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Atomic-sizes’ misfit and elastic-moduli misfit for the solute atoms at the
crystal-lattice sites in concentrated solid solution, notably, in multicompo-
nent alloy, can be considered as discrete random variables. Definition of var-
iance of such random variables allows to develop method and analytical ex-
pressions to determine the main parameters of stochastic shearing-stresses’
field that is generated within the glide plane by solute atoms. The main pa-
rameters are the standard deviations and correlation lengths of the short-
and long-wavelength components of this field. The developed method also
shows that it is possible to determine two different effective distortions of
crystal lattice, each of which is responsible for its own component of the
shearing-stresses’ field. Another conclusion of the new method is that there
is no single empirical constant for all alloys at once to determine the yield
strength using the shear modulus and average lattice distortion. The short-
wavelength component of the shearing-stresses’ field within the glide plane
creates dominant force barriers, which the dislocation can overcome by the
thermal-activation assistance. The long-wavelength component creates bar-
riers, which can be overcome athermally, that is, by applying additional me-
chanical stress. All these barriers can be described using the main parameters
of the shearing-stresses’ field. Effect of solute atoms located farther from
the glide plane on yield strength cannot be neglected because they create
long-wavelength component of the shearing-stresses’ field. The analysis of
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overcoming barriers from the short- and long-wavelength components of the
shearing-stresses’ field is resulted in describing the temperature dependence
of the yield strength of a multicomponent alloy. This dependence describes
well the mechanical behaviour of the alloy in a wide range of temperatures,
including in the range of the high-temperature ‘plateau’, except very low and
very high temperatures, where additional factors and mechanisms operate.

Key words: multicomponent alloy, solid solution, glide plane, shearing
stresses, dislocation, yield strength.

HeBignoBigaocTi aToMOBUX PO3MipiB i MOAYJIiB IPYsKHOCTU OJIs POSUMHEHUX
aTOMiB y By3JlaX KPUCTAJTIUYHUX I'PATHUIIL KOHIIEHTPOBAHOTO TBEPOT0 PO3UM-
HY, AKUN ABJsA€ c000I0 0AraTOKOMIIOHEHTHUH CTOHI, MOMKHA PO3TJIALATU SAK
OUCKPETHI BUIIAAKOBI BeJWUYWHU. BH3HaueHHA auciepcii mux BHUOATKOBUX
BEJIMUUH YMOKJIMBJIIOE PO3POOUTH METO PO3PAXyHKY 1 OJlep:KaTu aHaAJIiTUUYHIL
BUPAa3u AJIA OCHOBHUX IapaMeTPiB MOJIA CTOXACTUUYHUX 3CYBHUX HANPY KEHb,
AKUX 3TeHEePOBAHO Y IJIOIINHI KOB3y posunHeHUMHU atromaMu. OCHOBHUMU IIa-
pamMeTpaMHu € CTAaHAAPTHI BiAXWaM Ta HOBMXKUHU KOPEJIAIlii KOPOTKO- Ta JOBIO-
XBUJILOBOI KOMIIOHEHT ITLOTO IT0JIsI. PO3p0o0eHnI MeTO TaKOK ITOKA3ye, II0
MOJKHA BUBHAUMTH OBl pisHi edeKTUBHI aucropcii KpucTraaiuyHUX I'PATHUIb,
KOJKHA 3 IKUX BiAIIOBiZjlae 3a CBOI0O KOMIIOHEHTY IIOJISI 3CYBHUX HAIIPY KE€Hb.
IIle ogH BUCHOBOK HOBOT'O METOAY: HEMA€E €AMHOI eMITipUYHOl KOHCTAHTHU OJI-
pasy IJid BCiX CTOMiB, 1100 BU3HAUNTU I'PAHUILL IIJIUHHOCTHU Yepe3 MOIYJIb 3CY-
By Ta CepelHIO AUCTOPCiio Ir'paTHUIb. KOPOTKOXBUJIHOBA KOMIIOHEHTA IIOJIA
3CYBHHUX HAIPYKeHb y ILIOINHI KOB3Y CTBOPIOE AOMiHAHTHI cuioBi 6ap’epw,
AKi IMCIOKAIliag MOXKe TOoJIaTH 3a AOIIOMOro0 TepMiuHoi akTuBarii. JJoBroxsu-
JIbOBA KOMIIOHEHTAa CTBOPIOE 6ap’epu, AKi MOXKYTh OyTH IIOZ0JIaHI aTepMiuHO,
TOOTO HMIIAXOM IIPUKJIAJAHHA JOSATKOBOTO MEXaHiuHOro HAIpy KeHHd. Bei imi
6ap’epu MOKHA OMMMCATH 34 AOIIOMOTOI0 OCHOBHUX HapaMeTPiB IOJISI 3CYBHUX
HanpyxeHb. He MOXHa HeXTyBaTW BIJIMBOM aTOMiB PO3YMHEHOI PEUYOBUHU,
PO3TAIIIOBAHUX AAJi Bif ILJIOITUHU KOB3Y, Ha I'PAHUINIO0 IIJIMHHOCTH, OCKiJIbKH
BOHU CTBOPIOIOTH JOBMOXBUJIBOBY KOMIIOHEHTY IIOJISI 3CYBHUX HAIIPY KeHb.
Amnatiza nmogosianHA 6ap €piB BiJ KOPOTKO- Ta JOBrOXBUJILOBOI KOMIIOHEHT IIO-
JIsT 3CYBHUX HANPYKeHb Ja€ HAaM TeMIepaTypHY 3aJIe’KHiCTh 'PaHUILl IIJIUHHO-
cTu 6araTOKOMIIOHEHTHOTO CTOIYy, IKa MOJKe JoOpe OmrcaTy MeXaHiuHy moBe-
IiHKY cTOmy B IIIMPOKOMY JisiTa30Hi TeMIepaTyp, B TOMY YHCJIi ¥ B obJacTi
BHUCOKOTEMIIEPATYPHOTO «ILJIATO», 34 BUHATKOM Jy:Ke HU3SBKHUX i AysKe BHUCO-
KHX TeMIIepaTyp, Ae Jil0Th JOJAAaTKOBi UMHHUKY Ta MeXaHi3Mu.

Karouosi ciioBa: 6araToKOMIIOHEHTHHUI CTOI, TBEPAUI PO3UNH, ILJIOIINHA KOB-
3y, 3CYBHi HAIIpy:KeHHA, JUCJIOKAIil, Me)Ka IJINHHOCTH.

(Received 6 June, 2024, in final version, 14 October, 2024 )

1.INTRODUCTION

Multicomponent alloys are promising materials that demonstrate
many unique properties, in particular, very high yield strengths[1, 2].
The yield strength of such alloys, which are mostly substitutional solid
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solutions, depends on the distribution of internal stresses in the mate-
rial. It should be noted that the distribution of internal stresses affects
the shape of the dislocation line, which also affects the stress required
to start its movement in the glide plane [3]. Solid solution strengthen-
ing allows achieving high yield strength in multicomponent alloys
even at high temperatures. Thus, the concept of solid solution
strengthening allows obtaining materials for applications in a wide
range of temperatures [1]. Such features of the mechanical behaviour
of these materials are very useful for use in modern technology [1, 2].

