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Abstract—A numerical study is conducted on the influence of the polycrystalline structure, strain rate, and 
constrained boundary conditions on the plastic strain localization and fracture of 6061-T6 aluminum alloy 
under dynamic loading. The investigation is carried out on a three-dimensional polycrystalline structure ge-
nerated by the step-by-step packing method. The deformation behavior of 6061-T6 aluminum alloy under 
different strain rates and temperatures is described using a relaxation constitutive equation. The initiation and 
growth of cracks are taken into account using a strain criterion. The developed models and polycrystalline 
structure are implemented into the ABAQUS/Explicit finite element package to simulate tension of the alu-
minum samples. It is shown that taking into account the polycrystalline structure leads to lower values of the 
macroscopic yield stress in comparison with a homogeneous sample. The strain rate and constrained boun-
dary conditions are shown to affect the crack initiation site and fracture patterns. 
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1. INTRODUCTION 

Aluminum alloys are widely used in the aero-
space, aviation, and automotive industries due to 
high specific strength [1, 2] and ability to operate 
under thermomechanical loads in a wide range of 
strain rates. The most commonly used alloys are of 
6061 series, in particular, Al6061-T6 [1, 3]. 

The dynamic deformation of alloys is described 
using relaxation constitutive relations, which can ge-
nerally be divided into two main categories [4, 5]: 
macrophenomenological and physically based ones. 
Macrophenomenological models are simple and in-
clude a relatively small number of parameters that 
have no physical meaning and are determined by 
simple approximation of experimental data. How-
ever, their application is limited by the lack of physi-
cal validity. For example, there are certain ranges of 
strain rates and temperatures for most of these mo-
dels within which the results obtained with the model 
are consistent with experimental data. Therefore, 
each model is usually suitable for describing a parti-
cular alloy or a limited group of alloys [6]. The lite-
rature contains many macrophenomenological consti-
tutive models, such as Johnson–Cook [7], Khan– 
 

Huang [8], Khan–Huang–Liang [9], Bodner–Partom 
[10], Fields–Bachofen [11], and their modifications 
proposed for more accurate predictions [6, 12, 13]. 

Physically based models are used to account for 
the microstructural evolution of the material, disloca-
tion dynamics, and thermal activation at high strain 
rates and temperatures. They can more accurately de-
termine the material behavior in a wide range of 
loading conditions, but deal with a relatively large 
number of material constants. There are many physi-
cally based models, such as Zerilli–Armstrong [14], 
dynamic recrystallization [15], Preston–Tonks–Wal-
lace [16], Rusinek–Klepaczko [17], and Voyiadjis–
Almasri [18]. The thermomechanical model of Ne-
mat-Nasser and Guo [19] is based on the dislocation 
theory of plastic flow in metals, takes into account 
the effect of temperature and strain rate, and was suc-
cessfully applied to describe the dynamic deformati-
on of steels [20]. In the present paper, this model is 
used to study the dynamic deformation and fracture 
of 6061-T6 aluminum alloy. Fracture of metallic ma-
terials is modeled within the framework of various 
theories, including continuum damage mechanics, 
Gurson–Tvergaard–Needlman, and other phenome-
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nological models [21–24]. In [23], the damage accu-
mulation function depends on temperature, strain 
rate, and the size of dynamically recrystallized 
grains. In this work, a strain fracture criterion is used, 
taking into account the type of stress state. 

Real materials have polycrystalline structure, 
which affects their deformation and fracture behavior 
because grain boundaries and triple grain junctions 
are additional sources of stress concentration. Thus, 
for a reliable prediction of material deformation, in 
addition to the strain rate and temperature, it is neces-
sary to account for the structural heterogeneity of the 
material. 

There are well-known methods for modeling hete-
rogeneous structures, such as Monte Carlo [25], front 
tracking [26], Voronoi–Delaunay [27], cellular auto-
mata [28], etc. Some of these methods have been 
successfully used in recent decades for modeling 
three-dimensional structures. However, increasing 
spatial dimensions, memory and computation time 
requirements call for the modification and optimiza-
tion of the basic algorithms of existing methods and 
development of new methods. Here we generated 
three-dimensional polycrystals using our previously 
developed step-by-step packing method [29]. The ba-
sic idea of the method is that the material volume is 
incrementally filled with structural elements in accor-
dance with a given nucleus growth law. The growth 
laws are chosen so that the morphology of the model 
structure conforms to the experimentally observed 
one. It is shown that in the case of a polycrystalline 
structure the spherical growth law can be applied to 
obtain the grain shape and grain size distributions 
close to the experimental ones. 

