
Chapter 2
Energy States of the
Mechanothermodynamic System
and the Analysis of Its Damageability

Abstract The fundamentals of the theory of evolution of mechanothermodynamic
systems are developed using the energy concepts. The main feature of the theory is
the analysis of damageability of material bodies due to absorption of (effective)
energy caused by mechanical, thermodynamic loads, etc. The components of such
energy are shown to interact dialectically. The theory of evolution of a system by
damageability, as well as the fundamentals of the theory of limiting and
translimiting states of a system is outlined. Particular cases of the theory of dam-
ageability are tested on experimental results.

2.1 General Notions

According to [18, 26, 37], the mechanothermodynamic (MTD) system in the gen-
eral case represents the thermodynamic continuum with solids distributed (scat-
tered) within it, interacting with each other and with the continuum. Consider its
fragment of limited size XðX; Y ; ZÞ shown in Fig. 2.1. The continuum has a
temperature θ and a chemical composition Ch. Here there are two interacting solid
elements (A and B) that can move relative to each other in the region of the contact
area Sðx; y; zÞ. Arbitrary mechanical loads applied to one of them (for example, to
element A) in the x, y, z coordinate system can be reduced to the internal transverse
forces Qx, Qy, Qz, the longitudinal forces Nx, Ny, Nz and also to the bending
moments Mx, My, Mz. Element B is pressed to element A by the loads that are
reduced to the distributed normal pressure pðx; yÞ and the tangential pressure
qðx; yÞ. The origin of the coordinates is placed at the point of original contact O of
the two elements (prior to volumetric deformation). It is easy to see that the ele-
ments A and B together form the Tribo-Fatigue system [18] which is the friction
pair [37] in the absence of internal forces (Ni ¼ 0; Qi ¼ 0; Mi ¼ 0, i = x, y, z).
Thus, the Tribo-Fatigue system is the friction pair in which at least one of the
elements supports non-contact loads and, consequently, undergoes volumetric
deformation. This representation of the MTD system has an advantage that the
analysis of solid states and system components can adopt the appropriate solutions
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known in deformable solid mechanics, in mechanics of contact interaction of solids,
in mechanics of Tribo-Fatigue systems (Tribo-Fatigue), and in tribology.

Our main task is to describe the energy state of the MTD system under the action
of mechanical and thermodynamic loads with regard to the environmental
influence.

The energy state of any system is very interesting in itself. However, as applied
to the MTD system it is very important to study its damageability and, as a result, to
study the conditions of reaching the limiting state. Of special interest is the analysis
of translimiting or supercritical conditions [37].

The main ideas, which are the fundamentals of the given theory, can be for-
mulated considering [18, 30–32, 37] as follows.

I Due to the fact that the elements of the MTD system are subject to
different-nature loads—mechanical, thermal, and electrochemical, the tradi-
tional analysis of their damageability and limiting state under the action only
of mechanical stresses or strains [6, 7, 11, 13, 42, etc.] can be the basis for
research. However this is not sufficient and, as a result, is ineffective. This
means that there is a need to analyze MTD system states using more general
—energy concepts.

II Considering that the damageability of solids of the MTD system is deter-
mined by mechanical, thermodynamic, and electrochemical loads, it is
needed to introduce the generalized representation of its complex damage
due to these loads acting at a time. Call such damage any irreversible
changes in shape, size, volume, mass, composition, structure, continuity and,
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Fig. 2.1 Scheme of the elementary MTD system
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as a result, physical-mechanical properties of the system elements. This
means the corresponding changes in the functions of the system as a whole.

III Generation and the development of complex damage are mainly determined
by means of four particular phenomena: mechanical fatigue, friction and
wear, thermodynamic and electrochemical processes. These phenomena are
called particular phenomena in the sense that each of them can be realized as
independent and separate. This leads to the corresponding energy state and
damage in terms of particular (separate) criteria.

IV In the general case, all these particular phenomena and processes in the
MTD system appear simultaneously and within one zone. The states of such
a system are then caused not by one of any mentioned phenomena, but by
their joint (collective) development and, consequently, by their interaction.

V Damages appear and develop not at one (dangerous) point of of a loaded
solid with a working volume V0, but within its dangerous volume Vij < V0

having a set of points, with each of which the critical level of stresses
(strains) is achieved or surpassed with some probability.

VI If the physical state of the MTD system is described by its input energy UR,
then the state of its damageability is determined only by the effective (dan-
gerous) part Ueff

R � UR that is spent for generation, motion, and interaction
of irreversible damages.

VII The effective energy Ueff
R under volumetric and contanct deformation of

solids can be represented by the function of three energy components:
thermal Ueff

T , force Ueff
n , and frictional Ueff

s :

Ueff
R ¼ FK Ueff

T ;Ueff
n rð Þ;U

eff
s

� �
; ð2:1Þ

where FΛ takes into account the irreversible kinetic interaction of particular
damage phenomena. The components Ueff

T ;Ueff
n ;Ueff

s of the effective energy

Ueff
R have no additivity.

VIII Processes of electrochemical (in particular, corrosion) damage of solids can
be taken into consideration by introducing the parameter 0 ≤ Dch ≤ 1 and can
be studied, for example, as electrochemical damageability under the influ-
ence of temperature (DT(ch)), stresses (Dσ(ch)), friction and corrosion (Dτ(ch)).
So function (2.1) takes the form

Ueff
R ¼ FK Ueff

TðchÞ;U
eff
nðchÞ;U

eff
sðchÞ

� �
: ð2:2Þ

IX The generalized criterion of the limiting (critical) state is represented by the
condition when the effective energy ueffR reaches its limiting value—a critical
quantity u0 in some area of limited size—in the dangerous volume of the
MTD system.
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X Specific energy u0 is considered to be a fundamental constant for a given
material. It should not depend on testing conditions, input energy types,
damage mechanisms.

XI In the general case, the limiting (critical) state of the MDT system is reached
not due to a simple growth of effective energy components and, hence, due to
the accumulation of irreversible damages caused by individual actions
(loads) of different nature, but as a result of their dialectical interaction,
whose objectives are characterized by the development of phenomena of
spontaneous hardening-softening of materials in the given operating or
testing conditions.
In such a way, taking into consideration function (2.2), the hypothesis of the
limiting (critical) state of the MTD system can be represented in the fol-
lowing general form

UðueffnðchÞ; ueffsðchÞ; ueffTðchÞ;Kknlnq;mk; u0Þ ¼ 0; ð2:3Þ

where the mk’s k = 1, 2, …, are some characteristic properties
(hardening-softening) of contacting materials, the Kknlnn’s ≷ 1 are the
functions (parameters) of dialectical interactions of effective energies
(irreversible damages) that are caused by different-nature loads. This means
that at Λk > 1, the damageability increase is realized, at Λl < 1—its decrease,
and at Λn = 1—its stable development.

XII Based on Item III, from the physical viewpoint, hypothesis (2.3) should be
multicriterion, i.e., it should describe not only the states of the system as a
whole, but its individual elements in terms of different criteria of perfor-
mance loss (wear, fatigue damage, pitting, corrosion damage, thermal
damage, etc.). In particular cases, it is possible to reach the corresponding
limiting (critical) states in terms of one or two, three or several criteria at a
time.

XIII The achievement of the limiting state

ueffR ¼ u0 ð2:4Þ

means a complete loss of the integrity of the MTD system, i.e., of all its
functions. At the same time, the damageability of its elements

0\weff
u ¼ ueffR =u0 ð2:5Þ

reaches the critical value

weff
u wrðchÞ;wsðchÞ;wTðchÞ;Kknlnq;mk

� �
¼ 1: ð2:6Þ

XIV If t = t0 is the time of origination of the system and T� is the time when the
system reaches its limiting state, then the failure time of its functions
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corresponds to the relative life (longevity) t=T� ¼ 1. But the lifetime T� of
the system as the material object is longer than its existence time as a whole
ðT� � T�Þ since at the time moment t[ T� the long process of system
degradation—disintegration is realized by forming a great number of
remains, pieces, fragments, etc. This process develops under the action of not
only possible mechanical loads, but mainly under the environmental influ-
ence—up to the system death as the material object at the time moment
t = T*. The system death means its complete disintegration into an infinitely
large number of ultimately small particles (for example, atoms). The
translimiting state of the system as a gradually disintegrating material object
can then be described by the following conditions

weff
u ! 1; ð2:7Þ

dw ! 0; ð2:8Þ

where dw is the average size of disintegrating particles. At that, the organic
relationship weff

u ðdwÞ should exist between wR and dw. Then the death
condition of the system is

t=T� ¼ 1: ð2:9Þ

XV Particles of “old system” disintegration are not destroyed, but are spent for
the formation and growth of a number of “new systems”. This is the essence
of the MTD system evolution hysteresis.

2.2 Energy Theory of Limiting States

First, specify function (2.1).
To determine speficic effective energy, consider the work of internal forces in an

elementary volume dV of the Tribo-Fatigue system (A B in Fig. 2.1). In the
general case, the differential of the work of the internal forces and the temperature
dTΣ can be written considering the rule of expanding the biscalar product of the
stress and strain tensors σ and ε:

du ¼ rij � deij þ kdTR ¼
rxx rxy rxz

ryx ryy ryz

rzx rzy rzz

0
B@

1
CA �

dexx dexy dexz
deyx deyy deyz
dezx dczy dezz

0
B@

1
CAþ kdTR

¼ rxxdexx þryydeyy þrzzdezz þrxydexy þrxzdexz þryzdeyz þ kdTR;

ð2:10Þ

here k is the Boltzmann constant.
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We proceed from the idea that in the general case, according to [13], the main
role in forming wear-fatigue damage is played by the normal and shear stresses that
cause the processes of shear (due to friction) and tear (due to tension-compression).

In this case, it is reasonable to divide the tensor σ into two parts: στ is the tensor
of friction-shear stresses or, briefly, the shear tensor and σσ is the tensor of normal
stresses (tension-compression), or, briefly, the tear tensor. So in (2.10), the tear part
σn and the shear part στ of the tensor σ will be set as:

du ¼ r V ;Wð Þ
ij � de V ;Wð Þ

ij þ kdTR ¼ r V ;Wð Þ
n þr V ;Wð Þ

s

� �
� de V ;Wð Þ

ij þ kdTR

¼ r V ;Wð Þ
n � de V ;Wð Þ

ij þr V ;Wð Þ
s � de V ;Wð Þ

ij þ kdTR ¼ dun þ dus þ duT :
ð2:11Þ

According to Items III and IV, the tensors σ and ε should be represented as
follows:

rij ¼ r V ;Wð Þ
ij ¼ rij r Vð Þ

ij ;r Wð Þ
ij

� �
; eij ¼ e V ;Wð Þ

ij ¼ eij e Vð Þ
ij ; e Wð Þ

ij

� �
: ð2:12Þ

Here, the stress and strain tensors with the superscript V are caused by the action
of volumetric loads (the general cases of 3D bending, torsion, and
tension-compression) and those with the superscript W—by the contact interaction
of the system elements.

