
applied  
sciences

Article

Influence of θ′ Phase Cutting on Precipitate Hardening of
Al–Cu Alloy during Prolonged Plastic Deformation: Molecular
Dynamics and Continuum Modeling

Vasiliy S. Krasnikov 1,* , Alexander E. Mayer 1, Victor V. Pogorelko 1 and Marat R. Gazizov 2

����������
�������

Citation: Krasnikov, V.S.; Mayer,

A.E.; Pogorelko, V.V.; Gazizov, M.R.

Influence of θ′ Phase Cutting on

Precipitate Hardening of Al–Cu Alloy

during Prolonged Plastic Deformation:

Molecular Dynamics and Continuum

Modeling. Appl. Sci. 2021, 11, 4906.

https://doi.org/10.3390/app11114906

Academic Editor: Filippo Berto

Received: 30 March 2021

Accepted: 24 May 2021

Published: 26 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Physical Department, Chelyabinsk State University, 454001 Chelyabinsk, Russia; mayer@csu.ru (A.E.M.);
vik_ko83@mail.ru (V.V.P.)

2 Laboratory of Mechanical Properties of Nanoscale Materials and Superalloys, Belgorod State University,
308015 Belgorod, Russia; gazizov@bsu.edu.ru

* Correspondence: vas.krasnikov@gmail.com

Featured Application: The proposed method for prediction of the strength of aluminum alloys
can be used to determine the required size distribution of hardening particles to achieve the
durability or maximum strength.

Abstract: We investigate the prolonged plastic deformation of aluminum containing θ′ phase with a
multistage approach combining molecular dynamics (MD), continuum modeling (CM) and discrete
dislocation dynamics (DDD). The time of performed MD calculations is sufficient for about a hundred
dislocation–precipitate interactions. With this number of interactions, the inclusion of θ′ is not only
cut, but also scattered into individual copper atoms in an aluminum matrix. Damage to the crystal
structure of inclusion and activation of the cross-slip of dislocation segments cause a decrease in
acting stresses in the MD system. The rate of this effect depends on θ′ diameter and occurs faster for
small inclusions. The effect of decreasing the resistance of precipitate is further introduced into the
dislocation–precipitate interaction CM by reducing the precipitate effective diameter with an increase
in the number of interactions. A model of dislocation–precipitate interaction accounting for the
softening of inclusions is further implemented into DDD. Dependences of flow stress in aluminum
with θ′ phases on volume fraction and typical diameter of precipitates are obtained. Manifestation
of inclusion softening is possible in such an alloy, which leads to the flow stress decrease during
deformation. The range of volume fractions and typical diameters of θ′ phases corresponding to the
possible decrease in flow stress is distinguished.

Keywords: aluminum alloys; dislocation–precipitate interaction; θ′ phase degradation; softening of
alloy; molecular dynamics; continuum modeling

1. Introduction

Aluminum alloys are widely used as construction materials. They are especially
widespread in those fields where a low weight together with sufficiently high strength is
required, such as aviation and space engineering.

During deformation of aluminum alloys, the development of bands of plastic flow
localization is possible, the deformation in which can exceed many times the deformation
in the surrounding material, reaching 90% of the total deformation [1–4]. There are two
classical points of view on the development of plastic localization: (1) plastic localization
occurs as the result of thermal softening [1], and (2) the cause of plastic localization is
the heterogeneity of the properties of the material subjected to deformation [5–9]. A
more detailed analysis assumes taking into account the contributions of both thermal and
microstructural factors to the initiation of plastic flow localization [10–14].

The development of localization bands is a multi-stage hierarchical process that occurs
at several levels. Interaction of dislocations with precipitates and evolution of the later
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ones is relevant at a micro scale. Multiple cutting of the strengthening particles is the
cause of catastrophic strain localization [15], since it activates the flow of dislocations in
the slip plane passing through the cut precipitates. The presence of easily cut precipitates
in alloy usually manifests itself in a decrease in the strain hardening rate [16]. One of the
possible reasons for this may be a decrease in the efficiency of accumulation of the Orowan
loops around the inclusion after the cutting [15]. The authors of work [17] observed the
softening of AA2139 alloy samples under cycle loading; this softening was explained as a
consequence of the repeated cutting of Ω phases. Besides precipitate cutting, accumulation
of microvoids is observed in the shear bands that can further initiate the fracture of the
deformed sample [18]. Aging of alloys, which leads to the precipitation of cut-resistant
particles of hardening phases, can make deformation more uniform and increase the fatigue
resistance of the samples [15,19].

In an Al–Cu system, the hardening phases precipitate during aging in the following
sequence: supersaturated solution, Guinier–Preston (GP) zones, θ”, θ′ and θ phases [20–24].
θ′ phase inclusions were traditionally considered as non-cuttable particles; therefore, they
are considered as the most preferable for strengthening in an aging process of Al–Cu
alloys. However, in the last decade there has been more and more evidence in favor of
the fact that cutting and even dissolution of θ′ phase can occur with the accumulation of
plastic deformation [18,25–32]. The transmission electron microscopy and X-ray tomog-
raphy images showing cut θ′ phase was presented in [31,32]. Cutting of θ′ phase was
also observed in molecular dynamics (MD) studies using realistic models of interatomic
interaction [33–35]. Depending on the aging conditions, the size of released θ′ precipitates
can vary significantly, starting from a few nanometers in diameter and reaching hundreds
of nanometers [23,32,36,37]. In the experimental work [32], it was shown that the cutting
of θ′ phase has a threshold character: cutting of particles only with a size less than 60 nm
was observed. It is known that fine particles of θ′ phase contribute to an increase in the
shear strength of copper-containing alloys [36–38] more efficiently in comparison with
larger ones. On the other hand, the stability of large θ′ phase during prolonged plastic
deformation can increase the fatigue resistance of alloy [32]. Thus, in order to obtain
an alloy with a given maximum shear strength or fatigue resistance, one has to predict
theoretically the required particle size distribution of θ′ phase and then to create it in aging
of alloys.