There exist various models for studying the stress-
strain state of materials with explicit consideration of 
the polycrystalline structure. The parameters of each 
grain can be set based on its actual physical proper-
ties, such as lattice orientation and mechanical cha-
racteristics. This approach is used in crystal plasticity 
theory. Crystal plasticity models are often used to 
predict the effective properties of bulk polycrystals, 
e.g., in [30], where two types of three-dimensional 
polycrystalline microstructures are considered: 
(i) idealized structures with cubic grains, and (ii) rea-
listic polycrystals built on the basis of a kinetic 
Monte Carlo model. 

Thus, for a reliable description of dynamic defor-
mation behavior by numerical simulations, it is ne-
cessary to take into account the structure, plastic 
strain localization, possible crack initiation and 
growth, the velocity and temperature sensitivity of 

the material, and the influence of boundary conditi-
ons. The simultaneous effect of all these factors has 
not been reported so far in the literature. The defor-
mation of various materials was studied by finite ele-
ment and molecular dynamics simulations taking into 
account the polycrystalline structure and temperature 
[31–33] or strain rate [34–36]. In [37], EBSD data 
were used for finite element modeling of the aniso-
tropic mechanical properties of polycrystalline tanta-
lum. The methodology of the present work is closest 
to that of paper [38], where the deformation of a po-
lycrystalline structure is modeled and the relaxation 
model parameters are selected based on tensile tests 
of 6061 and 5052 aluminum alloys at different strain 
rates and temperatures without considering fracture. 
Then crystal plasticity and damage evolution models 
are used to describe macroscopic necking behavior of 
a tensile specimen, without considering its polycrys-
talline structure but with specifying a random uni-
form law of lattice orientation distribution approxi-
mated by finite elements. 

Previously we studied the plastic strain localizati-
on and fracture of polycrystalline metals and alloys, 
as well as composites with polycrystalline or homo-
geneous matrices under quasi-static loading conditi-
ons [29, 39–42]. Here we investigate the plastic de-
formation behavior and crack initiation and growth in 
Al6061-T6 alloy polycrystals depending on the strain 
rate and constrained deformation conditions. 

2. PHYSICAL AND MATHEMATICAL 
FORMULATION OF THE PROBLEM 

A three-dimensional dynamic problem was solved 
to study the influence of the structure, strain rate, and 
additional boundary conditions on the stress/strain 
distribution and fracture behavior of an aluminum al-
loy. The general system of equations includes the 
momentum conservation law, the continuity equati-
on, and strain rate relations. The structure of a poly-
crystalline sample was generated by the step-by-step 
packing method. The dynamic response of aluminum 
was described using a relaxation constitutive equa-
tion based on the concept of dislocation mediated 
plastic flow. The fracture of local regions of the poly-
crystal was taken into account using the criterion of 
maximum equivalent plastic strain. The structure and 
model were implemented into ABAQUS/Explicit. 
The deformation and fracture of the polycrystalline 
structure were simulated to investigate the influence 
of strain rate and loading conditions on strain locali-
zation and cracking. 
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Fig. 1. Schematic of sample stretching. 

 
2.1. Thermomechanical Relaxation Constitutive 

Equation 

The system of equations is closed by Hooke’s law 
constitutive equations that define the relationship be-
tween the stress and strain rates: 

ij ij ijP S       

 p2 ( 3 ),kk ij ij kk ij ijK               (1) 

where , ,1 2( ),ij i j j iv v    vi are the mass velocity 
vector components, σij, Sij, εij, and p

ij  are the compo-
nents of the Cauchy stress tensor, deviatoric stress 
tensor, total logarithmic strain tensor, and logarith-
mic plastic strain tensor in the Cartesian coordinate 
system of the sample (Fig. 1), P is the pressure, K 
and μ are the elastic bulk and shear moduli, and δij is 
the Kronecker delta. The upper dot denotes the mate-
rial derivative, and the repeated index convention for 
summation is used. 