Expression (2.11) with regard to (2.12) can be given as follows:

du ¼ r V ;Wð Þ
ij � de V ;Wð Þ

ij þ kdTR ¼ r V ;Wð Þ
n þr V ;Wð Þ

s

� �
� de V ;Wð Þ

ij þ kdTR

¼ r V ;Wð Þ
n � de V ;Wð Þ

ij þr V ;Wð Þ
s � de V ;Wð Þ

ij þ kdTR ¼ dun þ dus þ duT :
ð2:13Þ

In the case of the linear relationship between the stresses and strains, expression
(2.12) will assume the form:

rij ¼ r V ;Wð Þ
ij ¼ r Vð Þ

ij þr Wð Þ
ij ¼

r Vð Þ
xx þr Wð Þ

xx r Vð Þ
xy þr Wð Þ

xy r Vð Þ
xz þr Wð Þ

xz

r Vð Þ
yx þr Wð Þ

yx r Vð Þ
yy þr Wð Þ

yy r Vð Þ
yz þr Wð Þ

yz

r Vð Þ
zx þr Wð Þ

zx r Vð Þ
zy þr Wð Þ

zy r Vð Þ
zz þr Wð Þ

zz

0
B@

1
CA;

ð2:14Þ

eij ¼ e V ;Wð Þ
ij ¼ e Vð Þ

ij þ e Wð Þ
ij ¼

e Vð Þ
xx þ e Wð Þ

xx e Vð Þ
xy þ e Wð Þ

xy e Vð Þ
xz þ e Wð Þ

xz

e Vð Þ
yx þ e Wð Þ

yx e Vð Þ
yy þ e Wð Þ

yy e Vð Þ
yz þ e Wð Þ

yz

e Vð Þ
zx þ e Wð Þ

zx e Vð Þ
zy þ e Wð Þ

zy e Vð Þ
zz þ e Wð Þ

zz

0
B@

1
CA; ð2:15Þ

and (2.13) will be as follows:
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du ¼ u ¼ 1
2
rij � eij þ kTR ¼ 1

2
r Vð Þ
ij þr Wð Þ

ij

� �
� e Vð Þ

ij þ e Wð Þ
ij

� �
þ kTR

¼ 1
2

r Vð Þ
n þr Wð Þ

n

� �
þ r Vð Þ

s þr Wð Þ
s

� �h i
� e Vð Þ

ij þ e Wð Þ
ij

� �
þ kTR

¼ 1
2

r Vð Þ
xx þr Wð Þ

xx 0 0

0 r Vð Þ
yy þr Wð Þ

yy 0

0 0 r Vð Þ
zz þr Wð Þ

zz

0
BB@

1
CCAþ

þ
0 r Vð Þ

xy þr Wð Þ
xy r Vð Þ

xz þr Wð Þ
xz

r Vð Þ
yx þr Wð Þ

yx 0 r Vð Þ
yz þr Wð Þ

yz

r Vð Þ
zx þr Wð Þ

zx r Vð Þ
zy þr Wð Þ

zy 0

0
BBB@

1
CCCA

2
6666666666664

3
7777777777775

�
e Vð Þ
xx þ e Wð Þ

xx e Vð Þ
xy þ e Wð Þ

xy e Vð Þ
xz þ e Wð Þ

xz

e Vð Þ
yx þ e Wð Þ

yx e Vð Þ
yy þ e Wð Þ

yy e Vð Þ
yz þ e Wð Þ

yz

e Vð Þ
zx þ e Wð Þ

zx e Vð Þ
zy þ e Wð Þ

zy e Vð Þ
zz þ e Wð Þ

zz

0
BB@

1
CCAþ kTR:

ð2:16Þ

From (2.16) it is seen that the tear part σn of the tensor σ is the sum of the tear
parts of the tensors under the volumetric deformation r Vð Þ

n and the surface load

(friction) r Wð Þ
n , whereas the shear part στ is the sum of the shear parts r Vð Þ

s and r Wð Þ
s .

This means the fundamental particularity of the generalized approach to the con-
struction of the criterion for the limiting state of the MTD system.

The effective part of total energy (2.16) is separated according to Items V and
VIII with regard to [30–32, 37]. To do this, introduce the coefficients of appropriate
dimensions An(V), Aτ(V), and AT(V) that determine the fraction of the absorbed
energy

dueffR ¼ KMnT Vð Þ Knns Vð Þ An Vð Þrn � deij þAs Vð Þrs � deij
� �þAT Vð ÞkdTR

� �
;

ð2:17Þ

or

dueffR ¼ KMnT Vð Þ Knns Vð Þ An Vð Þdun þAs Vð Þdus½ � þAT Vð ÞduT
� �

; ð2:18Þ

where ΛM\T(V) and Λτ\σ(V) are the interaction functions of different-nature energies.
The subscript τ\σ means that the function Λ describes the interaction between the
shear (τ) and tear (σ) components of effective energy, and the subscript M\T means
that the function Λ describes the interaction between the mechanical (M) and
thermal (T) parts of effective energy. The fact that generally speaking, the coeffi-
cients A can be different for different points of the volume V, enables one to allow
for the continuum inhomogeneity. Taking into consideration (2.18), criteria (2.3)
can be specified with no regard to the influence of the electrochemical properties
(ch) of the environment:
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KMnT Vð Þ Knns Vð Þ ueffn þ ueffs
� �þ ueffT

n o
¼ u0: ð2:19Þ

In the case of the linear relationship between the stresses and strains, expressions
(2.17) and (2.18) will be as follows:

ueffR ¼ KMnT Vð Þ Knns Vð Þ 1
2
An Vð Þrn � eij þ 1

2
As Vð Þrs � eij

� 	
þAT Vð Þ kTR


 �
;

ð2:20Þ

or

ueffR ¼ KMnT Vð Þ Knns Vð Þ An Vð Þun Vð ÞþAs Vð Þus Vð Þ½ � þAT Vð ÞuðVÞ� �
¼ KMnT Vð Þ Knns Vð Þ ueffn Vð Þþ ueffs Vð Þ� �þ ueffT ðVÞ

n o
:

ð2:21Þ

With regard to expression (2.12), criterion (2.19) can be represented as follows:

ueffR ¼ ueffn ðrðV ;WÞ
n ; eðV ;WÞ

n Þþ ueffs ðrðV ;WÞ
s ; eðV ;WÞ

s Þ
h in

Knns þ ueffT
o
KTnM ¼ u0:

ð2:22Þ

When the time effects should be taken into consideration, criterion (2.22) will
assume the form:

ueffRt ¼
Z t

0

ueffn ðrðV ;WÞ
n ; eðV ;WÞ

n ; tÞþ ueffs ðrðV ;WÞ
s ; eðV ;WÞ

s ; tÞ
h i

KnnsðtÞþ ueffT ðtÞ
n o

KTnMðtÞ dt ¼ u0:

ð2:23Þ

Thus, expression (2.21) is a concrete definition of function (2.1) and formula
(2.22) is a concrete definition of criterion (2.3) for that case when the electro-
chemical influence of the environment is not allowed for.

Criterion (2.3) in forms (2.22) and (2.23) says: when the sum of interacting
effective energy components when acted upon by force, frictional, and thermal
(thermodynamic) loads reach the critical (limiting) quantity u0, the limiting (or
critical) state of the MTD system (of the both individual elements of the system and
the system as a whole) is realized. Physically, this state is determined by many and
different damages.

The fundamental character of the parameter u0 has been mentioned above.
According to [16, 48, 49], the parameter u0 will be interpreted as the initial acti-
vation energy of the disintegration process. It is shown that the quantity u0
approximately corresponds both to the sublimation heat for metals and crystals
with ionic bonds and to the activation energy of thermal destruction for polymers,
i.e.,:
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u0 � uT :

On the other hand, the quantity u0 is determined as the activation energy for
mechanical failure:

u0 � uM :

In such a way, the energy u0 can be considered to be the material constant:

u0 � uM � uT ¼ const: ð2:24Þ

Taking into consideration the physical-mechanical and thermodynamic repre-
sentations of the processes of damageability and failure [5, 8, 48], write down
(2.24) in the following form:

uM ¼ sk
rth

E
Ca

aV
¼ u0 ¼ kTS ln

khD
h

¼ uT ; ð2:25Þ

where sk is the reduction coefficient, σth is the theoretical strength, E is the elasticity
modulus, Ca is the heat capacity of atom, αV is the thermal expansion of volume,
k is the Boltzmann constant, TS is the melting point, θD is the Debye temperature, h
is the Planck constant. According to (2.25), it can be taken approximately [48]

u0 � e�
Ca

aV
; ð2:26Þ

where ε* ≈ 0.6 is the ultimate strain of the interatomic bond. Calculations according
to (2.26) are not difficult. Methods of experimental determination of the quantity u0
have also been developed [16].

From equality (2.25), it follows that u0 is the activation energy of a given
material, which is by the order of magnitude equal to 1–10 eV per one particle or
molecule (*102 to 103 kJ/mol), i.e., the value that is close to the energy of
interatomic bond rupture in the solid [2]. Its level does not depend on how the
rupture is reached—mechanically, thermally or by their simultaneous action. In
[16], it is possible to find the tables containing the u0 values for different materials.

From (2.25), it is possible to find the thermomechanical constant of material
[37]

rth

TS
¼ E

aVk
Ca

ln
khD
h

¼ hr: ð2:27Þ

The constant θσ characterizes the strength loss per 1 К.
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2.3 Energy Theory of Damage

Criterion (2.22) is written in absolute values of physical parameters—in values of
effective and critical energy components. This criterion can be easily made
dimensionless by diving it by the quantity u0. It can then be represented in terms of
irreversible (effective) damage

weff
u ¼ ueffR

u0
¼ 1: ð2:28Þ

It is clear that the local (at the point) energy measure of damageability weff
u

varies within the range

0	weff
u 	 1; ð2:29Þ

or in detailed form

0	weff
u ¼ KTnM

u0
ueffn ðrðV ;WÞ

n ; eðV ;WÞ
n Þþ ueffs ðrðV ;WÞ

s ; eðV ;WÞ
s Þ

h in
Knns þ ueffT

o
	 1:

ð2:29aÞ

According to (2.29a), particular energy measures of damageability can also be
determined:

0	weff
n ¼

ueffn rðV ;WÞ
n ; eðV ;WÞ

n

� �
u0

	 1; ð2:30Þ

0	weff
s ¼

ueffs rðV ;WÞ
s ; eðV ;WÞ

s

� �
u0

	 1; ð2:31Þ

0	weff
T ¼ ueffT

u0
	 1 ð2:32Þ

due to effective different-nature energies that are determined by force (subscripts n),
frictional (subscripts τ), and thermodynamic (subscripts T) loads, respectively. Now
criterion (2.28) can be written in dimensionless form

weff
u ¼ weff

n þweff
s

� 

Knns þweff

T

h i
KMnT ¼ 1: ð2:33Þ

According to (2.33), the limiting state of the MTD system is reached when the
sum of interacting damages ð0\w\1Þ due to mechanical and thermodynamic
loads becomes equal to 1. Criterion (2.22) in form (2.33) is convenient because all
damageability measures are dimensionless and are within the same range 0\w\1.
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Since numerous and infinite actions and the interaction effects of physical
damages of many types (dislocations, vacancies, inelastic deformations, etc.) cannot
be described and predicted exactly, when analyzing the MTD system, one intro-
duces the concept of the interaction of dangerous volumes [37] that contain a real
complex of damages [defects generated by the action of the corresponding fields of
stresses (strains)]. According to the statistical model of the deformable solid with
the dangerous volume [38], for example, in the case of fatigue damage of the
construction element in the linear stress state, the volume should depend on its
geometric parameters responsible for the working volume V0 of the solid, on dis-
tribution function parameters pðr
1Þ and pðrÞ of the fatigue limit r
1 and on
acting stresses σ considering both the probabilities P and c0, as well as gradients Gr

of acting stresses:

VPc ¼ FV pðr
1Þ; pðrÞ; Gr; V0; P; c0; 0V½ �: ð2:34Þ

Here, 0V describes how the fatigue limit is influenced by the shape of the solid
and the scheme of its loading in fatigue tests.

