, which subsequently leads to the transformation of these
boundaries into HAGBs. The evolution of subgrain misorientation can
also be described by the classical relationship 6§ = b/ L, where L is the
spacing between two neighboring dislocations [39-43]. The dislocation
spacing is typically associated with the dislocation density in terms of
p~1/2 [39-43].

Our results for the deformed microstructure are in line with the
measured evolution of average subgrain size and average misorientation
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angle of subgrain boundaries as dislocations accumulate [20,46]. A
decrease in temperature promotes the generation of low-angle subgrain
boundaries, resulting in a rapid increase in subgrain misorientation. For
Al and Al alloys, the annihilation of dislocations and subgrain boundary
migration are more likely to occur at elevated temperatures [10-12].

4.3. Model application to an AA5052 alloy

To verify the applicability of the proposed model across various Al
alloys, the present model framework is tested against experimental re-
sults for the AA5052 Al alloy from Gourdet [75]. The experimental flow
curves have been measured under different deformation conditions:
Three temperatures at a strain rate of 0.01 s~! and three strain rates at a
temperature of 333 °C, as shown in Fig. 13. The comparison shows good
agreement between the experimental and simulated flow stress values
(Fig. 13). The input parameters for the constitutive model of the AA5052
alloy are provided below.

The dislocation density evolution parameters A, B, C, and other pa-
rameters are chosen to best fit the AA5052 alloy results. The parameters
that differ from that of the AA1050 alloy are shown in Table 2, the others
remain the same as the ones in Table 1. The value of the activation
energy Q is 156 kJ mol ! for the AA5052 alloy [76]. Due to the differ-
ence in flow stress, the value of the material coefficient c; is taken as 80,
and the calculation of 6 is temperature and strain rate-dependent, with
5 = 1.20[ceexp(Q/RT)]>!®> MPa. The basic yield strength o, is described

as op = 2.1[¢ e exp(Q/RT)**2.
5. Conclusions

A dislocation-based model framework for the deformation of Al al-
loys based on micro/substructure evolution is proposed. The model is
designed to simulate the microstructural changes occurring during high-
temperature compression, including the evolution of dislocation den-
sity, subgrain size, misorientation angles, and flow stress. The key
findings of this study are:

(1) The main microstructural evolution mechanisms observed in Al
alloys are investgated in present work, including dislocation
densities, low-angle subgrain size, subgrain boundary misorien-
tation, and flow stress. The accumulation of mobile dislocations
into low-angle subgrain boundaries forms a substructure through
DRV. Concurrently, interior dislocations annihilate during pro-
cesses such as DRV, SRV, or CDRX. EBSD experiments are con-
ducted to support the microstructure analysis. The formation of
new subgrain boundaries leads to a rapid reduction in the average
subgrain size as the misorientation angle increases. The results
describe the dependence of the microstructural variables on
deformation conditions such as temperature, strain rate, and
strain.

A physically based dislocation model is proposed with separate
populations of interior and wall dislocation densities, which
considers the individual kinetics of wall densities. The model
demonstrates that the increase in wall dislocation density is
positively correlated with the progressive formation of subgrain
boundaries during deformation. This process is accompanied by
average subgrain size and misorientation at the subgrain
boundaries. Special substructure models are developed and
combined for the subgrain size, misorientation angle, and
macroscopic mechanical response. These models are based on
physically founded parameters and are self-sustaining, elimi-
nating the need for commonly used power-law formulations.
The dislocation-based model framework is successfully applied
and validated for AA1050 and AA5052 aluminum alloys. The
model consistently predicts flow curves and substructure
evolution.
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