Crystal lattice distortion created by solute atoms results in stochas-
tic shear stresses in the dislocation glide plane. The different atoms in
the solid solution have some atomic size misfit and elastic modulus
misfit in comparison with the average atomic size and the effective
elastic modulus of the alloy. These misfits lead to distortion of the
crystal lattice, which varies randomly in space. Local distortion
changes with temperature, and understanding the features of these
changes is important for determining the temperature dependence of
the material’s yield strength. In such a way, crystal lattice distortion is
a source of internal stresses. In the case of alloys where there is no
dominant component, the internal shear stress at any point of glide
plane is a random variable, which typically has a statistical distribu-
tion according to the normal law, because these stresses are the sum of
contributions of many solute atoms, which are located around the glide
plane. In general, these internal stresses follow a zero balance, that is,
the stress averaged over the entire glide plane must be zero. Regions
with stresses of different signs alternate with each other on the glide
plane, which results in a zero balance of forces. The average size of the
region where the stresses have the same sign is an important character-
istic of the stochastic shear-stress field, which determines its correla-
tion length. These stresses lead to forces acting on the dislocation, af-
fecting its shape, and creating resistance to its movement due to the
deviation of dislocation shape from a straight line. The wavy equilibri-
um shape of the dislocation is formed by the balancing of the forces
acting on individual segments of the dislocation due to shear-stress
field and the forces of linear tension, which in turn depend on the
shape of the dislocation line. Thus, this shape is a set of ‘waves’, i.e.,
bulges of different lengths and heights. To estimate the parameters of
the average bulge, the first step is to determine idealized shape of the
bulge.

One of such attempts was the consideration of the quadratic parabol-
ic form of such bulge [3]. The use of the shape of an arc of a circle is also
quite widespread [4]. For bulges, in which the height is much smaller
than the length, these two idealized shapes give the same numerical re-
sults. In a numerical experiment using the method of discrete disloca-
tion dynamics, it was found that the best approximation for the shape
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of the average bulge of the dislocation line will be a sinusoidal shape, in
which the wave height is also much smaller than its length [5].

Modelling of solid solution strengthening and yield strength of mul-
ticomponent alloys, which is important for the development of new al-
loys, was considered in many works [3, 6—22]. In particular, the effect
of the dislocation line shape in solid solution on the yield point was
studied in [3, 6—19]. Such modelling allows predicting the likely yield
strengths of such materials and can help in the development of new
promising alloys of this class [3, 6—28]. Many works were devoted to
the theoretical description of solid solution strengthening and the cor-
responding formation of the temperature dependence of the yield
strength [3, 6—31]. In work [3], the critical stress necessary for the
start of dislocation motion in the stochastic shear-stress field in the
glide plane, essentially the yield point, is considered. The amplitude of
the shear stresses, the average linear size of the region, where the sto-
chastic stresses have the same sign, and the length of the dislocation
segment, where the elementary-gliding process occurs, i.e., the length
of the average bulge on the dislocation line, are important in this case.
The paper [6] considered the interaction of a moving dislocation with
obstacles in the glide plane, which are created by solute atoms located
in the immediate vicinity of this plane. There are two types of disloca-
tion interaction with obstacles in the glide plane. The first type is when
these obstacles can be considered as points. It is true for very dilute sol-
id solutions, in which there are few solute atoms, which are located at a
large distance from each other [32]. The second type is when the obsta-
cles have a finite range of interaction with the dislocation, i.e. a certain
size in the direction of dislocation motion, and the statistics of the in-
teraction of the dislocation with such obstacles are different from the
first case[3].

A new theory to calculate the yield strength of disordered solid solu-
tions with an arbitrary number of components and an arbitrary compo-
sition, based on the Labusch model, was proposed in [7—15]. In these
works, the waviness and roughness of the dislocation line were mod-
elled in a simplified form by the identical trapezoidal protrusions in
two opposite directions lying in the glide plane. The height and length
of the protrusions were determined by first-principles calculations us-
ing density functional method. This theory uses the calculated first-
principles interaction energies of solute atoms with dislocations as in-
puts to determine the yield strength and activation volume as func-
tions of composition, temperature, and strain rate. Reducing waviness
to uniform trapezoidal ridges requires neglecting the actual shape of
the dislocation line, which is actually a sum of bulges of different
heights, lengths, and shapes. Besides, one-dimensional sinusoidal de-
pendence of internal stresses on the coordinate along the direction of
dislocation motion was only considered in this theory. Neglecting the
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real two-dimensional stochastic distribution of shear stresses in the
glide plane can lead to significant errors in determining the shape of
the dislocation line and the yield strength of the material.

The dislocation line shape was modelled using discrete dislocation
dynamics [17]. Such modelling gives a more realistic shape, but it de-
pends on the method of determining the stochastic shear-stress field in
the glide plane. To model the distribution of shear stresses, a special
method was developed in [17]. The force acting from the shear-stress
field on a certain dislocation segment was calculated as a superposition
of forces from randomly located pinning points in the glide plane, each
of which created a Gaussian pinning potential. At the same time, the
force acting on the dislocation from a certain pinning point dropped to
almost zero when moving away from this point. Thus, pinning points
located far from the dislocation segment practically did not act on it.
This way of determining the forces acting on the dislocation and actu-
ally determining the shear-stress field provides a normal distribution
of probabilities for these stresses, since the stress at a certain point is
the sum of many random small contributions from different pinning
points. However, this method has its drawbacks. First, the variance of
the normal distribution is poorly specified by this method, as it de-
pends on the number of pinning points that fall into the zone of influ-
ence around a certain point on the dislocation line. It should also be
noted that the pinning points, which contribute to the force acting on a
certain point on the dislocation line, are located only in the glide plane
in the method proposed in [17]. However, in a real alloy, many crystal
lattice distortion centres, which will contribute to the stochastic shear-
stress field in the glide plane, are located in the space above and below
the glide plane.

It should be noted that namely with such a more realistic approach,
the distribution of shear stresses in the glide plane is divided into
short-wavelength and long-wavelength components. Second, the iden-
tical pinning points are more consistent with modelling a binary alloy
in which the identical solute atoms are dissolved in the solvent matrix.
This method is somewhat questionable for multicomponent alloys.
Thirdly, this method requires significant computing power and time
spent on calculations. Thus, the development of another method of de-
termining stochastic shear stresses in the glide plane may be useful. In
addition, an insufficiently accurate method for determining the char-
acteristic parameters of the dislocation line shape was proposed in
[17], and the statistics of the various components of this shape were
not studied.

Since the dislocation line shape was modelled only at zero applied
stress in Ref. [17], the question arises about the evolution of this shape
under the action of an external load. It was also noted that, in order to
determine directly the yield strength using such modelling, it is neces-
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sary to find such a critical applied stress at which the dislocation line
shape ceases to be in equilibrium. In this case, the velocities of all seg-
ments of the dislocation will not go to zero sometime after the applica-
tion of this external stress. Therefore, the dislocation will not stop and
not reach an equilibrium shape. Such determination of yield strength
requires successively increasing the applied stress from zero with a
certain small step and checking the equilibrium shape of the disloca-
tion line at each such step. The segments of the dislocation start to
move with each subsequent increased stress, because their equilibrium
is disturbed. Further, two cases are possible. First, the dislocation
segments may stop after some time. This will mean that new equilibri-
um shape has been reached. Second, the movement of the segments will
not stop and the dislocation will break away from the points of initial
pinning. This can be conventionally considered as the plastic defor-
mation beginning.

Various aspects of thermal activation analysis of the temperature
dependence of the yield strength in binary and multicomponent solid
solutions, in particular in high-entropy alloys, were considered in [25-
28]. One of the considered problems is the existence of a ‘plateau’ on
the temperature dependence of the critical shear stress at high temper-
atures, an almost constant value of the yield strength in a certain tem-
perature range. The paper [25] shows that the existence of such a ‘plat-
eau’ is essentially anomalous. The elastic modulus of the material de-
creases as the temperature increases, which in turn should lead to a de-
crease in the stochastic shear stresses in the dislocation glide plane,
which are created by numerous local distortions of the crystal lattice,
and, accordingly, to a decrease in the yield strength, rather than its
constant value at elevated temperatures. Since the ‘plateau’ is ob-
served experimentally, there must be additional factors that compen-
sate for the decrease in the elastic modulus with increasing tempera-
ture. In particular, the drop in the shear modulus must be compensated
by an increase in the distortion of the crystal lattice as the temperature
increases for the ‘plateau’ existence. In the temperature region, where
a ‘plateau’ is observed, in multicomponent solid solutions, in addition
to an increase in the root mean square displacements of atoms, there
may also be an effect of dynamic deformation ageing accompanied by
the corresponding strengthening, which compensates for the elastic
modulus decrease [25]. However, this effect is not universal and can-
not explain the ‘plateau’ in all cases. Thus, the factors that compensate
for the elastic modulus decrease due to the increase in temperature and
contribute to the emergence of a ‘plateau’ require further research.
The study of the dependence of the crystal lattice distortion on tem-
perature is relevant in this sense.

