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Abstract—A three-level constitutive model is proposed for describing the deformation of polycrystalline 
materials, which is based on crystal elasto-viscoplasticity and the introduction of internal variables. The 
structure, mathematical formulation, and implementation algorithm of the model are discussed. The element 
of the upper structural-scale level is the representative macrovolume. The elements of mesolevels 1 and 2, 
which are identical in scale, are crystallites (grains, subgrains, fragments, depending on the required element 
size). The description at mesolevel 1 is performed in terms of thermomechanical variables (stresses, strains, 
strain rates). The behavior of meso-2 elements is described in terms of dislocation densities and velocities. 
Particular attention is paid to the formation of barriers on split dislocations. As an example, the model is ap-
plied to study proportional and nonproportional cyclic loading of samples with substantially different stack-
ing fault energies. It is shown that barriers are more readily formed in materials with low stacking fault en-
ergy, leading to their additional cyclic hardening under nonproportional loading. 
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1. INTRODUCTION 

The need to control material properties in the pro-
duction of metal and alloy structures requires the de-
velopment and continuous improvement of constitu-
tive models (constitutive equations) that can describe 
the evolution of physical and mechanical characteris-
tics under widely variable thermomechanical loads. 
The existing models for studying the behavior of po-
lycrystalline materials can be divided into macrophe-
nomenological [1–9, etc.] and crystal plasticity ones 
[10–21, etc.]. Macrophenomenological models are 
usually formulated in the form of complex operators 
over loading history, and the parameters of these op-
erators are determined by laborious full-scale tests 
(including multiaxial loading tests). The majority of 
models of this type do not consider, at least explicit-
ly, meso- and microscopic physical processes that 
cause significant changes in the structure of materi-
als. Taking into account various physical mecha- 
 

nisms of inelastic deformation, their interactions, and 
the complexity of their description in terms of con-
tinuum mechanics parameters, macrophenomeno-
logical constitutive relations provide good accuracy 
in the analysis of material behavior in narrow loading 
parameter ranges. In addition, such relations show hi-
gher computational efficiency in solving technologi-
cal boundary value problems, which makes them at-
tractive for the development of application software 
packages. 

The mechanical properties of metals and alloys 
strongly depend on their meso- and microstructure. 
This is the reason for the rapid development of multi-
scale crystal plasticity models [22–25, etc.], which 
allow one to explicitly describe the evolving structu-
re of materials. In contrast to the wide variety of 
macrophenomenological models, which usually de-
scribe the behavior of specific materials in narrow 
thermomechanical load ranges, multiscale crystal 
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plasticity models are more versatile. Despite the huge 
diversity of multilevel models proposed in the litera-
ture, there are insufficiently studied issues of comp-
lex loading processes or the effect of some features 
of the defect structure on the behavior of alloys, e.g., 
the presence of stacking faults (dislocation splitting). 
Here we use an approach that involves internal vari-
ables [26–31] characterizing the meso- and micro-
structure of the material and included in the structure 
of the constitutive model of evolution equations to 
describe their change. The developed model belongs 
to the class of three-level statistical models. The 
structure, implementation algorithm, and some re-
sults of applying the dislocation-based model are dis-
cussed. Numerical experiments are conducted on a 
representative macrovolume of a polycrystalline ma-
terial, which can be loaded in the same way as mac-
rosamples in full-scale experiments. Particular atten-
tion is paid to the analysis of the influence of the 
stacking fault energy on the behavior of polycrystal-
line samples under nonproportional cyclic loading. 

