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Abstract: The article presents an approach to assessing the fracture toughness of structural alloys
based on thermally activated crack growth and recording acoustic emission signals. The kinetic
and structural features of the stable growth of the initiated crack are estimated using a multilevel
acoustic emission model based on the time dependence of the logarithm of the cumulative acoustic
emission count. The article provides an evaluation of the stable kinetic constants included in the
equation of the thermal fluctuation steps of a crack according to literature sources and using the
acoustic emission method. It is shown that parameters such as activation energy, activation area
before the crack tip, and the rate of non-activation crack growth are stable and show a satisfactory
correspondence between the reference literature and real experiments. The approach does not require
a set of laboratory experiments to determine the empirical constants of traditional crack growth rate
equations, and it also differs in that it takes into account the unique features of the destruction of
a particular specimen or technological equipment and allows for a non-destructive assessment of
fracture toughness. The values obtained are conservative. The concentration criterion of destruction
requires further investigation.

Keywords: fracture toughness; acoustic emission; acoustic emission count; thermally activation;
activation energy; crack growth; microcrack; stress intensity factor

1. Introduction

Engineering approaches to determining the strength parameters [1-3] of fracture
mechanics occupy an important place in the direction of increasing the service life of
technological objects and various materials [4,5]. The modern global oil and gas industry is
experiencing a serious upswing in all sectors, and predicting strength and durability is of
paramount importance [6-8]. A special place is occupied by the issues of the strength and
fracture of steels for the pipeline transportation of hydrocarbons [9,10]. A large number of
scientific publications are devoted to the methods of evaluating these parameters [11,12],
including the use of non-destructive testing methods [13-16]. The main parameters of
fracture mechanics, such as the stress intensity factor and the J-integral, have become generally
universal characteristics of structural materials, are listed in many reference books, and are
constantly used by practicing engineers. For technical equipment, which from the start of
operation has many microdefects and structural heterogeneities, these indicators allow us
to predict the remaining service life based on the laws of stable crack growth [17-22]. When
the critical values of the stress intensity factor (SIF) and the J-integral are reached, the
transition to unstable crack growth begins at a speed exceeding the speed of sound. In
this sense, most of the models for determining these parameters are phenomenological in
nature and require additional physical justification, including in the field of accumulation
of microcracks before the initiation of a macro-crack.
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In this sense, it is necessary to develop an approach that could predict the critical
values of SIF at the stage of subcritical crack growth of pipeline steels using the obtained
data on the kinetics of this process. This may occur when operating equipment that already
has cracks. During the tests of such objects, the kinetics of the stable growth of active
cracks and information about structural features in the defect area can be obtained using
some non-destructive testing methods. This article proposes an approach to assessing
the fracture toughness of structural steels using the acoustic emission method, which is
based on the concept of the thermal fluctuation nature of the processes of the destruction of
atomic bonds at the tip of the initiated crack.

The acoustic emission (AE) method, which has proven itself as one of the main
methods for monitoring the accumulation of damage in structural materials, has also been
used by researchers to predict the formation and growth of cracks [19,20,23]. Despite the
predominance of traditional crack growth models [17,24], there is another direction based
on the thermal fluctuation nature of crack growth. In this case, time becomes the main
parameter of the evolution of destruction [25], containing information about the structural
change of the body during the breaking of bonds due to thermal fluctuations in the crystal
lattice. The purpose of the article is to calculate the fracture toughness of structural alloys
using acoustic emission. The physical basis of the approach is the theory of thermally
activated crack growth. In the first part of the article, it describes in detail the thermally
activated crack growth and determines the parameters included in the main equation of
the Arrhenius type. The logical result of the article is an equation for calculating fracture
toughness, with which it is proposed to determine the fracture toughness of structural
alloys. This equation includes a structure parameter, whose value is determined during
acoustic emission tests. We also propose a tool and other structural steels. However, the
principles of destruction and structural features can be taken into account in the proposed
approach. The parameters that maintain constant values were calculated using a large set of
reference data for a wide variety of steel grades. In addition, the thermally activated form
of the equation for the crack growth rate is common for most solids that have a fraction of
a brittle fracture, not just pipeline steels.

2. Materials and Methods
2.1. Fracture Mechanics and Thermally Activated Crack Growth

Fracture mechanics and thermal fluctuation theory are two areas that have long been
developed in the science of the strength and durability of solids. While fracture mechanics
are engaged in calculating the strength of structures in a complex stress-strain state and
operate with methods of linear and nonlinear mechanics [26], thermal fluctuation theory is
aimed at studying elementary acts of deformation and destruction [27]. Despite the fact
that the area of crack development is common to these directions, to date, the relationship
between these two directions is poorly understood.

The main equations of fracture mechanics are based on the Griffith energy criterion.
According to this, the growth of cracks in brittle bodies is accompanied by the formation of
new surfaces that increase the free energy of the body. The energy sources of this process
are the work that is performed by external forces and the change in the elastic energy of
the body:

AF =F —Fy=AF,+AF;, — F 1)

where AF, Fy, AF,, AF; are the change in the free energy of a body containing a crack,
the free energy of a body without a crack, the decrease in elastic energy, and the change in
surface energy, respectively.
In an infinite plate of unit thickness, the growth of a crack with a length of 2/ perpen-
dicular to the plane of tension is accompanied by a decrease in elastic energy:
nl?g?

AF, = — E (2)
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where E is Young’s modulus.
In the case of a brittle fracture without the formation of dislocations at the crack tip,
the energy value of the newly created surface is as follows:

AF, = 4l 3)

where « is the specific surface energy.
Then, the state of equilibrium is determined by the expression:

2.2
AFy 4 AF, = — ”lE‘T +dln 4)

According to the Griffith concept, an existing crack will begin to spread avalanche-like
if the rate of release of the elastic deformation energy exceeds the increase in the surface
energy of the body:

o (ml?o?
3l (E

Hence, the driving force per unit length is as follows:

—4l(x> >0 ®)

oF nilo?
= —-—— = —— — 2
f="53an =8 = ©)
The first term on the right is related to the rate of release of elastic energy per unit
length. By entering the SIF parameter we can obtain:

oF, K?
fe="3ay = E @
K=YoVrl 8)

where Y is the parameter that takes into account the geometric characteristics of the sample
and the crack.

However, the Griffith criterion has a number of limitations [28], including in terms
of the kinetic nature of strength. Unlike brittle materials such as glass, most structural
materials exhibit plastic properties when destroyed. These mechanical energy losses for
plastic deformation are many times higher than the free surface energy (the energy required
for the propagation of the plasticity zone controls the crack growth). Experimental studies
by Irwin and Orovan have confirmed that when o is replaced by the dissipation energy
in a thin layer of plastic deformations near the crack surface (several orders of magnitude
greater than the surface energy of an ideally brittle separation), the Griffith criterion is
valid. In addition, more complex geometric configurations of cracks caused difficulties
in calculating the critical stress. Despite the fact that the linear elastic model is a good
approximation of some fracture conditions, complex nonlinear elastic and plastic problems
are more common in the destruction of structural materials. Irwin [29] proposed a force
criterion, according to which, in order to solve the problem of crack growth, it is necessary
to find stress intensity factors on the crack tip from a purely elastic (linear) problem, which
in turn would describe the local distribution of stresses, displacements, and deformations
near the edge. Further analysis would be purely algebraic in nature.

