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Abstract. A novel general analytic approach to analysing non-
stationary stochastic processes in thermodynamic systems is pro-
posed based on some well known theoretical notions and exper-
imental results. The approach was developed in detail for the
case of the macroplastic deformation of single-phase impurity-free
Face-Centred Cubic (FCC)-metal crystals. The relevant basic
mathematic relations were deduced including constitutive non-
linear differential equation describing the time evolution of the
introduced crystal and dislocation state parameter s = (5/0)".
Two different crystal deformation modes or a transient process in
a thermodynamic system s; = s,(t) were first revealed by analyt-
ical solving the equation. The differences were attributed to vari-
ous types of the barriers with different dislocation glide resistance
&; or dissociation stress in a deformed crystal. This conclusion
was confirmed by an evaluation of the dissociation stress for dis-
location barriers under the single and multiple slip conditions in
Cu-single crystals.

Keywords: thermodynamic systems, nonstationary stochastic pro-
cesses, macroplastic deformation of single-phase impurity-free
FCC-metals, different crystal deformation modes.

1. INTRODUCTION

As it is well known, a transition of a thermodynamic (macroscopic) system
between its energy states may be referenced as a stochastic, nonstationary
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process [1-2]. As examples, the following ones may be particularly consid-
ered: emission of electromagnetic radiation, electric conductivity, allotropic
phase transformations, plastic deformation, heat transfer etc. Some of the
transients are well described by the own specific theory or models, which are
based on the corresponding experimental data and reflect effects related solely
to the considered phenomenon using the specific parameters, particular, spon-
taneous and stimulated emission of radiation, as well as normal and super
conductivity. Meantime, the most known transient phenomena have not had
comprehensive theories to describe wide ranges of their experimental data col-
lected for decades. It concerns especially the plastic deformation of crystalline
metallic materials, where some new data were obtained recently, confirming
the basic common feature of the phenomenon mechanism, particularly the
emission of radiation [3].

So, critical analysis of the current situation concerned with theoretical con-
sideration of nonstationary processes development in thermodynamic systems
leads to conclusion about absence of general approach able to be used: (i)
to justify and explain some common features of the phenomena mechanisms,
namely — two basic regimes of their development; (ii) to describe quantitatively
main features of the regimes; (iii) to predict quantitatively the thermodynamic
systems performance.

The aim of the whole article is to develop a general approach able to be
applied to analyse transient processes in a thermodynamic system together
with its physical interpretation and workability verification by comparing some
basic model predictions with the corresponding experimental data.

2. BASIC APPROACH PRINCIPLES FORMULATION

Based on the numerous results have been obtained in the course of inves-
tigating various transient processes in thermodynamic systems, the following
main features of the system behaviour during the processes development were
distinguished:

— Composition of the systems by a huge amount of interacting each other
atoms (molecules);

— Each of the atoms (molecules) can occupy two degenerated energy states
separated by an energy gap;

— Splitting both the energy levels due to the atoms (molecules) interactions;

— Appearance of the energy barriers because of splitting the degenerated en-
ergy levels;
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— Necessity for each of the atoms (molecule) to overcome the barrier for pass-
ing into a nearest energy state;

— Three stage time period of the process development: incubation period,
intensive development, saturated stage.

Generalizing the available data, the following basic assumptions may be
formulated to describe a transient process in a thermodynamic system:

— a thermodynamic system consists of a huge amount of interacting subsys-
tems each of that can stand in two different degenerated energy states;

— the subsystem transitions between the energy states are spontaneous and
independent events;

— the transient processes in a thermodynamic system are of the third order
stochastic ones.

Due to big amount of the justification, interpretation and calculation results
the whole article is divided in 3 parts to meet the journal requirements to an
article volume.

The Part I is devoted to the justification of the novel approach assumptions
for the case of the Face-Centred Cubic (FCC) single phase polycrystal macro-
plastic deformation; to deduce a constitutive equation of the approach based
on the above physical assumptions and to analyse some consequences of the
obtained mathematic results.

In the Part II, we will conduct the standard linear stability analysis for
the obtained analytical solutions of the constitutional nonlinear differential
equation and give a physical interpretation of the solutions from the point of
view of dislocation mechanisms involved.