Thus, the dangerous volume can serve as the equivalent of the complex of
damages, as its value is proportional, in particular to the level of effective stresses
and, hence, to the number (concentrations) of defects (damages).

As follows from expression (2.34), the boundary between dangerous and safe
volumes is generally blurred and probabilistic in nature. As the damage probability
P of the solid increases, the dangerous volume VPc is growing. At a given value of
P, the volume can vary depending on the confidence probability c0. It means that at
P = const

VPcmin 	VPc 	VPcmax ; ð2:35Þ

if cmin 	 c0 	 cmax. Here, cmin; cmax form the permissible range of c0. If it is
assumed that c0 ¼ const, then the dangerous volume will have a single value
associated with the damage probability P.

Scattered damage within the dangerous volume is characteristic not only for the
so-called smooth solids but also for the elements with structural stress concentra-
tors [38]. Figure 2.2 demonstrates several microcracks in the sharp notch
(rounding-off radius r = 0.5 mm, the theoretical stress concentration factor an ¼ 8
in Fig. 2.2a) and in the flat notch (r = 2 mm, an ¼ 2:55 in Fig. 2.2b) and also two
fatigue cracks at a distance of 25 mm from each other at the filet joint from the
crankshaft journal to its web (r = 18 mm, an ¼ 3:2 in Fig. 2.2c); the crankshaft
journal diameter is 360 mm.

Thus, if in the uniaxial stress state, the stress distribution σ (x, y, z) in the x, y,
z coordinates is known, then the dangerous volume should be calculated by the
formula
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VPc ¼
ZZZ

rðx;y;zÞ [ r
1min

dxdydz; ð2:36Þ

Here r
1min being the lower boundary of the range of the fatigue limit r
1 is
such that if r
1\r
1min, then P = 0.

From expression (2.36) it follows that the generalized condition for fatigue
failure is of the form

VPc [ 0 ð2:37Þ

with some probability P under the confidence probability c0.
If

VPc ¼ 0; ð2:38Þ

then physically, fatigue failure cannot occur (as in this case, r\r
1min); hence,
(2.38) is the generalized condition of no-failure.

Fig. 2.2 Fatigue microcracks in the zones of stress concentrators (L.A. Sosnovskiy)
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The methods for calculation of dangerous volumes Vij for friction pairs and
Tribo-Fatigue systems are developed similar to (2.34)

Vij ¼ Vij rðV ;WÞ
n ;rðV ;WÞ

s ;rðV ;WÞ
lim ;Grij ;V0;P; c0

� �
ð2:39Þ

and outlined elsewhere in [18, 19, 46, 47]. Here, rðV ;WÞ
lim is the limiting stress based

on an assigned criterion of damage and failure. Further, the following dimension-
less damageability characteristics can be introduced: integral energy damageability
within the dangerous volume

Weff
u Vð Þ ¼

ZZZ
weff
u dVð Þ� 1

ueffR
u0

dV ð2:40Þ

and the mean energy damageability (at each point of the dangerous volume)

�Weff
u Vð Þ ¼ 1

Vu

ZZZ
weff
u dVð Þ� 1

ueffR
u0

dV : ð2:41Þ

The accumulation of energy damageability in time within the dangerous volume
is described by the formulas

Weff
u V ; tð Þ ¼

Z
t

ZZZ
weff
u dVð Þ� 1

ueffR
u0

dVdt; ð2:42Þ

�Weff
u V ; tð Þ ¼

Z
t

1
Vu

ZZZ
weff
u dVð Þ� 1

ueffR
u0

dVdt: ð2:43Þ

Having (2.38)–(2.43), the damageability of the MTD system can be described
and analyzed using the most general representations—energy concepts with regard
to the influence of numerous and different factors taken into account by (2.34),
including the scale effect, i.e., the changes in the size and shape (mass) of system
elements.

According to [1, 37], the function Kk=l=n for damage interactions in the MTD
system is determined by the parameters ρ of the effective energy ratio:

Kknlnq ¼ Kknlnq qMnT ; qnns
� �

R1; ð2:44Þ

qnns ¼ ueffs
�
ueffn ; qMnT ¼ ueffM

.
ueffT : ð2:45Þ
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The quantities Λ calculated by (2.44) describe the influence of the level of load
parameter ratios on the character and direction of interaction of irreversible dam-
ages. If Λ > 1, then the system is self-softening because at balance of
hardening-softening phenomena, softening processes are dominant. If Λ < 1, then
the system is self-hardening, because at balance of hardening-softening phenomena,
hardening processes are dominant. At Λ = 1, the system appears to be stable—the
spontaneous hardening-softening phenomena are at balance within it. The general
analysis of damage interactions in the MTD systems will be given below (see
Chap. 3).

2.4 Account of Electrochemical Damageability

After criterion (2.3) has been formalized in principle, the action of electrochemical
loads (damages) should be taken into consideration according to Item VII. It should
be said at once that this is difficult to perform in the strict mechanothermodynamic
statement: electrochemical reactions at environment-deformable solid interactions
are very diverse, complex and are insufficiently studied. That’s why, the approach
proposed in [30–32, 37] is adopted here: the simplification is introduced, according
to which the damageability of solids in the environment is determined by
corrosion-electrochemical processes. In addition, the hypothesis is put forward,
following which the effective energy of corrosion-electrochemical damage is pro-
portional to the square of the corrosion speed, i.e.,

ueffch � v2ch: ð2:46Þ

If according to Item VII, 0	Dch 	 1 is the parameter of corrosion-
electrochemical damage of the solid, then based on [28], criterion (2.2) with
regard to (2.22) will be as follows:

KMnT
ueffn rðV ;WÞ

n ; eðV ;WÞ
n

� �
u0 1
 Dnð Þ þ

ueffs rðV ;WÞ
s ; eðV ;WÞ

s

� �
u0 1
 Dsð Þ

0
@

1
AKnns þ ueffT

u0 1
 DTð Þ

2
4

3
5 ¼ 1;

KR1;

ð2:47Þ

where

0	
ueffn rðV ;WÞ

n ; eðV ;WÞ
n

� �
u0 1
 Dnð Þ ¼ weff

nðchÞ 	 1; ð2:48Þ
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0	
ueffs rðV ;WÞ

s ; eðV ;WÞ
s

� �
u0 1
 Dsð Þ ¼ weff

sðchÞ 	 1; ð2:49Þ

0	 ueffT
u0 1
 DTð Þ ¼ weff

TðchÞ 	 1; ð2:50Þ

1
 DT ¼ beðTÞ
vch
vchðTÞ

� �mvðTÞ
; 1
 Dn ¼ beðnÞ

vch
vchðnÞ

� �mvðnÞ
;

1
 Ds ¼ beðsÞ
vch
vchðsÞ

� �mvðsÞ
;

ð2:51Þ

where vch is the corrosion speed in this environment, vch(T), vch(σ), vch(τ) is the
corrosion speed in the same environment under thermal, force, and friction actions,
respectively; the be’s are the coefficients responsible for corrosive erosion pro-
cesses; the mVð�Þ’s are the parameters responsible for the electrochemical activity of
materials at force (the subscript σ), friction (the subscript τ), and thermodynamic
(the subscript T) loads, wherein mVð�Þ ¼ 2=Ach and the parameter AchR1.

In [12], other methods for assessment of the parameter Dch can be found.
As seen, Eq. (2.47) is a specific definition of criterion (2.3). According to this

criterion, the limiting state of the MTD system is reached when the sum of
dialectically interacting effective damages due to force, friction, and thermody-
namic loads (including electrochemical damage when acted upon by stress, fric-
tion, temperature) becomes equal to unity.

2.5 Some Special Cases

Further, consider the specific case when in (2.21) it is assumed that
Aσ(V) = Aσ = const, Aτ(V) = Aτ = const, AT(V) = AT = const, Aτ\σ(V) = Aτ\σ = const,
AM\T(V) = AM\T = const.

In this case, firstly, the stress state is caused by volumetric deformation, for
which all stress tensor components, except one component σ (one-dimensional
tension-compression, pure bending), can be neglected. Secondly, the stress state is
caused by surface friction, for which all stress tensor components, except one
component sw, can be ignored. Then (2.21) assumes the following form:

KMnT Knns Anr
2 þAss

2� 
þATTR
� � ¼ u0;

or in accordance with (2.47)

KMnT
aT

1
 DT
TR þKnns

an
1
 Dn

r2 þ as
1
 Ds

s2w

� �� 	
¼ u0; KR1; ð2:52Þ

where an
1
Dn

¼ An, as
1
Ds

¼ As, aT
1
DT

¼ AT .
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Thus, Eq. (2.52) is the simplest form of the energy criterion of the limiting state
that is nevertheless of great practical importance [37].

If there is no electrochemical influence of the environment ðDch ¼ 0Þ, then

ueffR ¼ KMnT aTTR þKnns anr
2 þ ass

2
w

� 
� � ¼ u0; KR1 ð2:53Þ

Equation (2.53) is the simplest form of the energy criterion of the limiting state
that is of great practical importance [1, 37, 43]. It serves particularly for the
development of methods of assessing the parameters aT ; ar; as. In fact, at
KMnT ¼ Ksnn ¼ 1, the boundary conditions are the following:

TR ¼ 0; sw ¼ 0 : anr
2
d ¼ u0; an ¼ u0=r

2
d ;

TR ¼ 0; r ¼ 0 : ass2d ¼ u0; as ¼ u0=s2d ;

r ¼ 0; sw ¼ 0 : aTrd ¼ u0; aT ¼ u0=Td ;

9>=
>; ð2:54Þ

where rd ; sd are the normal and friction limiting stresses as T→ 0. These are called
(mechanical) destruction limits, Td is the destruction temperature (when σ = 0,
sw ¼ 0) or the thermal destruction limit [28].

The effective (“dangerous”) part of total strain energy can also be determined
from the following physical considerations. It shall be assumed that the strain
energy flow u generated in the material sample subject to its strain cycling ðe ¼
emax sinxtÞ in the homogeneous (linear) stress state is to a certain extent similar to
the light flux. In fact, it is continuously excited when the loading cycle is repeated at
the frequency x ¼ 1=k. This permits one to consider it as a wave (with a length λ).
Some part of the energy u generated in such a way can be absorbed by material
atoms and structural formations, followed by the material damage. Denote the
absorbed part of the energy as ueff. The generated energy u is then equal to:

u ¼ ueff þ ucons; ð2:55Þ

Here, ucons is the non-absorbed part (here it is called the conservative part) of the
generated energy u.