To describe the plastic deformation of aluminum alloys, the approach is now widely
used in which the current flow stress of alloy is described as the sum of several components
accounting for the contribution of various hardening mechanisms [39–50]. The following
mechanisms of strength are distinguished most often: (1) the inherent strength of matrix,
usually this term includes the Peierls barrier of a pure single crystal of aluminum, which is
quite low; (2) the strain hardening by forest dislocations in the form of the Taylor relation—
this term can include both the kinematic hardening and accumulation of dislocations in the
form of the Orowan loops on precipitates; (3) the strengthening by grain boundaries in the
form of Hall–Petch relations; (4) the contribution of the solid solution of impurity atoms;
and (5) the hardening by precipitates of second phases, where the contribution of both the
cuttable and non-cuttable ones is usually considered. Further, these terms are combined
according to different mixing rules to give the current state of the flow stress depending
on deformation, strain rate and temperature. Some of the above cited works describe
the kinetics of precipitation of strengthening phases with a size distribution of inclusions
that makes it possible to directly describe the stage of artificial aging [40–44,48,49]. At
the same time, the properties of obstacles during plastic deformation are considered to
be unchanged, while the experimental works sufficiently convincingly indicate that these
changes occur and affect both the strain hardening rate and the strength of the alloy itself.

During a mechanical loading of alloys, deformation tends to localize in thin shear
bands, in which the properties of material can change faster than the average ones for
the bulk of the sample. Therefore, a more accurate approach to describe the properties
of alloy implies the use of such a scheme, which explicitly describes the accumulation
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of deformation in shear bands. A convenient tool for such studies is the introduction of
constitutive equations for alloy strength into continuum mechanics equations with numeri-
cal realization based on the finite-difference or finite-element schemes [9,11,12,51–53]. In
these works, the models of strength of alloys include various factors, but the properties
of hardening inclusions remain constant. However, the cutting of inclusions obviously
leads to a change in their properties. Another widely used meso-scale approach is the
discrete dislocation dynamics, which allows one to investigate for a representative disloca-
tion ensemble the details of dislocation–dislocation interaction, strain hardening [54] and
dislocation–precipitate interaction [55–57], but precipitates are still treated as unchanged
and impenetrable by dislocations.

The interaction of dislocations with nano-sized inclusions in the Al–Cu system was
studied by a number of authors using MD modeling [33–35,57–63]. It was demonstrated
that even for the same type of inclusion, different mechanisms of overcoming are realized,
for example, for single-layer GP zones, an increase in precipitate diameter leads to the
realization of Orowan looping instead of cutting mechanisms [58]; also, it was demon-
strated in [61] that a change in the mechanism can occur even for one size of precipitate,
but at different temperatures and strain rates. The change of overcoming mechanisms was
registered with MD simulations for such stiff inclusions, as θ”, θ′ phases. The first inter-
actions occur without cutting the inclusions according to the mechanism of the Orowan
loop formation, and the following dislocation–inclusion interactions provoke the cutting
due to the accumulation of critical shear stress on the inclusion [34,58]. In works [34,57,58],
multiple interactions of dislocation with the inclusion of GP, θ”, θ′ or θ phases were stud-
ied. This formulation of MD studies corresponds to the conditions for the development of
localization bands at the micro level. Regardless of the type of inclusions, variation of the
stresses acting during the interaction was recorded; however, the insufficient tracking time
did not allow making an unambiguous conclusion about the patterns of these changes.

In this work, we perform an MD study of the interaction of dislocation with θ′ phase
of two sizes over several hundred interactions to take this change into account. A decrease
in the average stresses in the MD system with an increase in the number of dislocation–
precipitate interactions is registered. The decrease in stresses in the system is further
described using an interaction model proposed and verified in [34,57,58] by introducing an
effective inclusion diameter that decreases with the increase in the number of interactions.
The dependence of the effective diameter of precipitate on the initial one and the number of
interactions is constructed on the basis of obtained MD data for two sizes of inclusion and
experimental data from [32] about the threshold size, for the larger of which the cutting
of θ′ phase is not observed. This dependence is further used in a 2D discrete dislocation
model [57] for taking into account the evolution of precipitate strength during prolonged
plastic deformation, leading to multiple dislocation–precipitate interactions. The discrete
dislocation modeling results are generalized in the form of diagrams reflecting dependences
of the maximal shear stress and the tendency to softening due to precipitate cutting on the
initial average size and volume fraction of θ′ phase. In MD simulations we also analyze
the accumulation of vacancies in the process of dislocation–precipitate interaction, which
is important for fracture analysis.

2. Materials and Methods
2.1. Statement of MD Task

A study of the long-term behavior of the representative system containing dislocation
and θ′ phase is performed with the molecular dynamics (MD) calculations. The statement
of the problem is similar to that used in [34], while a much longer evolution of MD system
is traced in the present work. The x-, y- and z-axes of coordinates are oriented along
[110], [111] and [112] crystallographic directions, respectively. Such an orientation of MD
system is consistent with the directions of the edge dislocation in fcc crystal. The system
is periodic along the x- and z-axes. The dimensions of the system were chosen equal to
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51 × 60 × 9.87–22 nm3, in the first case the system contains of about 2,000,000 atoms, and
in the last one—about 5,000,000.

