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Abstract
Understanding of mechanical properties of materials and a possibility to predicting them
from ab initio calculations have fundamental importance for solid state theory. In this
work we establish a significant correlation between the product of the macroscopic
parameters of localized plastic flow auto-waves in deforming alloys, their length and
propagation rate and the product of the microscopic (lattice) parameters of these
materials, the spacing between close-packed planes of the lattice and the rate of
transverse elastic waves. Thus, these products can be regard as invariants of plastic and
elastic deformation processes, respectively. Moreover, the established regularity suggests
that the elastic and the plastic processes simultaneously involved in the deformation are
closely related. Our work also demonstrates that ab initio simulations can be used for the
prediction of parameters of localized plastic flow auto-waves in deforming alloys.
Keywords: A. Localized plastic flow auto-waves; B. First-principles simulations; C.
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1. Introduction.
Alloying is traditionally considered as one of the most powerful methods for materials
design. The physical and mechanical properties of alloys depend on their chemical
content and on the internal structure which is formed during the manufacturing and
service. For example, the mechanical strength and electrical resistivity are known to be
very sensitive to the phase composition, microstructure, as well as to the concentrations
and structure of various defects (vacancies, impurities, dislocations, grain boundaries,
etc.). For alloy phases variations of the composition allows for a targeted modification of
the materials characteristics. Consequently, an understanding of fundamental properties
of materials, e.g. their mechanical behavior, is a challenging problem for the modern
materials science.

It is currently accepted that the deformation of a solid exerted to cyclic loading or shock
excitation occurs via wave processes. However, speculation continues concerning elastic
waves, which occur in an elastically deforming solid and plastic waves, which are distinct
from the former in the sense that they are associated with the propagation of plastic flow
fronts in the deforming material. During the recent decades numerous investigations
have addressed the generation of the above two classes of waves in a deforming solid [114]. The physical properties of these waves and the conditions favoring their generation
have been studied extensively. Nonetheless, recent investigations suggest that waves of
yet another kind are likely to be generated in a solid subjected to tensile loading at a
constant rate [1,2].
In particular, the experimental studies of plastic flow in metals and alloys [1-5] have
unambiguously demonstrated its tendency towards localization behavior from yield point
to failure. Typical localization patterns observed by mechanical testing using a technique
of double-exposure speckle-photography [6] are shown in Fig. 1. Figure 1 indicates that
the patterns have very complex structure characterized by a typical macroscopic scale of
about 10-2 m. This suggests that the deforming medium becomes spontaneously stratified
into macroscopic layers, with deforming (active) layers alternating with non-deforming
(passive) ones. In a general case, the boundaries between such layers are mobile;
therefore, the process of plastic flow is conventionally considered as evolution of
localized plastic flow zones.

Figure 1 Example of localized plastic flow autowave generated at the linear work
hardening stage in the single crystal of high-manganese steel Fe + 13%Mn + 1%C; ε xx local elongation; x and y- specimen length and width, respectively;  - nucleus spacing

(autowave length); V aw - autowave propagation rate. The kinetics of macro-localization
pattern evolution was investigated using time evolution of local nuclei’s positions, as
discussed below (see Fig. 2).
The localization phenomenon is a self-organization processes [1,2], where the term ‘selforganization’ is used, according to Haken [7], to indicate that the system acquires
spatial, temporal or functional structure in the absence of any specific periodic external
action. Importantly, the localized plastic flow patterns have all the particular features of
autowave (self-excited) process. Moreover, it has been shown that the emergent localized
plastic flow patterns strictly correspond to the well-known plastic strain stages [10], and
the rule of correspondence has been introduced [8,9], stating that in accordance with the
acting work hardening law each plastic flow stage involves a special kind of autowave
process. The autowave features of the localized plastic flow patterns are of major
importance at the linear stage of deformation hardening as the plastic flow localization
takes on the form of phase autowave, which has length   10-2 m and propagation rate
10-5  Vaw  10-4 m·s-1. The autowaves in question are distinct from the well-known
plastic deformation waves that are generated in solids under shock loading which are
described by Kolsky in [13].
For a set of pure metals a phenomenological model of plastic flow localization introduced
[8,9], succeeded to correlate macroscopic parameters of the autowaves, λ and Vaw for
easy glide and linear work hardening stages to the materials specific microscopic
parameters, the spacing d between close-packed planes of the lattice and is the rate of
transverse elastic waves V :
Vaw  1 2 dV ,