The Part III will present some main results of the developed approach ap-
plication to quantitative description of stress dependence of the dislocation
speed, calculation the true stress—true strain curves for some FCC-metal poly-
crystals and comparison the results with the corresponding experimental data.

3. JUSTIFICATION OF THE APPROACH BASIC
ASSUMPTIONS

The justification of the basic assumptions was made based on the known
features of both the jerky dislocation glide and interactions of gliding dislo-
cations, taking into account the transient character of a stochastic process of
the deformation.

Let us consider a FCC single phase metal polycrystal exposed to an applied
uniaxial tensile true stress o at a constant metal temperature 1" such as to
provide the development of jerky glide of the crystal dislocations. As the
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deformation is a stochastic process for the given conditions, the probabilities
Pr(o,t) and Prr(o,t) =1 — Pr(o,t) have to be determined to find the above
whole crystal at a time ¢, accordingly, in the state without macroscopic plastic
deformation, indicated by low index I and — in the state of macro-plastic flow,
indicated with low index II.

According to the commonly accepted notions [4], the macroscopic plastic
crystal deformation may be defined as a process developing, if screw compo-
nents of the majority of crystal dislocations are able to glide in a predominant
slip system, and have a mean free path L, in the glide system, exceeding a
mean strongest obstacles spacing A, L, > A. Following to [5], this majority
of dislocations is associated with those mixed segments of existing dislocation
loops or networks, which are characterized by the most probable value of their
length )} = [} (0,t) between the nearest pinning points in a plane of a pre-
dominant slip system at a given moment of the deformation. Hereafter these
dislocation segments are called the “active” ones.

Considering the known experimental and theoretical results, a mobile dislo-
cation, in order to glide in a plane of a single-phase impurity-free FCC-crystal,
has to surmount the resistance offered mainly by obstacles of the following
types: (i) individual non-attractive forest and parallel dislocations; (ii) stable
dislocation barriers (attractive dislocation junctions, Lomer—Cottrell barriers);
(iii) dislocation tangles, cell walls and subgrain boundaries. Though details
of the later dislocation configurations are unknown so far, based on the avail-
able data the attractive dislocation junctions may be considered as their main
components [5]. Besides, Lomer—Cottrell barriers are also formed therein, in-
cluding the easy glide deformation stage in single crystals as a result of the
reactions between moving primary dislocations and a restricted number of seg-
ments lying in secondary slip planes [6]. So, the stable dislocation barriers are
referred to as the “strongest” obstacles in accordance with [4, 7-9]. Mobile
dislocations overcoming these obstacles control the plastic flow of single-phase
FCC-metals. The maximum strength of such an obstacle is evidently charac-
terized by a stress 7, (0) necessary to dissociate the dislocation barrier at 0K.
According to [4, 9], one can write:

)= b (1)

= =,
4r 1 ¥

where G is the shear modulus, b is the Burgers vector and lf = Ijj is the most

probable forest dislocation spacing. According to the just given definition,

such a stress should be considered as a threshold one, considerably exceeding

the maximum resistance offered by the individual dislocations 7, + 7+, where 7,
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and 7¢ are the amplitudes of the athermal and thermally activated resistance
associated mainly with the parallel and non-attractive forest dislocations, re-
spectively, 7,(0) > 74 + 7¢. On the other hand, according to the general
synergetic approach [10], a loaded crystal should be considered as a macro-
scopic system consisting of numerous identical interacting subsystems. Their
joint action determines the whole system state at a time ¢t. We identify the
subsystems with the active dislocation segments whose collective overcoming
the strongest obstacles determines the macroplastic deformation of the whole
crystal.

Proceeding from the above, the following scheme of the crystal deformation
is proposed as a foundation of the further analysis.