In the first step, θ′ phase is placed into an ideal aluminum lattice. Precipitates of θ′

have a tetragonal lattice [64] with constants equal to 0.404 and 0.508 nm. In the aluminum
matrix, θ′ occurs as plate-like inclusions. The flat surface of θ′ is coherent with the alu-
minum lattice and the inclusion rim is semicoherent [23,28]. The mutual arrangement of
copper and aluminum atoms is shown in Figure 1, where panel (a) is the cross section
of matrix-surrounded precipitate and (b) is the view of the flat surface of the cylindrical
inclusion without the aluminum matrix. The inclusion is created in the form of a cylinder
of 2.2 nm thickness; and two diameters of inclusions are considered, 5 and 18 nm. The flat
surface of the cylinder is parallel to the (100) plane of aluminum.
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In the second step, edge dislocation is introduced into the aluminum matrix by
addition of one atomic half-plane to the upper half of the crystal and superimposing the
displacements of atoms of the system according to the dislocation stress field; the ATOMSK
software package is used [65].

The dynamics of the created system containing θ′ phase and dislocation (Figure 2)
is simulated using the LAMMPS package [66]. Interactions between atoms are described
with ADP potential [67], developed for the Al–Cu system based on the EAM formalism
supplemented by accounting the quadrupole moments. This potential reproduces well
the elastic constants of both metals, the energies of various defects in them, as well as the
structure of intermetallic phases. Using this potential previously allowed the description of
the dynamic properties of dislocations in pure aluminum [68,69], as well as the processes
of interaction of dislocation with strengthening phases in Al–Cu alloys [34,57,58,60,68].
Currently, machine learning potentials are being actively developed; despite the emergence
of these new potentials, ADP potential by Apostol and Mishin for an Al–Cu system is
considered as one of the best classical physically based potentials [70].

Investigation of the dislocation dynamics is preceded by the relaxation, which lasts for
20 ps. The pressure and temperature of the MD system is controlled to be constant during
calculations. The barostat controls only the diagonal components of the stress tensor. Other
stress components arising during relaxation do not exceed 10–20 MPa, which is insignificant
in comparison with those acting during the dislocation–precipitate interaction. Two Shock-
ley partial dislocations are formed from the initially perfect dislocation (see Figure 2); such
behavior is typical for aluminum. Change in the structure of inclusion during relaxation is
not observed. The temperatures of 100, 300, 500 and 700 K are considered.
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Aluminum atoms are colored in gray, copper atoms are red. Shockley partial dislocations are colored in green.

During the further evolution, the movement of dislocation in the MD system is caused
by displacement of the top layer consisting of 5 atomic planes with the constant velocity.
The bottom layers of the system are immobilized. Shear velocity applied to the bottom layer
of the system is equal to 3 m/s, that corresponds to the strain rate of 2.5 × 107 s−1. The
considered strain rate falls within the range of experimentally available strain rates realized
during the propagation of shock waves; today, in shock experiments on thin films, the
strain rates reach 109–1010 s−1 [71–73]. NVE fix is used for the determination of other atom
positions except for layers moving at a given speed. The constant level of the temperature
in the system is provided by the Berendsen thermostat [74]. Thus, the NVT ensemble is
simulated in fact, which means the conservation of the number of particles, volume of
system and temperature. Such an approach was previously implemented to study the
dynamics of solitary dislocation and the dislocation–precipitate interactions in an Al–Cu
system [34,57,58,69]. During MD calculations, about a hundred dislocation–precipitate
interactions occur.

The analysis and visualization of obtained MD results are performed with the OVITO
package [75]. The centrosymmetry parameter [76] is used for detecting the defect structure.
The dislocations are detected using the DXA algorithm [77], embedded in OVITO.

2.2. Model of Dislocation–Precipitate Interaction

We use the model of dislocation motion in pure aluminum and dislocation–precipitate
interaction offered in [34,57,58]. This model assumes that the dislocation overcomes precip-
itate forming the Orowan loop with energy losses for formation of additional dislocation
segments. Description of free motion of dislocation between the interactions with precipi-
tates and motion of segments during the Orowan loop formation takes into account the
phonon friction. This model does not consider the cross-slip or climb of segments into an
adjacent plane, since these processes do not significantly affect the stress to overcome the
precipitate at single interaction.

Figure 3 shows the main stages of dislocation motion and interaction with θ′ precipi-
tate. For simplicity, we consider a rectangle inclusion with the length l along the direction
of the perfect Burgers vector and width d along the vector tangent to the dislocation. The
distance between θ′ inclusions in the direction of the z-axis is denoted as D, and the distance
in the direction of the x-axis is L. Following an MD statement, the periodic boundary condi-
tions are applied along the z-axis; in this case, the dislocation interacts with the precipitate
chain. The dislocation segments are considered as straight ones. Edge and screw segments
are directed along the z- and x-axis, correspondingly, as given in Figure 3. We use two
generalized coordinates x and a to describe the positions of the moving edge and screw
segments; other segments are immobilized at θ′ inclusion. We suppose that the energy of
the segments adjacent to the inclusion consists only of the core energy εp, since their elastic
field is screened by the inclusion. This value, εp, is the model parameter that depends on
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the temperature and type of precipitate. Our previous work [57] shows that this parameter
has the same value for edge and screw segments. In this work, we fit it to MD results
for θ′ precipitate. For segments not in contact with the inclusion, the total energy is the
sum of the core energy ε1 = 0.2 eV/b and the energy of the elastic field. In the case of
screw segments, it is εs = ε1 + ε2s ln(R/R0), and εe = ε1 + ε2e ln(R/R0) in the case of edge
segments. R0 = 4b is the radius of the dislocation core; R represents the distance to the
nearest obstacle or half the distance to the opposite dislocation segment; ε2s = Gb2/[4π]
and ε2e = Gb2/[4π(1− ν)] are obtained from the elastic theory of dislocations; G and ν are
the shear modulus and Poisson’s ratio of aluminum, respectively; and b is the magnitude
of the Burgers vector.
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We consider four stages of dislocation–precipitate interaction (Figure 3): (A) movement
towards the inclusion; (B) wrapping around the inclusion; (c) the Orowan loop closing;
and (D) movement from the inclusion. Motion of dislocation segments is caused by the
forces, which can be obtained by differentiation of the total energy of the dislocation line
along the generalized coordinates x and a [34,57,58]. At stages (B) and (C), the increase in
the length of the dislocation line during the Orowan loop formation is controlled by these
forces. This increase in length provides the dislocation deceleration. The resolved shear
stress σ in the system determines the forces Fx and Fa acting on the moving edge and screw
segments in accordance with [57,58] as:

Fx =


bσ− ε2e

d
D [η(x, L− l + x) + η(L− l + x, x)], stage (A);

bσ− 2εp
D−d , stage (B);

bσ− d−2a
D−2a ε2e[η(x− l, L− x)− η(L− x, x− l)]− 2

D−2a

[
ε1 + ε2sγ

(
a, D−2a

2

)]
, stage (C);

bσ− ε2e
d
D [η(x− l, L− x)− η(L− x, x− l)], stage (D).

(1)

Fa =

{
bσ′ + 1

x−l
[
εp + ε1 + ε2eγ(x− l, L− x)

]
− ε2s[η(a, D/2− a)− η(D/2− a, a)], stage (C);

undefined at stages (A), (B) and (D).
(2)

For briefness we introduce the following functions [57]:

γ(x, y) = log
(

min(|x|, |y|)
R0

)
, η(x, y) =

1
x

Θ(|y| − |x|) (3)
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where Θ(x) is the Heaviside step function. The equations of motion for dislocation in
aluminum matrix are used for calculations of the positions and velocities of moving
dislocations [69]:

m0
..
x = Fx

(
1− .

x2/c2
t

)3/2
− B0

.
x, m0

..
a = Fa

(
1− .

a2/c2
t

)3/2
− B0

.
a, (4)

where B0 is the coefficient of phonon friction at low dislocation velocity; ct =
√

G/ρ is the
transverse sound velocity where ρ is the mass density; and m0 is the rest dislocation mass.
To determine the velocity of both edge and screw segments we use the same parameters of
equation of motion found for the case of edge dislocation [69], because it was shown that the
coefficient of phonon friction differs by about 15% for edge and screw segments [34]. The
condition for the closure of the loop around the precipitate and the dislocation separation
from the inclusion is chosen in the form a ≤ R0.

2.3. Method of Discrete Dislocation Dynamics

We use the approach of 2D dislocation dynamics to study the stress–strain response
of a representative volume of alloy with dislocations, also containing size and spatially
distributed precipitates. The approach was proposed and verified in our previous pa-
per [57]. Only edge dislocations with the tangential vector oriented along the z-axis and
the Burgers vector along y- or x-axes are introduced into 2D dislocation dynamics. Both
positive and negative signs of the Burgers vector are considered that provide motion of
dislocations in opposite directions. Dislocations of both slip systems are randomly placed
in the calculation domain at the initial moment of time, and their further dynamics under
applied shear deformation with the constant strain rate of 106 s−1 are calculated. This
strain rate is chosen so as to be close to the rate considered in the MD one, as described in
Section 2.1. In spite of its high value, the considered strain rate of 106 s−1 corresponds to
the transition to the quasi-stationary plastic response of alloy as shown in [57].

Despite the loss of straightness by dislocations during interaction with inclusions,
we describe the position of dislocation on the x–y plane in accordance with its main edge
segment. Each dislocation–precipitate interaction is described with the model outlined
above. The emission of screw segments when overcoming the inclusion is included in the
used model of the dislocation–precipitate interaction, and this is not considered explicitly
at the level of 2D dislocation dynamics.

Similar to the previous work [57], we consider a squared region with the size of 15 µm
in the 2D calculations of dislocation dynamics for Al–Cu alloy with size-distributed θ′

precipitates. The chosen size of computational region allows us to achieve convergence
of stress–strain curves and to obtain insignificant fluctuations on them, as a parametric
study demonstrated. A total of 22,500 dislocations are introduced into the region that
corresponds to the dislocation density of ρD = 1014 m−2 typical for shock-loaded metals.
The computational grid contains 300 × 300 cells, so the cell size is equal to 50 nm.

3. Results and Discussion
3.1. Mechanism of Interaction of Dislocation with Inclusion in MD

Displacement of the upper boundary of the system along the x-axis leads to the
appearance of shear stresses (Figure 4) at the level of several tens of MPa (this fact was
described in detail in the previous work [34]). The occurrence of shear stresses in the
system brings the dislocation into motion. After a sufficiently short free slip, the interaction
between dislocation and θ′ precipitate begins, and dislocation stops on the precipitate. A
sharp decrease in the rate of plastic deformation provokes the essential increment in shear
stresses in the system up to the level of 300–800 MPa, depending on the temperature and
inter-precipitate distance. The details of the process of the first dislocation–precipitate
interaction are shown in Figure 5. After approaching the inclusion by dislocation (Figure 5,
20 ps), the dislocation is pulled into the elastic field of inclusion that can be seen as the
bending of dislocation toward the inclusion at the moment of 30 ps (Figure 5). With an
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increment in shear stresses in the region, the dislocation moves along the inclusion rim,
significantly bending at the same time (Figure 5, 100–200 ps). At the moment of 200 ps
(Figure 5, 200 ps), the formation of the screw segment on the more elongated parts of the
dislocation is visible. After formation, this segment experiences a cross-slip, shifts from the
initial slip plane and forms a stacking fault in the slip plane rotated relative to the initial
one. After the dislocation segments adjacent to the edges of precipitate are so elongated
that they are directed along the x-axis (Figure 5, 270 ps), they are closed; and the dislocation
separates from the inclusion. The separated dislocation increases its speed, that provokes
an increase in the rate of plastic relaxation; and shear stresses in the region temporally
decrease (Figure 4). Further, the dislocation crosses the periodic boundary; and a new
dislocation–precipitate interaction begins that leads to formation of the second maximum
on the dependence of stresses on time (Figure 4). Multiple repeating of this process leads
to many peaks on the time dependence of stress corresponding to successive interactions
of the dislocation with inclusion. In relation to the plastic deformation of real alloy, this
multiple interaction of dislocation with θ′ phase inclusion and the resulting evolution of the
inclusion structure and properties can be interpreted as the successive action of different
dislocations lying in the same or neighboring slip planes on the same precipitate.
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3.2. Influence of Multiple Interactions on the Structure of Inclusion and Stress State of the
MD System