Some issues of determining lattice distortion and yield strength in
multicomponent alloys were discussed in Refs. [20—22]. Modelling of
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dislocation motion by the method of discrete dislocation dynamics and
calculation of the stochastic shear-stress field in the glide plane by di-
rect summation of contributions from individual solute atoms located
at the sites of crystal lattice in the space around this plane are consid-
ered in Refs. [5, 23, 24, 33]. The shear stress acting on the edge dislo-
cation in the glide plane from a single solute atom can be calculated us-
ing the energy of interaction of such an atom and a trial rectilinear
segment of the dislocation [24]. It should be noted that each atom in
the substitutional solid solution could be considered as a point defect in
the effective averaged matrix-solvent media[11, 12, 20—22]. The zone
of influence of such a defect on the dislocation in the glide plane is
greater the farther this defect is from the plane, but the interaction
force decreases in this case [34]. Thus, the stochastic shear-stress
field, which is created by solute atoms in the glide plane in a multicom-
ponent alloy, can be divided into two components. The short-
wavelength component with a larger amplitude and shorter correlation
length of the stress field is created by solute atoms located in the im-
mediate vicinity of the glide plane. For example, in Ref. [4], it is pro-
posed to take into account affecting of only these atoms to the disloca-
tion motion. The long-wavelength component with a much smaller am-
plitude and longer correlation length is created by atoms, which are
farther from the glide plane. Typically, this component is neglected,
but it can be quite significant. It can be supposed that the short-
wavelength component of the shear-stress field is related to the ther-
mal component of solid solution strengthening of multicomponent al-
loy. The long-wavelength component can be tried to be related to the
athermal component of this strengthening, because its significantly
longer correlation length can prevent thermally activated overcoming
of energy barriers, which associated with it [34].

The characteristics of the shear-stresses’ distribution in the glide
plane in a solid solution can be calculated both by direct summation of
contributions from many solute atoms [24, 33] and by using a special
statistical method [35]. The main parameters of this distribution are
the standard deviation and the correlation length of the short-
wavelength component of the stochastic shear-stress field in the glide
plane and the standard deviation and the correlation length of its long-
wavelength component. The shear-stresses’ distribution is the main
factor in modelling dislocation motion in the glide plane by the method
of discrete dislocation dynamics [5, 23]. In particular, such simulation
shows the reality of the sequential action of the short- and long-
wavelength components of the shear-stress field on the dislocation mo-
tion. This also clarifies the sinusoidal shape of the bulges on the dislo-
cation line. These bulges are formed and disappear under the action of
an external load, and the dislocation moves ahead by such a way.

The equilibrium shape of the dislocation at zero load fits well into a
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band with a width of three full correlation lengths of the short-
wavelength component of the shear-stress field [5]. The waviness of
the dislocation line on the scale of the correlation length of the long-
wavelength component does not appear without an external load. The
external stress applied in the glide plane, which assists the dislocation
segments to overcome the internal force barriers, can, to some extent,
compensate for the short-wavelength component of the shear-stress
field. Then, the waviness of the dislocation line will be activated on the
scale that is associated with the long-wavelength component as the
numerical experiment shows. Thus, the two components of the shear-
stress field affect the dislocation line shape separately and sequential-
ly when the external load increases. It is relevant to study how the two
components of the shear-stress field affect the temperature depend-
ence of the yield strength of a multicomponent alloy.

The goal of this work is to consider the statistical method of deter-
mining the characteristics of the stochastic shear-stress field in the
glide plane in a multicomponent alloy and the influence of these char-
acteristics on the temperature dependence of the yield strength in such
an alloy, taking into account the short- and long-wavelength compo-
nents of this field.

2. CALCULATION ALGORITHMS

2.1. Determination of Characteristics of Stochastic Shear-Stresses’
Field in Glide Plane in Multicomponent Alloy

Shear stress 1s that acts to trial rectilinear segment of the dislocation
with the coordinates of centre x, and z, in the glide plane from solute
atoms, which are located at the sites of crystal lattice with coordinates
Xnems Ynkms Zrem iN the space around this plane in multicomponent alloy,
and gradient of this stress g, along the x axis can be calculated as sums
of contributions from these atoms [24, 33, 35]:

— Gp;tka/a A Gq;zkaa 3
rs—Z(Z[Z[ A Hm (1a)

h k m

ot Gp,..V. ~ Gq,. V. -~
=—== moa A+ maH . 1b
£ 0x Zh: (Z (Z ( bAz bAz (1b)

k m

where G is the shear modulus of the alloy, b is the absolute value of
Burgers vector of the alloy, V, is the volume per atom for the alloy
(Va=0%2)2 for the alloy with f.c.c. lattice, V.=4b3/(3(3)'/?) for the
alloy with b.c.c. lattice), Az is the length of trial rectilinear segment of
the edge dislocation, h, £ and m are the indices, which specify the coor-
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dinates of the sites where the solute atoms are located, along the axes x
(in the glide plane in the direction of dislocation motion), y (perpendic-
ular to the glide plane) and z (in the glide plane along the dislocation
line) [24], & is the number of the plane perpendicular to the Burgers
vector, in which the site is located, & is the number of the atomic row in
the plane in which the site is located, m is the site number in the atomic
row, A and H are the discrete random variables that determine the
atomic size misfit and elastic modulus misfit of a solute atom at a crys-
tal lattice site in comparison with the ‘average’ atoms of a virtual ma-
trix-solvent, respectively, and since an atom of any component can be
located in a given site with a certain probability, then these variables
take on their individual values for each site, p,, , q,...> Piwm>and g,
are the variables that are related to the first and second derivatives of
both pressure and energy density of elastic deformations by the x coor-
dinate, respectively. The pressure and energy density are created by a
trial segment of the edge dislocation at the point, where the solute at-
om is located.

If we sum in (1) only the contributions of the solute atoms in the two
atomic planes nearest to the glide plane on each side, then this will be
the so-called short-wavelength component ts; of the shear-stress field
and its gradient g.1 [35]. The long-wavelength component of the shear-
stress field 1.2 and its gradient g.s are easily calculated from the equa-
tions [35]:

Tsz = Ts - Tsl and gxz = gx - gxl * (2)

The region of the dislocation core, where the elastic behaviour of the
material is disturbed, should also be taken into account. This means
that contributions of solute atoms located in the region of the disloca-
tion core

\/(xhkm - xu)z + ylfkm ST [Bhm 2u| <Az /2,

where r. is the radius of the dislocation core (.~ b for f.c.c. lattice), to
the shear stress in the glide plane and to its gradient can be neglected,
i.e., equate to zero the corresponding terms in Eqgs. (1). Contributions
of solute atoms, which are far enough from the point of shear-stress
determination at a distance greater than a certain critical distance, be-
come very small and can be neglected too. Thus, the summation should
be carried out, taking into account only the sites located at a distance
that is less than the critical distance.

Variables A and H can take the values of §; and n] with the proba-
bility X, respectively, where &;=(1/s1)(dst/dX;) is the atomic size
misfit of the component i in comparison with the atoms of the virtual
effective averaged matrix-solvent (a conventional material consisting



312 M.I.LUGOVYY, D. G. VERBYLO, and M. P. BRODNIKOVSKYY

of ‘average’ atoms of a solid solution [11]), si.: is the average distance
between the nearest atoms in the alloy (s.:=b), 0, =1, /1 + 0-5|T],- ),
n:=(1/G)(dG/dX;) is the elastic modulus misfit of the component i in
comparison with the atoms of the matrix-solvent [24, 33], X, is the
atomic fraction of the component i (note that the sum of the atomic
fractions of all components is equal to one, that is, the sum of the prob-
abilities of all possible options will, as it should, also be equal to one).
Mathematical expectations of discrete random variables A and H will
be equal to zero due to the balance of positive and negative misfits:

E(A) ZZSiXi =0 and E(H) :Zn;Xi =0.

i=1 i=1

In this case the variances of the variables A and I:I are

N N
D(3) = Y 8X, and D(H) = Y’ (M)’ X, ,
i=1 i=1
respectively.

