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Abstract: Physical-mechanical models for predicting the fatigue life of aluminum alloys D16ChATW
and 2024-T351 are proposed and tested. Damage accumulation patterns are established for these
alloys in the initial state and after dynamic non-equilibrium processes (DNP) of different intensity
that occur at maximum cycle stresses 0,y from 340 to 440 MPa, cycle asymmetry coefficients R = 0.1
and load frequency f = 110 Hz. The main model parameters are the initial alloy hardness HV and the
limiting parameters of scatter of hardness values m. These parameters are evaluated in the process of
cyclic loading with fixed maximum stresses of the cycles. Relative values me are also considered.
For the alloys in the initial state, the proposed models are shown to be in good agreement with the
experimental results. Conversely, structural changes taking place in alloys after DNP complicate the
prediction of their fatigue life.

Keywords: aviation aluminum alloys; fatigue life; dynamic non-equilibrium processes (DNP);
forecasting fatigue life

1. Introduction

Aluminum alloys of transportation systems can be subjected to various types of short-
term overloads during operation. These overloads are caused by changes in operating
conditions and the influence of wind, wave and other factors [1-4]. The plastic defor-
mation of alloys that occurs under such loading conditions at different structural and
scale levels definitely affects the damage accumulation kinetics during cyclic deforma-
tion and, accordingly, the cyclic durability of structures [4,5]. Particularly dangerous are
short-term overloads of significant amplitude, which have certain similarities to dynamic
non-equilibrium processes [6]. Their consequences may include early fracture of structural
elements and components.

Dynamic non-equilibrium processes (DNPs) are associated with an intense exchange
of energy between individual elements of a statically indeterminate structure and fea-
tures of some parameters of the mechanical system. The DNP activates the extreme
dissipative processes associated with the self-organization of the microstructure. The term
“self-organization” has been a generally accepted term since the middle of the twentieth
century. It was introduced in the works of Haken, Ebeling, Nicolis and Prigogine and
determines the possibility of a well-ordered structure being formed in thermodynamic
systems with conditions far from equilibrium. In solid-state physics, it means the possibility
of formation of a well-ordered defect structure that promotes hydrodynamic plastic flow
failing the dislocation slide, that is, it reduces to hydrodynamic plastic flow instead of
dislocation slide. In the general case, self-organization of the material of the mechanical
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system arises due to the need for additional dissipation of energy acquired due to external
influences. Under such conditions, self-organization intensifies the mechanism of energy
transfer through the material of the samples. Finally, DNP significantly changes the initial
mechanical properties of structural alloys and the structure of their surface layers.

Therefore, investigations into the impact of such processes and the description of their
phenomenological and statistical features will take into account the above phenomena [7,8].
However, the effect of dynamic non-equilibrium processes (DNPs) is understudied at
present, because, as a rule, it does not cause sudden fracture, but has a cumulative effect,
which decreases the overall cyclic durability of the structure [9,10]. In fact, this effect is
usually added to the effect of cyclic deformation and is not studied separately [11]. This
approach is simplistic and does not always give good results.

It is noteworthy that the DNP activates additional plastic deformations in the material,
leading to changes in its ultimate plasticity. This effect may be positive, providing for a sig-
nificant plasticization of the material without compromising its strength [12]. Under cyclic
deformation, this causes the extension of cyclic durability [13,14].

Therefore, a reliable evaluation of the fatigue life of aluminum alloys depending on
operating conditions is an important task. There are many different approaches to solving
this problem [1-4,15], including purely phenomenological models [16,17], approaches
based on the changes in the alloy surface relief [18,19], FEM analysis, i.e., the approach
based on the number of defects in the surface layers estimated during photography [20-22],
etc. Despite a significant number of works dedicated to this problem, appreciable progress
in the reliable prediction of the fatigue life of aluminum alloys of different classes has not
been made. This is because, in assessing the fatigue life of aluminum alloys, the major factor
is the choice of parameters that characterize the degree of damage to the surface layers
of alloys and the algorithm for predicting long-term structural strength under variable
loads taking into account current damage [23-25]. However, given the wide range of real
operational cyclic loads, to which structures are subjected, choosing such parameters is
very problematic [25,26].

We emphasize that the parameter, the variation of which can characterize the degree
of alloy degradation, should be based on such physical and mechanical characteristics, the
measurement of which gives an integral characteristic of the condition of the surface layers’
structure. Therefore, of particular importance are the methods that allow a non-destructive
testing of the material surface layer to be conducted. These are primarily the methods
for assessing the surface layer’s condition by its hardness, which can be measured by
many methods that differ in the indenter’s shape, loading conditions and load application
mode [27,28]. They also differ in the speed of interaction between contacting bodies, as
well as the duration of interaction. Many of these methods are standardized. To date, an
original approach to predicting the fatigue life of structural materials is being developed,
which was proposed by Y. Murakami [29,30].