(1)

In this work we establish a reliability of this model for the important case of metallic
alloys. Because in this case reliable experimental information on the materials specific
microscopic parameters are often not available, we determine them form first-principles
computer simulations [15], which are known to give reliable results for thermodynamic
and mechanical properties of metallic systems, including disordered alloys, without any
adjustable parameters fitted to the experiment [16]. Using the experimentally determined
autowave length and propagation rate for a set of technologically important alloys and the
interplanar distance d and transverse elastic waves velocity V , calculated by means of
the Exact Muffin Tin Orbital (EMTO) Method combined with the Coherent Potential
Approximation (CPA) [17] we extend the validity of Eq. (1) to a qualitatively new class
of materials systems.
2. Experimental determination of autowaves macroscopic parameters.
The alloy systems consisted in the present study are summarized in Table I. All these are
technologically important materials. For example, austenitic Fe-Cr-Ni alloys belong to
the important class of steels, stainless steels, known for their corrosion resistance and

excellent mechanical properties, including strength, stiffness, and toughness. Fe-Mn
alloys are known for their extraordinary strengthening behavior during plastic
deformation. The iron-silicon system is important for metallurgy, thermoelectric
applications, electrotechnic industry, and geophysics [18,19]. Zr-Nb alloys are of high
Table I. Alloy systems considered in the present study.
Alloy composition (wt. %)

Crystal
structure

Single crystal growth direction
/polycrystalline (grain size in mm)

Fe + 18%Cr +18% Ni+ 0.35%N

fcc

Single crystal [ 1 11] , [001]

Fe + 13%Mn + 1%C

fcc

Fe + 3%Si
V + 2,3%Zr + 0,4%C
Zr + 1%Nb
Ti + 2,8%Al + 5%Mo + 4,5%V

bcc
bcc
hcp
hcp

Single crystal [ 1 23] , [012], [ 1 11] , [ 3 77]
Single crystal [143]
Polycrystalline (5103)
Polycrystalline (3103)
Polycrystalline (9103)

Cu

fcc

Single crystal [1 39]

Ni

fcc

Single crystal [ 1 67]

interest for nuclear energetic. Vanadium-based alloys are considered as attractive
materials for high-temperature applications. To establish a correspondence with earlier
studies [8,9], we also considered pure metallic systems, fcc single crystals of Cu and Ni.
All the single crystals, from which the test specimens were cut out, had been grown by
the Bridgman method in the atmosphere of inert gas. The test specimens were doublespade like in shape and had thickness 1.3…1.5 mm; their gauge part had dimensions
285 mm. These were subjected to tensile loading at a constant rate at room temperature
on a universal test machine “Instron-1185”.
The experimental observation of localized plastic flow autowaves was carried out by
means of a specially developed speckle photography technique related to focused-image
holography [6]. The technique is implemented within Automatic Laser Measuring
Complex (ALMEC) [6], allowing for the reconstruction of the displacement vector field
during deformation of flat samples. The spatial distributions of plastic distortion tensor
components can be used to locate localized plastic flow nuclei; the kinetic characteristics
of the nuclei can be determined from the temporal evolution thereof. The characteristics
of autowaves are determined as the distance between the localization nuclei (length of
autowave, , Fig. 1). Considering their temporal evolution (Fig. 2), one finds the rate of
autowave propagation V aw from the angle of the line connecting positions of the nuclei
at different times. Table II summarizes experimentally measured characteristics of
autowaves,  and V aw for the systems studied in this work.

Figure 2. Procedure for measuring wavelength, λ , and oscillation period, T, of
autovewes. Distance X is measured along the specimen length, t shows the loading time,
points represent local nuclei’s positions. The motion rate Vaw = . Example in the
T
figure shows the measurements for the single crystal of high-manganese steel Fe + 13%Mn
+ 1%C.

Table II. Experimentally determined macroscopic parameters of the autowaves  nucleus spacing (autowave length); Vaw - autowave propagation rate, calculated
microscopic parameters, d – the spacing between close-packed planes of the lattice and
the rate of transverse elastic waves V for metals and alloys considered in this work (Table
I). The corresponding products of macroscopic and microscopic parameters from Eq. (1),
as well as the ratio, Eq. (2), are also presented.
Alloy systema

№

 103 Vaw 105
m
exp.

 Vaw 107
m2/s
exp.
2.55

1

Fe-Cr-Ni

5.0

m/s
exp.
5.1

2
3

Fe-Mn
Fe-Si

5.0
4.3

4.7
5.2

2.35
2.24

4
5
6
7
8

V-Zr
Zr-Nb
Ti-Al-Mo-V
Cu
Ni

4.0
5.5
7.0
4.5
3.5

7.0
3.5
5.0
8.0
6.0

2.80
1.93
3.50
3.60
2.10

a

V  10 3

d  V 107

m/s
calc.

d  1010
m
calc.