If the analogy of light and strain energy is justified, then the strain absorption
law may be similar to Bouguer’s light absorption law. Consequently, the equation
relating the energy ucons passed through the deformed material volume V and the
generated energy u is of the form:

ucons ¼ u exp 
veVð Þ; ð2:56Þ

or, in accordance with Lambert, in differential form:

du
u

¼ 
veV : ð2:57Þ
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Here, as in Bourguer-Lambert’s equation, the coefficient ve independent of u is
the energy absorption parameter.

Taking into account (2.56) in (2.55), the absorption law of strain energy is
obtained:

ueff ¼ u 1
 exp 
veVð Þ½ �; ð2:58Þ

and, hence, if u = 0 or V = 0, then ueff = 0. If V → ∞, then it appears that according
to (2.56), ucons = u, i.e., all supplied energy is dissipated within such a volume.

From the physical point of view, the strain energy absorption process is caused
by many phenomena:

– electron transition in absorbing atoms from lower to higher energy levels
(quantum theory [9] );

– generation and development of dislocation structures (dislocation theory [4]);
– emergence of II and III order residual strains (stresses) (elasticity theory [41]);
– formation and development of any imperfections (defects) of material compo-

sition and structure—point, planar, and spatial (physical materials science [20]);
– hardening-softening phenomena (including strain aging) developing in time

(fatigue theory [43]);
– changes in (internal) Tribo-Fatigue entropy (wear-fatigue damage mechanics

[37]).

It should be noted that approach (2.58) can also be extended to the case of
friction, since any indenter drives a strain wave upstream in the thin surface layer of
the solid to which the indenter is pressed to [40]. In this case, vc will be the energy
absorption parameter. The subscript γ denotes the shear strain. Similarly, heat
absorption in the deformable solid can also be considered. Finally, the problem of
strain energy absorption in the inhomogeneous (including complex) stress state can
be easily solved by setting the dangerous volume V ¼ VPc into (2.56)–(2.58).

It should be noted that although criterion (2.53) is particular, it is fundamental
and general in nature. Its general nature is caused by the fact that in this case, all
four particular phenomena responsible for the MTD system state (in the statement
simplified in terms of the stress-strain state) are taken into account (in accordance
with Item III). Its fundamental nature is that here, as in complete solution (2.21),
Knns takes into account the interaction of mechanical components of effective
energy due to friction τw and normal σ stresses, whereas KMnT takes into account
the interaction of thermal and mechanical components of effective energy. The
thermal component of effective energy is determined through the variations of the
total temperature TΣ = T2 − T1 in the zone of force contact caused by all sources of
heat, including the one released during mechanical (spatial and surface) deforma-
tion, structural changes, etc.

From (2.53) it is easy to obtain a number of formulas important for application.
So, the conditions of purely thermal (or thermodynamic) failure (when σ = 0 and
τw = 0) or purely mechanical failure (when TΣ → 0) will be as follows:
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aTTR ¼ u0; ð2:59Þ

Knns anr
2 þ ass

2
w

� 
 ¼ u0: ð2:60Þ

For isothermal mechanical fatigue (when τw = 0), we have

KMnT aTTR þ anr
2� 
 ¼ u0; ð2:61Þ

and for isothermal frictional fatigue (when σ = 0), we obtain

KMnT aTTR þ ass
2
w

� 
 ¼ u0: ð2:62Þ

The general analysis of the above-described partial criteria allows three main
conclusions to be made.

(1) The growth of load parameters (σ, τw, TΣ, D) results in a corresponding
acceleration to achieve the limiting state (u0).

(2) The limiting state of the system can also be reached by increasing only one
(any) of the load parameters (other parameters remain unchanged).

(3) If Λ > 1, then the damageability of the system accordingly enhances (i.e., the
processes of its softening are dominant), and if Λ < 1, then it slows down (i.e.,
the processes of its hardening are advantageous) in comparison with the
damageability due to the joint action of load parameters alone (with no regard
to the dialectical interaction of irreversible damages).

The last conclusion is also the result of a fundamentally new approach to the
construction of the criterion of the limiting state of MTD systems [22]. According
to this approach, nonreciptocal influence of factors, but the interaction (ΛR 1) of
phenomena determines the damageability processes in the MTD system [22, 25–27,
45]. In this regard, the results of more than 600 diverse experimental data were
analyzed and synthesized. This permitted the generalized MTD function of states
critical for damageability to be revealed.

2.6 Analysis of Experimental Results

Experimental analysis of generalized criterion (2.47) of the limiting state of a MTD
system is extremely difficult as there are no relevant experimental data. Data
acquisition is though very relevant, but at the same time is very difficult and
expensive. Therefore, the analysis of particular criterion (2.61) is given below.
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From (2.61) it follows that

lgr
1T ¼ 1
2
lgCT ; CT ¼ u0=KMnT 
 aTTR

� � � 1
an

ð2:63Þ

According to (2.63), the dependence of limiting stresses on the parameter of
thermomechanic resistance CT in the double logarithmic coordinates must be a
straight line with the angular coefficient (1/2). The general regularity is as follows:
the higher the value of the parameter CT, the greater is the quantity σ−1T. Figure 2.3
illustrates a convincing evidence of this dependence for numerous different-grade
steels tested for fatigue in different conditions [1, 23, 28]. It is seen that the CT

values vary by more than two orders of magnitude, i.e., by a factor of 100 or more,
and the r
1T values—by more than two orders of magnitude, i.e., by a factor of 10
or more, thus the testing temperature ranged from the helium temperature to 0.8Ts
(TS is the melting point). As shown in Fig. 2.3, Eq. (2.63) adequately describes the
results of more than 130 experiments.

Equation (2.63) is also analyzed for different-class metal materials using the
fatigue test results obtained by many authors and illustrated in Fig. 2.4a. In [43], it
is possible to find a list of literature references.

In Fig. 2.4b the similar analysis is made using the tension test results at different
temperatures (σиT is the strength limit). In this case, it is assumed that σ–1 = σиT in
Eq. (2.63). It is obvious: the correlation coefficient is very high—not less than
r = 0.722 (very occasionally), but in most cases it exceeds r = 0.9; the analysis
includes more than 300 test results. Works [1, 43] contain other examples of a
successful experimental approval of criterion (2.63). This allows us to hope that
even more general criteria [for example, Eqs. (2.52), (2.53), (2.60)] will be prac-
tically acceptable. In our opinion, further studies must confirm our hope.

As defined above, criterion Eq. (2.60) is valid for r	ru. Depending on the test
conditions, sW can be interpreted as the greatest contact pressure ðp0Þ in the center
of the contact area under rolling. It can also be interpreted as the sliding stress ðswÞ
or as the average (nominal) sliding pressure pa in the contact zone, or as the fretting
contact pressure (q). If the value r ¼ r
1 is fixed, where r
1 � ru, then

3.0 4.0 5.0
log C

3.0

2.2

1.4

Fig. 2.3 Fatigue limits of constructional steels versus the parameter CT (A.V. Bogdanovich, L.A.
Sosnovskiy)
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Eq. (2.60) can be represented in the form of the diagram of the limiting states of
Tribo-Fatigue systems [1, 28, 37] (Fig. 2.5). The above-mentioned diagram clearly
shows the zones of realization of spontaneous hardening-softening processes
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Fig. 2.4 Dependences a σ–1(CT) and b σи(CT) for various metal materials (A.V. Bogdanovich,
L.A. Sosnovskiy)
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(ΛR 1). Figure 2.5 yields the above-mentioned obvious conclusions: if Λ < 1, then
we are dealing with a self-hardening system (during testing or operation under
given conditions); if Λ > 1, then a system turns to be self-softening; if it is found
that Λ < 1 converts to Λ > 1, then it implies that owing to the changes in the
governing conditions of operation or use, the hardening processes are replaced by
the softening processes.

Additional experimental support for these conclusions is shown in Figs. 2.6, 2.7
and 2.8. Note that for spontaneous hardening (for Λ < 1, Figs. 2.5, 2.6 and 2.7), it
appears that the limiting stress in wear-fatigue tests is higher than in routine fatigue
tests. It means that in these conditions the processes of friction and wear become
“useful”. There are numerous works (for example, [24]), according to which dosed
wear in real Tribo-Fatigue systems (for example, wheel/rail system) causes their
fatigue strength to grow. At Λ ≫ 1 (in Fig. 2.8), vice versa, this leads to a strong
acceleration of damageability: the fatigue limit decreases with increasing the

p q0, ,W

0

Mechano-sliding
1eugitaf

-1

-1( )W

Mechano-rolling
fatigue <: 1

-1 0( )p

Fretting fatigue >: 1

-1( )q

Fig. 2.5 Diagram explaining
the basic features of
Λ-interactions in the
Tribo-Fatigue system

pf P0671=
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0
, P

-1 P561=

-1p
max

BA

-1 ,
-1p P

250

200

100
0

Fig. 2.6 Influence of rolling friction processes on the resistance of mechano-rolling fatigue during
tests of the Tribo-Fatigue steel 45 (shaft)/steel 25 HGT (roller) system (L.A. Sosnovskiy, S.A.
Tyurin)
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contact pressure q by a factor of 2–3. In addition, there are many works (for
example, [17]), according to which the system wear yields a sharp drop in fatigue
strength.

The elements of the theory of Λ-interactions of irreversible damages in active
systems are formulated to the present time and are developed to some extent [29–
32, 35]. Their physical picture is shown in Figs. 2.9, 2.10 and 2.11 according to

230

210
0 0 5  1 0. .

Fig. 2.7 Limiting stresses versus the contact pressure for the Tribo-Fatigue steel 45 (shaft)/cast
iron (partial bearing insert) system (V.I. Pokhmursky et al.)

0 100

Nimonic 90

Steel with 0.57 % C

Titanium

Aluminum
alloy

300

200

100

Fig. 2.8 Contact pressure versus changes in the fatigue limit at fretting fatigue according to R.B.
Waterhouse (nimonic-90—Harris W.J.; steel with 0.5 % C—Peterson R.E.; titanium—Sinclair G.
M., Liu H.W., Corten H.T.; aluminum alloy—Corten H.T.)
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experimental results [3, 26]. As shown in Fig. 2.9, the increase in the contact
pressure results in the formation of pitting cavities oriented at roller paths; at
p0 = 2130 MPa their depth reaches 0.4 μm (histogram in the right upper corner).
But when in the friction pair the shaft additionally undergoes bending, the damage
picture substantially changes even at small cyclic stress values (σa = 110 MPa). In
what follows, long and deep pitting cavities are not formed. This is the result of
interaction of damages caused by different loads—contact and bending.