Comments were also made [30] regarding (1) the difficulty of determining physical
characteristics such as surface energy or plastic zone that require the assessment of other
relevant characteristics; (2) not taking into account the microstructure before the crack tip
(formation of micro-voids, pores, microcracks, their coalescence and subsequent connection
with the main crack); (3) the absence of a time dependence of destruction, in accordance
with which, under the influence of the applied load, damage accumulates at different scale
levels, and not when any critical value is reached; (4) taking into account the failure time
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factor, not only in the area of high crack growth rates, but also in the area of subcritical
crack development, where the dynamic effect is insignificant, there is the question of the
temperature dependence of the crack formation process. In the case of small crack growth
rates corresponding to a wide range of fracture processes, the stress intensity coefficient
demonstrates a strong dependence on temperature and loading speed. Therefore, it is
obvious that the process of stable crack growth should be described in terms of thermal
fluctuation theory [31]. (5) The main condition for the energy transition is formulated from
the point of view of the thermodynamic principle, in which the crack development occurs
according to a thermodynamically more favorable scenario. The conditions of the general
energy balance are insufficient to describe the crack growth; the localization of energy with
a greater force component occurs in the area of the crack tip, where active destruction
processes occur. This fundamental difference from the thermal fluctuation parameters
of fracture, which characterize a different type of phase transition, was also pointed out
in works on the kinetic nature of strength [32]. Attempts to answer the question of how
exactly the intensity of stress affects the rate of crack formation inevitably run into the
need for a kinetic formulation of the problem. Although several equations of thermally
activated crack growth have been proposed [17,33-35], the question of the choice of the
thermodynamic state function remains open [36-39].

It is well known that the dependence of the crack propagation velocity on the stress
intensity factor for real materials generally has several regions (Figure 1). At the first region,
the lowest values of the SIF (hence, mechanical fracture work) correspond to large values
of the crack growth rate, which are associated with the initial crack rate. The asymptotic
increase in the velocity at this site is associated, on the one hand, with a sharp overcoming
of the energy barrier, which is responsible for the “healing” and reconnection of atomic
bonds, and on the other, by the influence of the external environment and a decrease in
the bond energy due to chemical reactions with the surrounding gas or liquid [31]. The
high concentration of stresses in the activation volumes of the atomic lattice at the initial
regions of the growth of the main crack may be the reason for the rapid growth of the crack
until the process of relaxation and the emission of dislocations in the area before the crack
transfer the process to the stage of stable growth of SIF. In addition, in the case of exposure
to corrosive media at region I, a horizontal plateau of the graph may be observed. This is
explained by the fact that the process of substance transfer, such as diffusion to the crack
tip (weakly dependent on mechanical load), makes the main contribution to crack growth.
In the case of higher values of SIF in the III region or tests in inert media, it is thermal
activation that controls the breaking of bonds at the crack tip and controls its speed. The
dependence of the crack growth rate on SIF becomes smoother (Figure 1), without clear
plateaus in region II, due to the strong exposure to the environment.

On the other hand, examples of energy barriers can be the breaking of bonds in
the lattice and molecules in polymers, as well as the diffusion of molecular and atomic
segments [40], the diffusion of chemical components into the tip region, and the formation of
microcracks that preclude plastic deformation [31]. It follows from this that each individual
linear section of the graph is characterized by its speed of overcoming a certain set of energy
barriers (which can form sequential or parallel systems [30]) and its individual kinetic
parameters, which reflect the contribution of various physical processes to the overall
crack growth.

Given Equations (5) and (6), the equilibrium state at which the crack will not grow
(I > Ip) and close (I < ly) corresponds to the maximum value F for the critical half-length of
the crack Iy = 2aE /7to%. From the point of view of the thermal activation of the elementary
act of bond breaking, crack stabilization occurs when external forces reach such a value of
the bond energy of atoms, after which the interaction between them ceases and the bond is
broken. This interpretation of the problem takes into account the local heterogeneity of the
body and the discrete atomic structure of the substance. In this case, the rate of breaking the
bonds at the tip is activated by temperature and stress. Overcoming such energy barriers
is described by a general equation, which is the result of the theory of transition states. A
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schematic representation of overcoming the energy barrier is shown in Figure 2. The speed
of the process is described as follows [31]:

U= er*% 9)

where v is the non-activation crack growth rate; AF is the difference in free energy between
the equilibrium position in front of the barrier and the point that is top of the barrier; k is
the Boltzmann constant; T is temperature. The second multiplier represents the probability
of the thermal fluctuation transition of the system to a state with free energy greater by AF.

A

Crack growth rate {log scale)

Y

Kth Ke
Stress intensity factor

Figure 1. Areas on the crack growth rate curves with different kinetic parameters included in the
formula of thermally activated crack growth.

Activation area

(b)

Figure 2. (a) Schematic representation of overcoming energy barriers during crack growth; (b) activa-

tion region and crack front in terms of fracture mechanics.

Here, the thermodynamic description of energy balance is generalized to the processes
of crack growth at the atomic level, where the crack front interacts with localized obstacles
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in the form of “energy wells” (Figure 2a). Successive crack jumps are accompanied by
a change in the total stored energy in the stressed bonds near the crack tip, depending
on the size of the tip displacement within one lattice cell. The localization of the tip is
determined by the center of elastic displacement and the stress state away from the crack
front [31]. Equation (9) is of a statistical nature, since the waiting time for a destructive
thermal fluctuation is determined by the moment when, during the vibrations of the atoms,
the position of the atoms will be reached, which, together with the applied force, will
provide a bond break.

A number of equations have been proposed linking the waiting time for overcoming
the energy barrier with the stress intensity coefficient, the main equations of which differ
depending on the specific assumptions made [41]. Despite some formal similarity with
thermally activated dislocation motion [42—44], there are serious differences in determining
the kinetic parameters of both processes and the fact that dislocation is a true lattice defect,
whereas a crack is a boundary problem. Therefore, further research is required to link the
phenomenological phenomena of activation with the thermal fluctuation mechanism of
breaking the bonds of atoms. The brittle fracture region, where the crack velocity depends
on the breaking of individual bonds and overcoming local barriers, allows us to give a
theoretical explanation of the kinetic parameters of crack growth based on a comparison
with an experiment.

The most well-known phenomenological equations, but far from the only ones, the
comparison of which was carried out in the paper [45], were proposed by Zhurkov [46]:

Uy—yo
T = Te Ser (10)

where T is the time before the destruction of the body; 1y is the pre-exponential multiplier,
which corresponds to the period of the attempt to overcome the potential barrier, which
corresponds to the period of fluctuations of atoms (10713 s); U is the activation energy
of destruction (a potential barrier that must be overcome during thermal fluctuations of
atoms and under the action of tension of the atomic bond); - is the structural parameter;
is the applied stress; k is the Boltzmann constant; T is temperature;

Wiederhorn’s phenomenological expression linking crack growth rate and stress
intensity factor is shown as follows [47,48]:

—Ayg+ bK]

T (11)

V= voexp[

where K is the stress intensity factor; vy, Ao, b are experimental constants;
and its theoretical interpretation for brittle fracture is as follows:

—AH + 2KAV/3\/7'Tp] . [—Ao - bK} 12

v = Doexp | —— | = Voexp T T

where
AF = AH + PAV — TAS (13)

AH is the activation enthalpy (commonly referred to as activation energy Ay); P is the pres-
sure at the tip of the crack; AV is the activation volume; AS is the entropy of activation (after
simplification is part of the pre-exponential multiplier vy); b is a coefficient proportional to
the activation volume, for an elliptical crack the equation is as follows:

b =2AV/3/7p (14)

where p is the radius of curvature of the crack tip.
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The expression proposed by Atkins is shown as follows [33,34]:

. —Ao—i-)\fe . —Ag+ /\KZ/E
v = Ajexp [kT} = Ajexp — T (15)
where Aj and A are constants; Ay is the activation energy.
Kawasaki [49] proposed an equation for creep crack growth:
—A 1 InK
v:A1K51eXp|: O+(kT/m)n :| (16)

where A; and m are constants; J1 is the stress-sensitive parameter.