Taking into account the details of the calculation of shear stresses
given in Ref. [24], the variables p,,. , Q.. Py and g;,, can be de-
termined through the numerically calculated first and second deriva-
tives of both the pressure and the energy density of elastic defor-
mations by the x coordinate, respectively [35]:

o =3 pi,k’,a . féi’m , (32)

o qfl?mG ; ziiL , (3b)

o = SPin = i;(i% ¥ Pln) (3¢)
X

g = 2 = qAﬁ)ﬁ; = i (3d)
X

where Ax is the small step along the x coordinate in the direction that is
perpendicular to the trial segment of the edge dislocation (it is appro-
priate to accept Ax=b6/100[24, 33]);

()

_ 0,*0,+0,,
Puim =~

3
is the pressure that is created by a trial segment of the edge dislocation

with the coordinates of centre z, and x, (j=1), x.+Ax (j=2), x.—Ax
(j = 3) at the point with the coordinates xXukm, Ynim, Znem [35];

(4a)
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q(J) (p;l]l:m)2 + Giy + 03262 + Giz (4b)
Mmoo 2K 2G
is the energy density of elastic deformations in this point, c.x, 64y, 022,
Oxys Oxz, Oy are the stress tensor components for the stress created by a
trial segment of the edge dislocation at the point where the solute atom
is located (details of the calculation of stress tensor components are
given in Ref. [24]), K is the bulk modulus of the alloy.

The shear stress at a local point of the glide plane and gradient of
this stress in the multicomponent alloy will be normally distributed
random variables because, in accordance with (1), they will be the sums
of a large number of random variables. Each of the variables is deter-
mined for its own site and multiplied by the corresponding constant.
This was confirmed in shear-stress calculation by direct summation of
contributions from individual solute atoms [24]. The mathematical ex-
pectations and variances of such normally distributed variables will be
equal to the sums of the mathematical expectations and variances of
summed random variables, which are multiplied by certain coeffi-
cients, respectively. Mathematical expectations of shear stress and
gradient of this stress will be equal to zero due to the fact that
E(A) =0 and E(H) =0, that is, all components of mathematical expec-
tations and their sum are equal to zero. This corresponds to the condi-
tion of zero balance of shear stresses in the glide plane and is confirmed
by direct summation of contributions [24].

Taking into account _the definition of the variances of discrete ran-
dom variables A and H, the variance of the shear stress and gradient
of this stress are, respectlvely [35]:

D(x,) = 5 =z[z[zﬁ%J D(AH(%] D(ﬁnm, (52)

D(g,) = s’ :Z{Z£Z[(GIZT j D(A”[%j D(ﬁl)m, (5b)

where s and s, are the standard deviations of the shear stress and gra-
dient of this stress, respectively. These deviations, as well as, by anal-
ogy, the corresponding deviations for the short- and long-wavelength
components and corresponding gradients, si, S.1, S2, Sg2, can be ex-
pressed from (5) after some transformations taking into account the
definition of D(A) and D(H) as follows [35]:

— a (Q )1/2(Z(n12 + a262)X )1/2 (6&)
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GIfa n\1/2 & 12 2g2 1/2
Sg = _(Q ) (z (nl + (Xg6i )Xl) ’ (Gb)
bAz -y
N
5 = @) (7 + 05X (6¢)
bAz )
N
5,0 = e @) 2> 2 + 02 5)X,)2, (6d)
bAz P
N
5, = Ve @)A(3 (7 + 2,80 X, ), (6e)
bAz r=r)
N
5,0 = Vo (@AY (7 + 02,50 X)12, (61)
bAz P
where
o, =(P'/Q)" and o, =(P"/Q")"*, (7a)
o, =P /@) and a,, =(P'/Q)"*, (7b)
o, =B/ Q)" and o, = (B'/ Q)"?, (7c)

R G N )

h h k

and

Q= Z(Z(Z(qzkm)zjj and Q" = Z(Z(Z(q;:km )D : 9)
h k m h k m

Parameters P/, P/, Q,, Q for short-wavelength component can be ob-

tained, if we sum up the contributions only from solute atoms in the

two atomic planes nearest to the glide plane on each side. The parame-

ters for the long-wavelength component are calculated as P, = P' - P/,

Q2'=Q'—Q1',P2"=P"—P1",andQ2":Q"— 1"'

It is also important to determine the correlation lengths w; and w; of
the short- and long-wavelength components of the stochastic shear-
stress field in the glide plane, i.e. the average linear dimensions of re-
gions where the short-wavelength component has the same sign and
regions where the long-wavelength component has the same sign. The
distribution of positive shear stresses along the axis inside such a re-
gion will be considered, regardless of the component, to do this. Sche-
matically, three individual realizations of such shear-stresses’ distri-
bution as random variable are shown in Fig. 1. The points that are lo-
cated exactly in the middle between the endpoints of the distributions
are combined together. This centre point is chosen as the coordinate
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Fig. 1. Schematic presentation of three individual realizations of the distribu-
tion of positive shear stresses as random variables [35]. Grey circles show the
corresponding random values.

origin. First, for these realizations, as well as all similar ones, the
shear stress is always zero at the endpoints. Secondly, the size of the
regions and the maximum stress in the regions may be different for
different realizations. Thirdly, different realizations can have several
local maxima and be completely asymmetric. However, it is possible to
determine the average stress distribution for such regions. The size of
the region of such an average distribution will be equal to, by defini-
tion, the average linear size of the region where the stresses are posi-
tive, i.e. the correlation length w = <I;>, where [; is the size of the region
of the j-th realization.

If shear stress, as random variable, have a normal distribution with
zero mathematical expectation and standard deviation s, then a set of
only positive values from such distribution has an average value, which
will be the average stress value of m.,=<t>=3(2/n)/2 for our average
distribution. If the special coordinates (x;/l;)w for each realization will
be defined, then, the points of all realizations can be displayed in single
average region with the size w. Further, it is possible to average the
stress over all realizations for each special coordinate (x;/l;)w and ob-
tain the average distribution of positive stresses in the region with the
size w (Fig. 2). The stresses of the average distribution will be equal to
zero at the end points of the region. Further, the stress should increase
from each end point towards the centre of the region, since the average
stress value of the average distribution is greater than zero. This in-
crease will be symmetrical relative to the centre point of the region be-
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Fig. 2. Schematic presentation of the averaged distribution of positive shear
stresses as random variables [35]. Grey circles show the corresponding ran-
dom values.

cause the portions of the region on both sides of the centre point are ab-
solutely equal and have no advantages over each other due to the homo-
geneity of the statistical distribution of stresses on the glide plane.
Thus, the average distribution will be a smooth curve symmetrical rela-
tive to the centre point with the maximum at this point. Note that the
average value of the stress gradient for the average distribution will be
zero, because the stress must rise from zero at one end point and fall to
zero at the other. The change in the gradient along the average distri-
bution region is shown in Fig. 3. If only the positive values of the gradi-
ent will be averaged, then, similarly to the stress, we will have an aver-
age value of m,=s,(2/n)/2. The average distribution can be approxi-
mated by a suitable function, for example 1.=Acos(nx/w) or
Ts=A(1 - | 2x/w | ™), where n is the exponent (n>1). Then maximum
values of average distribution will be A;=nm,/2 and A;=(n+ 1)m,/n for
these approximation functions, respectively (Fig. 2). If the stress gra-
dient for both functions is averaged over the portion where it is posi-
tive, a single result for average gradient of m,=2A4;/2 is obtained (Fig.
3). Further, it is easy to derive expressions for w and, by analogy, for w:
and w; for both approximation functions [35]:

w=mns /s, w=2n+1)s/(ns,), (10a)
w, =78, /8, w, =2n+1)s /(ns,), (10b)
Wy =TS, / 8,9, Wy =2(n +1)s, /(ns,,) . (10c)

Note that, for n=2, both functions result in very close results. Be-
sides, the parameters si1, Sq1, S2 and s,z depend on Az. Besides, it was
found that we should use Az = 2w, [5, 36]. If Egs. (10) are taken into ac-
count, it is possible to obtain, in particular, the equation
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Fig. 3. Schematic presentation of the gradient of the averaged distribution of
positive shear stresses as random variables [35]. Grey circles show the corre-
sponding random values.

w2 = 182(2w32)/8.2(2w2) allowing to determine the values of Az and ws.