At any stage of the plastic deformation there are active dislocation segments
of the length [ = (0, t) in planes of a predominant slip system. In some of the
planes, they may operate as dislocation sources, if the applied stress o reaches
the value o5 &~ MGb/L};, where M is the appropriate Taylor factor. For stresses
os > M(Ta + 7¢) > 05, the segments glide in active planes of a predominant
slip system overcoming the resistance of individual as non-attractive forest as
parallel dislocations. Under the same conditions, a restricted number of mobile
dislocation segments of the length I; > [} also glides in secondary slip planes.
As a result of the dislocation reactions, a number of the dislocation barriers
appears as components of the dislocation “walls”. Further, there are two
possible mechanisms for the original dislocation segment to continue its glide:
to overcome the barriers with continuing the glide in the initial plane of the
predominant slip system (dislocation configuration PMM'P'K'N'NK in Fig.
1); to bypass the barriers according to the cross slip mechanism that includes
the gliding in planes of the secondary slip systems (dislocation configuration
CA’C'D’'B'D in Fig. 1).

Considering only the non-interacting barriers within the dislocation cell
walls, different dislocation configurations may be formed in front of them dur-
ing loading, depending on the distance S; = S;(o,t), separating such an ob-
stacle and the nearest dislocation source. Namely, dislocation pile-ups appear
in front of those dislocation barriers for which S; > Ij. On the other hand,
in the case when an unclosed, bowed out active dislocation segment interacts
with a corresponding forest dislocation and forms a dislocation barrier, one
can write S; < /2. As a result, no closed dislocation loops are generated
later by such a dislocation source. Consequently, there are not dislocation
pile-ups in front of those barriers for which S; < }/2. It is natural to consider
the active dislocation segments involved in such single barriers as individual
ones.
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Fig. 1. Schematic representation of the two possible mechanisms of the glide of

an active dislocation initially pinned in the points A and B across the strongest

obstacles within the dislocation walls 1, 2, 3: overcoming the obstacles with

continuing to glide in the initial plane of the predominant slip system (disloca-

tion configuration PMM'P’K’'N’NK); bypassing the obstacles by the cross slip
mechanism (dislocation configuration CA’C’'D'B’D)

The necessary condition for the continuation of the glide in an active slip
plane is the dissociation of the dislocation barriers existing in the same plane.
Such dissociation is possible under the loading conditions M (7, + ) < o <
MT3(0), according to the thermally activated “unzipping” mechanism [9]. Ev-
idently, the key stage of this dissociation process is the glide of that mobile
dislocation segment, which is involved in the barrier and lies in a predomi-
nant slip system, where the maximum resolved shear stress acts. Hereafter
such dislocation segments are referred to as “driving active” ones. As soon
as a dislocation barrier dissociates with assistance of a thermal fluctuation,
the driving active segment, together with possibly piled-up mobile dislocation
loops, can pass the distance L, ~ X until it forms the new barrier in the same
slip plane. Thus, the glide of a driving active dislocation segment results in:
(i) a thermally activated dissociation of the dislocation barrier and (ii) a fur-
ther athermal long-distance (L, ~ \) dislocation glide through the dislocation
forest. Both control the macroscopic slip propagation in an active slip plane.
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Based on the described scheme, a particular case is considered in detail:
the glide of an individual driving active dislocation segment, i.e. the active
segment involved in a single dislocation barrier.

As it follows from the activation energy—displacement curve for a dislocation
barrier formation and dissociation [9], an energy of dissociation W may be
defined as W = g9 — €1. Here, €9 is the energy of the upper activated state
of a driving active dislocation segment. Due to instability of this state, the
segment having the energy ey can either be in an immobilized condition or
glide through the dislocation forest at a distance L, ~ A [9]. The quantity e;
is the minimum energy of the segment involved in the barrier, i.e. being in
the lower, stable immobilized condition for which L, < A, i.e. L, =~ 0.

Proceeding from the above, the main assumptions of the approach as ap-
plied to the macroscopic plastic deformation may be specified as follows:

(i) The macro-plastic crystal deformation is a result of the glide of mobile
mixed dislocation segments of the most probable length (active disloca-
tion segments) with overcoming the strongest obstacles.

(ii) The strongest obstacles to the dislocation glide are non-interacting stable
dislocation barriers, the dissociation of which can develop only by the
thermally activated “unzipping” mechanism at a critical shear stress 7, =
7p(T). The control stage of the dissociation is the glide of involved in the
barriers active dislocation segments (the driving active segments), which
are all equivalent ones due to relaxation of dislocation pile-ups [9] possibly
formed in front of the dislocation barriers.