2. CONCEPTUAL AND MATHEMATICAL 
FORMULATIONS OF THE MODEL 

The developed model belongs to the family of sta-
tistical models and includes submodels for describing 
the behavior of polycrystals at three structural-scale 
levels: macrolevel, which describes the response of a 
representative macrovolume; mesolevel 1, which de-
scribes the behavior of crystallites (subgrains, frag-
ments) in terms of mechanical variables (stresses, 
strains, etc.); and mesolevel 2, which considers the 
evolution of defect densities for dislocations, disloca-
tion loops, and barriers formed during the interaction 
of split dislocations. As noted above, the model is 
based on an approach where explicit and implicit in-
ternal variables are introduced at each level. These 
are tensor-valued (arbitrary rank) variables that de-
scribe the evolving meso- and microstructure of lo-
wer levels. The introduction of the additional variab-
les eliminates the use of complex operator (functio-
nal) equations in constitutive models, while it rema-
ins possible to account for the memory of the materi-
al carried by the internal variables. Most of the con-
stitutive model equations in this case are tensor-al-
gebraic or ordinary differential equations. It is as-
sumed that the internal variables are homogeneous 
within the considered elements of a given level. Ex-
plicit internal variables enter directly into the consti-
tutive relations of the given level. They are related by 
kinetic equations with implicit variables that describe 

the structure of the material at deeper structural-scale 
levels [30]. 

The representative macrovolume contains a set of 
grains. Each grain includes a statistically significant 
set (tens or hundreds) of crystallites (subgrains, frag-
ments), or meso-1 elements, which have a slight mis-
orientation within individual grains in the reference 
configuration (Fig. 1). Meso-1 elements are identical 
in scale to meso-2 elements, but the behavior of ma-
terials at these levels is described in terms of diffe-
rent variables. The description at the macrolevel and 
mesolevel 1 is carried out in terms of mechanical va-
riables (stresses, strains, strain rates), and at mesole-
vel 2 the model operates with the densities of various 
defects on slip systems. 

The explicit internal variables at the level of the 
representative macrovolume include the tensors of 
the inelastic part of the strain rate, elastic characteris-
tics, and the spin (macroscopic variables). At mesole-
vel 1, these are the tensors of the elastic properties of 
the crystallite, the inelastic part of the strain rate, and 
the spin; the implicit variables are the shear rates on 
slip systems, critical shear stresses, dislocation densi-
ties and velocities on slip systems. All internal vari-
ables at mesolevel 2 (except temperature) are deter-
mined on the introduced slip systems: the explicit in-
ternal variables include the critical stresses on slip 
systems, average dislocation velocities and dislocati-
on densities; the implicit variables are the dislocation 
barrier and source densities on slip systems. 

In the adopted Voigt hypothesis (implying the 
equality of velocity gradients at the macrolevel and 
mesolevel 1), the velocity gradient tensor compo-
nents are transferred from macrolevel to mesolevel 1 

 

 

Fig. 1. Schematic illustration of the model structural-sca-
le levels: representative macrovolume of polycrystalline 
material, grain, subgrain. 
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as impacts, and the deformation process is described 
in terms of mechanical variables. The actual stresses 
used to determine the shear stresses on slip systems 
are transferred from mesolevel 1 to mesolevel 2, 
which are then used to calculate the dislocation velo-
cities. At mesolevel 2, we describe the defect density 
evolution and determine changes in the critical stres-
ses and average edge dislocation velocities, after 
which the Orowan equation is used to find the shear 
rates and transfer them to mesolevel 1. At mesole-
vel 1, we determine the inelastic part of the strain 
rate, lattice rotation, and the stress tensor compo-
nents. The macroscopic stresses are determined by 
averaging over the set of meso-1 elements contained 
in the representative macrovolume. 

The model is focused on describing the response 
(macroscopic stress tensor) of the representative 
macrovolume of a polycrystalline material (uniform-
ly deformed macrosample) to a given kinematic load 

Tˆ=Z V  ˆ(  is the gradient operator defined in the 
current configuration). Applying the Voigt hypothe-
sis, we determine the strain rate at mesolevel 1: 

 ( ) = ( ),t tz Z  (1) 

where z is the velocity gradient at mesolevel 1. Here-
inafter, the related mechanical characteristics of the 
macrolevel and mesolevel 1 are denoted by the same 
letters: capital letters for the macrolevel and lower-
case for mesolevel 1. 