The main parameters of the stress field may also depend on the coor-
dinates x, and z,. At the same time, it should be taken into account
that, for convenience, the origin of coordinates can be chosen so that it
lies in the glide plane and the nearest crystal lattice site is directly
above it (in the positive direction of the y axis). Due to the periodicity
of crystal lattice, the results will be repeated with the period b (dis-
tance between lattice sites in the direction of dislocation motion) for x,
and with periods b(3)'/2 or 2b(2)"/? (distance between sites along the dis-
location line for f.c.c. and b.c.c. lattices, respectively) for z,. There-
fore, it is enough to average the main parameters of the shear-stress
field in the local region of the glide plane, where 0<x,<b and
0<2,<b(38)"% or 0<2,<2b(2)"2, to obtain an averaged result for the
entire plane. In this way, four main parameters of the stochastic shear-
stress field in the glide plane can be calculated, namely the standard
deviation S; and the correlation length w; of the short-wavelength
component and the standard deviation S: and the correlation length w.
of long-wavelength component of the stress field [35].

2.2. Temperature Dependence of Yield Strength of Multicomponent
Alloy

If the virtual matrix-solvent is taken into account, the yield strength
of a multicomponent alloy with the contribution of only solid solution
strengthening can be expressed as follows [22, 36]:

Gy:6 +6“+AG"+AG}A:MT!/:M(TP+T +TH)’ (11)

where G and G, are the thermal and athermal components of yield
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strength of virtual matrix-solvent in the terms of normal stress, Ac”
and Ao, is the thermal and athermal components of solid solution
strengthening in the terms of normal stress, M is the Taylor factor
(M =3.06 for the material with f.c.c. lattice), 1, is the critical resolved
shear stress (yield strength in the terms of shear stress), 1, =6 / M is
the Peierls—Nabarro stress of virtual matrix-solvent (also known as
the lattice friction stress, which is typically equal to a few of megapas-
cals for a material with f.c.c. lattice), t"= Ac"/M is the thermal compo-
nent of the critical resolved shear stress associated with solid solution
strengthening, t,=Ac,/M is the athermal component of the critical
resolved shear stress associated with solid solution strengthening.

Since the virtual matrix-solvent without solid solution strengthen-
ing is in a certain way an ideal material and effect of grain boundaries
presence is not considered, it essentially lacks sources of long-range
internal stresses. Therefore, it can be assumed that G,=0.

There are three main factors that affect the dislocation motion: the
periodic potential of the crystal lattice, which is responsible for the
Peierls—Nabarro stress, the short-wavelength and long-wavelength
components of the stochastic shear-stress field in the glide plane,
which are created by solute atoms in a multicomponent alloy, if the al-
loy is in the form of a single-phase concentrated solid solution and only
solid solution strengthening is considered [33]. The lattice potential
creates a periodic distribution of stresses in the direction of dislocation
motion, and as a result resistance to this movement. For example, the
amplitude of such a distribution for a material with f.c.c. lattice is
quite small. The distance in the direction of dislocation motion, at
which these stresses are balanced, is approximately equal to the abso-
lute value of the Burgers vector b. The short-wavelength component of
the shear-stress field in the glide plane as a normally distributed ran-
dom variable has a mathematical expectation that is equal to zero and a
standard deviation si(Az) that depends on the length of the trial seg-
ment of the dislocation Az used in the calculation of the stress distribu-
tion. The average linear size of the region where the stochastic stresses
have the same sign for this component will be w;. Then the full correla-
tion length, the average linear size of the region where the stresses
balance themselves, is 2w; [33]. The long-wavelength component also
has zero mathematical expectation and standard deviation sz(Az) with
full correlation length 2w;. The parameter Az can be estimated from
the condition that the correlation length of the long-wavelength com-
ponent of the shear-stress field along the dislocation line should be
equal to the one along the direction of the dislocation motion, i.e. 2ws;.
Therefore, it is possible to accept Az = 2w, in calculations [5].

Each of the described factors can create force barriers for disloca-
tion motion. The width of these barriers will be comparable with the
Burgers vector for the periodic lattice potential and with w; and ws for
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the short-wavelength and long-wavelength components of the shear-
stress field, respectively. That is, the narrowest force barrier is creat-
ed by the periodic lattice potential, and the widest force barrier is
formed by the long-wave component of the shear-stress field. The
stresses from the periodic lattice potential are balanced at a distance
smaller than the average linear size of the region where the stochastic
stresses have the same sign for the short-wavelength component. The
stress of the short-wavelength component, in turn, is balanced at a dis-
tance smaller than the average linear size of the region where the long-
wavelength component has the same sign. Such conclusions can be
drawn from the results of calculations w; and w; for some alloys [33].
That is, all these force barriers act independently of each other, each
on its own size scale. For example, it is shown that initially only short-
wavelength component of the shear-stress field acts on the dislocation
motion. Then, after overcoming the barriers from this component with
the external stress assistance, the long-wavelength component of this
field starts to affect this movement [5].

The height of these force barriers will be in a completely different
ratio compared to their width. The force barrier due to the short-
wavelength component will be the highest, while the barriers due to
the other two factors will be significantly lower. Thus, barriers due to
the short-wavelength component will dominate. Overcoming such a
barrier by a dislocation with the assistance of externally applied stress
and thermal activation will be a critical event to start the dislocation
motion. The stress required to overcome the barrier from the short-
wavelength component will determine the term t* in (11). Barriers due
to the periodic lattice potential, which are much lower compared to the
barriers due to the short-wavelength component, will be suppressed by
the latter, since both types of barriers are superimposed on each other.
Therefore, the barriers due to the periodic lattice potential can be tak-
en into account by simply adding a constant stress tp to the stress that
is necessary to overcome the barrier from the short-wavelength com-
ponent. The barrier due to the long-wavelength component is signifi-
cantly wider in the spatial dimension, lower in the force dimension and
higher in the energy sense than the barrier from the short-wavelength
component. Therefore, such a barrier, which is also superimposed on
the barriers due to the short-wavelength component, can be overcome
only athermally, without thermal activation. As in the case of barriers
due to periodic lattice potential, the barriers due to the long-
wavelength component can be taken into account by adding the con-
stant stress required for their athermal overcoming to the stress for
overcoming the barriers due to the short-wavelength component. The
stress required to overcome the barrier due to the long-wavelength
component will determine the term t, in Eq. (11).

A dislocation in stochastic shear-stress field under the action of an
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external load will not move as a whole. Rather, it will advance step-by-
step by forming appropriate bulges on individual segments of finite
length. The critical dislocation segment with a bulge that is directed
against the direction of dislocation motion is first straightened under
the action of external stress, and then a new bulge is formed on it that
is directed in the direction of dislocation motion. As a result, bulges
are formed on the adjacent segments, which are directed against the
direction of dislocation motion. The process of straightening and
changing the direction of the bulges takes place on these segments as
well. This, in turn, brings the critical segment to a state where the
bulge on it again becomes directed against the direction of dislocation
motion and the whole process is repeated. Schematically, this process
for the critical segment in an idealized form is shown in Fig. 4. Initial-
ly, there is the bulge 1 with length L; and height 2w, at zero applied
stress. The averaged coordinate of x =0 can be attributed to it. Fur-
ther, under an external stress equal to 7,1, the bulge I is straightened
to state 2. It can be assigned the averaged coordinate of x =4w:/3, if it
is assumed that the average bulge has a parabolic shape for simplifica-
tion. The bulge takes the state 3 with the averaged coordinate of
x=8wi/3 in the next step. Further, the bulge successively turns into
state 4 and state 5, and the process is repeated.

