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Abstract. In continuation of the Part I and Part II of the article,
where the analytic approach to studying a transient process evolu-
tion in a thermodynamic system was formulated and its basic fea-
tures were considered, the final experimental verification stage of
the approach development was elaborated, regarding the macro-
plastic deformation of single phase Face-Centered Cubic (FCC)
polycrystals, as a typical case of the transient process provided
by numerous experimental and specific theoretical data. Novel
analytic expressions were derived to calculate the true stress–true
strain curves for each of the modes of the plastic deformation.
Based on the well experimentally grounded model for the devel-
opment of “parallel–independent” processes in deformed metals,
the true strain of a whole deformed crystal was determined un-
der the conditions of monotonic tensile loading with a constant
elongation rate.
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The strain limits for each deformation mode, resulting from the
general definitions of the basic approach characteristics sj(t) and
nj(t), were specified and related to the fracture strains for the
corresponding crystal regions. Theoretical true stress–true strain
curves predicted by the approach were compared with the exper-
imental ones for polycrystalline Al, Ni, Cu and Ag. Over 97%
accuracy is reached for the coincidence between experimental and
calculated stress–strain curves, as well as of fracture strains in the
considered metals. Some novel features of the dislocation mech-
anisms in Al, distinguishing it from the other investigated FCC
metals, were theoretically revealed and shown to be in accordance
with the known disembodied specific experimental data.

Keywords: macroplastic deformation, dislocation glide, analytic
relations, true stress–true strain curves, FCC-polycrystals, differ-
ent crystal deformation modes, dislocation mechanisms.

1. INTRODUCTION

As it was shown in Part I and Part II of the article, a transient process in a
thermodynamic system may be well described using the analytic approach de-
veloped in [1–2]. The macroscopic plastic deformation of Face-Centered Cubic
(FCC) single-phase polycrystals was considered as an example of a transient
process, due to the most detailed relevant theoretical and experimental data
available. The differences in the revealed modes of development of such a
transient process were attributed to various types of dislocation barriers pro-
viding different resistances σ̃j to dislocation glide in the deformed crystal.
This conclusion was confirmed by an evaluation of the dissociation stress for
the dislocation barriers under the single and multiple slip conditions in Cu-
single crystals. Due to the simultaneous presence of the dislocation barriers
of the two revealed types in a deformed FCC crystal, the averaged dislocation
glide resistance should be considered to analyse the stress–strain behaviour
of the crystal as a whole. Besides, comparing such behaviour with the ex-
perimentally observed one provides important information about the practical
applicability of the developed theoretical approach and the involved disloca-
tion mechanisms.

So, aim of the article is to calculate the true stress–true strain diagrams
for some FCC metals within the framework of the approach and compare the
obtained results with the available experimental data.
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2. THEORETICAL TRUE STRESS–TRUE STRAIN
DEPENDENCIES

As it was shown in previous parts of the article, the parameter s(σ, t) ≡
(σ̃/σ)n provides the integrated characteristic of the state of a loaded crystal
with respect to its macroplastic flow under the two conditions σ = const and
σ = σ(t). The most important practical case of a monotonous tensile loading
at a constant elongation rate will be considered below. In order to obtain
expressions describing time evolution of an applied true stress σ for the two
deformation modes on the basis of the dependencies sj = sj(t), some basic
properties of the relevant quantities must be taken into account. Namely,
nj(t) > 0, dσ/dt > 0 according to the early given definitions. Besides, it
follows from relations (14) and (15) of the paper [1] that dsj(t)/dt = 0 at
t = t̂j . Let us consider further the quantities zj ≡ ln(1/sj) as functions of two
variables xj ≡ nj , yj ≡ ln(σ/

←
σj), zj(x, y) = xj · yj , where xj = xj(t), yj =

yj(t), zj = zj(t). For the extreme points of the functions zj = zj(t) reached
by the times t = t̂j , one can write ∂zj(a, b)/∂x = 0, ∂zj(a, b)/∂y = 0, where
x(t̂j) = aj , y(t̂j) = bj . On the other hand, one has to obtain ∂zj/∂x ≈ yj ,
∂zj/∂y ≈ xj under the conditions xj(t) � aj and |yj(t)| � bj . Therefore,
in general case, it may be written ∂zj/∂x = yj − bj , ∂zj/∂y = xj − aj .
Introducing the marks pj ≡ ∂zj/∂x and qj ≡ ∂zj/∂y, one arrives at a partial
differential equation describing the dependencies yj = yj(xj) under the just
given conditions:

(pj + bj) · (qj + aj)− zj = 0.