Let us consider a simple case when a thin section is selected at the crack front that
corresponds to one energy barrier. As the crack grows, the barriers will be overcome
sequentially one at a time. The crack rate will be regulated by the thermal activation of
overcoming barriers. With this form of expression, it is necessary to use a parameter that
would describe the mechanical effect on the crack as a system, regardless of the geometry of
the sample. In Equation (10), such a parameter is yo, which takes into account the unique
structure of a real body in the barrier region. From the point of view of fracture mechanics,
this parameter can be the stress intensity factor or the tensile strength of the crack per unit
area. Considerations regarding the thermodynamic explanation of overcoming barriers
were presented in Pollet’s paper [39].

The total energy of a thermodynamic system Is represented by the sum of energy
terms, which in turn are the product of intensive (independent of the spatial characteristics
of the system) and extensive (related to the area or volume of the system) values. Since it
is difficult to express mechanical energy as the product of the SIF (intensive variable) by
any spatial (extensive) variable due to the v/ included in the SIF, it is more appropriate to
express it using the driving force of crack expansion (intensive) in units of energy per unit
area, which would describe the effect of mechanical force on the growing a crack. Then,
the product of this multiplier on the area of the activated area is expressed in the form of
the work of surface tension forces. At the same time, the specific type of energy barrier,
whether it is local obstacles in the way of a crack or processes in the tip region, does not
matter, since the energy balance of the entire element is taken into account.

Taking into account the above, Equation (9) is written as follows in general form [39]:

AF(fg/T/P,al-/s)
v = vge kT (17)

where f. is the driving force of crack expansion per unit length of its profile; P is the hydro-
static pressure; 0; is the external stress that does not affect the crack; s is the structurally
sensitive parameter.

Let us assume that the structure (for example, the concentration of local obstacles per
unit area of the fracture surface) in the area of interest remains constant throughout this
stage of destruction and the pre-exponential multiplier is also a stable parameter within
this process. Then, the equation for the Gibbs free energy for a body with a growing crack
can be written as follows:

AF =U+PV —TS— f,A =) 0V (18)
i

where U is the internal energy; V is the body volume; A is the destruction surface area; S is
the entropy of the system.

Since we are only interested in the thermally activated “jumps” of the crack, to simplify,
P = const and 0; = const. Then, in Equation (17), the crack rate depends only on f., and T

takes the following form:
AF(fe,T)
U= ’0067 kT (19)
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From the expression of the full differential of the function we can obtain the follow-
ing [39]:
ofe

oT

oT
dlnv

dlnv
ofe £

The verification of expression (19) is performed in the experimental proof of Equation (20).
The differentials for Gibbs energy and Helmholtz energy are equal:

= -1 (20)

Ina

dF = —Adf, — SdT 1)

dr = —SdT — f.dA (22)

where A is the area of the fracture surface of the crack part, which determines its position
along the crack trajectory; f. is the driving force per unit crack length that supports the
crack in the equilibrium position. Considering Equation (21) for an isothermal reversible
process, the free energy can be found as follows:

f[‘C*
AF = /f A*df, (23)

where f," is the effective crack expansion force; f.c* is the critical value of the crack
expansion force at which the crack grows at the rate vp; A* is the area of the activation zone.
In the absence of external efforts, the total activation energy can be found as follows:

feC*
AFy = A*df, (24)
0

This condition requires an equal amount of energy to overcome the energy barrier [39]:
AFy = AT (25)

Reverse recombination at high values f, is extremely unlikely [30,39]. Then, taking
into account (24) and (25), Equation (19) can be rewritten [39] as:

— "Je
v = vgexp [kATFO} exp [le Of A*dfe:| (26)

Further interest determines the parameters of Equation (26) and establishes quantita-
tive relationships between them using data on the temperature dependence of the crack
growth rate on the effective crack expansion force or stress intensity factor. Having de-
termined the fracture kinetics at a certain stage, and, accordingly, the kinetic parameters
of Equation (26), it is possible to estimate the fracture toughness. As mentioned earlier,
some authors have proposed functional dependences of the Arrhenius type, linking the
crack growth rate v and the crack expansion force parameter f,*, which can be divided
into the following groups according to the form of expression. Thus, having available data
on the crack growth rate for a given material, it is possible to determine the relationship
between the thermodynamic activation region A* (Figure 2b) and the crack expansion force
fo*, where b is the slope angle of the curve. The most common forms of equations relating
the crack growth rate and the driving force of its growth are shown in Table 1.

Equation (9) is a general form of the Arrhenius-type equation, which is used not only
for a number of crack growth equations but also for the following processes in fractures:
dislocation movement, microcrack formation, destruction of solids, and others. The main
parameters are the pre-exponential multiplier, the Boltzmann parameter, and the effective
activation energy in the exponent.
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Table 1. Examples of the types of dependencies Inv and AF at a constant temperature (taking into
account the dependence A* and f,*) [39].

Effective Activation Activation Area

. Parameter on the Graph Sources
Energy Function

The angle of the curve on the
graphInv — £, equal to b/kT
The angle of the curve (power
AF = AFy — b:In f.* A*=b/f" law) on the graph Inv — In £, [41,49]

equal to —b/kT
The angle of the curve on the

AF = ARy — b/ fe AY = b/\/ fe" graph Inv — \/f, equal to 2b/kT [57,47,48,50]

AF = AFy —b-f.” A" =D [33,34]

Equation (19) is Equation (9) written in terms of energy balance and Gibbs free energy.
This is especially important because the traditional calculation of the stress intensity factor
is based on the balance between the change in the elastic energy of the body and the
surface energy within the framework of the Griffith theory. This equation shows the
relationship between two major trends in the science of failure: thermal activation and
fracture mechanics.

After recording the energy balance in Equation (18), we leave only those terms that
relate to crack growth. This is shown in Equations (21) and (22). These equations are
included in four equations of thermodynamic potentials. Thus, the physical connection of
crack growth with thermal activation is shown.

The main difference between the proposed models is how they consider the depen-
dence of the free activation energy and stress, which can be a linear or quadratic function
of the stress intensity factor.

The development of a large system is taking place in the direction of reducing free
energy. In order to reproduce the energy balance at the atomic level, it is necessary to have
information about the structural atomic displacements and the values of atomic potential.
The comparison of the displacements of atoms at the crack tip with the displacements
leading to this SIF value is expressed in the restriction of the atomistic region to the splitting
plane in front of the crack. When each atomic bond is broken, atomic energy increases by
the amount of bond energy per unit length and is also subject to periodic fluctuations of
atomic energy. The stress intensity calculation implies the presence of two regions, one
of which surrounds the crack tip (nonlinear energy behavior) and the other in which the
condition of linear elasticity is preserved. Thus, the change in elastic energy in the region
surrounding the crack when its tip is shifted by an atomic distance Ax, taking into account
Equation (21), is defined as follows [39]:

K2
AF, = foAx = fo (27)

Accordingly, the state of equilibrium in front of the barrier and “above” it can be if
the forces holding the atoms together are equal to the elastic force f.. Then, in order to
determine the change in the total energy by the crack expansion force, we introduce the
value of the thermodynamic activation region from Equation (27):

dAF

AA* = -2
dAf,

(28)
In the article [39], it is shown that when integrating Equation (28), the atomic energy
does not depend on the crack expansion force and the thermodynamic activation region is

equal to the following:
dAF

_de‘e:

where [ is a crack segment that moves over a distance when overcoming the barrier Ax
(Figure 2a). It follows that AA* has the dimension of the area of the atomistic activation

AA* = IAx (29)
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region, and the activation volume in thermally activated bond breaking is a function of the
stress intensity factor.