The plastic strain rate p
ij  is determined by consi-

dering the effective stress as the sum of the athermal 
and thermal components [19]: 

a T
eq eq eq

p p
s s 0 eq r cold( )exp ( ε )

   

       
 

p
eq

11

p
p0 eq eq0
eq
p

0 r

d

1 ln ,

dq

v

k T
C

G


                      

 


 (2) 

where σeq and p
eq  are the equivalent stress and the 

accumulated equivalent plastic strain: 
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a
eq  does not depend on the strain rate and tempera-

ture, is due to long-range effects, and can be related 
to the dislocation density, grain size, formation of 
substructures, etc. Here we apply a phenomenologi-
cal isotropic hardening function, where σs and σ0 
have the meaning of ultimate strength and yield 
strength, p

r  defines the current value of the strain 
hardening coefficient, and T

eq  is associated with 
short-range barriers to dislocation motion. Using an 
associated plastic flow rule in the form 

p
eqp
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3
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and expressing p
eq  from Eq. (2), we obtain 
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where σcold is the stress at which dislocations over-
come the barrier without thermal activation, G0 is the 
energy sufficient for barrier overcoming only due to 
thermal activation, and T is the current temperature: 

p
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T0 is the initial temperature (temperature of the medi-
um in dynamic loading tests of samples), 1   by 
many estimates, ρ is the density, Cv = 0.92 J/(g K) is  
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Fig. 2. Experimental and numerical flow curves of Al6061-T6 aluminum alloy at different strain rates (a, c) and predicted flow 
curves at different test temperatures (b, d) (color online). 

 
the heat capacity, q = 2 and d = 2/3 for many metals 
[19], and k is the Boltzmann constant. 

Fracture of aluminum occurs when the equivalent 
plastic strain reaches the critical value ψ: 

 p
eq .    (6) 

If condition (6) is satisfied, σij = 0 in the local regions 
of bulk tension, while in the regions of bulk compres-
sion the material cannot resist only shear: Sij = 0. The 
constant ψ can be determined experimentally by 
measuring sample deformation at the prefracture 
stage. The implementation of Eqs. (1), (5), and (6) in-
to the boundary value calculations in ABAQUS/ 
Explicit was carried out through the VUMAT sub-
routine. 

2.2. Initial and Boundary Conditions 

Calculations were performed for two types of bo-
undary conditions simulating uniaxial tension of 
samples with free and constrained side surfaces (con-
strained boundary conditions). In both calculations, 
uniaxial tension along the X axis was modeled by set-
ting constant velocities on two opposite surfaces of  
 

the sample. The side surfaces were free from external 
load or were considered as symmetry planes in the 
constrained samples (Fig. 1). 

2.3. Thermomechanical Model Parameters 

The constants in constitutive equation (5) are de-
termined from uniaxial tensile tests. Under uniaxial 
loading, one stress tensor component is nonzero in 
the X direction, and the strain tensor components in 
the Y and Z directions coincide and are proportional 
to the component in the X direction: 

eq0 ,x         

 ,y z x           (7) 
p p p p, ,y z x          

where ν is the Poisson ratio. Taking into account the 
assumption of plastic incompressibility 

 p 0kk  , (8) 

Eq. (1) can be written as 

 p( ),E       (9) 

where Eq. (5), taking into account Eq. (7), reads 
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Table 1. Model parameters in Eqs. (5), (6), and (10) 

ρ0, g/cm3 σs, MPa σ0, MPa p
r , % K, GPa μ, GPa p 12

r 10 ,  s–1 0 ,k G K–1 σcold, MPa ψ, % 

2.7 332 234 9.5 66 26 2.5 6.1 × 10–5 280 10 

 

 
a

p p 0
r

cold

exp 1 ,

qd
G

kT

                   

   (10) 

where 
a p p

s s 0 r1( )exp ( ).         