Assuming for simplicity that the two quantities xj and yj begin to evolve
simultaneously with time, one arrives at relations as solutions of the above
differential equation in partial derivatives:

yj = sgn(yj) · (−xj + Cj), (1)

where sgn(yj) = 1 if yj > 0 and sgn(yj) = −1 if yj < 0, Cj = 2aj = 2bj . As
it follows from equation (1), the form of the time dependence σ = σ(t) for
a deformation mode depends on a sign of the variable yj ≡ ln(σ/

←
σj), i.e., a

value of the ratio σ/
←
σj as compared to unity. As it was inferred in [1–2], the

first mode of the macroplastic deformation develops by the single dislocation
glide, whereas the second deformation mode is controlled by the multiple slip.
On the other hand, it was also shown that the dislocation barriers formed
under the single slip conditions are able to dissociate at low applied stresses,
in contrast to the insurmountable dislocation barriers appearing in the course
of the multiple glide of dislocations. Thus, based on these results for the first
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deformation mode it can be written σ >
←
σ1, i.e., s1 < 1, y1 > 0, and then

using equation (1) and relation (14) from [1] it is found:

σ(t) =
←
σ1 exp [−n1(t) + C1] ; n1 =

C1 ±
√
C1 + 4 ln s1(t)

2
, (2)

where C1 = 2
√

ln [1/ ln(A1/2)].
For the case of the second mode of the crystal deformation it can be written

σ < σ̃2, i.e., s2 > 1, y2 < 0, and from equation (1) and relation (15) from [1]
it is obtained:

σ(t) =
←
σ2 exp [n2(t)− C2] ; n2 =

C2 ±
√
C1 − 4 ln s2(t)

2
, (3)

where C2 = 2
√

ln [1/ ln(A2/2)].
Based on the definitions of the constants Cj , one finds 2 < A1 < 2e; A2 >

2e. Since the crystal deformation under the monotonous loading conditions
is considered in the paper, the upper signs in the formulae for nj(t) have to
be used within the time intervals t < t̂j , whereas the bottom signs correspond
to the intervals t > t̂j . According to the definitions of the quantities s and
n, the following conditions sj > 0 and nj > 0 have to be also fulfilled. Using
expressions (14), (15) from [1] for sj = sj(t) and (2), (3) for nj = nj(t), it
is easy to show that joint satisfaction of these conditions is possible, i.e. the
dependencies σj = σj(t) are valid only within the time intervals 0 < t <

t̂1(1 +
√

[2− (A1/e)]) and 0 < t < t̂2(1 +
√
A2 − 2) for the first and second

deformation mode, respectively. An adequate description of the input time
dependencies sj = sj(t) is also provided by the just obtained relations (2), (3)
within the time intervals. Under the condition of tensile loading at constant
deformation rate ε̇, one can proceed to the new independent variable ε = ε̇ · t
instead of t in formulae (2) and (3), and then the true stress–true strain curves
can be obtained using the quantity ϕ = ln(ε+1). The characteristic theoretical
dependencies σj = σj(ϕ) illustrating the modelling potential of equations (2)
and (3) for the revealed deformation modes are shown in Fig. 1, where a close
coincidence of the calculated dependencies with the ones corresponding to the
single and multiple dislocation glide, respectively, can be seen.
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(a) (b)

Fig. 1. Calculated characteristic true stress–true strain curves for the revealed
modes of the macroplastic deformation: (a) first mode; (b) second mode

3. COMPARISON WITH EXPERIMENT:
RESULTS AND DISCUSSION

As it follows from the obtained theoretical results, the developed approach
allows to predict the stress–strain behaviour of a FCC crystal based on the
data related to the mechanisms of dislocation motion and vice-versa, namely
to describe the regularities of dislocation glide based on the macroscopic tensile
behaviour of a loaded crystal. Unfortunately, in the case the necessary quanti-
tative data related to the stress and time dependencies of the dislocation glide
parameters are usually very limited and not available for most polycrystalline
metals in particular. Therefore, the tensile stress–strain curves for polycrys-
talline Ag, Cu, Ni and Al will be analysed to reveal some features of their
respective dislocation glide mechanisms [3].