The models that establish a linear relationship between the free activation energy and
SIF are formulated by analogy with the thermodynamic state of a gas, where the work
performed by pressure corresponds to the multiplier PAV. From this point of view, the
crack growth with a constant SIF acts on the critically loaded bond at the tip, and the
activation volume is associated with the tension of this atomic bond. The main inaccuracy
is that during the crack development, not only does the SIF change, but the displacement
at the site of the critically loaded bond also changes, which leads to a crack expansion
force proportional to K? [31]. Therefore, the design of experimental curves is most correctly
constructed in the coordinate system Inv ~ K2, where the angle of inclination of the curve
corresponds to the activation area AA, comparable to the size of the atomic area. With this
interpretation of the crack advance, it is possible to determine the kinetic parameters of
various stages of thermal fluctuation macroscopic fracture.

Given the above Equation (26), proposed by Atkins [33], it can be rewritten as:

,(AFO,/VL,) 7(AF07'3:(2KT2)
v=orpe kT =uvge T (30)

where x is the atomic size of the activation area; AF is the crack step activation energy; 8 is

the proportionality coefficient between the atomic and thermodynamic activation region

(in Atkins’ paper, f is called the fraction of work that is spent on breaking atomic bonds).
Therefore, the following can be obtained:

v , K2 )
kT-In— = —AFy + Bx*— = AFy + bK
0o E

Then, by plotting experimental curves of the dependence of the stress intensity factor
on the crack velocity at different temperatures in the axes Inv ~ K or Inv ~ K?, we can
find the value of the pre-exponential multiplier vy that is common to the entire fan of
curves, where the condition of fully activated fracture is met:

K2
AFy = Bx*—
0= pBx 3

Having received the value vy, the curves are plotted in the system (kT~ ln%) ~ K2,

where the intersection with the ordinate axis at the point K> = 0 gives the value of the
total activation energy of the crack step. The slope angle of the curve in this coordinate
system b includes information about the modulus of elasticity of the material and the actual
activation area of the crack step. Considering that Equation (26) describes the crack growth
rate, and not the waiting time for the jump at the point K? = 0:

KT-In— = —AF,
0o
However, in order to predict crack growth and the moment when fracture toughness
values are reached, it is necessary to compare the obtained kinetic parameters with similar
ones obtained using non-destructive testing methods of a real object or samples. For this
purpose, a multilevel acoustic emission model based on a similar thermally activated
mechanism for the formation of microcracks and the growth of the main crack was used.

2.2. Multilevel Acoustic Emission Model

The kinetic approach to destruction implies knowledge of the time characteristics of
damage accumulation at various scale levels. Traditional destructive methods of damage
monitoring based on the study of the number of microfractures, such as transmission and
scanning microscopy, X-ray scattering, and precision density measurement, due to their
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nature and complexity, have limitations in application to real objects [51]. The acoustic
emission method, which is a direct passive method of monitoring the accumulation of
damage, is based on the registration of elastic waves emitted by the source of the change of
the continuity of the body [52-54]. To solve the problem of thermally activated crack growth,
each act of AE should be considered as containing information about a collective act of
destruction, where time is the main parameter [25,55]. Therefore, the analysis of cumulative
AE parameters allows us to obtain information about the kinetics of crack growth.

The study of the accumulation of microcracks with the help of AE before the initiation
of a macrocrack is the subject of many scientific papers [18,25,56-58]. However, the AE
method is still often used only as an indicator of the catastrophic destruction of real
bodies, and the diagnostic results are compared with some standards. This, together
with the hardware difficulties of diagnostics, limits the use of AE to identify the stages of
destruction and to predict the destruction of real objects. The presented paper describes
an approach to predicting the critical value of the stress intensity factor when the stage
of stable crack growth transitions to avalanche-like destruction. There are a number of
papers in the modern literature in which the results of AE tests for fracture toughness are
presented [18,59-62]. In order to evaluate the critical parameters of fracture mechanics, it
is necessary to describe the source of AE pulses at different stages of crack growth from
the standpoint of thermally activated crack growth. For this purpose, a multilevel model
of acoustic emission is proposed, where the time of the process of origin or growth of
the defect is associated with the time of arrival of the signal. This makes it possible to
distinguish different stages of damage accumulation by kinetic signs.

Regel [27], when developing the kinetic concept of strength, proposed an equation for
describing thermally activated crack growth based on the same kinetic parameters as the
Zhurkov formula. It can be written as:

dl ~(Up='"0)
T v = vge fer (31)

where Uj) and ' are parameters close in value to the parameters included in Equation (10),
and vy is the rate without activation of crack growth, several orders of magnitude higher
than the speed of sound in metal.

In the papers of Botvina [63,64], the criteria for the transition of destruction to the
next large-scale level were discussed in detail. As indicated in the paper, for the case of
the growth of a main crack, the area of damage that activates AE signals is located in front
of the crack tip, and the sample damage increases due to the formation of microcracks
and their coalescence with the main crack, while the area where the damage is taken into
account shifts along with the tip of the crack. Similar assumptions have been revealed by a
number of authors in works devoted to the interaction of microcracks with macro-cracks
and the relationship of the concentration of microcracks in the area before the tip of the
macro-crack with the stress intensity factor [65-68].

Then, the change in the concentration of microcracks and the waiting time for the
main crack to advance during one thermally fluctuation step can be expressed as follows:

dC(t) _ Co—C(t) _ o()(Co—C(1))

a Tt ! (32)

where Cj is the initial concentration of structural elements (potential number of micro-
cracks); C(f) is the time dependence of microcrack concentration; 7(t) is the crack step
waiting time; v(t) is the time dependence of the crack growth rate; I is the length of the
elementary step of the crack when overcoming the barrier, close to the interatomic distance
(2—3-10"19 m).
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Integrating the expression (32):
i i
O dC(t)
@ifﬁi‘/WOw (33)
i
u—mmb—caﬂ+p):/¢amt (34)
0
b
Co — C(f) = Drex —%/v@ﬂt (35)
0

where D1 = exp(D). Considering this, as well as the fact that at the initial moment of time
C(0) = 0, we can obtain the equation of the time dependence of the growth of the volume
concentration of microcracks in the area before the tip of macrocrack, where D; = C,
as follows:

i
Ct)=Co|1—exp —%/v(t)dt (36)
0

For values C(t) < 1, the exponent can be decomposed into a series exp x ~ 1+ x

tf tf
(U —oo)
C(t) = %/U(i’)dt = %/i)oe %TW dt (37)
0 0

Then, for uniform loading with a constant rate of stress growth (ot = 0):

tf b
—(uh—"ét)
C(t) = %/U(t)dt = %/ e (38)
0 0

Integrating the right part, we can obtain the following:

-4%—ymw (39)

N Co?.J()kT ox
kT

C(t) =

Iy

In view of the fact that real bodies have structural heterogeneity, the waiting time for
the formation of microcracks and the crack step will not be the same and generally has a
stochastic character. The parameter 7' is sensitive to the structure, and it is necessary to
take into account its distribution over all structural elements. Therefore, by introducing the
distribution of 7 over structural elements at this stage of destruction, the rate of growth of
the concentration of microcracks can be obtained as follows:

wt+Aw tr
C(t) =Co / ¥(w)|1—exp —%/v(t)dt dw (40)
w 0

where w = % is a strength state parameter expressing the heterogeneity of the structure
and the stress state; ¥ (w) is the density function of the parameter distribution w; Aw is the
confidence interval of the spread of structural parameter values. The type of function ¥ (w)
depends on the stresses and structural heterogeneity of the sample.