Fig. 2.9 Damage interactions at the submicrolevel: the microtopography of surface damage at
rolling friction (vertical column of pictures) and mechano-rolling fatigue (horizontal line of
pictures) (L.A. Sosnovskiy, S.A. Chizhik)

Fig. 2.10 Microlevel: the
result c of the irreversible
interactions of surface
damages a, b due to
mechano-rolling fatigue
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Increasing the amplitude of cyclic stresses accelerates the process of formation of
the second system of cracks—transverse to the rolling direction. As a result,
damage becomes dispersed, there appears almost an equilibrium network of
intersecting crack-pores which borders with fine dispersed particles (grain frag-
ments) of material. The higher the cyclic stresses, the smaller and thinner are the
separated particles, and the critical depth of a damaged layer decreases to 0.05 μm.
Thereby, large and deep pitting cavities are not formed. Surface crumbling appears
to be the dominant process in this case. It is characterized by the separation of fine
dispersed particles from the working surface that are formed due to a multiple shift
in intersecting planes, by the formation of a great number of microscopic
crack-pores, and by the fine grinding of grains. Such a mechanism of complex
surface damage is called the scattered effect of a multiple microshift (SEMMS) [34].
It is Sosnovskiy–Makhutov–Chzhik’s effect.

In Fig. 2.10 it is seen that if at mechanical fatigue over the surface extrusions and
intrusions are formed, whereas at contact fatigue the oriented grain topography of
surface damages is formed, then in the case of mechano-rolling fatigue (due to
corresponding damage interactions) another type of degradation is formed: the
broken picture of multiple microshifts intersecting in two planes.

Integrally similar interactions also form the fundamentally different
microstructure of fracture (Fig. 2.11).

Tables 2.1 and 2.2 summarize the physical signs of different (often encountered
in practice) features of the limiting state that can find use in the corresponding
research areas.

Fig. 2.11 Macrolevel: the result c, d of the irreversible interactions of shaft damages a, b, c due to
mechano-rolling fatigue
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Table 2.1 Main physical signs of the limiting state

State Condition of reaching the limiting
(critical) stateSymbol Physical state and its characteristic

M Mechanical state rij ueffn �������!rij! rlim
u0

T Thermodynamic state TR ueffT �������!TR!TS u0
MTD Mechanothermodynamic state rijT ; TR

tMTD Mechanothermodynamic state in time
rijT ;TR; t

Here: rlim is the limiting stress; TS is the melting point; tlim is the longevity; rij is the stress (strain)
tensor; TR is the temperature due to all heat sources; rijT is the stress tensor in the isothermal
ðTR ¼ const) state; rijT ;TR is the stress-strain state and the thermodynamic state, respectively;
rijT ; TR; t is the stress-strain state and the thermodynamic state in time, respectively

Table 2.2 Concrete definition of characteristics and their physical signs of the limiting state

Criterion
condition

Condition of reaching the
limiting state

Physical sign

L1 rlim ¼ ru Static failure

ru—tensile strength limit

L2 rlim ¼ r
1 Fatigue failure (into parts)

r
1—mechanical fatigue limit

L3 rlim ¼ pf Pitting cavities of critical density (critical
depth), excessive wearpf—rolling fatigue limit

L4 rlim ¼ sf Limiting wear

sf—sliding fatigue limit

L5
rlim ¼ r
1p

r
1s



Fatigue failure (into parts) depending on
contact pressure (subscript p) at rolling or on
friction stress (subscript τ) at sliding (direct
effect in Tribo-Fatigue)

r
1p;r
1s—stress limit
during the direct effect
implementation

L6
rlim ¼ pfr

sfr



Pitting cavities of critical density (critical
depth) or excessive wear at rolling or sliding
depending on the level of cyclic stresses σ
(subscript σ) (back effect in Tribo-Fatigue)

pfr; sfr—stress limit during
the back effect implementation

L7 rlim ¼ r
1q Fatigue failure at fretting corrosion and
(or) fretting wearr
1q—fretting fatigue limit

L8 rlimT ¼ r
1T Limiting state depending on temperature
(isothermal fatigue)r
1T—isothermal fatigue

limit

L9 Tlim ¼ TS Thermal (thermodynamic) damage

TS—melting point

L10 tlim ¼ tc Time (physical) prior to the onset of the
limiting state on the basis of any signtc—longevity
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As for the determination of the parameters KMnT and Knns, it is shown in [1, 37,
43] that, for example, the parameter Knns is the function of the relative (with respect
to the limiting state) skewness coefficient [see (2.45)] of wear-fatigue damage:

�qnns ¼
sw
sf

� �2 r
1

r

� �2
: ð2:64Þ

Hence, it follows that �qnns depends not only on the absolute values of effective
ðr; swÞ and limiting ðr
1; sf Þ stresses, but also on their ratios, namely: sw=r,r
1 = sf ,
r
1 =r, sw=sfR1. This means, for example, that significantly different patterns of
irreversible damage accumulation will be implemented depending on the realization
of this or that of the inequalities rRr
1, swRsf . This conclusion corresponds to the
known experimental results and theoretical models. Figure 2.12 shows the analysis
with regard to the possible dependences logKnns 
 log�qnns [37, 43]. A more detailed

analysis of the interdependences Knns �qnns
� �

can be found in [1, 37, 43].

The dependence of the interaction parameter KTnM on the parameter �qTnM can be
analyzed in a similar way. Such a dependence of steel, aluminum alloys, and nickel
(according to the extensive experimental results [1, 37, 43]) in the double loga-
rithmic coordinates is shown in Fig. 2.13. The correlation coefficient has appeared
to be very high: from r = 0.862 to r = 0.999. The dependence KTnMð�qTnMÞ as a rule,
undergoes sudden changes for lg �qTnM ¼ 0, i.e., at the value �qTnM ¼ 1 when
thermal and force damages appear to be equilibrium (as compared to the similar
changes in the plots in Fig. 2.12).

For steels and nickel, at �qTnM\1 the direct dependence is found between KTnM
and �qTnM , and at �qTnM [ 1 it becomes inverse. For aluminum alloys, the depen-
dence KTnMð�qTnMÞ is also direct, but it is located (at �qTnM\1) in III quadrant.
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Fig. 2.12 Typical character and direction of hardening-softening processes (ΛR 1) versus the
skewness coefficient of damageability �q: 1, 2—mechano-rolling fatigue; 2, 3, 4—mechano-sliding
fatigue; 4, 5—fretting fatigue
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Thus, it is experimentally confirmed that the interaction parameter KTnM is
sensitive not only to the effective thermal-to-mechanical energy ratio, but also to the
structure and composition (or nature) of metal materials. The last conclusion is
also valid for the parameter Knns: its numerical values appear to be significantly
different, for example, for metal/metal and metal/polymer active systems—even in
the case when the ratios rnr
1 and swnsf are identical for them.

2.7 Summary of Experimental Data

The data of more than 600 tests of metals and their alloys (under isothermal
conditions) obtained by many authors are briefly analyzed and have been presented
above (see Sect. 2.6). It was found that the thermodynamic dependence of limiting
stresses can be represented in the logrlim 
 logCT coordinates (Figs. 2.3 and 2.4
and formula (2.63), where the function

CT ¼ CT T ; u0; an; aT ;KMnT
� 
 ð2:65Þ

is satisfactory under both the conditions of static tension ðrlim ¼ ruÞ and fatigue
failure ðrlim ¼ r
1Þ for numerous and different metal materials (steels; aluminum,
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Fig. 2.13 Logarithmic dependences of KTnMðqTnMÞ built using the experimental data (L.A.
Sosnovskiy, A.V. Bogdanovich)

2.6 Analysis of Experimental Results 33



titanium, and other alloys, etc.). In addition, interrelation (2.63) appears to be valid
practically within the entire possible ranges of temperature ðTR 	 0:8TSÞ and stress
ðr	ruÞ with the correlation r ¼ 0:7 in the specific cases and usually with r[ 0:9.
Model (2.63) then turns to be fundamental (Fig. 2.14). First, this simplified model
might seem to be questionable since in the known literature [4, 42, etc.], the explicit
temperature dependence of limiting stresses is described by means of complex
curves. This is attributed to the changes in the mechanisms of damage of different
materials under various testing conditions—at normal, operating, and other tem-
peratures. Nevertheless the fundamental nature of model (2.63) is convincingly
confirmed experimentally (Figs. 2.3 and 2.4).

From the theoretical standpoint, the following considerations speak in favor of
model (2.63). It has four parameters [formula (2.65)], and one of them ðu0Þ is a
fundamental constant of substance [formulas (2.24), (2.25)], and two others ðaT ; anÞ
are defined by boundary conditions (2.54) as the relations for u0 and physical
constants rd and Td of a given material:

an ¼ u0=r2
d; aT ¼ u0=Td: ð2:66Þ

The methods of rd and Td determination are described in [1, 37, 43]. Here we
remind that the material destruction limit rd is determined under the tension
conditions as TR ! 0 and the material destruction temperature Td—at the solid
heating for r ¼ 0 . As can be seen from the above, the dual character of accu-
mulation processes of damage and failure caused by (1) mechanical stress and
(2) thermal activation of this stress in time [48] is considered in the general case.
Finally, as briefly described above and outlined in [18, 37], the function KMnTR1

considers the interaction of damages due to changes in rRrlim. In the known
studies (see, for example [14]), it is also convincingly proved many times that just
this relation is responsible for the character and damage mechanisms at elastic,
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Typical classes of metals

;–I low-strength metals and alloys (states)
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III high strength metals and alloys (states);–

IV ultra-high-strength metals and alloys (states)–

Fig. 2.14 Generalized MTD function of limiting states of metals and alloys rlim 	ru; TR 	
0:8TS
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inelastic, elasto-plastic and plastic strain. Also, the role of thermal fluctuations
ðTR\TdÞ is, for example, studied in detail in [16, 48].

It remains for us to put the “last point” in the argument in favor of the funda-
mental character of model (2.63). If it is really fundamental, then it must also be
valid for non-metal, for example, polymer materials—according to hypothesis
(2.24). The analysis results of polymer tests based on experimental data are pre-
sented in Fig. 2.15 and in Table 2.3. It is seen that model (2.63) is verified by the
correlation coefficient r ¼ 0:917. Note that the test results for not only “normal”
samples (with a diameter of *5 mm), but also for thin polymer threads and films

gol
5.65.55.45.35.2

CT

l  go σu

2.5

2

1.5

1

Fig. 2.15 Dependence ru CTð Þ for polymer materials (A.V. Bogdanovich)

Table 2.3 Main characteristics of polymer materials analyzed in terms of the energy criterion [15,
21]

Material and reference u0; kJ
mol

aT
an
;MPa2

K
kJ

mol K = kJ
molMPa2

� � Test data
K

rb ;MPa
Sample
size

High-density polyethylene film
(HDPF), grade 20806-024

108 0:275
2:94
10
4

275
383
32
386

5

Polypropylene film (PF), grade
03P10/005

119 0:234
1:70
10
4

273
423
150
570

5

Hardened staple fiber made of polyvinyl
alcohol (PVA) “Vinol MF”

111 0:227
7:62
10
5

273
453
80
802

5

Thread based on perchlorvinyl resin
(PCV), grade “Chlorine”

114 0:285
2:56
10
4

273
383
60
376

5

Caprone thread, (GOST 7054067) 169 0:282
1:68
10
4

275
453
300
740

5

Polyethylene terephthalate film (PET),
(TU 6-05-1597-72)

222 0:342
9:82
10
4

279
498
200
362

4

Polyamide film PM-1, (TU
6-05-1597-72)

202 0:297
2:1
10
3

273
673
12
240

7

Polystyrol (PS) at bending 281 0:627
2
10
2

77
290
56
108

10

Polymetalmethacrylate (PMMA) at
bending

277 0:558
1:74
10
2

77
290
66
116

10

High-impact polystyrene (HIPS) at
tension and torsion

277 0:699
2:53
10
2

77
290
48
94

10

252 0:636
1:84
10
2

77
290
50
105

10
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are processed not only at tension, but also at torsion and bending. A large deviation
of several points from the fundamental straight line is due to the fact that for these
results KMnT ¼ 1 is conventionally assumed thanks to the lack of experimental data
in effort to assess the real value of this parameter.