2.39b
2.48c
2.18c
2.52b
2.56c
2.87
2.04
2.80
2.18
2.59b

2.10b
2.08c
2.08c
2.01b
2.00c
2.13
2.46
2.22
2.10
2.04b

5.02b
5.16c
4.53c
5.07b
5.12c
6.11
5.02
6.22
4.58
5.28b

2

m /s
calc.

For exact compositions of the alloys and their crystal structures see Table I. The
influence of interstitial impurities is not considered in calculations.
b
Ferromagnetic order is assumed in calculations.
c
Calculations are carried out within the disordered local moment model simulating the
paramagnetic state above the magnetic transition temperature.

2Vaw
dV
1.02b
0.99c
1.04c
0.88b
0.88c
0.92
0.77
1.13
1.57
0.80b

3. Theoretical calculations of materials specific microscopic parameters
Materials specific microscopic parameters, the spacing d between close-packed planes of
the lattice and is the rate of transverse elastic waves V were calculated from the firstprinciples using the EMTO-CPA method [17]. Its use in this work was motivated by a
successful track record of this method in earlier applications [17-23]. In addition, we
employed the Debye-Grüneisen theory of Ref. [24] that relates V to share modulus S
and suggests to estimating S from bulk modulus B via relation S~0.3B, giving the final
expression for the rate of transverse elastic waves:
V 

S





0.3B



.

(4)

Despite its simplicity, the approach has been shown to give reliable results for pure
metals [24], as well as for alloys [25,26].
For the exchange-correlation energy and one-electron potential, following the arguments
of Ref. [16], we obtain the self-consistent electron densities within the local-density
approximation (LDA) and then calculate the total energies in the generalized gradient
approximation (GGA) using full charge density formalism [27]. The Brillouin zone
integration was carried out using 1240, 1240 and 679 k-points for the fcc, bcc, and hcp
systems, respectively. The energy integration, needed to determine the charge density
within the EMTO method has been carried out in the complex plane using a semi-elliptic
contour comprising 24 energy points. The calculations were performed for a basis set
including valence spdf−orbitals, whereas the core states were recalculated at each
iteration of the self-consistency loop. In our CPA calculation we included the screening
contribution to the electrostatic potential and energy [16] to take into account the effect of
charge transfer between the alloy components. For Fe-Si and Fe-Cr-Ni alloys, we
considered ferromagnetic, as well as the so-called disordered local moment (DLM) [18]
magnetic configurations, the latter being an accurate model for the simulation of the
paramagnetic state above the magnetic transition temperature [18, 22, 23]. Fe-Mn alloys
were simulated only within the DLM model, as it gives more accurate description of their
elastic properties [29]. Because the CPA does not allow one to treat the effects of local
lattice relaxations, they were neglected in the present study. For this reason, we limited
theoretical simulations by substitutionally disordered alloys, and we did not considered
the influence of C or N impurities on the properties of alloy systems, studied
experimentally (Table 1). This is a reasonable approximation for establishing qualitative
correlations between macroscopic and microscopic parameters, which is the main goal of
the present work. Modified Morse equation of state [24] was used to fit energy
dependences on volume for each system considered in this study.
Table II summarizes calculated values of d and V for the systems studied experimentally
in this work. Note that the experimental information is available for only few systems
(pure Cu and Ni, as well as Fe-Si and Fe-Mn alloys), and accuracy of the calculated
interatomic distances is found to be rather high, better than 1 %. A comparison between