For each meso-1 element, the plastic part of the 
strain rate is determined by the shear rates on slip 
systems (determined at mesolevel 2), after which the 
rate of change σ  of the Cauchy stress tensor σ is cal-
culated from the additivity of the elastic and plastic 
parts of the strain rate: 

 
е in

cr in

,

: ( ),

 

      ω ω п ω z

z z z
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where ze and zin are the elastic and inelastic parts of 
the meso-1 strain rate, σcr is the corotational deriva-
tive of the Cauchy stress tensor, п is the 4-valence 
tensor of the elastic characteristics of the crystallite, 
and ω is the spin of a rigid corotational frame (meso-
1) associated with the lattice [32]. The rigid corotati-
onal frame is introduced to decompose the motion of 
deformable bodies into quasi-rigid and strain-induced 
ones [24]. The plastic part of the strain rate is deter-
mined using the Orowan equation by the shear rates 

( )γ k  calculated at mesolevel 2 (hereinafter the super-
script k denotes the slip system number): 

 in ( ) ( ) ( )

1
.

n
k k k

k
 z b n  (3) 

The relations for determining the spin tensor of a ri-
gid corotational frame are given in [24, 32]. The spin 
tensor is related to the orientation tensor о of the ri-
gid corotational frame by the equation 

 T. ω o o  (4) 
Integration of Eq. (2)2 for each meso-1 element 

(crystallite) at each moment of deformation yields 
the meso-1 stress tensor σ (subscripts of crystallite 
numbers are omitted). Using the stresses σ, the nor-
mal unit vector, and the unit vector of the slip directi-
on, we find the meso-1 shear stresses τ(k) acting in 
each kth slip system: 

 ( ) ( ) ( ) : ,k k k  b n σ  (5) 
where b(k) is the unit vector along the Burgers vector 
of an edge dislocation, and n(k) is the unit normal to 
the plane of the kth slip system in the current confi-
guration. As the response of the representative mac-
rovolume, we use the Cauchy stress tensor Σ deter-
mined at each moment of deformation by averaging 
the stress tensor σ over the set of crystallites that 
make up the macroscopic representative volume. 

The most significant mechanisms of microstructu-
re evolution in the constructed model are as follows: 
slip of edge dislocations, nucleation of dislocations 
from Frank–Read sources, annihilation of dislocati-
ons of different signs in each slip system, and change 
in the dislocation barrier density on slip systems. At 
mesolevel 2, the average velocities of positive and 
negative dislocations ( )kV  are determined, depend-
ing on the magnitude of shear stresses τ(k), temperatu-
re θ, the density of positive and negative dislocations 

( ) ( ),k k
   , and the barrier density ( )

barρ k  on slip sys-
tems. The rate of change of critical shear stresses 

( )
c
k  is additively decomposed into two components, 

depending respectively on the change of dislocation 
densities in slip systems ( )

c dis
k  and the change of bar-

rier densities ( )
c bar .
k  The system of equations describ-

ing the change in these meso-2 variables can be writ-
ten in the general form as follows: 

 

( ) ( ) ( ) ( ) ( ) ( )
1 c bar

( ) ( ) ( ) ( ) ( )
2 c bar

( )( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )
3 cbar bar

( ) ( )
c0 с lat

( )
c c d

( , , , ρ , ρ )sgn ,

ρ ( , , , ρ , ρ ), 1,12,

γ ( ) ,

ρ ( , , , ρ , ρ ),

,

k k k l kl k

k k k k kl

kk k k k k

kl k k k kl

k k

k

V f

f l

V V

f

  

  

   

 





     

    

  

   

  

  

b







  ( ) ( )
is c bar .k k
 










   

 (6) 