When the dislocation separates from the precipitate for the first time, the Orowan loop
is closed around the precipitate. The Orowan loop is a region of disordered lattice, on the
plane of which the atoms above and below differ in displacement along the x-axis by one
perfect Burgers vector. Successive interactions of the dislocation with inclusion lead to the
accumulation of lattice mismatch above and below the slip plane of the dislocation that
causes the rise of shear stress acting on the inclusion. The first few interactions lead to elastic
distortion of the layers of copper atoms in θ′ phase structure (Figure 6, 1–4 interaction).
However, an increase in shear stresses causes cutting of θ′ phase after 5–6 interactions
with the dislocation. Due to the difference between the slip systems of aluminum matrix
and inclusion lattice, the inclusion structure is disordered (Figure 6, 6th interaction). The
resulting form of θ′ phase in our simulations is very similar to the experimental image of
the sheared θ′ phase shown in [31].
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Figure 5. The first dislocation–precipitate interaction. Atoms with a centrosymmetry parameter more
than 5 square angstroms are depicted. Aluminum atoms are colored in gray, copper atoms are red.
Shockley partial dislocations are colored in green.

Figure 4 shows the time dependences of the shear stress averaged over the sample
for two MD systems at various temperatures. In the dependences (Figure 4), each local
maximum of stresses corresponds to the next interaction of the dislocation with the in-
clusion. For the system of 17.6 nm thickness, about 100 interactions are tracked, and for
9.87 nm—about 60. The system with thickness of 9.87 nm exhibits a significantly higher
level of shear stresses due to the smaller distance between inclusions, which provides
strong resistance for dislocation motion. At 300 K, the stresses at the first interactions
reach 670 MPa in the case of such a small inter-precipitate distance. For a thicker system,
the stresses are about 350 MPa. A diminution in the initial stresses acting in the region
with increasing temperature is observed for both systems; this behavior was previously
recorded in [34,57,58] for all hardening phases of copper in aluminum and is interpreted
as a result of a diminution in the energy of interaction of dislocation with the inclusion
surface upon heating.

All curves in Figure 4 are characterized by a gradual diminution in the stresses acting
in the system with time. However, local increases in stresses are possible that violate the
general trend, such as, for example, an interval of 1–3 ns in Figure 4 (17.6 nm) for the
temperature of 100 K. Note also the following feature of the plots observed for the system
with thickness of 17.6 nm at 500 K after 8 ns and for the system with thickness of 9.87 nm
at 100 K after 3 ns: After the indicated time, stabilization of stresses occurs at a certain level
without further decrease in the maximum stresses. After reaching such a stationary regime,
the amplitude of stress fluctuations in the system also significantly decreases.
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Let us consider the processes occurring in the system at the atomic level to explain
the obtained dependences of stresses on time. Figure 7 shows the stress and dislocation
position graphs for the system with thickness of 17.6 nm at the temperature of 300 K
together with the distribution of atoms in the system. It was shown in [34] that upon
contact of dislocation with θ′ precipitate on the flat surface of inclusion, the dislocation
may exit from a slip plane into an adjacent one due to the climb process. On the rim of
inclusion, the dislocation segments are pulled out and get a screw character; after that,
the cross-slip of these segments can take place (Figure 7, 470 ps). The consequence of
these two processes is the situation when the dislocation separating from inclusion has
a central segment located in the overlying slip plane, while other segments are located
in the initial plane. Such a dislocation exit from the initial slip plane is accompanied by
the formation of the extensive defect structure near inclusion besides the Orowan loop
(Figure 7, 470 ps). The movement of dislocation with a segment in the adjacent slip plane
is impeded in comparison with sliding in one plane due to the additional energy of the
segments connecting the segments in the basic slip plane with the segments located in
the adjacent plane. This state is metastable and after a while it spontaneously collapses.
The return of the segment from overlying plane to base plane is accompanied by the
generation of vacancies in the aluminum matrix (Figure 7, 490 ps) [78]. The volume fraction
of vacancies in the system as a time function is shown in Figure 7b; the methodology for
their calculation is given below in Section 3.3.
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Since the absorption and emission of vacancies by dislocation is attended by the
exit of segments from the initial slip plane of dislocation, and the quantity accumulated
in system vacancies is large, the exit of whole dislocation from the slip plane occurs
with time. Moreover, both the displacement into the underlying slip plane with the
vacancy emission and the displacement into the overlying plane are possible. In the latter
case, the displacement is stimulated by the dislocation interaction with the obstacle and
the transverse slip of the screw dislocation segments on it, and leads to the subsequent
absorption of vacancies accumulated in the bulk of aluminum. Figure 7 shows the time
dependence of the average position of all dislocation segments in the system along the
y-axis. Dislocation segments are determined using the DXA. Note that with increasing
deformation in the system, stable vertex dislocation segments are formed, as shown in
Figure 7 (2780 ps) as lilac segments. The presence of such segments makes the position
of the mobile dislocation found by averaging all the segment coordinates, which is less
accurate, but this information is sufficient for a qualitative analysis.