The source of acoustic emission signals can be both microcracks formed in the area
before the tip and the growth of macro-cracks; therefore, by linking the growing concen-
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tration of microcracks with the total parameters of AE, various stages of destruction can
be characterized. Then, the general equation for the time dependence of cumulative AE
parameters (AE count, total energy, and amplitude), as the characteristics of damage, can
be written as follows:

w+Aw 1 ty
Nap(t) = kapCo / ¥(w)|1—exp _Y/U(t)dt dw 41)
w 0

where k 4 is the acoustic emission coefficient linking the damage characteristic with the
parameters of AE signals.

For the stages of destruction, where the structure near the active defect remains
constant (' & const), the kinetics of damage accumulation by the thermal fluctuation
mechanism can be described using the parameters obtained from Equation (41):

din Ngp(t) oo
i %: VAV
din N !
Vi = A = L 43)

The above parameters make it possible to distinguish damage accumulation zones with
characteristic kinetic parameters on the curves of cumulative AE parameters. Therefore,
knowing the moment of initiation of a macro-crack in fracture toughness tests, it is possible
to evaluate the characteristics of initiation, accumulation and coalescence of microcracks
in the stage of stable growth of a macro-crack. Having information about the critical
value of the concentration of microcracks corresponding to the transition to unstable crack
development, it is possible to predict the magnitude of the fracture mechanic parameters.

2.3. Experimental Data

In the presented work, experimental data contained in scientific sources were used and
can be divided into two groups: information about the kinetic curves of the crack growth
rate depending on the stress intensity factor and the results of AE fracture toughness tests
of a number of structural alloys.

The v — K curves used in the work were taken from sources for the creep testing of
samples when monitoring the crack growth rate, as well as a number of sources with
the study of crack growth under the influence of the environment. At the same time, the
amount of data on crack growth during corrosion (CCG) and in an aggressive environment
was limited to several sources on the effects of distilled water and hydrogen vapor. These
conditions represent a different direction of research, since the effect of an aggressive
environment on the type of curves is very large and the calculation of thermal fluctuation
parameters can be complicated by the contribution of corrosion processes, which are
also thermally activated. This explains the clearer division into stages and the formation
of plateaus in the area of stable crack propagation (Figure 1). Most data sets represent
common structural alloys. According to Equation (30), the curves were rearranged so that
experimental values of kinetic parameters could be determined. As a stable crack growth
area, the second stage on the curves was chosen, which follows the almost vertical initial
stage. The initial data are given in Table 2.

To calculate the kinetic parameters using AE tests, the results of fracture toughness
tests were used. To apply parameters (42) and (43), cumulative AE curves (total AE
count) were processed, and graphs of the logarithmic dependence of the AE count were
constructed. The sources used are summarized in Table 3.

The work [60] presents the results of the unilateral bending of AISI 1080 steel samples
with a width of 25 mm to determine the fracture toughness. Preliminary fatigue cracking
with a frequency of 15 Hz to the degree of a/w = 0.5 was carried out before the formation of



Metals 2023, 13, 1272

14 of 27

the initial crack. To control the crack opening, a sensor was used to control the displacement
of the mouth. The traverse speed was 0.003 mm/s. The CMOD data for the samples were
used to calculate the fracture toughness.

Table 2. The results of the calculation of kinetic parameters according to the data of the crack growth
rate curves.

. . _ E T, A"107% _ v AFy-10~Y
23 07 m, s . 5 0r 0 ’
Material Environment b-10 GPa K m? B-10 T,K m/s J
15Cr-1Mo-1V (ferrite and Air 243 214 1758 442 7.06 788-888 10° 4.01
carbides) [69]
15Cr-1Mo-1V (bainite) [69] Air 415 214 1758 7.53 12.05 788-888 105 3.89
ATSI 4130 [70] Dsj;ﬂfd 04 205 1689 0.79 1.26 285-362 104 0.93
ATSI 4130 [70] hGase"“S 0.64 205 1689 1.26 2.01 230-403 10° 0.84
ydrogen
AISI 4340 [71] Distilled 0.19 205 1700 0.38 0.6 283-348 10° 0.82
water
AISI 4340 [72] D“;:tléid 0.38 205 1700 0.74 1.18 278-348 10° 0.76
Ni-22.9A1-0.5Hf-0.24B Alloy [73] Air 16.03 168 1668 21.95 35.11 773-1033 10* 2.88
Ti-5A1-2.55n [74] hGase"“s 0.08 1103 1863 0.09 0.14 203-347 10* 0.71
ydrogen
5.81
0.5Cr-0.5Mo-0.25V Steel [75] Air 6.22 190 1693 10.68 17.08 797-838 103 3.11
7.92
- ) 3.77
0.5Cr-0.5M0-0.25V Steel [75] Air 5.64 190 1693 7.53 12.04 813-838 10° 2.85
. 0.41
Inconel 718 [76] Air 036 208 1298 0.61 0.98 811-922 103 1.94
Inconel X-750 [77] Air 0.41 2137 1410 0.69 1.1 813-923 10 3.1
Incoloy 800 [77] Air 0.52 196.5 1371 08 1.27 196.5 10° 2.96
AISI 304 [78] Air 431 193 1723 6.83 10.93 193 10 3.98

b, angle of slope in coordinates (kT~ ln%) ~ K2; Eo, Young’s modulus at room temperature; T,,, melting point

of the alloy; A*, the average activation area before the crack tip for the alloy; j, the proportionality coefficient,
expressing the part of work going to break bonds [33]; T, test temperature; vy, the rate of non-activation crack
growth; AFy, crack growth activation energy.

For AISI D2 steel [61], compact tensile tests were carried out with dimensions of 36 mm
and a thickness of 8 mm at room temperature. The initial crack was also formed by fatigue
loading up to a/w = 0.5 after preparation and heat treatment. The loading rate in the
fracture toughness tests was 0.2 mm/min. CMOD data were also recorded to assess fracture
toughness. Acoustic emission signals were recorded using three piezoelectric sensors with
a gain of 40 dB and a frequency spectrum from 100 to 300 kHz. One sensor was attached to
the surface of the sample, the other two to the clamps of the tension machine.

The results of the evaluation of the fracture toughness of 316LN steel and welds were
given in [18]. The welds were formed by arc welding with a voltage of 252V, 130 A, and
2.5 mm/s. Welding was followed by treatment in solution at a temperature of 1323 K for
2 h and quenching. The tests were carried out with one-side bending with a thickness of
9 mm samples. Crack preparation was carried out in the same way as in the previous data
sets, with a frequency of 100 Hz and R = 0.1. The displacement rate of the traverse was
0.5 mm/min, and the displacement of the crack mouth at room temperature was recorded
to assess the fracture toughness.