In order to analyse overcoming a force barrier by a dislocation with
the assistance of the thermal activation, it is necessary to set the pro-
file of the effective stress from the shear-stress field that acts on the
critical segment of the dislocation in the direction of its movement in
the glide plane, that is, the dependence of this stress on the averaged
forward displacement x of this segment. To simplify the problem, con-
sider the acceptable sinusoidal dependence proposed in [4]:

T,(x) = 1,, sin(nx / 2%), (12)

Fig. 4. The idealized process of the critical segment movement [36]. Grey ar-
rows show the direction of movement of this segment.
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where x = 4w, /3 is the averaged forward displacement of the critical
segment at which the maximum stress 1,; is reached. The maximum
stress is associated with the short-wavelength component of the shear-
stress field in our case, because it dominates at the formation of a force
barrier that the dislocation can overcome with the thermal activation
assistance. This dependence is schematically shown in Fig. 5. The
stress 1,1 required for the critical dislocation segment to overcome the
short-wavelength component of the stochastic stress field without
thermal activation will be equal to the stress acting on average from
this component to this segment[3, 17]:

t. =8 02w )\/E % :G(iﬂjl/slﬁ(zwz)\/gjyig _
y1 = S1(al, w, \/ L, of b G w, (13)

N
= AGQ. (M +al8)X,)*?,
i=1

where
b Q2 1/3
A =& (14)
320w, w,
for the alloy with f.c.c. lattice, and
b 0”2 1/3
A, - #2 (15)
22.78aPw,w,

for the alloy with b.c.c. lattice. The average length L; of the critical

Glide plane
Dislocation bulge

w

8w, /3
Average position

Fig. 5. Schematic presentation of the dependence of the stress acting on the
critical segment in the glide plane on the averaged forward displacement of
this segment x [36]. The average bulge on critical segment and its averaged
position are also shown.
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segment under acting short-wavelength component is [5, 36]:

2/3
] Qw,)"?, (16)

L = BT
' s,(2w,)b\Jw, / w,

where P is the coefficient depended on the shape of critical segment
bulge (=27 ~6.28 for sinusoidal shape that confirmed by modelling
[5]), T is the linear tension of the dislocation line (I' = aGb?, where o is
the coefficient less than 1/2).

It is more convenient to consider dependence (12) in terms of the
force acting on the critical segment (Fig. 6). Then, the area under the
curve will be measured in energy units. Point I at zero applied stress in
Fig. 6 corresponds to state I in Fig. 4, point 2 corresponds to state 2
and so on, respectively. When an external stress t is applied, the criti-
cal segment goes to the state with x = xs. In order to overcome the force
barrier from this position (pass through point 2), it is necessary to pro-
vide the critical segment with additional energy AE, which is a func-
tion of 1. This energy can be obtained with the thermal activation assis-
tance, which occurs due to thermal fluctuations. The probability of
this event (a forward jump of the segment through the barrier) will de-
pend on the energy AE and temperature T. At the same time, the criti-
cal segment will go to the state with x = x,. This is a state of unstable
equilibrium. In this case, the segment will quickly advance to the state
with x = x2 spontaneously. A backward jump from point with x =x. to

Forward jump

T bL ¢

171

.

’EbLl(

Backward jump

Fig. 6. Dependence of the force acting on the critical segment from the sto-
chastic shear-stress field on the averaged forward displacement of this seg-
ment x [36]. Arrows show the directions of forward and reverse jumps
through force barriers.
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point with x =x, and further to point with x = x is also possible. It is
necessary to obtain energy AE., through thermal activation for a back-
ward jump. The probability of this jump will be determined by this en-
ergy and temperature T. Taking into account the probabilities of for-
ward and backward jumps of critical segment, the strain rate can be
expressed as [4]:

£=¢§, {exp[— :I;J—exp(— :ETZJ}’ (17)

where ¢, is the pre-exponential factor, k5 is the Boltzmann constant. It
should be noted that, for sinusoidal dependence (Fig. 6), we have [4]:

AE = E,(1-1/1,,)"?, (18)

where the height of barrier from short-wavelength component in ener-
gy units [36]:
16 25.398
E, = gbwlL = (BD)26*w*wy*[s,(2w,) P . (19)

17yl
T

Detailed analysis of area ratio in Fig. 6 results in

AE, = AE + nE,, —. (20)

yl

Then from (17), (18) and (20) it can be derived the expression [36]:
6=(1-7v)""~-(0/%)In( -exp(-nry / 6)), (21)

where 0 =T/To, y=1/11, A = In(§, / €) and

7 Bw (22)
ky In(, / ©)

Eq. (21) should be solved numerically to obtain the dependence y(0).
If the appropriate values of &, ~10* s and &, ~107° s are used
[11], we have A =1n(g, / €) = 16 . Then the equation (21) results in [36]:

y=1-6%?,0<6<0.9, (23a)

vy = 4630 exp(-12.3560), 0.9 < 6. (23Db)

This result depends weakly on the values of ¢, and &, if the ratio
€, / € changes by an order of magnitude in one direction or another,

since it is under the logarithm. The effect of backward jumps becomes
noticeable only for 0> 0.9, that is, at small applied stresses 1. At the
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same time, the value y quickly goes to zero. Practically we have y=0 at
0=1.25. Recall that in our analysis, t is the applied stress, at which
thermal activation assists overcoming the barriers from the short-
wavelength component of the shear-stress field at a given strain rate
and at a given temperature, essentially t" = 1.

The existence of the long-wavelength component of the shear-stress
field, the calculation of which is shown in Ref. [33], was proved by
modelling dislocation motion in Ref. [56]. The stress required for
athermal overcoming of the force barrier from the long-wavelength
component is [36]

1/3 4/3
T,5 = S,(2w,) 2w, _ G 2w 5Cw,) ) _
Y L, af b G

(24)
N
= A,GQQ, (7" + a8 X )",
i=1
where
72 \V3
A, - &23 (25)
32apw?
for the alloy with f.c.c. lattice, and
b o2 1/3
a,-|2% (26)
22.78apw?

for the alloy with b.c.c. lattice. The average length L; of the critical
segment under acting long-wavelength component can be determined
by analogy like L; [5]:

2/3
Y G s, 27
L, [82(2%),)) (2w,) (27)

Now we can take t,=1,2. The height of barrier from long-wavelength
component in energy units can be found by analogy as for short-
wavelength component using Eq. (19), if necessary replacements will
be made [36]:

16 25.398
B,y =5 bwyLyt,, = =0 (D)0 w (5,(2w,))"" (28)

Egs. (11) and (23) lead to the temperature dependence of the yield
strength of a multicomponent alloy in the form of a single-phase con-
centrated solid solution, taking into account only solid solution
strengthening and two components of the shear-stress field in the glide
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plane, in the form [36]:

c, = M{t, + 'ryl[l —(T/ 7}))2/3] + ‘cyz}, 0<T<0.97,, (29a)
o, = Miz, + 46301, exp(-12.35T / Ty) +1,,}, T > 0.9T,.  (29b)

However, the characteristic stresses 1,1 and 1,2 can depend on tempera-
ture due to the temperature dependence of the shear modulus G. The
existence of a ‘plateau’ on the temperature dependence of the yield
strength at high temperatures, when the yield strength remains con-
stant in a certain temperature range, proves that the drop in the shear
modulus with temperature is necessarily compensated for, in some
way, for example, by an increase in the crystal lattice distortion as the
temperature increases [25]. That is, the drop in the shear modulus
should actually be compensated by an increase in s1(2w:) and s2(2w.),
which depend on lattice distortion. This allows to assume that the
products of the shear modulus and the factors associated with s:(2w,)
and s2(2w2) in Eqgs. (13) and (24) do not depend on temperature [36].
Thus, it is enough to calculate them at some temperature and consider
them approximately the same for all other temperatures.