Joint consideration of the dependences of the average stresses in the region, the
vertical position of the dislocation and the number of vacancies allows us to draw the
following conclusions. Sequential passage of a dislocation through the inclusion in one
slip plane leads to a violation of inclusion structure, which provokes the diminution in
the resistance to dislocation movement. On the graph of stress versus time, a tendency
to diminution in stress in the region is observed. The dependence of the position of
dislocation along the y-axis shows the areas of active displacement of segments from one
slip plane to another (Figure 7); these periods are in good agreement with the periods
of accumulation of vacancies in the region (Figure 7b). The vacancy generation in the
region leads to the vertical displacement of dislocation segments to adjacent slip planes,
where θ′ phase material is not damaged. This is followed by a sequence of interactions
that reduce the strength of inclusion, and then the process of transition to a new plane is
repeated. Since the transition from the initial slip plane to the adjacent ones is accompanied
by a decrease in the effective diameter of the obstacle swept by the Orowan loop, each
subsequent peak on the graph is, on average, below the first maximums related to the
interaction of the dislocation with the widest part of copper disks. Successive violation of
the disk structure and dominant displacement of dislocation to the underlying slip planes
leads to a decrease in the strength of the MD system. Figure 7 demonstrates that at the later
stages of deformation, the inclusion almost completely breaks up into individual atoms,
significantly spaced apart due to repeated passage of the dislocation.

Figure 8 demonstrates the time dependence of the averaged shear stress in a region
27 nm in thickness containing θ′ precipitate of 18 nm in diameter. Dislocation passes
97 times through the system. The results obtained differ significantly from the case of
smaller inclusions. During the first 8 ns, a slight increase in the region-averaged shear
stresses is observed, after which there is a sharp decrease in stresses. This behavior
of the stresses is due to the fact that the dislocation practically did not move vertically
for a long time, interacting both with copper atoms of inclusion and point defects in
the slip plane. In this case, θ′ phase split into two halves, which retain their structure
(Figure 8b) with formation of a clearly distinguishable bridge of copper atoms between
the two halves. The recent experimental methods allow registering both θ′ phase cutting
and their significant bending in various regions of deformed micropillar [32]. The patterns
obtained experimentally in the bands of localized deformation completely repeat the shape
of θ′ phase shown in Figure 8b. Active displacement in the vertical direction is activated
after 8 ns, which will lead to a gradual violation of the inclusion structure in other slip
planes. By analogy with smaller inclusions, a further decrease in the acting stresses in the
system can be expected.
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3.3. Accumulation of Vacancies in the MD System during Prolonged Deformation

The generated vacancies increase the defectiveness of material and can promote frac-
ture under additional tensile stresses. The accumulation of microvoids in shear bands
was previously assumed to be the initiator of the fracture of material [30]. On the other
hand, the accumulation of vacancies can be important for a multi-stage alloy manufactur-
ing process as described in [79]. A large number of vacancies in aluminum alloys after
preliminary cyclic deformation allowed the authors to obtain precipitation of very fine
particles and to register an increase in strength and elongation properties of alloy relative
to traditional aging.

Therefore, we estimate the fraction of free volume in the system associated with the
generation of vacancies during plastic deformation. For this purpose, we use the “Construct
surface mesh” algorithm implemented in the OVITO package [75]. The probe sphere radius
is the parameter of the algorithm; a decrease in this parameter makes the algorithm more
sensitive to cavities in the system, but, at the same time, starting from a certain radius of
the probe sphere, the algorithm begins to determine the space between the aluminum and
copper atoms in the Al2Cu intermetallic compound as voids. We chose two radii, 0.24 and
0.25 nm; the larger of them is not sensitive to the space inside θ′ phase, but underestimates
the volume of vacancies in the system; the smaller one more accurately takes into account
free volume inside the vacancies, but sometimes detects the volume in inclusion as free
one. Figure 9a demonstrates the curves of the free volume fraction by dependence on time
corresponding to two radii of 0.24 and 0.25 nm. Note that the difference between these
two estimates at the end of MD calculations is 18%. The average curve for two obtained
estimates of free volume is additionally given in Figure 9a; this average curve is presented
in Figure 7b together with the vertical position of dislocation.
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Since the accumulation of the free volume of vacancies in the shear bands can act as
the cause of fracture of deformed samples, it is necessary to estimate the rate of vacancy
accumulation in the system during the plastic deformation for further construction of the
models of material fracture. Figure 9b demonstrates the dependences of the fraction of
free volume on time for the systems with inclusion of 5 nm in diameter. The obtained
dependences show similar tendencies to the multi-step growth of free volume in the
systems. We cannot distinguish explicit dependences of these curves on temperature and
system size. Moreover, the curves show a significant scatter in the final value of the free
volume fraction. Therefore, we use the same linear approximation for all of these data
in order to fix the main tendency towards the accumulation of vacancies. For further
use in continuum fracture models, it is necessary to give the dependence of the free
volume fraction on the plastic deformation. During the prolonged deformation, the plastic
deformation can be considered approximately equal to the total deformation of the system,
because the remaining elastic part is much smaller. Finally, the relationship between the
fraction of free volume α in MD system and the plastic deformation w can be written as
α = 2.4·10−3 w.

3.4. Accounting for Precipitate Softening in the Equation of Dislocation Motion

The single parameter of the model in Equations (1) and (2) that describes dislocation–
precipitate interaction is the energy of dislocation core εp for the segments contacting the
precipitate. The criterion of its choosing is the best coincidence between the model and
MD in the level of oscillations during the first three interactions. Other parameters follow
our previous works with other types of precipitates [57,58]. The used parameters are the
following: ε1 = 0.2 eV/b, R0 = 6b, εp = 0.8 eV/b.