Ordinary differential equations (ODE) (9) and (10) 
were solved numerically by the fourth-order Runge–
Kutta method. The parameter values were chosen by 
solving a series of direct problems in such a way that 
the calculated σ–ε curves coincided with the experi-
mentally observed mechanical behavior of Al6061-
T6 aluminum alloy at different strain rates and tem-
peratures (Figs. 2a and 2b). The computation time 
can be reduced by orders of magnitude if the optimal 
values of the model parameters are determined by 
solving Eq. (10) instead of solving boundary value 
problems. Initially, the values of σs, σ0, and p

r  were 
calculated by approximating the experimental quasi-
static flow curve. Then, p

r ,  σcold, and G0 were varied 
so that the numerical values coincided with the expe-
rimental ones in the specified range of strain rates 
and temperatures. The found optimal value of G0 was 
of the order of the activation energy of vacancy for-
mation in aluminum. The critical strain ψ corre-
sponded to the beginning of the descending portion 
of the experimental flow curves. Dynamic tensile 
tests on aluminum specimens were carried out at the 
University of Stuttgart, Germany. The model para-
meters are given in Table 1. The determined model 
constants were used for three-dimensional direct nu-
merical simulations modeling the stretching of homo-
geneous samples. The simulation results are in good 
agreement with the ODE calculations and experiment 
(Figs. 2c and 2d). 

Aluminum is a quasi-isotropic material with the 
elastic anisotropy factor of about 20%. Dislocations 
can move along several planes during plastic defor-
mation, which promotes multiple slip and, according-
ly, quasi-isotropic flow and strain hardening. There-
fore, the elastic moduli, ultimate strength, and yield 
strength for individual grains of the polycrystalline 
structure varied randomly in the model in the range 
of ±10% of the average values presented in Table 1. 

The spread of elastic and plastic properties from mi-
nimum to maximum values was about 20%. 

2.4. Generation of Polycrystalline Structure  
and Mesh Convergence of the Solution 

A three-dimensional polycrystalline structure con-
taining 125 grains was built using the step-by-step 
packing method, which includes the following steps. 

1. The computational domain is discretized by a 
rectangular mesh with step h. The mesh node coordi-
nates in the Cartesian system are determined by the 
relationships 

[ ] [ ] [ ]( 1) , ( 1) , ( 1) ,ijk ijk ijkx i h y j h z k h       (11) 
where i = 1, ..., Nx, j = 1, ..., Ny, k = 1, ..., Nz are the node 
indices along the X, Y, and Z coordinate axes, and Nx, 
Ny, Nz are the number of nodes in the respective di-
rections. The cell center coordinates are defined as 

 

[ ]

[ ]

[ ]

( 1) ,
2

( 1) ,
2

( 1) ,
2

ijk

ijk

ijk

h
X i h

h
Y j h

h
Z k h

  

  

  

 (12) 

where i = 1, ..., Nx – 1, j = 1, ..., Ny – 1, k = 1, ..., Nz – 1. 
2. Grains grow by the spherical law. At each step 

of the procedure, the radii of the circles rl around the 
grain nucleation sites increase by Δr: 

 1
c, 1, ..., ,n n

l lr r r l N     (13) 

where 2 ,r h   and Nc is the number of nuclea-
tion sites. 

3. For all cells not belonging to any of the grains, 
it is checked whether the coordinates of their centers 
fall into any of the domains 

[ ] 2 [ ] 2 [ ] 2 2( ) ( ) ( ) ,ijk ijk ijk
l l lX X Y Y Z Z r       (14) 

where Xl, Yl, Zl are the coordinates of the nucleus l. If 
condition (14) is satisfied, the cell is attached to the 
corresponding growing grain and excluded from the 
verification. The termination criterion for the genera-
tion procedure is the absence of cells that do not be-
long to any of the grains. The growth of equiaxed 
grains at the same rate corresponds to the crystalliza-
tion conditions with uniform cooling without high  
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Fig. 3. Polycrystalline structures approximated by meshes with dimensions of 50 × 50 × 50 (a), 100 × 100 × 100 (b), and 200 × 

200 × 200 (c), crack distribution for meshes of 50 × 50 × 50 (d) and 200 × 200 × 200 (f), corresponding averaged tensile flow 
curves (e). Strain rate 3000 s–1 (color online). 

 
temperature gradients, when all growing grains are 
under the same thermal conditions. 