(iii) The macro-plastic deformation of a crystal includes the three, consis-
tently developed in the course of the deformation, stages: independent
propagation of primary slip bands; interaction of the slip bands; ultimate
strengthening of slip bands resulting in stoppage of the dislocation glide
or the crystal fracture.

On the basis of the above first two assumptions, the stress effect on the
probability to glide for a driving active dislocation segment was firstly consid-
ered.

4. STRESS EFFECTS ON THE ENERGY STATES
OF THE SUBSYSTEMS AND A WHOLE
THERMODYNAMIC SYSTEM

One of the objectives of the current plastic deformation analysis is to find
probabilities pr(7,t) and prr(7,t) = 1 — pr(7,t) to detect a driving active
dislocation segment at a time ¢ respectively in (I) the immobilized condi-
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tion and (II) the state of long-distance glide in a plane of a predominant slip
system being under the action of a shear stress 7 = o/M. In the most gen-
eral case the probability to find a dislocation segment in an energy state ¢ is
p(e,7) x q(e,7)-Q(E —¢,T), where ¢(e, 7)is a number of available microstates
of a dislocation segment; Q (E — &, 7) is the number of microstates of a reser-
voir. Evidently, crystal volumes surrounding the considered active dislocation
segment may play the role of the reservoir. The quantity ¢(e,7)includes all
kinds of microstates corresponding to the vibrational and configurational con-
tributions to the dislocation entropy. The dislocation energy € may be consid-
ered as a function of two variables € = (7,t), where x is a coordinate of the
midpoint of a dislocation segment along a direction of its displacement. For
the defined above two energy states of a driving active dislocation segment one
can write €, = &(7, &, ), where x,, is a midpoint coordinate of the segment in
its lower, stable immobilized condition (m = 1) and the upper, activated one
(m = 2). It is obvious that z,, = x,,(t), because of the natural oscillations of
a dislocation line caused by thermal fluctuations.

In order to derive expressions for stress dependencies of pr(ry, let us con-
sider the changes of q(&,,, 7) in the course of the adiabatic quasi-static increase
dr of the external parameter 7 = o/M, since for the reservoir as a macro-
scopic system @ (E — e, 7) = const. For the considered dislocation segment as
a mesoscopic subsystem the following relation must be written [11]:

ooy,

Ing(em +0Anm, 7+dr) —Ing (e, 7) = — -dr, (2)

Oem
where o, = 0A,,/dr. Here 0A,, is a macroscopic work done under the sub-
system which is in the energy state €,,. In general, for the dislocation energy
one can also write:

de (1,2) = —TdT + —xdm (3)

It is well known that a growth of the external acting stress increases a
length of a dislocation being either in immobilized or moving condition due to
additional bowing up of a pinned dislocation segment and a growth of a jogs

concentration on a moving one. Therefore, for both energy states e,,, relation

0
% > 0 holds. For a segment displacement in its glide direction (dz > 0)
-

at a constant applied resolved shear stress 7, two relations follow from the

Oe Oe
activation energy—displacement curve [§] a—l > 0 and 8—2 < 0. So, let us use
x x
Oe €
below the definitions V,, = a—; f = —, where V, is the activated volume of an
T

x
active dislocation segment and f is the force acting on the segment. Taking
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into account that V, = bljz and f = 7bl}, relation (3) for the considered
energy states may be rewritten as:

de1 = Voudr + 7 dVy1;  deg = Vgadr — 7 dVs.

Assuming for simplicity that V, and f are independent of stress and dis-
placement, respectively, and taking into account that 0 A,,, = V,,,,d7 one yields
from equation (2):

q(e1,7) = qo (T/7), q(e2,7)~qo(7/7), (4)

where gy and 7 are integration constants. As it follows from equations (4),
a growth of the applied stress ¢ = 7M leads to a decrease of the number
of available microstates for a driving active dislocation segment being in the
stable immobilized condition, but increases this characteristic number for the
segment in the activated state. This conclusion is in agreement particularly
with the commonly accepted dislocation mechanism of the Bordony peak [9]:
some of the initially equivalent positions of an immobilized dislocation in a
crystal with a certain internal stress become more probable than other ones
under the action of an external superimposed stress. It evidently means a
decrease of the total number of microstates available for a pinned dislocation
due to an increase of the applied stress.