The generalized experimentally justified MTD function of the limiting states (in
terms of damageability) is shown in Fig. 2.16. Relatively large deviations of par-
ticular experimental points from the predicted ones are also seen in Figs. 2.3 and 2.4
for two reasons: either available references lack sufficient data for a correct
assessment of required parameters, or the conducted experiments contain significant
errors or they are not quite correct methodically. A possible analysis of other
researchers will show this was true or not.

Note that model (2.63) may seem to be non-fundamental because of its sim-
plicity. However, remind the saying that has become a classic dictum: the funda-
mental dependence cannot be complicated (or: any law is described by the simplest
formula. Thus, model (2.63) can serve for prediction (shown by the arrows from
T to rlim in Fig. 2.14) of the mechanical behavior of materials in the thermody-
namic medium:

T �������!#
u0 ; KMnT

"
an ; aT

lgCT ! lgrlim T ; u0; an; aT ;KMnT
� 
 ! rlimðTÞ: ð2:67Þ

The state of the medium in (2.67) is described with the use of the parameters T,
aT and KMnT .

As seen, the predictions by (2.63) and (2.67) are applicable for the materials of
different nature and structure—irrespective of damage and failure mechanisms at
static and cyclic loads. It would be interesting to make a similar analysis of the tests
at impact, but such an analysis lies outside the scope of the present work.

Certainly, due to the linearity of function (2.63), the reverse prediction appears
to be possible and effective. If it is necessary to have a given mechanical state of
material (determined by u0, rlimðTÞ), then the requirements can be formulated to the
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non-ferrous alloys
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lim,

T

103
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Fig. 2.16 Experimentally justified MTD function of states critical with respect to damageability
for pure metals, non-ferrous alloys, structural steel and polymer materials
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medium (determined by the parameters T, aT , KMnT ) in which the system can
operate (shown by the arrows from rlim to T in Fig. 2.14):

rlimðTÞ ! lgrlimðTÞ �������!#
u0 ; KMnT

"
an ; aT

lgCT ! CT T ; u0; an; as;KMnT
� 
 ! T: ð2:68Þ

Note that the attempts to construct the explicit temperature dependence of
limiting stresses in uniform, semi-logarithmic and logarithmic coordinates for dif-
ferent materials and various test conditions are quite ineffective because a relatively
small amount (136) of test results, as shown in Fig. 2.17.

Further, we briefly analyze a more complex problem of the MTD system oper-
ation in the medium in which the processes of thermal corrosion and stress cor-
rosion are implemented. From (2.52), at sw ¼ 0 we have

KMnT
aT

1
 DT
TR þ an

1
 Dn
r2

� �
¼ u0: ð2:69Þ
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Fig. 2.17 (Beginning) Explicit temperature dependences of the fatigue limit for structural steels in
logarithmic a, semi-logarithmic b, c and uniform d coordinates
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Upon simple manipulations, we obtain

rlimðT ; chÞ ¼ 1
2
lgCTðchÞ ð2:70Þ

where, as can be easily shown, the parameter of resistance to thermal stress cor-
rosion is:

CTðchÞ ¼ CTðchÞ T ; u0; an; aT ;KMnT ; vch; vchðrÞ;mvðrÞ; vchðTÞ;mvðTÞ
� 


: ð2:71Þ

It can be seen that laws (2.63) and (2.70) are fundamentally (and formally)
identical and differ in the fact that appropriate functions (2.65) and (2.71) take
account of those parameters which describe the damageability processes charac-
teristic for the phenomena analyzed. So, in (2.71) the parameters
vch; vchðrÞ;mvðrÞ; vchðTÞ;mvðTÞ describe the processes of thermal stress corrosion.
Based on (2.70) and (2.71), it is easy to build prediction algorithms [of form (2.67)
and (2.68)] of resistance to thermal stress corrosion.

A further and detailed analysis of (2.70) and (2.71) is beyond the scope of this
study.

Note that solutions (2.52)–(2.62) can be analyzed similarly for other testing (or
operating) conditions.

Thus, a single MTD function of critical with respect to damageability states of
metals and polymers working in various conditions has been obtained above. The
analysis of more than 600 experimental results (Figs. 2.3, 2.4, 2.13, 2.15 and 2.16)
showed that this function is fundamental: it is valid for low-, mean- and
high-strength states of pure metals, alloys, and polymers over a wide range of
medium temperatures (from helium to 0.8TS, where TS is the melting point of
material) and mechanical loads (up to the strength limit for single static loading);
the fatigue life was of the order of 106–108 cycles.

The fundamental MTD function as found in the present study can be used for
effective prediction of the behavior of particular MTD systems in various operating
(test) conditions. Model (2.70), (2.71) is proposed for the description of the
influence of thermal corrosion and stress corrosion on the changes in the limiting
states of materials.

2.8 Translimiting States

According to the available information, the theory of translimiting states is not yet
sufficiently developed [37]. The elements of this theory will be set forth on the basis
of solutions (2.47), (2.51) and (2.52).

Figure 2.18 shows the general analysis of the contribution of mechano-chemico-
thermal damage (parameters D) to the process of reaching the limiting state by the
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MTD system. Based on the analysis of formulas (2.47)–(2.52) and Fig. 2.18, the
following conclusions can be drawn.

1. The growth of parameters D means a decrease in a relative damage rate vch/vch(*)
(Fig. 2.18a). In other words, mechano-chemico-thermal damage accelerates the
achievement of the limiting state by the MTD system the faster, the greater is the
value of the parameter D and/or of the rate vch(*).

2. The parameter mv exerts the strongest influence on the system damage, and it is
the stronger, the larger is its value (Fig. 2.18b). The important feature of this
influence is that this environment is very sensitive to the excitation of
mechanical stresses in the MTD system and to the temperature rise if for it the
parameter mv > 5. In other words, in such a case, the translimiting state can be
realized, for which damageability measure (2.29) is more than unity ðweff

u [ 1Þ,
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Fig. 2.18 Analysis of the influence of mechano-chemico-thermal processes on the system
damageability
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whereas according to (2.28), it is sufficient to have weff
u ¼ 1 to reach the limiting

state

Two specific cases are illustrated in Fig. 2.18c.

(1) D = 0. There is no electrochemical corrosion influence on wear-fatigue
damage. But this doesn’t mean that the electrochemical corrosion process does
not occur. In fact, according to (2.51), when D = 0, we have (if mv = 1):

1
 vch
vchð�Þ

b� ¼ 0:

This implies that the situation should be the following: b* = 1 and vch / vch(*) = 1,
i.e., the corrosion rate is insensitive to this factor (mechanical or frictional stress).
This means that threshold values ofr0; s0w, and T

0 exist for a given environment.
The corrosion rate in such an environment does not vary forr	r0; sw 	 s0w and
for TR 	 T0 [formula (2.52)].

(2) D = 1 and, hence, 1/(1 − D) → ∞. Explosive damage is realized within the
system as weff

u ! 1. In this case, it should be

vch
vchð�Þ

b� ¼ 0:

Since vch = 0 is impossible, it can be assumed that vch(*) → ∞. This is just the
condition of mechano-chemico-thermal explosion in the MTD system. The explo-
sion is not just due to the environmental influence—the environmental influence
dramatically enhanced by temperatures and mechanical stresses.

Thus, complex function (2.47) for the damageability of MTD systems can also
be used for analyzing their translimiting states caused by a supercritical growth of
thermodynamic, mechanical, frictional, and electrochemical loads according to
formulas (2.48)–(2.51), i.e.,

1	weff
u ¼ KTnM wTðchÞ þKnnsðwnðchÞ þwsðchÞÞ

h i
	1: ð2:72Þ

According to (2.72), there are many translimiting states of the MTD system
defined by the condition weff

u [ 1. This is possible in those (many) cases when the
critical with respect to damageability state of the system is reached not at one but at
many points of the dangerous volume. Hence the assumption can be made that
many (different) forms of these states must exist. As an example, some forms of
translimiting states of a real wheel/rail system observed in operating and testing
conditions [36, 37] are presented in Figs. 2.19 and 2.20.

In [22], it is possible to find the form of function (2.72) and its analysis for the
simplest Tribo-Fatigue system (shaft/sliding bearing).

Although above-mentioned criterion Eqs. (2.19), (2.23), (2.28), (2.33), (2.47),
(2.52) are obtained from the consideration of the energy conditions of reaching the
limiting state, it is stated that they can in principle be used for describing a variety

40 2 Energy States of the Mechanothermodynamic System …



of translimiting states, but only in those cases when situations in the MTD system
are created for an unconditional supercritical (essentially unrestrained) growth of
loads (explosions, accidents, disasters, fires, etc.).

Another more general approach for the analysis of translimiting states is that it
considers a damage space defined according to (2.34), (2.39) by volumetric
measures

0	xij ¼ Vij

V0
	 1: ð2:73Þ

Fig. 2.19 Four forms of the translimiting state of rails appeared in the operation a, b (V.I.
Matvetsov), and detected in the three-point bending tests c, d (M.N. Georgiev et al.)
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On the basis of (2.47)–(2.51), spatial measures of damageability can be defined as

xnðchÞ ¼
VPc

V0ð1
 DnÞ ; xsðchÞ ¼
SPc

S0ð1
 DsÞ ; xTðchÞ ¼
VTc

V0ð1
 DTÞ ; ð2:74Þ

where V0; Sk are the working volume and the surface, respectively. So criterion
(2.33) can be written with regard to (2.74):

KTnM
VTc

V0ð1
 DTÞ þKnns
VPc

V0ð1
 DnÞ þ
SPc

S0ð1
 DsÞ
� �� 	

¼ 1: ð2:75Þ

The advantage of (2.75) is that the interaction of dangerous volumes [37] at
different loads is taken into account when the limiting state of MTD systems is
formed. In addition, as mentioned above, since absolute dangerous volumes are
determined by a number of structural-technological and metallurgical factors (2.39),

Fig. 2.20 Two forms a, b of
the translimiting state of the
freight car wheel appeared in
the operation (I.F. Pastukhov)
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these factors appear to be automatically accounted for in the limiting state criterion
for such systems.

If the rupture of atomic bonds is realized only over one dangerous section of an
object at all “points” of this section ðueffR ¼ u0Þ, then it is divided into two parts,
which corresponds to the condition xR ¼ 1. But if the complex of loads (me-
chanical, electrochemical, thermodynamic, etc.) is such that the rupture of “all”
atomic bonds takes place over this section, then the process occurs and it is called
disintegration of an object, whose death corresponds to the condition x�

R ¼ 1.
This is the most common form of the translimiting state: the system disintegrates
into an infinite number of particles of arbitrarily small size (for example, atoms). It
is clear that there must be some intermediate forms of the translimiting states of the
system. The condition of their implementation is

1	x�
R ¼ KTnM xnðchÞ þxsðchÞ

� 

Krns þxTðchÞ

� �	1: ð2:76Þ

Naturally, Eq. (2.76) is similar to (2.72). Their difference is that conditions
(2.72) are written in terms of energy measures of damage, while conditions (2.76)—
in terms of volumetric (spatial) measures of damage.