For checking the mesh convergence, the nuclea-
tion site coordinates (12) were retained. The mesh 
size was changed, and the law of grain growth re- 
 

mained the same. The mesh convergence was studied 
under uniaxial tension using three models with the 
same microstructure, approximated by cubic cells 
with dimensions 50 × 50 × 50, 100 × 100 × 100, and 
200 × 200 × 200 (Figs. 3a–3c). The corresponding  

 

 

Fig. 4. Stress distribution at the elastic stage of polycrystal deformation (a) and averaged tensile flow curves for a homogeneous 
and polycrystalline samples with free boundaries and boundaries constrained in one of the directions (b). Strain rate 10 s–1 (color 
online). 
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Fig. 5. Plastic strain distribution in a homogeneous sample (a) and a sample with a polycrystalline structure (b). Strain rate 10 s–1 
(color online). 

 
crack distributions, which are qualitatively close, are 
shown in Figs. 3d and 3f. The convergence of the 
flow curves with mesh refinement is presented in 
Fig. 3e. Thus, it was established that a 100 × 100 × 

100 mesh is optimal for calculations in terms of the 
balance between time costs and the level of detail of 
the simulation results. Calculations with a 200 × 

200 × 200 mesh require an order of magnitude longer 
computation time and larger data storage space, and 
significantly slow down data visualization and pro-
cessing. 

3. SIMULATION RESULTS 

3.1. Plastic Strain Localization 

Deformation behavior was analyzed comparative-
ly between a homogeneous sample (HS) and a poly-
crystalline sample (PS). The samples were subjected 
to dynamic tension to the same macroscopic strain. 
The elastic and plastic properties of the PS were ran-
domly varied in the grains of the polycrystalline mic-
rostructure within the 10% range relative to the aver-
age values for the HS given in Table 1. Analysis of 
the simulation results showed the following. At the 
elastic stage of deformation, the stress-strain state of 
the PS is inhomogeneous due to the difference in the 
elastic moduli of the grains (Fig. 4a, the state at 
0.26% strain on the blue curve in Fig. 4b). While the 
HS is still undergoing elastic deformation, the PS ex-
hibits local regions of incipient plastic deformation 
(Fig. 5). These regions appear already at the stage of 
deformation when the average stress level is below 
the lowest yield strength for grains, which is due to 
the appearance of stress concentrators at grain 

boundaries and triple junctions. This causes a devia-
tion from the linear elastic behavior on the mac-
roscopic flow curve of the PS (Fig. 4b), while the HS 
continues to deform purely elastically. 

With further increase in load, the grains are sequ-
entially involved in the plastic flow, depending on 
the value of the yield strength. Plastic deformation in 
grains with lower yield strength continues to propa-
gate into the grain bulk, and new localization sites 
appear in grains with higher yield strength at triple 
junctions. It is noteworthy that in the case of fully de-
veloped plastic flow, when the entire HS experiences 
large plastic strains, there are still local regions of 
elastic deformation in the PS (Fig. 6c), which persist 
in grains with the highest yield strength up to 1% of 
the total strain of the sample. The maximum local va-
lues of the equivalent plastic strains at this stage of 
loading can exceed the average value by a factor of 
2–3 (Figs. 6b and 6c). 

It was found that the imposed quasi-plane strain 
conditions in the constrained sample lead to the for-
mation of elongated localization zones where plastic 
strains are close in value, while in the unconstrained 
sample the size of plastic strain localization zones is 
comparable in all three directions (Figs. 6c and 6d). 
The plastic strain localization zones in the planes 
subjected to constrained boundary conditions extend 
at an angle of 45° to the loading axis. It is shown that 
the degree of plastic strain localization in bands in 
the constrained sample is higher than in unconstrain-
ed samples. As a result, the material under constra-
ined conditions is more strengthened and shows a hi-
gher stress level on the macroscopic flow curve 
(Fig. 4b). 
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Fig. 6. Equivalent stress distribution in the sample with a polycrystalline structure (a) and plastic strain distribution in the homo-
geneous sample (b). Equivalent plastic strain distribution in the polycrystalline sample without additional boundary conditions (c) 
and under constrained conditions (d). Strain rate 10 s–1 (color online). 

 
3.2. Effect of the Loading Rate on the Fracture  

of Polycrystalline Aluminum 

The fracture process was investigated on the same 
polycrystalline sample using the same relaxation mo-
del (1), (5), but taking into account the local strain 
fracture criterion (6). 

The study of the relationship between the volume 
fraction of fractured material and the degree and rate 
of deformation in the range from 10 to 5000 s–1 re-
vealed that the volume fraction of fractured material 
in the sample increases with increasing strain rate 
(Fig. 7). 