GRIBOV, TRUSOV 
 

PHYSICAL MESOMECHANICS     Vol. 25     No. 6     2022 

560

The average dislocation velocities ( ) ( ),k kV V   play 
an important role in describing the microstructural 
evolution and determining the shear rates, while the 
velocities of opposite-sign dislocations of the same 
slip system may differ in magnitude. We took into 
account that dislocations of both signs can move in 
the same slip system and did it using the Orowan rate 
equation [33], which takes into account the motion of 
different-sign dislocations: 

 ( )( ) ( ) ( ) ( ) ( )γ ( ) ,kk k k k kV V      b  (7) 

where |b|(k) is the magnitude of the Burgers vector. 
The average dislocation velocities are determined 

from the following equations [34]: 
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where l(k) is the mean free path of a dislocation in the 
kth slip system, ν is the Debye frequency, *

kG  is the 
activation energy for the motion of dislocations (de-
pending on the current state of the microstructure and 
the shear stress on slip systems), ΔF* is the activation 
energy for the motion of dislocations, kB is the Boltz-
mann constant, θ is the temperature, and H is the 
Heaviside function. 

Frank–Read sources generating closed expanding 
dislocation loops are considered as intragranular 
sources of dislocations. In this work, the generation 
of dislocations is described by introducing Frank–
Read sources whose density change is described by 
the following equation [25]: 
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where ( )
barρ kj  is the barrier density at the intersection of 

the kth and jth slip systems (where dislocations can 
be pinned and dislocation loops can be formed). The 
contribution of the sources activated when the actual 

shear stresses exceed the critical source activation 
stresses τsrc to the increase in dislocation densities is 
proportional to the actual density of Frank–Read 
sources [35]: 
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where rav is the average loop radius, A, B, р are the 
dimensionless parameters of the material, μ is the 
shear modulus, L  is the distance between obstacles 
in the source, r0 is the minimum length of the pinned 
segment that can generate dislocation loops, b is the 
magnitude of the Burgers vector, and the operator   
denotes the Macaulay brackets ( ( )).x хH x    

Annihilation of dislocations is possible if two dis-
locations of opposite signs lie in parallel slip systems 
and are closely spaced. Dislocation annihilation is 
most often observed in tests with alternate loading. 
Dislocations of different signs belonging to the same 
slip system are attracted. When dislocations are in 
parallel slip systems, they can climb towards each 
other and annihilate at a distance equal to or less than 
a critical distance hann. The number of annihilated 
dislocations per unit time is proportional to the swept 
volume (the areas swept by moving edge dislocations 
multiplied by hann). We describe annihilation using 
the following equation [36]: 

 ( )ann ( ) ( ) ( ) ( )
annρ ρ .k k k k k

+h V V        (11) 

The formation and evolution of barriers are de-
scribed using the barrier formation matrix bar ,

klR  in 
which the unit values at the intersection of row k and 
column l denote the numbers of slip systems involv-
ing split dislocations, which interact upon intersecti-
on with the formation of Lomer–Cottrell or Hirt 
locks; all other components of the matrix bar

klR  are 
zero. The rate of change in the barrier density de-
pends on the dislocation density on the reacting sys-
tems, the actual shear stresses, and temperature [37]: 
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where K is the number of slip systems, α is a dimen-
sionless parameter, xd is the average dislocation split-
ting width, and εSFE = γSFE/(Gb) is the dimensionless 
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stacking fault energy γSFE. The matrix of barrier den-
sities on slip systems contains data about all barriers 
(24 for fcc) that can form on split dislocations. The 
components of the matrix ( )

barρ kl  describe the rates of 
change in barrier densities at the intersections of slip 
systems with numbers k and l. 