The general classification of conceivable states of an object in terms of volu-
metric damage is given in Table 2.4 that is similar to the one in Table 2.1 [25], but
with the difference that a special index (asterisk*) is introduced for translimiting
states.

The probability interpretation [33, 44] of irreversible damage events in the MTD
system can be made according to Table 2.4 and condition (2.76).

If

0	PðxRÞ	 1 ð2:77Þ

is the classical probability of the MTD system failure in terms of damageability
ð0	wR 	 1Þ within the time interval ðt0; T�Þ (Item XIV), then PðxR ¼ xc ¼ 1Þ ¼
1 is the reliable probability of unconditional functional failure. For transmitting
states the concept of reliable probability [33] is introduced

1	P� x�
R

� 
	1: ð2:78Þ

Table 2.4 Characteristic of the states of objects

A-state Undamaged
A-evolution:
characteristic 

system states in
terms of dam-

ageability

B-state Damaged

C-state Critical
(limiting)

D-state Supercritical
(translimiting)

E-state Disintegration
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These supercritical damages 1\x�
R\1 correspond to numerous and infinite

shapes and sizes of fragments or particles to be formed in the process of degradation
(disintegration) of the system.

Figure 2.21 illustrates the relationship between the system damages and the
probability.

Note that the data in Table 2.4 can be interpreted in the following way. If similar
to (2.7) the damageability is

x�
R ! 1; ð2:79Þ

then the absolute size of forming particles should be as small as desired according to
(2.8), i.e.,

d�x ! 0: ð2:80Þ

Assume the logarithmic relationship between dx and xR to a first approximation.
The law of degradation

d�x ¼ e
x�
R or x�

R ¼ 
 ln d�x: ð2:81Þ

As follows from the above-mentioned, all states of the MTD system are pre-
dicted by appropriate Eq. (2.72) and/or (2.76). A drawback of this prediction or the
description is that the dependence of damageability measures [for example, (2.72)]
on the determining parameters appears to be smooth over the entire range
0	xR 	1 (Fig. 2.22a). It should be noted, however that this is valid only in the
case (essentially, in the ideal case) when the values of the determining parameters
(σ, τw, Λ, etc.) are continuously increasing. But the surface of damageability
reveals jumps (discontinuities) whenever either discontinuities of any load or abrupt
changes in hardening-softening processes (Fig. 2.22b, c) are realized. It is easy to
understand that in reality, these specific situations lead to damageability disconti-
nuities, i.e., to qualitative changes or system state transformations. It should be
added that our approach has a special advantage: it is based on the analysis of
damageability as a physical reality independent of the fact what damage mecha-
nisms are already known to us and what mechanisms will be clarified.

A-state C-state E-state

D-stateB-state

Probability
of random
events A

Probability
of certain events

Fig. 2.21 Relationship between the system damages and the probability
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The last comment is of particular importance. The fact is that when the “con-
ventional failure of a regular mechanical object” (ωΣ = 1) occurs, i.e., it disinte-
grates, at least, into two parts, the existence of the MTD system does not end—in
accordance with Item XIV, a long period comes when an object disintegrates into
particles ð1\x�

R 	1Þ. Here, not so much mechanical loads, as electrochemical
and thermodynamic phenomena (processes) are the determining parameters. On the
basis of the above-said, the law of any disintegration (decomposition) of the MTD
system is formulated in the form

X
mVijT ¼ mV0 : ð2:82Þ

Law (2.82) suggests the mass conservation of the system regardless of the
conditions of its degradation and disintegration. In other words, the mass of dis-
integrating particles

P
mVijT (whatever their size) cannot exceed (or it can be less

than) the initial mass mV0 of the MTD system.
Hence, there is the need of the analysis (at least, short) of the evolution of

systems.
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Fig. 2.22 Formation of damageability surfaces a and functions b, c ωΣ due to the changes in the
determining parameters (σ / σd > 0, τ / τd > 0, Λσ\τ > 0)
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2.9 Evolution of a System by Damageability

Give the description according to Tribo-Fatigue [39] of the behavior of the de-
formable solid-solid system in some environment on the most general—dialectical
grounds. The origination of the system, existence (occurrence, life and degrada-
tion) can be represented in the following general form:

A,  B
-t A

E0

t   V0 0,
B

A B

t  V x  y  zΔ , ( , , )
R

E V  T( , )

BA t Vk k,

kE

,   , R
+t

BA

+- tt

Past Origination Degradation FutureLife
Existence

0 T T*

ð2:83Þ

Here A, B are some separate bodies (elements, etc.), details, objects. Their
existence in the past (−t) is sketched by the dashed line with an arrow.

This writing

A ,E0

t0;V0

B ð2:84Þ

means that the creation (origination) of a system (or an object) is the product of
energy (E0) interaction (↔) of bodies A, B implemented in the time t0 within the
volume V0. Of course, this product is neither A nor B; but it is an entity with special
integral characteristics and functions which neither A nor B can possess.

The writing

ð2:85Þ

means that the life of the system is the process of its energy E (V, t) interaction with
the environment V (x, y, z) during the time Δt. This interaction with the environment
always causes surface damages to originate and accumulate in the system elements
since t, V, E are variable. The system itself is also characteristic for the force
interaction of its elements (A⇆B). This means is that not only surface damage, but
also volumetric (internal) damage should arise and develop, since the forces of such
interaction are distributed over the volume of the elements and vary with time.
Therefore the life (longevity) of the system is shown in (2.83) and (2.85) by the
wavy lines. Accumulation of irreversible surface and volumetric damages is the
softening process which eventually causes the system degradation and death.
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Assume that the system elements, as well as the entire system reveal the hard-
ening property, i.e., the ability to increase its resistance by both external and
internal influences when they are hardened. Then the outcome of struggle of
opposites (i.e., hardening-softening processes) also determines the life of the sys-
tem, or its existence time (operation). If the damageability level grows in time, then
the system degrades inevitably, as soon as the damageability reaches some limiting
(or critical) value.

Thus the writing

ð2:86Þ

means the following. The degradation of the system is the process that leads to its
disintegration within the volume Vk in the time tk into fragments ( , ) and residues
R. The degradation is accompanied by the release of the energy Ek; the fragments
and residues dispersed in time and space constitute a set (⊗) of disintegration
products.

The products of system degradation are represented by three components in
expressions (2.83) and (2.86). First, these are themodified bodiesA andB (denoted as
and , respectively). Secondly, these are system residues (denoted asR). In otherwords,
and ) are the recognizable parts (fragments) of the disintegration products of the

system since A and B are their images. As far as R is bodies designated as and ).
Second, these are the residuals of the system designated as R. In other words, and )
are recognizableparts of disintegrationproducts sinceA andB are their images.As forR,
it is the unrecognizable (or hardly recognizable) part of the disintegrationproducts of the
system. This part can be represented as the one consisting of at least four components:

ð2:87Þ
i.e., the ’s are the residuals A embedded in and trapped by it. The ’s are the
residuals B in , i.e., these are the fragments B embedded in and trapped by it.
The ’s are the residuals A and dissipated in the space (environment) V and in
the time t. Finally, the ’s are the residuals B and dissipated in the space V and
in the time t.

Residuals and fragments are going in the future (+t). Their existence is shown in
(2.83) by the dashed arrow. This existence can be separate and is marked by the
commas between the symbols , , R.

Expression (2.83) should be understood as the conventional (symbolic) writing
of the sequence of interrelated processes of system origination, existence, and
degradation.

As the simplest specific example, consider one of the widespread active systems:
crankshaft journal (A)—sliding bearing (B) of the rod head of the engine. Of
interest is the life of the system.
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The technological process of manufacturing parts A and B ends in the assembly
A , B—it is the process of system origination (2.84). Obviously, it is implemented
in the time t0 within the volume V0 at the energy expenditure E0. Then system life
(2.85) begins: aging, normal operation, gradual loss of efficiency. In the course of
life the system A , B changes into A ⇆ B), i.e., assembly components undergo
wearing at the contact pressure q and wear-fatigue damages accumulate in the
crankshaft journal when acted upon by cyclic stresses σ. This occurs when the
energy E (V, t) interacts with the environment (oxidation of friction surfaces) during
the entire existence time Δt. Thus, both the environment V(x, y, z) and the inter-
action energy E vary with time. The damage accumulation causes the system to
degrade according to (2.86) and, hence, its failure (wear-fatigue fracture of the
crankshaft journal, frictional fracture of bearing inserts). The system undergoes
failure in the environment Vk in the time tk followed by the release of the energy Ek.
In the process of failure (2.86), the fragments and are the parts of the shaft
A and the inserts B. Also, the residuals R—wear products (2.87)—are formed: the
crankshaft particles embedded into the sliding bearing inserts ( ); the insert par-
ticles embedded into the crankshaft journal surface ( ); the products of surface
damage of the crankshaft journal ( ) and the inserts ( ) scattered in the envi-
ronment in the time t, i.e., the wear products removed from the friction zone.

As seen, based on (2.83), a sufficiently general and correct qualitative analysis of
interactions of the system elements and the system with the environment is given.

The outlined qualitative picture can serve as a basis, for instance, for setting and
describing quantitatively the life N (resource) of the active system. It is obvious that
Δt = N is the function of cyclic stresses σ in the crankshaft journal, the contact
pressure q in the tribo-coupling, the wear rate I of system elements, the accumu-
lation rate of wear-fatigue damage ϑ, the properties (composition, structure) of the
environment CV and the elements A, B of the system (CA, CB):

N ¼ N r; q; Ir; 0;CV ;CA;CB; . . .ð Þ:

This equation for longevity can be specifically implemented, for instance, using
the methods of applied mechanics.

Similarly, the processes of origination, life, and degradation of other systems, for
example, solid–fluid, etc. can be described. Differences will be only in specifying
what interaction forces are implemented in the investigated case and what damages
arise and develop.

If the biological system, for example, cardiovascular or musculoskeletal is
considered, then a sufficient qualitative description of its life, damage, and degra-
dation can be made with the use of symbolic model (2.83) developed as applied to
inorganic active systems. Further, it is necessary to take into account a specific
complex of biological phenomena and factors [39]. It is shown that approach (2.83)
can also be used to describe the general processes of birth, life, and death of a living
organism that together with environment and habitat conditions forms the most
complex living system in it. For this case, the concept of Tribo-Fatigue life as a
special method of damage accumulation [36] is developed.