At a strain rate of 10 s–1, a crack initiates in the 
sample and propagates in a plane perpendicular to the 
loading direction, dividing the sample into two parts 
(Fig. 8a). Above strain rates of the order of 100 s–1, 
additional local fracture sites appear, giving rise to 
multiple cracking (Figs. 8b and 8c). This is due to the 

fact that at low loading rates release waves from the 
primary crack have time to unload other regions of 
local stress concentration before the equivalent plas-
tic strain in them exceeds the critical value. The 
cross-sectional configurations (Figs. 8a–8c) are cho-
sen so as to show the crack propagation in the sam-
ple. At a low strain rate (10 s–1), the crack grows 
through the entire sample, through the plane perpen-
dicular to the tensile axis. Secondary crack initiation 
sites appear as the strain rate increases. As a result, 
the distribution of cracks is uneven. 

The higher the strain rate, the higher the rate of 
increase in local stresses in the concentration regions 
and, accordingly, the rate of plastic strain accumula-
tion. The unloading waves from the local regions, 
which are the first to fracture, do not have time to un-
load other stress concentration regions before the cri-
tical strains are accumulated in them. Thus, the accu- 
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Fig. 7. Dependence of the volume fraction of fractured material on strain (a) and strain rate (b). 

 

 
Fig. 8. Distribution of cracks in a tensile polycrystalline sample stretched to 8% strain at rates 10 (a), 500 (b), 5000 s–1 (c) (color 
online). 
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Fig. 9. Crack initiation in model samples at strain rates of 10 (a), 2000 (b), and 3000 s–1 (c). 

 
mulated equivalent plastic strain exceeds the critical 
value successively in several regions. The higher the 
strain rate, the greater the number of crack initiation 
sites. The sample breaks into several pieces as a re-
sult of multiple cracking (Figs. 8b and 8c). The nu-
merical simulation showed that the effect of the stra- 
 

in rate in the range from 10 to 2000 s–1 on the pattern 
and degree of plastic strain localization in the sample 
at the prefracture stage is insignificant, and therefore 
the primary crack initiates at the same boundary be-
tween grains (Figs. 9a and 9b). At strain rates above 
3000 s–1, the influence of wave dynamics becomes  

 

 

Fig. 10. Crack initiation and growth in samples with free boundaries (a, d) and under constrained deformation conditions (b, e). 
The strain dependence of the average stress (c) and volume fraction of fractured material (f). Strain rate 10 s–1 (color online). 
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Fig. 11. Crack initiation and growth in samples with free boundaries (a, d) and under constrained deformation conditions (b, e). 
The strain dependence of the average stress (c) and volume fraction of fractured material (f). Strain rate 500 s–1 (color online). 

 
more prominent than the influence of structural hete-
rogeneity, and that is why the primary crack initiates 
at a different site (Fig. 9c). 

3.3. Effect of Deformation Constraint  
on the Fracture of Polycrystalline Aluminum 

Constrained boundary conditions simulating qua-
si-plane strain are an additional factor affecting the 
stress concentration, plastic strain localization, and 
fracture behavior. Due to the higher equivalent plas-
tic strains in the strain localization zones, a crack in 
the constrained sample initiates earlier than in the 
sample with free side surfaces (Figs. 10–12). The 
crack initiation sites are different in these two samp-
les (Figs. 10–12). The cracks propagate along plastic 
strain localization bands formed before fracture 
(Figs. 10–12). 

At a strain rate of 10 s–1, two cracks are formed in 
the simulations with constrained boundary conditi-
ons. One of them reaches the loaded surface. The 
cracks propagate at an angle of 45° to the loading 

axis in planes perpendicular to the Z axis (Fig. 10e). 
These results are different from the results obtained 
for the sample with free side surfaces, where one 
crack propagates in a plane perpendicular to the ten-
sile axis (Fig. 10d). 

At a strain rate of 500 s–1, multiple cracking oc-
curs even in the unconstrained sample. The con-
strained sample shows qualitatively the same fracture 
pattern as in the case with a strain rate of 10 s–1. One 
of the cracks propagates to the loaded surface. In 
planes perpendicular to the Z axis, cracks propagate 
at an angle of 45° to the loading axis (Fig. 11e). This 
pattern is also different from the case with free side 
surfaces where multiple cracks propagate perpendi-
cular to the loading direction. 