Multiple interactions of dislocation with an obstacle lead to a decrease in the average
shear stresses in the MD system, as it is shown in Section 3, devoted to MD study. Copper
atoms, which initially form the lattice of θ′ phase, are spread out in space, and the disloca-
tion shifts to an edge of the precipitate. Corresponding softening of the precipitate can be
described by the decrease in the effective diameter of inclusion, which enters Equation (1).
Based on the obtained MD data for two diameters of precipitates, we propose the following
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dependence to describe the change in the properties of the systems containing small and
large inclusions during prolonged plastic deformation:

d = d0 exp[−k(d0)N], (5)

where d0 is the initial diameter of precipitate before the interactions with dislocation, N is
the number of interactions and k(d0) is the exponent dependent on the initial diameter of in-
clusion. We find the following values for the considered initial diameters: k(4.6 nm) = 0.03
and k(18 nm) = 0.0015.

The change in diameter of inclusion is introduced into the model, and then calculations
are carried out, repeating the MD statement of the loading. The modeled time dependences
of the shear stresses averaged over the system for two diameters and two distances between
precipitates are shown in Figure 10 together with MD data. The usage of Equation (5) for
decrease in the effective diameter of inclusions allows us to obtain dependences, which
well reproduce the general trends towards the decrease in stresses in the MD system with
the accumulation of plastic deformation. However, this approach cannot describe the
features of the multiple dislocation–precipitate interactions in all details. Since here we do
not take into account the interaction of dislocation with vacancies emitted after previous
interactions, the modeled dependences do not reflect the temporal increase in the stress
curves in the MD system. As noted in Section 3.2, for the larger inclusion, the initial stage
up to 8 ns is similar to the initial stage of evolution up to 1 ns for smaller inclusions, after
which the disordering of the inclusion structure is activated, and a decrease in the average
stress becomes more pronounced.
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Figure 10. Time dependences of shear stresses averaged over system for precipitates with diameters d of 4.6 nm (a) and
18 nm (b) and different distances D between inclusions: 9.87 and 17.6 nm (a) and 27 nm (b). Comparison of results for
multiple dislocation–precipitate interactions obtained by the model and the MD.

In the experimental work [32], it was shown that upon deformation of the Al–Cu
sample containing strengthening particles of θ′ and θ phases, the mechanism of damage
of the θ′ precipitates was size-dependent. Cutting was observed for sufficiently small
particles with a diameter not exceeding 60 nm, while larger particles acquired only bending.
This result is consistent with our data obtained in MD calculations, where it is shown that
for the large inclusion of 18 nm in diameter, the decrease in the acting stresses occurs much
slower than that for 5 nm ones. Since MD simulation of large systems for a time sufficient
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for several hundreds of dislocation–obstacle interactions requires large resources, here
we are forced to use the available experimental data in addition to our MD and assume
that softening does not occur for inclusions larger than 60 nm. Using the additional value
k(60 nm) = 0 from this experimental observation, we approximate three values, two from
the MD and one from the experimental observation [32], by the following exponential law:

k(d0) = 0.084· exp
[
−d0·0.224 nm−1

]
. (6)

3.5. Strength of Alloys with Size-Distributed and Spatially Distributed Precipitates

Real alloys contain inclusions of different sizes distributed in the material bulk. The
authors of [24] experimentally established the log-normal size distribution of precipitate
diameter and thickness for various types of inclusions in aluminum alloys after different
aging times.

In contrast to previous work, here we consider the case of θ′ phase by means of
using the corresponding parameters determined in Section 3.4. We take into account
possible strain softening of the material due to a decrease in the precipitate size during
prolonged plastic deformation as discussed in Section 3.4. In order to reveal the influence of
change in precipitate structure during the multiple interactions with dislocations, for each
precipitate distribution, we perform calculation for two cases: the first one, “uncuttable”,
is a virtual case of the constant size of each inclusion, even small ones; the second one is
“cuttable”, accounting for the effective reduction in precipitate diameter in the course of
plastic deformation according to Equations (5) and (6).

The chains of precipitates are randomly placed in the computation domain. The
diameters of precipitates are randomly chosen in accordance with the log-normal distri-
butions established in experiments [24], but with different typical size, which is the value
close to the maximum of the size distribution of precipitates—see [57] for details. Because
cutting influences on small inclusions, here we restrict ourselves by the typical size no
more than 80 nm, while the distributions with the typical sizes up to 130 nm are observed
experimentally [24] and analyzed in our previous simulations [57].

The calculated stress–strain curves for different typical sizes and volume fractions of
inclusions, which are almost equal to the mass fractions of copper atoms, are presented
in Figure 11 for both problem statements with and without accounting for the evolution
of precipitate size at multiple interactions. In the approximation of uncuttable inclusions,
the shear stress reaches some plateau and holds at this level till the end of the system
tracing. The initial growth of shear stress corresponds to the transient stage, during which
most dislocations reach strong obstacles in the form of precipitates of large diameter and
become fixed. Only a portion of dislocations continues to move along the weakest bands
of material, in which there are no strong obstacles. It leads to strong localization of the
plastic deformation in the system [57]. The reached level of shear stress increases with
the increase in the volume fraction of precipitates, but decreases with the increase in their
size at constant volume fraction. This is because the increase in precipitate size leads to a
decrease in the precipitate concentration, which increases the probability of the formation
of weak bands in the material.