3. RESULTS AND DISCUSSION

3.1. Characteristics of Shear-Stress Field in Glide Plane
in the CrCoNiFeMn Alloy

The method of determining the standard deviations and correlation
lengths of the short- and long-wavelength components of the stochas-
tic shear-stress field in the glide plane needs verification. To do this, it
must be applied to a multicomponent alloy, the above-mentioned char-
acteristics of which are known from other sources. Multicomponent
CrCoNiFeMn alloy was chosen to verify the method. This alloy is a sub-
stitutional solid solution having an f.c.c. lattice. The parameters s,
w1, S2 and w; for this alloy were determined in [33] by another method
from the analysis of shear-stresses’ distributions in the glide plane,
which were calculated by the method of direct summation of contribu-
tions from solute atoms. The input parameters for calculation were
taken as in [33]: shear modulus G =81 GPa, bulk modulus K =176 GPa,
Poisson’s ratio v=0.3, Burgers vector =0.25nm, atomic volume
V.=0.011nm?3. Atomic size misfits and elastic modulus misfits for
component atoms are given in Table 1 [33]. The critical distance of ap-
proximately 4.75 nm was determined, at which the contribution to the
shear stress from the solute atom should still be taken into account [24,
33]. Therefore, in the sums P, @, P/, Q/, B, Q;, P,, @, it is necessary
to take into account only contributions from atoms that are at a dis-



326 M.I.LUGOVYY, D. G. VERBYLO, and M. P. BRODNIKOVSKYY

TABLE 1. Atomic-sizes’ misfits d; and elastic-moduli misfits n; for component
atoms used for the calculation of main parameters of shear-stress field in the
CrCoNiFeMn alloy [35].

Component ‘ i ‘ X i N
Cr 1 0.2 0.010077 0.290837
Co 2 0.2 0.001747 —0.13433
Ni 3 0.2 0.004622 -0.12114
Fe 4 0.2 0.004674 —-0.04529
Mn 5 0.2 —-0.02244 -0.05755

tance less than or equal to 4.75 nm from the point with coordinates x,
and z,.

The dependences of the parameters si1, w1, sz and ws on the x, coordi-
nate in the range of 0 < x, < b were determined by equations (6) and (10)
at Az=1.94 nm for various characteristic values of the z, coordinate
from the range of 0 <z, < b(3)'2 for the CrCoNiFeMn alloy [33, 35, 36].
Dependences s; and w; are symmetrical with respect to x,=0.125 nm,
because this is the distance between the atomic planes that are perpen-
dicular to the Burgers vector in the f.c.c. lattices in our chosen alloy.
The atoms are located along a straight line parallel to the Burgers vec-
tor with a step equal to the absolute value of this vector, i.e. 0.25 nm.
The parameters s; =180 MPa and w; =0.38 nm averaged over x, and z,
correlate well with the average values s; =191 MPa and w;=0.38 nm,
which were determined in Ref. [33] from the analysis of shear-stresses’
distributions in the glide plane. It should also be noted that the ranges
of minimum-maximum values of 165—208 MPa for s; and of 0.21-
0.54 nm for w; in the proposed method also correlate well with similar
ranges of 166—234 MPa and 0.32-0.48 nm determined in [33]. De-
pendences s: and w2 demonstrate the practical independence of these
parameters on x, and z, [35]. This is due to the fact that s; and w; are
determined by atoms farther from the glide plane and from the disloca-
tion core. The averaged parameters of s;=71 MPa and w:=1nm also
correlate well with the average values of s;= 72 MPa and w2:=0.97 nm,
which were determined in [33].

A certain combination of atomic size misfits and elastic modulus
misfits is used to characterize the general lattice distortion in [37]:

N
x=0Q M +agd)X )", (30)
i=1

where o, is the constant that equal to 16 for the edge dislocations [20,
24, 30, 37]. This parameter is called the average distortion of crystal
lattice in [24]. Statistical method of the determination of the standard
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deviations of the shear-stress field leads to similar combinations in
(13) and (24), which can be called the effective lattice distortions for
the short- and long-wavelength components, respectively [35]:

N N
%o = Q. (7 +028)X,)¥? and y,, = O (] + a2,8))X,)**. (31)
i=1 i=1
Equations (31) differ from (30) because instead of o, they contain o
and o2, which can be calculated by equations (7). These parameters av-
eraged over the characteristic region 0<x,<b and 0<z,<b(3)"? are
os1 =39 and a2 =107, and the corresponding parameters y.: =0.36 and
xs2=1.32 for the CrCoNiFeMn alloy. Note that in this case y =0.14. In
essence, the constant oy is the ratio of the force of dislocation interac-
tion with a solute atom, caused by atomic size misfit, to the force of
interaction caused by elastic modulus misfit [32]. The farther the so-
lute atom is located from the glide plane, the greater this ratio. This is
explained by the fact that the force of interaction, caused by elastic
modulus misfit, decreases with the distance from the glide plane faster
than the force, caused by atomic size misfit. If only the solute atoms
nearest to the glide plane are taken into account, then this ratio cannot
be less than 16 for an edge dislocation. This determines that the con-
stant ao=16 [20, 24, 30, 37]. The parameters o and a2 have the same
sense as op. Their larger values are due to the fact that solute atoms
farther from the glide plane than in the calculation of o are taken into
account. At the same time, o2 is greater compared to os1, because at-
oms farther from the glide plane participate when forming the long-
wavelength component of the stress field in comparison with forming
the short-wavelength component. Thus, the method considered in this
paper proposes the use of different effective lattice distortions to de-
termine the main parameters of the short- and long-wavelength com-
ponents of the shear-stress field.
Athermal component of solid solution strengthening was considered
in[20, 35] as

Ao, = AGy,, (32)

where A is the empirical constant. Average value of 0.0026 + 0.0005
was determined for this constant by experimental data treatment for
many alloys with f.c.c. lattice. On other hand, we have Ac, = M1, [36].
Egs. (24), (31) and (32) result in

A=MAy, /%, (33)
where A; is determined by Eq.(25) [35]. In our case, we have

A2=0.000133 for the CrCoNiFeMn alloy. Then, the constant can be
calculated as A=0.0038 according to Eq. (833). This is comparable with
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the value given in Ref. [20]. It should be noted that the values of .
and A, will also depend on the Poisson’s ratio of the alloy due to the
stress-tensor components at the solute atom location. The larger Pois-
son’s ratio, the larger y. and A,. That is, each alloy may have its own
individual value of As. The constant A was calculated for one specific
alloy in this work, and it was determined by averaging data for many
alloys, each of which had its own Poisson’s ratio, in [20]. Under such
circumstances, these two values of the constant A cannot completely
match. They will necessarily be different from each other. Neverthe-
less, their comparability proves that the statistical method proposed
here gives at least realistic results. It can also be concluded that the
constant A for each alloy has its own individual value. There is no sin-
gle constant A for all alloys. The sums P/, @, P, Q/, F,, @,, P}, Q; ,
which determine the main parameters of the shear-stress field, are also
individual for each alloy. It should be noted that they are not random
quantities like the shear stresses in the glide plane, which depend on
the specific random arrangement of various solute atoms. This is one
of the advantages of the proposed method in comparison with the
method of direct summation of contributions from solute atoms.