The hardening law is formulated under the hypo-
thesis of additivity of the critical stresses of slip sys-
tems and their rates of change due to contributions 
from the lattice resistance (a quantity that depends 
only on temperature) ( )

с lat ,
k  dislocation stress fields 

( )
c dis ,k

  and barriers formed on split dislocations 
( )
c bar
k

  (k is the slip system number). The interaction 
of dislocations is evaluated using the known solution 
for a single dislocation in an isotropic elastic medium 
[38]. Based on this solution, we constructed the mat-
rix M 

ki to estimate the interaction stresses between 
dislocations of the kth and ith slip systems, which are 
entered at the intersection of the kth row and ith co-
lumn of the matrix M 

ki. By introducing a barrier on 
split dislocations as a set of two partial and sessile 
dislocations, we evaluated the effect of the barrier on 
the strengthening of the kth slip system due to the 
barrier on the ith slip system. This effect is described 
using the matrix В 

ki. With the introduced matrices, 
evolution equations for changes in the critical shear 
stress and its components can be written as [39]: 
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where α, β are the dimensionless parameters of the 
material. 

3. ALGORITHM FOR THE NUMERICAL 
IMPLEMENTATION OF THE MODEL 

The proposed model for describing the response 
of a representative macrovolume (macroscopically 
homogeneous sample) can be implemented by the 
following algorithm. Since the problem (geometric 
and physical) is highly nonlinear, it is solved using a 
step-by-step loading procedure: the entire considered  
 

time interval is represented by a set of time steps, and 
the length of the steps is determined from numerical 
experiments under the specified condition for conver-
gence of results. Prior to calculations, the necessary 
initial conditions and material parameters are set for 
the variables of all levels. It is assumed that the mate-
rial in the initial state is in its natural configuration. 
The loading is induced kinematically. The macrosco-
pic velocity gradient ˆ ( )tV  and the temperature are 
considered to be given as continuous tensor- and sca-
lar-valued functions of time t, respectively. Note that 
when using the model to analyze the deformation of 
specific structural elements, the impact parameters at 
each point of time are determined from the solution 
of the corresponding boundary value problems. 

At each time step, the kinematic and thermal ef-
fects specified at the macrolevel are transferred to 
mesolevel 1. The solution of the problem yields the 
values of all internal variables at mesolevels 1 and 2, 
including explicit ones, i.e., included in the constitu-
tive equations of a given level. The internal variables 
of these levels are listed and classified in Table 1. 
Note that the response of the representative macrovo-
lume of a material (macroscopic Cauchy stress tensor 
Σ) is determined by averaging the mesoscopic stres-
ses σ, and therefore there is no need for a macrosco-
pic constitutive equation. 

The constitutive relations of mesolevel 2 are the 
equation for determining the shear rates on slip sys-
tems from the dislocation densities and velocities. 
Loading at the macrolevel and mesolevel 1 at each 
time step is given by the velocity vector gradient. 
The loads at mesolevel 2 are the stresses determined 
at the end of the previous step in meso-1 elements. 
The algorithm for solving the problem at mesole-
vels 1 and 2 for each time step consists of three sta-
ges. 

1. Solution in terms of rates. The temperature and 
the velocity gradient set at the macrolevel are trans-
ferred to mesolevel 1 (using Voigt’s hypothesis). The 
stress tensor components determined at the end of the 
previous time step are used to determine the shear 
stresses in each meso-1 element (Eq. (5)). Then we 
calculate the rates of change in the internal variables 
of meso-2 elements, including the dislocation densiti-
es and velocities, which are then used to calculate the 
shear rates on slip systems and the inelastic part of 
the strain rate. The latter are transferred to mesole-
vel 1, where the rates of stress change are deter-
mined. 
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Table 1. The list and classification of internal variables of mesolevels 1 and 2 

Level 
Type of internal 

variables 
Designation Name Determination method 

Meso 1 Explicit zin Inelastic part of the strain rate 
Component of the load on meso-1 
elements 

Meso 1 Explicit п Elastic moduli tensor (4th rank) 
Determined by single crystal proper-
ties and lattice orientation ο 

Meso 1 Explicit ω Spin tensor (meso 1) 
Determined for each crystallite at 
each step 

Meso 1 Implicit ο Lattice orientation tensor Determined by integration over ω 

Meso 1 
Meso 2 

Implicit 
Explicit 

( )k  Shear rates on the kth slip system 
Determined from dislocation veloci-
ties and densities at meso 2 