Taking into account the unrealistic particular features of the dependencies
(4) q(e1,7) > 0 at 7 — oo and ¢ (e2,7) — 0 at 7 — 0, the character of the
stress influence on ¢(e,,,7) in general case will be described by the scheme
shown in Fig. 2. Recalling that ¢, = &(7,2y,) and x, = z,(t) due to
thermal dislocation oscillations, one can write q(em,7) = ¢m(7,t). For the
stress conditions 7 > 7 the quantity ga2(7,t) may be expressed as:

7 2q(7
qQ(T,t)—qg(%,t)—l—quh_’w-(T—?)+m~(7—%)2+~-- ,
QZ(Tat) = q2(7:’t> +Q(T*7~—at)' (51)

As it also follows from the scheme, at a stress 7 > 7, q2(7,t) = 1(7,t) =
q1(7,t), therefore expression (5.1) is rewritten in the form:

@(1,t) = qi(1,t) +q (1 — 7,1, (5.2)

where ga2(7,t), q1(7,t) and g(7 — 7,t) are the microstates numbers correspond-
ing to a driving active dislocation segment being at a stress 7 respectively
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in: the activated condition, the immobilized state and the state of the long-
distance glide. According to the probability definition, the following relations
flow from the equation (5.2):

q (7,1) q(r—"7,t)
pPr\7 t) = ] pPIr\7™ t) = ——. 6
(7,1) o) (7,1) pER) (6)
4 |
q
3 — —
1 2
q:(7)
2 — —
1 E =
i q1(9)
: Fig. 2. Schematic representation of the
E | stress influence 7 on the number of active
0 N dislocation microstates ¢; in immobilized
T T (j = 1) and mobile (j = 2) states

Using equation (5.1) and the probability normalization condition, one ob-
tains:

prt) = 20 )
pu(rt) = 1= 20 Q

As it is well known [11], for any thermodynamic system with an unlimited
energy spectrum, the number of available microstates ¢ (¢) is a rapidly growing
function of its energy e, ¢(g) el’, where F is the number of degrees of
freedom for the system. On the other hand, the energy of a dislocation is a
function of an applied stress ¢ = (7, z). Hence, for a driving active dislocation
segment we may write g (7,t) < 7"; 2 (7,t) o< 7", where n = n(t) is a
non-negative parameter, associated with the dislocation number of degrees of
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freedom. Finally, recalling that 7 = o/M, one finds from the expressions (7)

and (8), respectively:
& n & n
pr~ <> ;o prr=l— <> ; (9)
o o

where & = 7- M. It should be noted that the relations (9) determine the prob-
ability of the long-distance glide of an individual driving active dislocation
segment exclusively under the conditions of the thermally activated “unzip-
ping” of an attractive dislocation junction followed by the athermal glide of
the segment in its original slip plane. According to dislocation theory [9], a
stress level providing such a glide of a driving segment is considered as being
independent from the presence of a dislocation pile-up in front of the dislo-
cation barrier, due to the internal stress relaxation caused by the dulling of
the pile-up. This allows considering all driving active dislocation segments in
a crystal as equivalent ones. Using the relations (9) one defines the quantity
¢ as the minimum stress necessary at a given temperature for the thermally
activated dissociation of a dislocation barrier in front of which there is or is
not a dull dislocation pile-up:

N

cg=0(T)=1(T)M.

Thus, it may be concluded that the macro-plastic deformation of a whole
crystal develops by the joint long-distance glide of all driving active dislocation
segments that provides the motion of all the other active segments in a crystal.
The total amount of equivalent driving active dislocation segments in a crystal
is expressed as: ppAN, where p; is the density of dislocation barriers in an
active slip plane; A is an area of such a plane; N is the total number of active
planes of a predominant slip system in a crystal. Taking into account the
indistinguishability of driving active dislocation segments, the probability to
find an arbitrarily chosen one in the moving state is (1 — s/p,AN), where
s = (6/0)" = s(o,t). In view of the independent character of the thermally
activated dissociation of the non-interacting dislocation barriers, as well as
the fact that N — oofor real crystals, the probability of the joint glide of all
driving active dislocation segments in a crystal is:

s PbAN B F\"
o) = ()]