In the work, another data set with 316L N steel, presented in [79], was also used. The
material of the base metal and the weld was tested for three-point bending. Preliminary
preparation consisted of creating a crack of an initial length equal to half the thickness of
the sample. The samples were 20 mm thick and of the same configuration for both welded
joints and base metals. A system of 24 channels with a resonant sensor was used to record
AE signals. The duration of crack propagation was controlled by the method of determining
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the DC potential. To measure the crack displacement, a clamping extensometer was used,
the loading speed was 0.5 mm/min, and two sensors were installed on the sample from
both sides.

The possibilities of determining the fracture toughness of G20Mn5QT steel using
acoustic emission were studied in [80]. The tests were carried out in a compact tension
mode with samples that were 75 mm thick. The total initial length of the fatigue crack was
prepared from 0.45 to 0.75 of the sample thickness in accordance with ASTM E1820 [81]. The
preloading frequency was 20 Hz, R = 0.1. The loading rate during the fracture toughness
tests was 2 mm/min at ambient temperature. A COD sensor was installed to register the
crack displacement. A recording of AE signals was provided by four narrowband sensors,
signals with a gain of 40 dB.

Table 3. Results of the calculation of acoustic emission parameters and fracture mechanics.

- XaE, Yag, Vs Uoak, tin,  th  Ofexps  Ofcales E, 05 Kicak, Ajp,
Material s MpPa! cm? i s s MPa MPa  MPa KicepMPam™ yp s cm
AISI 1080 [60] 00039 00031  126x10-2 96562 155 202 439 948 205000  46.0 455 5.38x 102
AISI 316LN 00006 00010  396x 102 101,130 102 1046 1318 1028 205000 854 441 1.47% 1021
(base metal) [18]
AISI 316LN 00012 00035  143x10-% 105461 75 880 1091 506 205000 81.0 761 486 102
(weld metal) [18]
AISI 316LN 00009 00014  584x 102 101,024 255 916 1190 1023 205000 144.1 503 152 102!
(base metal) [79]
AISI 316LN 00012 00020  795x 102 100808 409 766 986 909 205000 1115 58.7 670 102
(weld metal) [79]
AISI D2 00163 00040  163x 103 100767 273 346 1124 1090 200,000 502 815 145x 10-20
(E3 sample) [61]
AISI D2 00173 00035  142x10-3 101,112 270 309 1341 1262 200,000 36.2 833 8.72x 1021
(C2 sample) [61]
G20Mn5QT 00172 00343  139x 102 134431 294 434 537 530 205752 2598 167 226x 102
(1 sample) [80]
G20Mn5QT 00218 00666  269x 102 178741 274 405 553 270 205752 260.1 236 453% 102
(2 sample) [80]
G20Mn5QT 00188 00326  132x 102 133325 208 413 553 546 205752 2792 165 1.92% 1021
(3 sample) [80]
3. Results

3.1. Kinetic Parameters of Crack Growth Rate

Using the data shown in the Table 2 and expressions (42) and (43), the parameters
included in the kinetic equation of crack growth were calculated. The results are summa-
rized in Table 2. First, the pre-exponential multiplier vy was estimated. In the works on
the kinetic concept of strength [45,82], similar parameters corresponded to the period of
atomic oscillations with logarithmic accuracy () = 1071* £ 1s). Due to the large interpo-
lation, the spread of the value is two orders of magnitude. In this case, the fan of curves
related to the section of the curve of stable crack propagation, where the growth of the
stress intensity factor was small at different temperatures, showed convergence at points
close to vy = 10* ¥ 1 m/s (Figure 3). This value is close to the propagation velocity of the
sound wave in solids [39]. Some authors have proposed descriptions and dependencies
for determining the pre-exponential multiplier both from the point of view of the disloca-
tion mechanism of crack growth [42,83], and from the standpoint of breaking individual
bonds at the tip of the crack [27,41,84]. In [85], it was pointed out that the temperature
dependence of the activation energy Uy and that its temperature coefficient is also included
in the expression for the pre-exponential multiplier. Regel et al. [27] also noted that, for
the pre-exponential multiplier, there was an excess of the speed of sound in polymers
by several orders of magnitude, which may indicate the group nature of the rupture of
interatomic bonds at the tip of the crack. Pollet wrote an expression for vg as a function of
temperature, stress, driving force, and structural parameter. If the exact influence of one
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of these factors cannot be detected, vy is assumed to be constant for this process and is
determined from the interpolation of the In ;= term, as shown in Figure 3.
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Figure 3. Interpolation of the crack growth rate curves and determination of the pre-exponential

Pparameter vy.

Next, by obtaining the value vy, curves are plotted in the axes (kT~ ln%) ~ K2. As

can be seen from Equation (30), the angle of slope of the graph can be obtained as follows:

_ B
b="F

The following is the true activation area before the crack tip:

A* =DbE

The calculation results b and AFjy are summarized in Table 2. The point where this
curve intersects the ordinate axis corresponds to the value of the activation energy of the
crack step. As you can see in Figure 4, the experimental points corresponding to different
temperature values fit on one straight line.
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Figure 4. Determination of crack growth activation energy.
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3.2. AE Fracture Toughness Tests

Based on the results presented in scientific sources, values of the time dependence on
the logarithm of the total AE count were plotted (Figure 5). With the help of the authors’ in-
formation about the moments of crack initiation and the period of stable crack development,
linear sections on the curves of the logarithm of the total count were determined.

16000 10

14000 - 9.5
e
e eaie e c
12000 Crack initiation L g
£ <
3 10000 - 859
(8] o—
u K
>
¢ 8000 -8 E
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Figure 5. Values of time dependence of the total AE count and the logarithm of the AE count with
selected areas of stable crack growth.

In order to calculate the parameters of the equation of thermally activated crack develop-
ment at this stage, the parameters X', - and Y/, ; were calculated using Formulas (42) and (43).
Knowing the value of the absolute temperature and the rate of stress growth, it is easy to
determine the value of the structural parameter -y, which is written as follows:

v =kTY,e =qVa (44)

where g = 0, /0 is the overstress coefficient (equal to the ratio of the true local stress to the
applied one); V; is the activation volume. For a large number of materials, according to
the kinetic nature of strength, the value of the overstressed coefficient is approximately
10! + 102, and the activation volume corresponds to the size of one atomic bond and is
approximately equal to 10723 cm? [86].

The results of the calculation of AE parameters, the structural parameter 7/, and the
temperature are given in Table 3. The parameter Y/, ;, obtained from samples from five
sets of data, was in the range of 0.001 to 0.072 cm? /], which corresponds to the values 7/
of 3.9672* t0 2.92722 cm®. Such a spread may be acceptable, given the differences in the
structure of the alloys and the overstress coefficients included in the structural parameter.
The obtained values do not contradict the values of the activation volume obtained by
researchers in various works [45,87,88].

4. Discussion

To assess the applicability of the approach based on AE signal registration, to calculate
fracture toughness and other critical transition points in crack growth, it is necessary to
compare the calculated values obtained with the data available in the sources. To calculate
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the activation energy, an expression for the time dependence of AE signals at constant
was used, from where the following can be obtained:

kTCOUO ’)//U* COUO .
Uoae = kT(ln{lv’(rC*] + o7 ) = kT (In| 55 —InY)z0 + Yo" (45)

where v is the rate of non-activation crack growth; o is critical stress; C* is the critical value
of the damage parameter before the beginning of unstable crack growth (the concentration
of microcracks in the area before the tip of the main crack).