One can conclude from Figure 11 that the evolution of precipitate size leads to strain
softening, which means diminution in shear stress acting in the system at large strains.
Only alloys with a high enough volume fraction of precipitates suffer from the softening. It
is explained by the fact that, at small volume fractions, there is already enough weak bands
in the material, and further weakening of precipitates in these bands does not influence the
mechanical response. On the other hand, a large concentration of precipitates eliminates
the weak bands. Dislocations are forced to move along higher strength paths, and a higher
level of stress holds in the system. In this case, gradual cutting of precipitates weakens
the most frequently walked bands and provides the material softening. The increase in
localization of plastic flow due to precipitate cutting is illustrated in Figure 12 with the
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spatial distributions of plastic strain; cutting forms several weaker paths, which concentrate
the most part of the plastic strain.
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The threshold volume fraction of the beginning of softening increases with the increase
in typical precipitate size: a weak softening is observed for the volume fraction of 1.5%
in the case of 20 nm precipitates (Figure 11a), while it starts only at 4.9% in the case of
80 nm precipitates (Figure 11d). There are two reasons for such behavior: (1) decrease in
concentration and increase in the number of weak paths for large precipitates and (2) the
small pliability of cutting of large precipitates because the cutting touches only precipitates
smaller than 60 nm in diameter in accordance with Equation (6).

The results of our dislocation dynamics calculations are summarized in the diagram in
Figure 13 and supported by experimental data on the yield stress in Al–Cu alloy dependent
on typical diameter and volume fraction of θ′ phase precipitates [37]. The maximal shear
stress before the beginning of softening is presented as dependent on typical precipitate
diameter of the log-normal distribution and the volume fraction of precipitates. Our results
are in satisfactory agreement with the experimental data, taking into account rather large
errors in determining both the typical diameter of inclusions and their volume fraction. The
range of parameters of alloys prone to strain softening due to the destruction of precipitates
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is indicated. It follows from our calculation that precipitates with a small typical diameter
provide higher maximal strength, but suffer from the strain softening and plastic flow
localization. This conclusion is supported by the existing experimental results. According
to our calculations, the boundary of the domain suffering from softening almost coincides
with the maximal stress level of 600 MPa, which means that the alloys with higher strength
are subjected to softening. It should be also mentioned that high plastic deformation inside
the localization bands leads to formation of a lot of vacancies—see Section 3.3—which can
facilitate the tensile fracture.
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4. Conclusions

Our molecular dynamics study reveals the complex character of the interaction of
dislocations with θ′ phase precipitates. It is shown that the first several interactions occur
in accordance with the Orowan looping mechanism, while the subsequent interactions pro-
voke a gradual degradation of the precipitate structure up to its scattering into individual
copper atoms in the aluminum matrix. θ′ phase shape at various stages of this process
obtained in our calculations repeats the experimentally observed one for cut inclusions of
θ′ phase [31,32]. Structural changes in θ′ phase lead to a gradual decrease in the strength of
the obstacle to dislocation that is expressed in a decrease in shear stresses acting in the MD
system. This softening of θ′ phase occurs with different rates, depending on the diameter
of precipitate: studied inclusions of 15 nm in diameter demonstrate a significantly slower
decrease in strength in comparison with 5 nm ones.

During interactions with inclusion of θ′ phase, the dislocation can leave the initial slip
plane due to the cross-slip of segments elongated around the inclusion, which acquire a
screw character. After separation from the precipitate, the dislocation moves for some time
with a segment ejected into the adjacent slip plane; however, this state is unstable and the
dislocation tends to move into one slip plane. Transition of dislocation segments between
slip planes is accompanied by emission of vacancies. Volume fraction of accumulated
vacancies α increases significantly during the prolonged plastic deformation of the MD
system and can be estimated by the following approximating relation with the plastic
strain w as α = 2.4·10−3 w. Estimations of the volume fraction of free space are important
because microvoids can facilitate fracture of material in the plastic localization bands under
additional action of tensile stresses [30].

The obtained results of MD calculations are used for fitting the dislocation–precipitate
interaction model proposed earlier in [34,57,58]. The softening of θ′ phase is introduced
into the model through reducing the effective diameter of precipitate. We additionally
introduce a dependence of the softening coefficient on the diameter of precipitates into
the model. This dependence is based on the different rates of softening of θ′ inclusions
depending on its diameter registered in our MD calculations, and the experimental data on
the existence of a threshold diameter of θ′, after which no cutting is observed [32].

The model of dislocation–precipitate interaction, which is modified to account for the
precipitate softening, is coupled with a 2D discrete dislocation dynamics model [57], which
makes it possible to predict the flow stress of alloy depending on the size distribution
of precipitates. We compare the predictions of shear strength of Al–Cu alloy obtained
with 2D DDD and the experimental data on the dependence of flow stress on the size
distribution for the case of θ′ phase precipitates [37]. Taking into account the rather
significant error in determining the typical diameter of precipitates and their volume
fraction in the experiment, we can conclude that our results are in satisfactory agreement
with the experimental data and reproduce the main experimental trend of decrease in flow
stress, together with the increase in the mean diameter of precipitates at a constant volume
fraction of them.

The performed 2D DDD simulation made it possible to identify the region of typical
particle sizes and concentrations of θ′ precipitates, in which the softening of alloy during
prolonged plastic deformation can be expected. This boundary with a good accuracy is
above the 600 MPa shear strength for all considered model alloys. The present model does
not include kinematic hardening by forest dislocations and other terms contributing to the
overall strength of alloy, but it elucidates the contribution of precipitate hardening and
its decrease with strain due to the evolution of precipitates. The softening of θ′ particles
may result in a decrease in the rate of strain hardening of alloy upon deformation, which
is known for weaker phase particles in aluminum alloys [16]. Even if the softening of
precipitates is compensated for, for example, by the hardening due to forest dislocations,
taking into account the softening of precipitates still remains important. Dislocations
tend to pass through the weakest places of precipitate distribution. Multiple dislocation–
precipitate interactions in these paths leads to the softening of weak obstacles in the paths
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and further redistributes the plastic deformation in the sample volume towards these paths,
as it is shown in our calculations. The sharpening of plastic deformation distribution in the
localization bands should lead to additional generation of vacancies and an increase in the
volume fraction of microvoids and degradation of alloy durability.
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