It is obvious that the most detailed description of the stress–strain be-
haviour within the framework of the presented approach is possible only by
taking into account the predicted joint development of the two revealed modes
of the plastic flow in a deformed FCC crystal [1–2]. As follows from the def-
inition of the dislocation and crystal state parameter s(σ, t) ≡ (σ̃/σ)n, the
two deformation modes develop under the action of the same stress equal to
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the applied one σ. However, the modes result in different time dependencies
of the parameter s, sj = sj(t), as well as the true strain values at a given
acting stress σ, as seen from the above equations (2) and (3). That is why the
joint development of the two deformation modes in real crystals was described
according to the model considering a combination of “parallel–independent”
processes [4]:

ϕ = V1ϕ1 + (1− V1)ϕ2, (4)

where ϕ is a global true strain of a crystal; ϕ1 is a true strain of crystal
regions where the first deformation mode develops; V1 is a volume fraction of
the just mentioned regions; ϕ2 is a true strain of crystal regions where the
second deformation mode develops. Besides, the application of this technique
is confirmed by the experimental data for FCC metals well described within the
framework of the above model [4]. A graphic illustration of the used technique
is shown in Fig. 2 by the following dependencies true stress–true strain: (i)
the dependence describing the deformation of crystal regions where the first
mode of the plastic flow develops, curve 1; (ii) the dependence relating to the
deformation of crystal regions where the second mode develops, curve 2; (iii)
the dependence corresponding to the deformation of a whole crystal, curve 3.
The considered curves were calculated taking into account the above results
according to which the first and the second deformation modes are limited in
time by the points:

tlim1 = t̂1(1 +
√

[2− (A1/e)]), tlim2 = t̂2(1 +
√
A2 − 2),

respectively. The levels of acting stress, corresponding to the time limits

tlim1 and tlim2 , are also shown in Fig. 2 as curves 4
(
σf1

)
and 5

(
σf2 ≡ σ̃2

)
,

respectively. According to the above definitions of the quantities tlim1 and tlim2 ,
the stresses σf1 and σf2 ≡ σ̃2 are considered to initiate the fracture of crystal
regions where the first and second deformation modes develop, respectively.

Based on this, the global true strain levels of the crystals ϕf
1 , ϕf

2 can be de-
fined, reaching which initiates fracture (crack nucleation) in the corresponding
crystal regions, Fig. 2.

Using now formulae (2) and (3) in order to calculate ϕj for each of the
deformation modes at various levels of the same acting stress σ, together with
the general relation (4) and a fitting procedure, the values of the model con-

stants
_

t j , Aj , σ̃j , as well as the volume fraction V1, can be obtained, making
the most adequate theoretical description of the experimental stress–strain de-
pendencies possible. The values of the above parameters, providing more than
97% accuracy in fitting the theoretical and experimental true tensile curves
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Fig. 2. Typical illustrative graphic re-
lations of the true stress–true strain de-
pendencies, corresponding to each defor-
mation mode, curves 1 and 2, lines 4 and
5; the whole crystal deformation, curve 3

over the whole range of measured deformations for polycrystalline metals, are
given in Table 1, [3]. Additionally, for the deformation modes starting stresses
σj(0) are also given for each metal there. These stresses provide the onset
of the deformation modes and were calculated using equations (2) and (3) at

t = 0. There are also the calculated fracture strains ϕf
j , as well as the ex-

perimental values of the strain-to-fracture ϕf
exp for each metal in Table 1, [3].

The predicted and experimental true stress–true strain dependencies together
with the corresponding fracture stresses are plotted in Fig. 3.

As can be seen in Table 1, only the model parameter
_

t 1 demonstrates well-
defined changes with the stacking fault energy. One of the consequences of the
changes is the decrease of ϕf

1 with the growth of the energy, i.e., during the
transition from Ag to Al. This result is in agreement with the experimental
data showing an increase in the plasticity of FCC metals and alloys with a
decrease in the stacking fault energy [5]. It is also seen that the experimental

fracture strains ϕf
exp are close to the corresponding calculated ones ϕf

1 for Al,

Ni, Cu and ϕf
2 for Ag. The lower levels of the experimental fracture strains

in comparison with the corresponding theoretical ones may be explained by
inevitable presence of the structural defects facilitating the fracture of real
crystals.
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The data given in Table 1 show particularly that the macroplastic flow in
polycrystalline Al develops mainly by the dislocation mechanism (V1 = 60%)
associated with the first deformation mode, i.e., by the single dislocation glide.
It follows also from the relation of the starting stresses σj(0) of the modes
σ1(0) > σ2(0) that the single slip in Al begins after the onset of the multiple
one associated with the second deformation mode, i.e., after formation of a
developed dislocation cell structure. On the other hand, it can be seen in Fig. 3

(a) (b)

(c) (d)