Thus, the required expressions for the determination of the probability to
find a loaded crystal in the state without macroplastic flow P;(s), and in the
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state of macroplastic deformation Pry(s), have the following form:

Pr(s) =1 exp - (j)] | (10)

Pt = ew|-(2)]. (1)

It should be noted that according to expressions (10) and (11), the param-
eter s = (6/0)" completely characterizes the state of a whole loaded crystal
with respect to the macroplastic deformation development. On the other hand,
as equations (9) show, this parameter also specifies state (energy and number
of degrees of freedom) of a driving active dislocation segment with respect to
its long-distance glide without leaving the original slip plane.

5. CONSTITUTIVE EQUATION OF A TRANSIENT PROCESS

As it follows from the above, Prr(o,t) may be considered as a joint proba-
bility distribution of the deforming stress o providing the macroplastic crystal
flow and a delay time ¢ of the flow. Since Prr(o,t) = exp[—s(o,t)], one has to
consider the parameter s(o,t) = (6/0)" as a random variable. So, under the
both conditions o = const or ¢ = o(t), the random function s(¢) has to rep-
resent the process of the macroplastic deformation. However, the order of the
distribution function well defining the considered stochastic process s(t) is not
determined so far [1]. It is well known that in the course of the macroplastic
flow of a crystal, the following three stages of the deformation are generally
distinguished: (i) filling a crystal by non-interacting slip lines, as a result of
the slip propagation in planes of a predominant slip system; (ii) interaction
of new slip lines with the previously formed ones, leading to strain harden-
ing; and (iii) termination of the plastic flow due to maximum hardening of all
the active slip planes, leading to a blocking of dislocation sources and further
crystal fracture. Therefore, during the observation of a loaded crystal, it is
possible to choose three consistent points of time t1,t2,t3, corresponding to
the above three stages of the plastic low. In terms of the probability distri-
butions for the stochastic process, the following relations are written for the
three stages of the crystal deformation, respectively, [1]:

OP;; 9% P;; PPy

851 7& 0; 881852 # 0; 881882853 =0 (12)
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Using the definition $; = ds (t)/dt, the last of the relations (12) may be
rewritten as:
O*Pr; _ P Pr; 1
051089053 o3 ' $159283
It is reasonable to assume that a crystal state always changes with a finite
rate in time $; # oo. It leads to:

=0.

0 SP[[
ot3

=0.

Substituting expression (11) in the last relation one obtains a differential equa-
tion describing the time evolution of the parameter s = (6/0)" during the third
order stochastic transient of the macroplastic deformation:

d3s d’s ds ds\?
_ c .2 - =0. 1
i Caat (dt) 0 (13)

6. REAL ANALYTIC SOLUTIONS OF THE CONSTITUTIVE
EQUATION AND THEIR MAIN PROPERTIES

The analytical solution of the autonomous system (13) leads to the following
real time dependencies of the parameter s = (5 /0)™:

s1(t) =1In - (21_ 1)2, (14)
so (t) = In 2+<?2_1)2 (15)

where A; and ?j (j = 1,2) are integration constants. It is easy to show that
relations of the form:

Aj

29
2+ (titof - 1)
tj

are also solutions of the main equation (13), where tp; # 0 are constants.
It should be emphasized here that each dependence s;(t) characterizes the
behaviour of an active dislocation segment or the whole crystal volume under

Sj (t + toj) =In (16)
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a load. The state of them begins to change at the time ¢t = 0. Therefore, the
quantity s(t £ tg) is used to describe the behaviour of the active dislocation
segments or the crystal volumes, with states beginning to evolve at various
times +to. The obtained time dependencies s;(t) and Prr; (t) are plotted
in Fig. 3. As seen, any crystal loaded by the stress o is characterized by
the two different values s;(j = 1,2) of the quantity s(¢) at the same fixed
time. Hence, the time dependences (14) and (15) should be considered as
possible different modes of the macroplastic crystal flow or a transient process
in a thermodynamic system in general case. According to the definition of
s, one finds s; = (6j/0)"™. So, the above differences should be associated
with two different levels of the each crystal state parameter ¢ and n. Since
o characterizes the resistance of a stable dislocation barrier to dislocation
glide, one finds in general two types (j = 1,2) of the barriers with different
dislocation glide resistance ¢; or dissociation stress in a deformed crystal. This
conclusion is confirmed by an evaluation of the stress necessary to dissociate a
dislocation barrier for single and multiple slip conditions in Cu-single crystals.
As it follows from relation (1), the relevant stress is expressed as:

() =50 Ly ps (17)
where ps = 1 / ZJ% is the density of dislocations lying in planes of secondary
slip systems. For single slip conditions (ps = const), such the density for a Cu
single crystal is ps ~ 1.75 - 107cm ™2, [12-13]. Using the known relation for
a mean spacing of attractive forest dislocations [12], one finds L, ~ 3.3 - I;.
For T ~ 0K this yields 75 ~ 2.8 -107°G, in agreement with the experimental
values of the critical resolved shear stress for soft oriented Cu-crystals at room
temperature 7, ~ (1.9...2.6 - 107°)G, [12-13]. On the other hand, for a dis-
location multiple slip conditions L, = D/sinws, where D is a nearest spacing
of primary slip bands and w; is an inclination of the slip bands with respect
to planes of the predominant slip system [13-14]. Since sinws ~ ws = s, it
follows that L, ~ D/~,, where 7, is the shear strain in secondary slip sys-
tems. Taking into account that vs = psbLs and Lg ~ D, equation (17) yields
Tom(0) = 0.1G, a value which is essentially exceeding stress levels necessary for
real metallic crystals deformation. From the above, the corresponding tensile
critical stresses are defined as 65(T) = 7ps(T) - M, 65 (T) = 7y (T) - M at a
given temperature T'. So, under the conditions of multiple slip, i.e. continuous
generation of secondary dislocations (psL;, = const), the formed dislocation
barriers cannot dissociate under the action of the applied stresses o, provid-
ing the macroplastic deformation of real metal crystals since o < ,,(T).
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Meantime, for the single slip conditions, i.e. at a constant secondary disloca-
tion density (ps = const), the barriers are able to dissociate with assistance of
thermal fluctuations at low stresses G5(T') < o < 755(0) - M.
Thus, the model results having been obtained show that:
— the macroplastic deformation of single-phase FCC-metals develops hetero-
geneously on any stage of the flow;
— there are two types of regions with different resistance to the dislocation
glide in the deformed FCC-crystals.
These conclusions agree with the composite concept of the plastic defor-
mation of single-phase crystals [14-15] and are confirmed by the experimental
data, available for single and polycrystals [16-17].

7. CONCLUSIONS

1. An analytic approach to analysing nonstationary stochastic processes in
thermodynamic systems is proposed, which is justified and developed in
detail for the case of the macroplastic deformation of single-phase impurity-
free FCC metal crystals.

2. Main assumptions making physical ground for the approach for the case of
the conducted analysis are as follows:

e the macroplastic crystal deformation is a result of overcoming the strongest
obstacles by mixed dislocation segments of the most probable length (active
dislocation segments) and their subsequent glide through the “forest”;
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e the strongest obstacles for the dislocation glide are non-interacting stable
dislocation barriers able to dissociate by the thermally activated “unzip-
ping” mechanism as a result of the glide of involved in the barriers active
dislocation segments (the driving active segments), which are all equivalent
ones due to relaxation of dislocation pile-ups possibly formed in front of
the dislocation barriers;

e the macroplastic deformation of a crystal includes the three stages con-
sistently developing with time: independent propagation of primary slip
bands; interaction of the slip bands; ultimate strengthening of the bands
resulting in crystal fracture.

3. Based on the assumptions the following basic mathematic relations were
deduced: an expression for determination of the probability of the glide
of a driving active dislocation segment; formula defining the probability
to detect a whole loaded crystal in the macro-plastically deformed state;
constitutive non-linear differential equation, describing the time evolution
of the introduced crystal and dislocation state parameter s = (6/0)".

4. As a result of the analytical solution of the constitutive equation, two differ-
ent crystal deformation modes s; = s; (t) were revealed. The differences are
associated with the presence of dislocation barriers with different dissocia-
tion stresses, as confirmed by numerical evaluations and the experimental
data.
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