Kinetic representations of destruction are based on the principle of the multilevel
accumulation of damage and concentration criteria for the transition to the next large-scale
level [89,90]. Each stage of this process is characterized by a special form of activation
parameter and micro-mechanism. In addition, the crack growth process is influenced
by loading conditions, material structure features, dislocation behavior, and temperature
range. The established correlation between different scale levels, as shown in [27], indicates
the simultaneous occurrence of destruction processes at several scale levels. In [64], within
the framework of the hierarchy of the accumulation of microcracks, the importance of
knowing the critical parameters at transition points from one level of destruction to another
and the information that these parameters consist of was noted.

The initial heterogeneous structure of the material, due to the presence of a certain
initial number of germinal defects, determines the stress-strain state of the body, which
in turn affects the further accumulation and localization of zones of increased defect
concentration [91]. The initial stage includes the delocalized accumulation of irreversible
single germinal defects, which, under an inhomogeneous stress state under the action of
thermal fluctuations, combine into an ensembles of closely spaced microcracks [55,92].
Further interaction and the fusion of cracks in ensembles lead to the formation of defects
comparable to the structure of an inhomogeneous material, which is an active source of
destruction [93]. This is followed by the stage of localized development of the fracture focus,
which continues until the initiation of the main crack [90]. Stable crack growth is short
relative to the preceding fracture phases, and it ends with the achievement of the fracture
toughness value and the destruction of the sample. The transition points to the next phases
of destruction are the points of change in the properties of the material—nonequilibrium
phase transitions (bifurcation points). The occurrence of a crack of each next level occurs
after a certain period of accumulation of cracks of a smaller level, while each new stage is
accompanied by a decrease in the number of cracks with the size of the previous level [64].
This suggests that each period in the destruction of the body is associated with unique
activation parameters that need to be considered in detail.

Each transition point must correspond to a certain value of the concentration crite-
rion [90,94]. The growth of main cracks does not contradict the further accumulation of
microcracks in the stressed area in front of the tip and coalescence with the tip of the main
crack. Under the influence of critical stresses, microcracks grow towards the main crack.
This is confirmed by the results of the fractographic analysis of polycrystalline materials [95]
and the proposed models of microcrack formation [24,96]. Thus, the system of microcracks
is able to develop up to a critical state, when the formation of another microcrack during
fluctuation does not trigger cascade connection both with each other and with the main
crack [91].

The issue the of clustering of microcracks was considered in [94], where it was noted
that the part of solitary cracks decreases with the development of the fracture and at
the time of critical localization is several percent of all structural elements. At the same
time, the distribution of the parameter -/ by elements indicates the influence of structural
heterogeneity on the clustering process. At the initial stage of clustering, the weak statistical
character of coalescence is explained by the destruction of less-durable elements with a
high value of 9/, while elements with a low 9/ are destroyed last. As the growth of
the destruction center accelerates, the overstressing on the boundary structural elements
increases, the process is limited by the need to destroy durable elements (with low 7/),
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and consequently, it is accompanied by the delocalization of destruction and expansion of
the area of statistical destruction of elements [94]. The fact that an increase in damage is
accompanied by a decrease in the activation volume was mentioned in [97].

The magnitude of critical damage after which avalanche-like destruction begins was
discussed in a number of works [94,97,98]. However, this problem, due to the difference
in approaches and the large error of the obtained values of the critical concentration of
defects, requires further investigation. In [97], the volume damage at elevated temperatures
for aluminum alloy samples were in the range of 5-10%. The results of the computer
modeling of damage accumulation in the cross-section of the sample showed that the
critical concentration of discontinuities before an avalanche-like merger is 8-10% [99].
In [64,100], the relative fracture surface area was used as a measure of damage, which for
different alloys reached 30-40% by the beginning of unstable crack growth. Zaitsev [94] in
his work came to the conclusion that the lower limit of the concentration of microcracks
after which instabilities occur in the union of microcracks corresponds to 15-50% of the
number of all potentially destructible structural elements. At the same time, the question
of choosing the most appropriate and reasonable value of the concentration criterion for
the stable growth of the main crack remains open.

It can be seen from Tables 2 and 3 that the activation energy of crack growth obtained
from reference sources varies within the same order and numerically corresponds to the
calculated value according to the acoustic emission model. However, its values from the
crack velocity curves are subject to temperature influence (Figure 6). The temperature
dependence of the activation energy and its physical meaning have been mentioned in a
number of papers [101-105].
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Figure 6. Temperature dependence of crack growth activation energy.

The average value AF, for various alloys corresponds to 120 — 130 k] /mole. The
activation energy Up4g for all samples turned out to be close to this value and is in the
range of 97 to 179 kJ/mole. Regel [27] also pointed out that the activation energy of
the fracture coincides in magnitude with the crack growth energy, although the values
differed from those proposed in this paper. Then, by comparing Equations (10) and (30) we
can write:

—U+ AK?/E
kT

-Uy+9'c

vpexp [kT] = Ajexp (46)
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Since the pre-exponential multipliers vy and A; have the same reference value, and
the activation energy values obtained from the crack growth curves and with the help of
AE tests gave values close to each other, we can write:

K? K?

/o 27N oAx
Yo= Bt = AT (47)

Therefore,
'ocE

Ke=1/2L A§ (48)

ocEKT
Kear =\ Yor=75— (49)

The value of the crack step activation region A* was also shown to depend on tempera-
ture, and for experimental conditions, the values lie within the same order with the average
values within 5 — 6-:1072! cm?. The calculated values of fracture toughness according to
Equation (49) are summarized in Table 3 and Figure 7b. The highest experimental values
were for samples of 316LN and G20Mn5QT, which generally correspond to the values from
the reference literature. Since, in the sources, the fracture toughness is written in terms of
the J-integral or the maximum crack opening, the recalculation in terms of K¢ was carried
out according to well-known formulas [106]:

Kc = /EMoyséc (50)
Ke = VE]c (51)

where M is the coefficient (1 < M < 2); 0ys is the yield strength; éc is the maximum crack
expansion; ¢ is the critical value of the J-integral.

250 2 300 1500
R2 = 0.662 R2 = 0.705 R2 = 0.583
200 A 250 1 ° 1200 - s
n n
o o0 o ] o o
€ 150 - g 200 . 900 - . 3
[ [ ( N ) K3
o o 150 s
S 100 A = % 600 A
E ® ot E 100 -+ L]
o o o0
¥ 50 4 o X o ] «® o 300 - "
0 T T 0 T T 0 T T T T
0.00 0.01 0.02 0.03 0 100 200 300 0 300 600 900 1200 1500
XAEr st KCexp' MPa-m°> Ofexp.
(a) (b) (©)

Figure 7. Charts of the dependence of: (a) fracture toughness calculated using the AE model on the
parameter X 4r; (b) experimental fracture toughness from the AE model calculated; (c) fracture load
calculated using the AE model from the experimental values.

As noted by some authors [18,80], in some cases, the values calculated according to
the ASTM 1820 standard [81] significantly exceed the fracture toughness determined by
the results of AE tests, which was associated with a sharp increase in AE signals per unit of
time. In order to take into account the temperature dependence of the Young’s modulus
(Figure 8), the universal dependence proposed in [107] was used:

E(T) T T\?
= —1-02=——-025( —
g~ 102 ozs(Tm> (52)
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where T, is the melting point temperature of alloy.
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Figure 8. Temperature dependence of the elastic modulus.