48 2 Energy States of the Mechanothermodynamic System …



T
ab

le
2.
5

C
ha
ra
ct
er
is
tic
s
of

da
m
ag
ea
bi
lit
y
ev
ol
ut
io
n
of

th
e
M
T
D

sy
st
em

M
T
D

sy
st
em

st
at
es

Pa
ra
m
et
er
s

St
at
e
pr
op

er
tie
s
(p
hy

si
ca
l)

St
at
e

sy
m
bo

ls
E
ne
rg
y

co
nd

iti
on

s
of

st
at
es

T
ec
hn

og
en
ic

si
tu
at
io
ns

an
d

po
ss
ib
le

da
m
ag
es

Sy
m
bo

l
C
ha
ra
ct
er
is
tic

D
am

ag
ea
bi
lit
y

In
te
gr
ity

(δ
=
1–

ψ
)

1
2

3
4

5
6

7
8

A
U
nd

am
ag
ed

ω
A
=
0

δ A
=
1

M
ai
nt
ai
ni
ng

th
e
in
te
gr
ity

(s
iz
e,

sh
ap
e,

m
as
s)
,
st
ru
ct
ur
es

(s
ke
le
to
n)

an
d
su
pp

or
t

(i
m
pl
em

en
ta
tio

n)
of

al
l
fu
nc
tio

ns

V
0
¼

co
ns
t

,A
0

B
0

ue
ff R
¼

0

ue
ff
¼

0

w
ef
f

u
¼

0

Fa
ilu

re
s
(e
.g
.,

sh
or
t-
tim

e
re
ve
rs
ib
le

ch
an
ge

of
fu
nc
tio

n)

B
D
am

ag
ed

0
<
ω
B
<
1

1
>
δ B

>
0

D
ev
el
op

m
en
t
of

co
m
pl
ex

da
m
ag
ea
bi
lit
y

an
d
m
al
fu
nc
tio

ni
ng

V
ij
[

0

�A B

ue
ff R
[

0

ue
ff R
\

u 0

w
ef
f

u
\

1

In
ci
de
nt
s
(e
.g
.,

pe
rm

is
si
bl
e
sy
st
em

w
ea
r)

C
C
ri
tic
al

(l
im

iti
ng

)
ω
Σ
=
1
=
ω
C

δ C
=
0

T
ot
al

fu
nc
tio

na
l
lo
ss
,
m
ul
tic
ri
te
ri
on

lim
iti
ng

st
at
e

C
2
(

⊗
)

ue
ff R
¼

u 0
w
ef
f

u
¼

1
¼

w
C

d c
¼

1

A
cc
id
en
ts
(e
.g
.,

fa
tig

ue
fa
ilu

re
of

en
gi
ne

sh
af
t)

D
Su

pe
rc
ri
tic
al

1\
x
� D
\

1
δ D

<
0

Fo
rm

at
io
n
of

m
ul
tip

le
fr
ag
m
en
ts
,

di
ss
ip
at
ed

fr
ag
m
en
ts
an
d
re
si
du

al
s

1
[

d� D
[

d
C
at
as
tr
op

he
s
(e
.g
.,

m
id
-a
ir
co
lli
si
on

)

E
D
is
in
te
gr
at
io
n

(b
re
ak
do

w
n)

x
� E
!

1
d E

!

1

Fo
rm

at
io
n
of

na
no

cl
us
te
rs
,
sc
at
te
re
d

at
om

s,
el
em

en
ta
ry

pa
rt
ic
le
s

C
at
ac
ly
sm

s
(e
.g
.,

nu
cl
ea
r
ex
pl
os
io
n)

2.9 Evolution of a System by Damageability 49



Approach (2.83) is also used for description of the evolution of the MTD system,
including in the translimiting state. Table 2.5 contains this approach with regard to
the above-described diverse characteristics of system damage. It is obvious that the
qualitative representation (2.83) of the evolution is supplemented here with the
specific numerical analysis—at all nodal points of development (states A, B, C) and
degradation (states C, D, E).

The general classification of the conceivable states of a system (object) in terms of
damage is contained in columns 1, 2, 3. It is similar to Table 2.4, but with the
specification (as marked above) that the level of critical damageability ðx�

RÞ is
assigned the superscript that means such a state. Table 2.5 also contains the appro-
priate physical characteristics of system states (column 5) and the additional analysis
(column 4) based on the characteristic of its integrity (δ = 1 −ωΣ). Column 6 contains
the symbolic description of all system states. The above-described energy states of the
system are based on conditions (2.7), (2.8) contain two uncertainties. These uncer-
tainties are interpreted as follows. When w�

D ! 1 (according to condition (2.7), the
absolute average size ðd�wÞ of particles forming during the system decomposition
must become arbitrarily small ðd�D ! 0Þ by condition (2.8). Table 2.5 reveals these
uncertainties (column 7). Namely, it is assumed that transmitting states are described
by the changes in the size of particles forming within the range

1[ d�D [ 1=kð Þ;

where the left constrain is defined by unity (as a symbol of “integrity”) and the right
one—by the arbitrarily (or infinitely) large integer k such as within the limit

ð2:88Þ
where the conventional, yet finite quantity big ( ) is introduced as the limit of a
possible growth of the integer k to the quantity (k = ) that can be specified as the
total quantity of atoms in the system under investigation. In principle, it can be
calculated if the size of atoms is known for materials, of which the system is
“made”; thus . In (2.88) it is then considered that the system death means
its disintegration into such a “quantity” of particles that is equal to the initial
number of atoms available in the system. The latter can be reasonably calculated
practically for any systems. It has been established, for example, that the amount of
atoms in the Universe approximately equals 1067 [10].

Thus, the growth of the level of translimiting damageability of a solid
x�
R;w

�
u [ 1; d�\1 (column 7, Table 2.5) signifies an appropriate decrease in the

characteristic size of forming particles. Thus, the “location” of these particles is not
specified—it can be any. But, naturally, it is meant that all particles will be finally
spent for construction of those or other new systems (i.e., not necessarily—one
system) [37]. This means that the reproduction of systems is inevitably
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implemented after their degradation—but, of course, in new conditions with new
initial parameters.

Note: a significant drawback of the performed analysis is the absence of the
determining parameter—the time t.

As applied to the specific MTD system, Fig. 2.23 explains our idea of its
existence. The general concept of the unidirectional time arrow is borrowed from
thermodynamics (mostly from physics). Thus, the question about the nature of time
is not being discussed here (as in physics and philosophy). Further, according to
Item XIV, it is assumed that the existence time of the system under examination is
always finite and is defined by the interval ð0; T�Þ where T� is the time before the
system disintegration (Table 2.4). Within this interval the time of its disintegration
(failure) t ¼ T�; T� � T� is really defined. The failure of the system is interpreted
as usual: it means the total loss of system functions and properties, which corre-
sponds to the fact that the damageability measure (for example, ωΣ or ψΣ) reaches
the limiting (critical) value ωc = 1 = ψ. At the moment of failure the system,
therefore, ceases to exist as a whole. Figure 2.23 shows that the existence of the
system under study corresponds to a certain time interval on its any more general
scale—for the Earth, the Solar system, the Universe (it is marked by the vertical
arrows which separate the past and the future).

Now, describe the evolution of the MTD system.
Figure 2.24 illustrates that based on the mechanothermodynamic viewpoint, the

A-evolution in time (Table 2.4) is implemented in two stages. The stage ABC
ðxR ¼ weff

u ! 1Þ is the the existence time of the system as the integrity when it
performs all its functions. It is represented as the development accompanied by an
inevitable growth of damage and deterioration of some functions up to the moment
when the limiting (critical) state is reached at the point S. At this point the system
completely “loses” all its functions, for example, the accident (either the disinte-
gration of one of the system elements into two parts, or the unacceptable (limiting)
wear in system, etc.). The second stage CDE then occurs and is represented as the

Past FutureEarh

Solar System

Universe

Beginnig
(conception) Birth Death

Breakdown
degradation( )

1st negation 2   negationnd

Man
- metsySDTM

0 t0
T t* =

... ...

...

...
...
...

Unidirectional arrow of world time

t = Tt

Fig. 2.23 Existence time of the material system
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degradation process accompanied by the occurrence of numerous and various
translimiting states caused, for example, by catastrophes, explosions, cataclysms,
etc. Example: at the point C the vessel under static pressure is divided into 2 parts; it
disintegrates into a large number of “infinitely small” particles, if the nuclear
explosion (point E) is implemented in it; it collapses into fragments if the explosion
in it is initiated by a different quantity of explosive substances (line CDE). The
moment of disintegration of a solid into atoms (elementary particles, etc.) is denoted
by the symbol ( ).

The second stage (translimiting states) can be described in two ways. Either the
analysis of the average size of disintegration particles is used [formulas
(2.80), (2.81)] and represented by the curve CDdEd in Fig. 2.24 [note that in this
case, the origin of coordinates is shifted to the point C and the size d�D ranges from 1
to 0 (line CC′)], or the damageability analysis weff

u → is used and represented by
the curve CDωEω in Fig. 2.24 (remind that here the “number of damages” corre-
sponding to the disintegration (breakdown) of the system is designated by the
number ψ conventionally equal to the number of atoms in the system.

The potentiality of the parametric analysis appears to be interesting and
beneficial.

In our opinion, the representations as set forth above do not contradict the known
and approved theories and the experimental results.

From Fig. 2.24 it is possible to find two important features of the time A-
evolution of systems with respect to damageability.

First feature: the plot reveals the sacramental point, at which three special—
critical units weff

u ¼ xR ¼ 1 ¼ xc; t=T� ¼ 1 and dw ¼ 1 ¼ dc “come together”. It is
the evolution epicenter, or its apotheosis. These critical units also define the “di-
vision” of A-evolution into two essentially differing stages—development stage
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ABC and degradation stage CDE. It is the point when the system loses all its
functions, i.e., the point of transition to various translimiting states.

Second feature: using the plot in Fig. 2.24, it is obviously possible to describe
and define the effective energy conservation law.

ZT�
0

ueffR ðtÞdt �
ZT�
T�

uReff ðtÞdt; ð2:89Þ

where ueffR ; uReff is the effective energy on the first (development) and on the second
(degradation) stages, respectively. The statement of this law is as follows: effective
energy absorbed by the system in the process of reaching the limiting (critical) state
is identically equal to the released (scattered) effective energy in the process of
degradation up to disintegration (for example, into atoms).

Geometrically, this law requires the equality of the three areas in Fig. 2.24

SABCC0 � uSC0CDdEd � SCDxExE0 ; ð2:89aÞ

where ϕ is the function of parameter transformation [for example, according to
(2.81)].

Identities (2.89), (2.89a) express the so-called sufficiency principle. If it is vio-
lated, then it means that the energy ueffR supplied to the system prior to its limiting
state ðu0Þ was larger than it was needed to achieve the mentioned state, i.e., it was
excessive ðueffR [ u0Þ.

From the above-stated, three main conclusions follow:

1. Damages are the fundamental physical property (and the functional duty) of any
system and all of its elements.

2. Damageability of each object (any existing one) inevitably grows up to its
breakdown—decomposition (disintegration) into a set of particles of arbitrarily
small size, i.e., it is the unidirectional process of time:

ð2:90Þ

ð2:91Þ

3. Not only the unity and struggle of opposites but also the directivity of various
and complex physical processes of hardening-softening (depending on the level
of loads and time) are typical of the system evolution by damageability. It means
that the Λ-function of damage interactions (of all kinds) can take three classes
of values: (1) Λ < 1 when the hardening process is dominant; (2) Λ > 1 when the
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softening process is dominant; (3) Λ = 1 when a stable hardening-to-softening
process ratio is found.
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