Meso 1 
Meso 2  

Implicit 
Explicit 

τ(k) Shear stresses on the kth slip system Determined by σ, load on meso 2 

Meso 2 Explicit ( )kV  
Average dislocation velocities on the 
kth slip system 

Determined by ( ) ( )
c, ,k k
   and θ 

Meso 2 Explicit ( ) ( ),k k
    

Dislocation densities (+ / –) on the kth 
slip system 

Determined from evolution equations 

Meso 2 Implicit ( )
barρ k  Barrier densities on the kth slip system Determined from evolution equations 

Meso 2 Implicit ( )
c
k
  

Critical stress values on the kth slip 
system 

Sum of ( )
c dis
k  and ( )

c bar
k  

Meso 2 Implicit ( )
c dis
k

  Critical stresses on the kth slip system 
(dislocation-induced) 

Determined by ( ) ( ),k k
    

Meso 2 Implicit ( )
c bar
k  Critical stresses on the kth slip system 

(barrier-induced) 
Determined by ( )

barρ k  

Meso 2 Implicit θ Temperature Impacts 

 
2. Integration. All variables (including internal va-

riables) at all levels are determined by integrating 
their rates of change at the end of the current time 
step and at the beginning of the next one. 

It should be noted that in the first and second sta-
ges of the calculations, the meso-1 and meso-2 tensor 
parameters are determined by the components in the 
bases of the rigid corotational frames of this level 
(recall that meso 1 and meso 2 belong to the same 
scale level). 

3. Redetermination of internal variables. Using 
the spins of the corotational frames determined at the 
first stage, we determine the changes in the orientati-
ons of meso-1 and meso-2 elements and redefine the 
tensor variables of these levels at the end of the con-
sidered time step (binding the calculated tensor com-
ponents to the changed basis vectors of crystallites). 
The stress tensor components in the basis of the 
background frame of reference are calculated and 
averaged to estimate the macroscopic stress tensor 
components. 

 

4. APPLICATION OF THE MODEL  
TO DESCRIBE PROPORTIONAL  

AND NONPROPORTIONAL CYCLIC  
DEFORMATION 

The developed model was applied to describe the 
response of fcc polycrystalline macrosamples sub-
jected to proportional and nonproportional cyclic 
loading. The representative macrovolume (macro-
sample) was assumed to consist of 343 crystallites 
with the distribution of their orientations in the refer-
ence configuration according to a uniform law. Nu-
merical experiments were carried out on model repre-
sentative volumes of brass (60% Cu, 40% Zn) and 
pure aluminum, which have different values of the 
components of the tensor of elastic properties, initial 
lattice resistance, stacking fault energy (155 mJ/m2 
for aluminum, 50 mJ/m2 for brass), and hardening 
law parameters. The initial dislocation densities are 
assumed to be the same and equal to 109

 cm–2. The 
initial barrier densities are zero. 

Loading in the considered numerical experiments 
is induced kinematically. Two loading programs  
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Fig. 2. Loading programs: simple tension/compression (a) and stepped loading along the path A-B-C-B-A-D-E-D (two steps) (b) 
in a two-dimensional subspace of Ilyushin’s five-dimensional strain space. 

 

 

Fig. 3. Loading programs with radial paths in a two-dimensional subspace of Ilyushin’s five-dimensional strain space, 4 (a) and 
8 rays (b). 

 
are considered: proportional and nonproportional. 
Deformations are limited by maximum equivalent 
strain amplitudes. The main purpose of the study is to 
analyze the differences in the response of the materi-
als under different loading programs, which are ob-
served in full-scale experiments [40–44]. At small 
displacement gradients, lattice rotations in crystallites 
can be neglected and the loading can be specified in 
terms of small strains and strain rates. Kinematic 
loads are given by vector components in Ilyushin’s 
five-dimensional strain vector space. Proportional 
loading was described by specifying one vector com-
ponent, and for nonproportional loading we specified 
the time dependences of two strain vector compo-
nents (Figs. 2–4). 