A comparison of the calculated and experimental values of fracture toughness is
shown in Figure 7b. The greatest difference in the results was in the samples of 316LN steel,
where the values calculated according to AE data were less than experimental. The reverse
result was with the steel samples D2. However, an increase in the fracture toughness
of G20Mn5QT steel was accompanied by an increase in K¢ 4r. The possible deviation
may be due to the fact that the stresses corresponding to the moment of the beginning of
unstable crack propagation were recalculated using equations from the standards, and
there was no possibility to compare the data with the true values of K¢ in units of MPa-m%>.
This will be the goal of future research. However, so far, it is possible to note the general
correspondence of the results and the correlation coefficient of 0.84. On the other hand, the
lack of additional reference data for each alloy makes it impossible to accurately estimate
the activation energy of the crack step and the activation area in front of it and forces the
use of averaged values.

Atkins [33], in Equation (30), showed that the stress intensity factor uses the work
proportionality coefficient, which corresponds to the part of the work going to break atomic
bonds to all applied mechanical work. The values of this coefficient for metal samples are
given in Table 2 and are similar to the values mentioned by Atkins [33]. If, for polymers,
the remaining part of the work was associated with the formation of craze, for metals
it can be assumed that it is associated with mechanical action on the zone surrounding
the cracks and the movement of dislocations during plastic deformation. Moreover, this
parameter characterizes the main mechanism of destruction. On the other hand, the size of
the activation area A* of the crack step when compared to the activation volume should
be considered only together with the length of the crack segment, which shifts one step
forward when overcoming the barrier. According to Equation (47), the values of the crack
activation region were calculated according to the AE model and the actual values of
fracture toughness. The values of A% were within the same order and correspond to the
experimental data of the curves from the crack growth rate curves.

Using the value from the crack rate curves, it is possible to calculate the stress that
corresponds to the fracture toughness:

(AR o N\ @

The results of the critical stresses calculation are shown in Table 2 and Figure 8.
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Substituting Equation (53) into (49), we can obtain an expression for calculating the
critical value of the stress intensity factor at which the unstable fracture begins:

EkT EKT [ AF IC*
KCAE = YAEO—CA* — \/ e (k’]? —0—11‘1[ :| +lnX£4E> (54:)

Covo

where A* is the activation region of the elementary crack step; AF is the activation energy
of the fracture step of the crack; C* /Cy is the critical value of the part of damaged structural
elements before the onset of instability during the fusion of microcracks (according to
Zaitsev, on average corresponds to 0.3 [94]), as mentioned earlier. The value of the activation
energy is a relatively stable value and can be obtained from the crack growth rate curves
for this structural alloy; however, careful adjustment of the threshold values of the AE
equipment is required to calculate the kinetic parameters X/, ; and Y/, ;. The block-chart of
the calculation is shown in Figure 9.

Is there the
initiated

Another mechanism
of fracture

Loading of the sample with a
constant rate of stress growth

v

Recording of acoustic emission
signals

!

Recording of acoustic emission
signals growth

]
Plotting the logarithm of the
cumulative acoustic emission

count
v
Selection of a linear section
(stable crack growth)

v
Calculation of the angle of a
linear section X, ; according to
equation (40)
v
Obtaining reference parameters
of crack growth AF,, A%, E(T)

v
Calculation of fracture
toughness K¢ 45 according to
equation (52)

Figure 9. The calculation block-chart of fracture toughness.

From the standpoint of the kinetic nature of fracture, crack growth is (a) a group bond
break in the crack tip region, where stresses are highest and the probability of destructive
fluctuations is highest [27]; (b) a multilevel process developing both on the scale of atomic
bond breaks and on the macroscopic scale in the form of the coalescence of microcracks with
the main crack; (c) the process of accumulation of damage over time, which occurs when
low load levels are applied. Thus, the connection of the two main directions of the science
of strength and fracture of materials is provided with a theoretical basis, but it requires
further study and refinement in application to various operating and loading conditions.
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5. Conclusions

The article presents an approach to assessing the fracture toughness of structural alloys
based on thermally activated crack growth and the registration of acoustic emission signals,
the arrival time of which is associated with the speed of overcoming energy barriers at the
tip of the macro-crack and microcracks. The proposed multilevel acoustic emission model
uses strength indicators that carry information about the unique structure of this defect
and material. The curves of the dependence of the cumulative acoustic emission count on
time that were obtained from the results of testing samples for fracture toughness make
it possible to identify the stage of stable growth of the initiated crack using the proposed
parameters Y/, -, the values of which were in the range of 0.001 to 0.072 cm®/] and thereby
make it possible to describe individual features of the kinetics of damage accumulation.
This paper proposes the calculation of the critical value of the stress intensity factor, which
requires knowledge of the presence of an initiated crack and strictly takes into account
the loading mode of the samples. The correlation coefficient of the obtained values with
the experimental values is equal to 0.84. The calculated values of the activation energy
of crack growth (from 97 to 179 kJ/mole) correspond to reference data obtained from
scientific sources containing curves of the dependence of the crack growth rate on the
stress intensity factor. In addition to the activation energy, a pre-exponential multiplier
and the average size of the crack growth activation area were determined for a number of
structural alloys, which were used to link the Regel expression for the crack growth rate
and the well-known Atkins expression. The proposed approach suggests assessing the
fracture toughness without making destructive tests and using empirical coefficients that
cannot adequately describe the real structure of a particular sample or technical object. The
difference and novelty of the approach is that the cumulative number of acoustic emission
signals is introduced not into the phenomenological equations of crack growth, but into
the equation for thermally activated crack growth, where the number of AE signals is
proportional to the number of “jumps” through the energy barriers at the crack tip. Since
the approach requires knowledge about the presence of a crack, data from the total acoustic
emission count, and information about the loading mode, it can be applied not only to
standard samples but also to equipment. In most cases, the estimated value of the fracture
toughness is conservative and thus has an additional advantage.
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Abbreviations

Symbol Meaning

K Stress intensity factor (SIF)

K, Stress intensity coefficient at the start of crack growth

K¢ Fracture toughness

fe Driving force of crack expansion per unit length of its profile
fe* Effective force of crack expansion

E Young’s modulus

o Applied stress

1o Rate of stress growth

AF Change in the free energy of a body containing a crack
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AF, Change in elastic energy

AF; Change in surface energy

Fy Free energy of a body without a crack

AFy Total activation energy (energy equal to overcome the energy barrier at crack tip)
o Specific surface energy

() Non-activation crack growth rate

Uy Activation energy of destruction (kinetic nature of fracture)

Structural parameter included in equation of time dependent fracture

v (kinetic nature of fracture)
Fracture surface area
A* Area of the activation zone
AA* Thermodynamic activation region
b Coefficient proportional to the activation volume and activation area
B Fraction of work that is spent on breaking atomic bonds
x Atomic size of the activation area
u Internal energy
S Entropy of a system consisting of a solid body with a crack
r Helmbholtz energy
Vv Body volume
) Length of the elementary step of the crack during overcoming the barrier
Co Initial concentration of structural elements (potential number of microcracks)
c* Critical value of the damage parameter before the beginning of unstable crack growth
Aq Pre-exponential factor in the phenomenological equations of crack growth rate
P Pressure
U Activation energy of crack growth (kinetic nature of fracture)
) Structural parameter included in the crack growth rate equation

(kinetic nature of fracture)
Xg, Yip  Acoustic emission parameters of damage accumulation during crack growth
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