Fig. 3. Calculated (lines) and experimental (circles) true stress–true strain
dependences for some FCC polycrystals: (a) Ag; (b) Al; (c) Cu; (d) Ni
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and Table 1 that σf1 ≈ σ̃1. It implies that the single dislocation glide in Al is
practically limited by the stage of the micro-deformation, since the thermally
activated dissociation of stable dislocation barriers is only possible at σ ≥ σ̃1,
which immediately leads to the fracture of the corresponding crystal regions
σ̃1 ≈ σf1 . This in turn means that only insurmountable dislocation barriers
are formed during the deformation of an aluminium polycrystal. Thus, it
can be concluded that the single slip in polycrystalline Al develops probably
within dislocation cells that reach a favourable orientation in the course of
multiple slip: the walls of the cells are composed of dislocation bonds that
cannot be overcome by gliding dislocations, as shown earlier. This conclusion
is consistent with numerous experimental data related to the deformation of
pure Al, solid oriented single- and polycrystals. Particularly, the following
is observed, namely: (i) single slip, possibly under creep conditions [6]; (ii)
weak dependence of the flow stress on the grain size at different strains [7];
(iii) strong dependence of stresses on the size of the dislocation cell [8]; (iv)
alternation of dislocation cells, in which the multiple slip traces are observed
(∼50%) with the cells without the traces [9–10]; (v) impenetrability of the cell
walls to gliding dislocations [6, 8]; (vi) absence of the intergranular fracture
mode under any loading conditions [11].

In contrast to Al, in such FCC metals as Ni and Cu, the second defor-
mation mode associated with the multiple dislocation glide has the largest
(1− V1 = 90%) contribution to the global crystal deformation. At that, the
first deformation mode, corresponding to the single slip, starts before the on-
set of the multiple one σ1(0) < σ2(0), and develops in combination with the
formation and further dissociation of the surmountable dislocation barriers,
as follows from the relation σ̃1 � σf1 . As a result, a considerable strain is
required to reach the ultimate strain hardening, i.e. the fracture of crystal
regions where the first deformation mode develops in such polycrystals com-
pared to Al (See Table 1). Based on the above, it can be concluded that the
macroplastic deformation of Ni and Cu polycrystals starts with the single slip
within some favorably oriented grains (10%) or grain boundaries. Particularly,
the gliding dislocation segments within such grains are able to reach the grain
boundaries where insurmountable dislocation barriers can be formed contrary
to the grain interiors. These conclusions coincide with the experimental data
showing: (i) the relatively strong dependence of the flow stress on grain size
for Cu [12]; (ii) dislocation glide in interiors of only 10% of grains in Cu at
the beginning of the plastic flow [13]; (iii) development of the intergranular
fracture under the certain loading conditions in Cu, Ni and Ag [11].
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Additional qualitative information about the features of the dislocation
mechanisms in the considered metals can be obtained in particular by com-
paring the values of the parameter t̂2 given in Table 1 for the metals. As can
be seen, Al is characterized by the considerably higher t̂2 value than the other
metals. As a result, the same value of the probability PII 2 (t), characterizing
the state of crystal regions where the second deformation mode develops, is
reached in Al at a higher strain than that in the other metals [1–2]. It suggests
in particular that a higher level of deformation is required for Al to obtain the
same dislocation cell structure as in Ni, Cu and Ag. This conclusion is con-
firmed by the results of direct measurements of cell sizes in Al and Cu at
comparable strain intervals [14–16].

4. CONCLUSIONS

1. In continuation of the Part I and Part II of the article, where the analytic
approach to studying a transient process evolution in a thermodynamic
system was formulated and its basic features were considered, the final
experimental verification stage of the approach development was elaborated
with respect to the macroplastic deformation of single phase polycrystals,
as a typical case of a transient process provided by numerous experimental
and specific theoretical data.

2. Proceeding from the approach basic relations, novel analytic expressions
were derived to calculate the true stress–true strain curves for each of
the modes of the plastic deformation development. Further, based on a
well experimentally substantiated model of the development of “parallel–
independent” processes in deformed metals, true strain of whole deformed
crystals was determined under the conditions of monotonic tensile loading
with a constant elongation rate.

3. The strain limits for each deformation mode resulting from the general defi-
nitions of the basic approach parameters sj(t) and nj(t) were specified and
associated with the fracture strains for the corresponding crystal regions.

4. The theoretical true stress–true strain curves predicted by the approach
were compared with the experimental ones for polycrystalline Al, Ni, Cu
and Ag. For the considered metals, over 97% accuracy is reached for the ex-
perimental and calculated stress–strain curves and for the fracture strains.

5. Some novel features of the dislocation mechanisms in Al, distinguishing it
from the other investigated FCC metals, were revealed and shown to be in
agreement with the known disembodied specific experimental data.
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