At a strain rate of 3000 s–1, cracking is more pro-
nounced in the zones of plastic strain localization, 
which are formed under constrained deformation. 
Cracks propagate at an angle of 45° to the loading 
axis in planes parallel to the constrained side surfaces 
(Fig. 12e). In planes parallel to free surfaces, cracks 
propagate perpendicular to the tensile direction from  
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Fig. 12. Crack initiation and growth in samples with free boundaries (a, d) and under constrained deformation conditions (b, e). 
The strain dependence of the average stress (c) and volume fraction of fractured material (f). Strain rate 3000 s–1 (color online). 

 
one constrained surface to the opposite. Thus, in the 
case of constrained boundary conditions, three-di-
mensional cracks are flat cracks conjugated in per-
pendicular directions and oriented at an angle of 45° 
to the loading axis. The primary crack initiates earlier 
in the constrained sample both at a strain rate of 10 s–1 
and at 500 and 3000 s–1. This is because the con-
strained surfaces do not generate unloading waves 
(Figs. 10a, 10b, 11a, 11b, 12a, 12b). 

The volume fraction of fractured material in the 
constrained sample at a strain rate of 10 s–1 is larger 
than in the sample with free side surfaces during the 
entire loading process (Fig. 10f). A different fracture 
scenario is observed at a strain of 500 s–1, where the 
curves of fractured material volume versus strain in-
tersect twice: the volume of fractured material under 
constrained conditions is larger everywhere, except 
for the strain range between the intersection points 
(Fig. 11f). At a strain rate of 3000 s–1, the curves in-
tersect once; the fractured material volume in the 
constrained sample is larger up to the point of inter-
section and lower after the point, corresponding to 

approximately 2.6% strain (Fig. 12f). Finally, we can 
conclude that constrained deformation conditions 
have a negative effect at low strain rates, leading to 
more rapid fracture of the polycrystal. At medium 
strain rates, there is a strain range in which the crack 
growth rate in constrained regions of the loaded ma-
terial can be reduced. At high loading rates, con-
strained conditions have a negative effect at the ini-
tial stages of fracture, but can inhibit cracking in the 
regions of intense deformation of a polycrystalline 
material. 

4. CONCLUSIONS 

A relaxation constitutive equation for multidimen-
sional flows was derived on the basis of a physically 
justified model. The thermomechanical model para-
meters for 6061-T6 aluminum alloy were determined 
in the range of strain rates of 0.01–500 s–1 and tempe-
ratures of 77–430 K. The mesh convergence of the 
solution for the fracture of samples was studied with 
explicit allowance for the polycrystalline structure, 
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and the optimal size of the computational mesh was 
determined. 

Numerical analysis was performed to investigate 
the effect of microstructure, strain rate, and con-
strained boundary conditions, which simulate quasi-
plane strain, on the deformation and fracture of poly-
crystalline aluminum. It was found that taking into 
account the polycrystalline structure leads to the for-
mation of plastic strain localization sites in the early 
stages of loading, when a homogeneous sample is 
still at the stage of elastic deformation. In the case of 
fully developed plastic flow, when the entire homo-
geneous sample already experiences large plastic 
strains, the polycrystal still exhibits local regions of 
elastic deformation. Taking into account the poly-
crystalline structure of the samples leads to lower va-
lues of the macroscopic flow stress. 

At a strain rate of 10 s–1, a crack initiates and pro-
pagates in a plane perpendicular to the loading axis. 
As the strain rate increases to a threshold value of 
100 s–1, additional local fracture sites appear and 
multiple cracking occurs in the sample. At strain 
rates above 2000 s–1, the influence of wave dynamics 
becomes more significant than the influence of struc-
tural heterogeneity, and therefore the primary crack 
initiates at a different site in the sample. 

It is shown that constrained boundary conditions 
strongly affect the plastic strain localization and frac-
ture behavior of polycrystalline aluminum. Three-di-
mensional cracks under such conditions are conjugat-
ed flat cracks propagating at an angle of 45° to the 
loading axis. Constrained conditions accelerate the 
fracture of the material at low strain rates in the en-
tire strain range, and can inhibit the growth of main 
cracks at medium and high strain rates. 
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