calculated and experimental bulk moduli shows, as expected, somewhat lower, with the
error around 10%. Still, this is a typical accuracy of first-principles simulations,
confirming the reliability of the EMTO-CPA method, chosen for the present work.
However, giving additional approximations introduced by the Debye-Grüneisen theory
[20] we should expect the accuracy of calculated values for V to be somewhat lower as
compared to the interlayer spacing d. At the same time, the CPA, adopted for the
treatment of the substitutional disorder is seen to be quite accurate, and does not
introduce any additional errors to the calculated lattice parameters and bulk moduli as
compared to pure elements. Thus, our theoretical tools are sufficiently accurate for the
main purpose of the present work, that is to investigate the phenomenological correlation
V
between macroscopic parameters of the autowaves, λ and aw and materials specific
microscopic parameters, d and V , given by Eq. (1), extending the treatment from pure
elements to the alloy phases.
It is interesting to point out that magnetic effects, which often strongly influence
thermodynamic properties of metallic alloys [20, 22, 23, 29], turn out to be less
significant for systems considered in this study. Indeed, both interlayer spacing d and V ,
calculated for bcc Fe-Si alloy, as well as for fcc Fe-Cr-Ni alloy turns out to be quite close
to each other. At the same time, we would like to call attention to the following important
fact. Fe-Cr-Ni alloys with compositions relevant for the present study have very low
magnetic ordering temperature, and at room temperature they are paramagnetic [30]. As
emphasized in Ref. [31], a treatment of paramagnetic system as nonmagnetic can lead to
erroneous conclusion. In particular, our nonmagnetic calculations carried out for the
random fcc Fe72Cr16Ni12 alloy show that within this approximation lattice parameter (3.48
Å) and bulk modulus (264 GPa) are significantly different from the values calculated
within the DLM model, 3.54 Å and 156 GPa, for the lattice parameter and B respectively.
Thus, the adoption of the DLM description for the paramagnetic phases of magnetic
alloys considered in this study is essential for their proper description.
4. Discussion
A comparison between calculated products of microscopic material specific parameters d
V
and V and measured macroscopic parameters of the autowaves λ and aw , obtained
for studied metals and alloys is given in Table II. Also, Fig. 5 clearly demonstrates that
the dependence of λ / d ratio on V / Vaw ratio is nearly linear. Matching this data
suggests that the phenomenological correlation, given by Eq. (1) is fulfilled within an
acceptable range of accuracy also in case of alloy systems, investigated in this work.
2  Vaw d  V 
Moreover, Eq. (1) is validated by the fact that the average ratio
1.01 0.2
obtained for studied metals and alloys is quite close to unity.

Equation (1) is physically significant since it establishes a quantitative relationship
between the micro-scale (lattice) characteristics (d and V ) of elastic waves which
govern elastic deformation processes on the one hand and the macro-scale characteristics

Figure 3. λ / d ratio as a function of V / Vaw ratio for metals and alloys investigated in this
work (for exact compositions and crystal structures see Table I). Nearly linear
dependence provides a verification of the validity of Eq. (1).

(  and Vaw ) of localized plastic flow autowaves which are generated in deforming
media on the other hand. In this case, it might be reasonable to regard the products
d V and   Vaw as invariants of elastic and plastic deformation processes, respectively.
The above regularity suggests that the elastic and the plastic processes simultaneously
involved in the deformation (   1 and   1 , respectively) are closely related. The
quantity V is the rate of elastic stress redistribution in the deforming solid and the
V
quantity aw is the rate of localized plasticity front rearrangement in the same solid. Thus,
the macro-scale localization of plastic deformation can no longer be regarded as a mere
disturbance of plastic flow homogeneity by necking. Moreover, the localization
phenomena are seen to be an attribute of the plastic deformation, with their characteristics
being closely associated with and largely determined by the properties of crystal lattice.
Conclusions
In this work we investigated a possibility to determine macroscopic parameters for the
description of localized plastic flow autowaves in deforming alloys from first-principles
theoretical simulations. On the base of experimental data a significant regularity is
established for the autowave process of plastic flow localization in a range of metals.
Using experimentally determined autowave lengths λ and propagation rates Vaw , we

establish by means of first-principles calculations a close correlation between the product
of the macroscopic parameters of the autowave process,   Vaw , and the product of the
microscopic (lattice) parameters of material, d V , where d is the spacing between the
close-packed planes of the lattice and V is the rate of transverse elastic waves.
Considering the accuracy of theoretical calculations, we conclude that further
improvement of the calculated parameters can be achieved by going beyond the DebyeGrüneisen theory of Ref. [24] and calculating the transverse elastic wave rate directly
from ab initio elastic constants. Though this path is substantially more time consuming, it
should lead to higher accuracy of the determination of microscopic parameters for the
description of localized plastic flow auto-waves, especially in hexagonal and magnetic
alloys.
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