The results of numerical cyclic loading tests on 
brass and aluminum macrosamples along a rose-
shaped path are shown in Fig. 5. 

It is of most interest to describe the additional har-
dening effect, i.e., an increase in the equivalent stress 
amplitude under nonproportional loading in compari-
son with proportional cyclic loading at the same 
equivalent strain amplitudes. Using the specified ki-
nematic loads, we determined the maximum equiva-
lent stresses (after reaching stationary values in the 
curve of stress amplitude versus accumulated strain). 
To evaluate the amount of additional hardening in 
terms of the obtained maximum equivalent stresses, 
we subtracted from them the maximum equivalent 
stresses obtained in proportional cyclic loading tests  
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Fig. 4. Loading programs with rose-shaped paths in a two-dimensional subspace of Ilyushin’s five-dimensional strain space, 4 (a) 
and 16 petals (b) (color online). 

 
(also after the curve reached a stationary value) and 
referred to the latter, thus determining the amount of 
additional hardening as a percentage of the reference 
value. Data on the relationship between the amount 
of additional hardening and the loading program are 
presented in Table 2. 

Numerical experiments showed that additional 
hardening is more pronounced in the material with  
 

low stacking fault energy (brass) for the same load-
ing programs. The dependence of stress amplitude on 
accumulated strain reaches a stationary value on ave-
rage at 45% accumulated strain. In this case, the dis-
location densities increase by 4-5 orders of magni-
tude, depending on the complexity of loading. In the 
brass sample, the increase in the flow stress is signifi-
cantly contributed by hardening due to the formation 

 

 

Fig. 5. Dependence of stress amplitudes on accumulated strains in brass (a) and aluminum samples (b) under cyclic loading along 
rose-shaped paths in a two-dimensional subspace of Ilyushin’s five-dimensional space, 4 petals (color online). 
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Table 2. Additional hardening of polycrystalline aluminum and brass samples for various 
loading programs 

Additional hardening, % 
Stress amplitudes in stationary mode, 

MPa Loading program 

Aluminum Brass Aluminum Brass 

Tension/compression 0.0 0.0 207.1 312.3 

Stepped, 2 steps 0.6 5.1 208.4 328.1 

Stepped, 4 steps 0.8 5.3 208.8 329.0 

Radial, 4 rays 1.0 4.9 209.1 327.5 

Radial, 8 rays 1.8 5.3 210.8 328.9 

Radial, 16 rays 2.0 5.6 211.2 329.7 

Rose-shaped, 4 petals 12.6 31.8 233.1 411.6 

Rose-shaped, 8 petals 14.5 35.9 237.2 424.4 

Rose-shaped, 16 petals 15.3 37.5 238.8 429.5 

 
of barriers on split dislocations. The qualitative 
agreement of the calculation results to the experi-
mental data reported in [40, 41] suggests that the de-
veloped model is in principle applicable for describ-
ing the cyclic, including nonproportional, loading of 
materials with different stacking fault energies. 

5. CONCLUSIONS 

The structure and mathematical formulation of a 
three-level dislocation-based model for describing the 
deformation of polycrystalline samples under vari-
able kinematic loading programs were considered. 
The main focus in the development of the model was 
on describing the defect density evolution and barrier 
formation on split dislocations. The model explicitly 
describes the behavior of arrays of perfect and split 
dislocations on slip systems, which allows one to de-
scribe in detail the deformation and hardening me-
chanisms of materials subjected to arbitrary deforma-
tion paths. 

The proposed model was applied to describe pro-
portional and nonproportional cyclic deformation of 
fcc polycrystalline samples with significantly differ-
ent stacking fault energies. It was shown that materi-
als with low stacking fault energy under nonproporti-
onal cyclic loading demonstrate more pronounced 
additional cyclic hardening compared to materials 
with high stacking fault energy. 
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