3.2. Temperature Dependence of Yield Strength of CrCoNiFeMn Alloy

A multicomponent CrCoNiFeMn alloy was also used to model the tem-
perature dependence of the yield strength taking into account the
short- and long-wavelength components of the stochastic shear-stress
field in the glide plane. The input and calculated parameters of model-
ling are listed in Table 2. An important parameter is also the coeffi-
cient aa=0.123, which determines the linear tension of the dislocation
line in the CrCoNiFeMn alloy [12]. The Peierls—Nabarro stress, i.e., the
frictional stress of the lattices of the virtual matrix-solvent, can be es-
timated as for metals with f.c.c. lattice and taken, for example, to be
approximately tp = 3 MPa [4]. The temperature dependence of the yield
strength in this material taking into account only solid solution
strengthening is shown in Fig. 7. The solid line corresponds to calcula-
tions using equations (29) for the averaged main parameters of the
shear-stress field, which are given in Table 2. Circles, triangles, and
squares are experimental data taken from the literature [38—40]. The
grey band corresponds to the band of possible theoretical yield
strengths, taking into account the inaccuracy of the main parameters
determination. Experimental values from different sources correlate
well with each other and with the modelled dependence. They demon-
strate clearly ‘plateau’ at temperatures above approximately 650 K.
The theoretical dependence smoothly transitions to this ‘plateau’.
There is a deviation of the calculated dependence from the experi-
mental values in the region of very low temperatures.
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TABLE 2. The input and calculated parameters of modelling the temperature
dependence of yield strength of the CrCoNiFeMn alloy [36].

G,GPa | 81 | si(2w),MPa | 180 | sy(2w»),MPa | 71
o 0.123 w1, nm 0.38 Wz, NIM 1
t, MPa 3 Li,nm 12.97 Lz, nm 45.96
b, nm 0.25 1,1, MPa 70.69 1,2, MPa 14.81
To, K 664 Eu, eV 0.92 Ep, eV 1.8
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Fig. 7. Temperature dependence of the yield strength of the CrCoNiFeMn al-
loy taking into account only solid solution strengthening [36]. The solid line is
a calculation using equations (29) for the averaged main parameters of the
shear-stress field, which are presented in Table 2. Circles, triangles, and
squares are experimental values taken from [38], [39], and [40], respectively.

The grey band corresponds to the band of possible theoretical yield strengths,
taking into account the inaccuracy of the main parameters determination.

The stochastic shear-stress field in the glide plane was not calculat-
ed at all in work [11], that is, its short- and long-wavelength compo-
nents were not determined as well. Nevertheless, a force barrier of a
sinusoidal profile was considered similarly to our work as an obstacle
for the dislocation motion. The height of this barrier was determined
on the basis of the interaction energies of solute atoms with disloca-
tions calculated from first principles [11]. The temperature depend-
ence of the yield strength of the CrCoNiFeMn alloy was obtained from
the analysis of dislocation overcoming of this sinusoidal force barrier
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in this paper. It is obvious that the athermal component of the yield
strength associated with solid solution strengthening and with long-
wavelength component of the shear-stress field was not considered at
allin[11].

In fact, the theoretical temperature dependence from [11] does not
have a ‘plateau’ demonstrated by experimental data [38—40]. Instead,
this dependence smoothly goes to zero without a ‘plateau’. Perhaps
that is why the theoretical temperature dependence and experimental
data from [38] are compared in [11] only up to a temperature of 673 K,
and this is only the very beginning of the ‘plateau’ for the
CrCoNiFeMn alloy. The ‘plateau’ exists for this alloy at least from
670K to 1073 K. In addition, the theoretical temperature dependence
from [11] at 673 K is slightly below the experimental value. This theo-
retical dependence will be even lower at higher temperatures, when the
experimental data show a ‘plateau’, that is, an almost constant value of
the yield strength. On the other hand, this dependence practically co-
incides with the experimental value from [38] at 293 K, but is lower
than the value from [40] at this temperature. Instead, the theoretical
temperature dependence of the yield strength of the CrCoNiFeMn al-
loy, which was calculated in our paper, is higher than the similar de-
pendence from the paper [11]. This better correlates with the entire set
of experimental data from Refs. [38—40], except for the range of very
low temperatures. Such discrepancy is explained by a possible change
in the linear tension of the dislocation line in this temperature range in
[11]. However, this assumption requires further research. It should
also be added that at sufficiently high temperatures, which are not
considered in this work, the yield strength will no longer be on the
‘plateau’, but will start to decrease sharply due to the action of other
mechanisms of plastic deformation instead of dislocation gliding.

The main advantage of our approach is that it takes into account the
athermal component of the yield strength associated with solid solu-
tion strengthening. This component can be associated with the long-
wavelength component of the stochastic stress field in the glide plane.
In this case, it is possible to calculate the theoretical ‘plateau’ stress
almost exactly. On the other hand, if the force barrier for the disloca-
tion motion, which can be overcome with the thermal activation assis-
tance and which determines the course of the temperature dependence
of the yield strength, is connected with the short-wavelength compo-
nent, then the temperature of the beginning of the ‘plateau’ can be
fairly accurately predicted (T in Table 2). This cannot be done within
the framework of the model from work [11]. The activation volume at
293 K, calculated from our theoretical temperature dependence ac-
cording to the method from [12], is equal to V' =147b3. This correlates
well with the value 2w;L:b~ 153b? obtained from the geometrical pa-
rameters of the average dislocation bulge for the CrCoNiFeMn alloy
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(Table 2). On the other hand, this value has one order of magnitude
with the value ~ 35083 for this alloy, which was determined by the ex-
perimental method in [41].

4. CONCLUSION

Atomic size misfits and elastic modulus misfits at the crystal lattice
sites can be considered as discrete random variables with a mathemati-
cal expectation equal to zero and a certain non-zero variance. Analyti-
cal expressions for the standard deviations and correlation lengths of
the short- and long-wavelength components of the stochastic shear-
stress field created by solute atoms in the glide plane in a multicompo-
nent alloy were obtained from the variance definition of these random
variables. The developed method was verified by calculating the main
parameters of shear-stress field for the CrCoNiFeMn alloy. The calcu-
lated parameters were well correlated with similar parameters deter-
mined from the analysis of shear-stresses’ distributions in the glide
plane, which were calculated by the method of direct summation of
contributions from solute atoms. It was found that it is possible to de-
fine two different effective distortions of crystal lattice, which cause
short- and long-wavelength components of the stress field, respective-
ly. In addition, it was established that there is no single empirical con-
stant for all alloys to determine the yield strength using the shear
modulus and the average lattice distortion. However, it is possible to
calculate the yield strength of a specific multicomponent alloy using
the main parameters of the shear-stress field, which are determined by
the method considered in this paper.

The periodic lattice potential, short- and long-wavelength compo-
nents of the stochastic shear-stress field in the glide plane determine
the yield strength of a multicomponent alloy taking into account only
solid solution strengthening. The force barriers from the short- and
long-wavelength components are described using the main parameters
of the shear-stress field. The force barrier for the dislocation motion
from the short-wavelength component is dominant in a multicompo-
nent alloy, which is a concentrated solid solution. In this case, the be-
ginning of dislocation motion is determined by overcoming this barrier
with the assistance of applied stress and thermal activation. The effect
of barriers from the periodic lattice potential and the long-wavelength
component on the yield strength can be taken into account by constant
terms that do not depend on temperature. This is possible because
these barriers are quite low in comparison with the barrier from the
short-wavelength component in a concentrated solid solution. The
temperature dependence of the yield strength of a multicomponent al-
loy in a wide temperature range can be determined using thermal acti-
vation analysis of overcoming barriers from the short-wavelength
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component, taking into account the probability of forward and back-
ward jumps through the barriers and the constant stresses that take
into account the barriers from the periodic lattice potential and long-
wavelength component. Effect of solute atoms located farther from the
glide plane on yield strength cannot be neglected because they create
long-wavelength component of the shear-stress field. The temperature
dependence of the yield strength calculated in this way describes well
the region of the high-temperature ‘plateau’. This dependence, calcu-
lated for the CrCoNiFeMn alloy, also correlates well with the corre-
sponding experimental data for this alloy.
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