This approach is as follows: to predict the fatigue limit of materials in cyclic tests,
Y. Murakami proposed using the initial hardness of materials and the critical defective area
in the surface layers of materials as basic parameters. The original version of this formula
is as follows:

HV +C
1

\/area®

where HV is the initial hardness according to the Vickers method, the C; coefficient is 1.43
for surface defects and 1.56 for subsurface defects and the C, coefficient is 120 for a wide
class of materials.

In the years that followed, researchers have time and again modified this formula for
different cases of cyclic loading, including at different cycle asymmetry coefficients [31-33].
The main difficulty in using this approach is the need for continuous monitoring of the
area with defects located in a particular section of the specimen or structural element. One
should also know the critical area of surface defects under different types of variable loads.
Therefore, choosing the damage parameter in the form of an area with defects in the surface
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layers of materials requires special fixation techniques. Moreover, numerous experimental
studies are also required to find out the accumulation patterns of surface defects of different
shapes and intensities depending on different conditions of cyclic loading.

On the other hand, large-scale studies conducted at the G.S. Pisarenko Institute for
Problems of Strength of the National Academy of Sciences of Ukraine under the leadership
of A.O. Lebedev showed that the parameters, which are most sensitive to many types of
structural transformations in the surface layers of materials, were derived from the absolute
values of the material hardness. Tests were performed on the same specimens under
identical conditions. Therefore, an idea of estimating the material damage by scattering
the absolute values of hardness appeared. One of such parameters is the homogeneity
(uniformity) of the material structure, the definition of which is the basis of the LM-hardness
method developed at the G.S. Pisarenko Institute for Problems of Strength of the National
Academy of Sciences of Ukraine [34,35]. The method is standardized in Ukraine [36].

The objective of this research project is to study and systematize the effect of the DNP
on the cyclic durability of aluminum alloys and to create a phenomenological model to
describe these processes.

2. Materials and Methods of Research
2.1. Methods of Mechanical Tests

In this paper, experimental results of fatigue tests on specimens from sheet industrial
aluminum alloys D16ChATW and 2024-T351 are analyzed [13,14]. All studies on DNP
realization in aluminum alloys due to impact-oscillatory loading of different intensities
were conducted on an upgraded test machine, ZD-100Pu (WPM, Leipzig, Germany). The
main methodological aspects of this technique are described in detail in [37-39]. Relevant
studies to assess the fatigue life of aluminum alloys in the initial state and after DNPs of
different intensities conducted on a resonant test machine Rumul Testronic (Russenberger
Priifmaschinen AG, Rundbuck, Neuhausen am Rheinfall, Switzerland) 50kN at identical
variable loads applied at room temperature are described in [13,14]. Specimens from
D16ChATW and 2024-T351 alloys in different states were tested under the following
conditions: soft loading mode; stress ratio R = 0.1; load frequency of 110 Hz; maximum
dynamic stress o,y of 440, 400, 370 and 340 MPa.

The intensity of introducing impulse energy into the alloys was controlled by sudden
increments of dynamic deformation ¢, during the realization of DNP. The simplicity and
advantages of this procedure have been time and again noted in [12-14]. In addition, this
procedure makes it possible to easily assess the effect caused by the intensity of introducing
impulse energy on the fatigue life of the alloy at a given variable load [13,14].

2.2. Evaluation Methods of Physical-Mechanical Properties of Surface Layers of Aluminum Alloys

The hardness of the surface layers of alloys in the initial state and those subjected to
the specified variable loading conditions, in particular, DNPs of different intensities, was
measured on a hardness tester NRO-10 by the Vickers method at a working load of 0.456 kg.
The number of indentations for each investigated area of the specimen surface was no less
than 30. The authors of [36] took the Weibull homogeneity coefficient calculated by the
Gumbel formula [36] as a parameter that characterizes scatter of hardness values [36]:

= d 71 3 1 -1 ? >
; 2
m = 0.4343dy | Zi§1< gH; gH) ] ©)

where d, is a parameter determined based on the number of measurements; H; is the
hardness parameter based on the ith measurement; lgiH is the mean hardness calculated
based on the results of # measurements (1 = 20 — 30). Since the stability of hardness
characteristics obtained in mass tests largely depends on the homogeneity of the material
structure, then the greater the heterogeneity of the material structure, the greater the scatter
of the values measured.
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The procedure for using this formula is described in the standard [36]. The authors
used this standard to analyse their results but did not perform calculations that went
beyond its requirements. In addition, in its focus, the article is phenomenological, not
statistical; therefore, the statistical aspects of these studies will be published in a sepa-
rate publication.

The physical substantiation of this method is as follows: The dispersion of mechanical
properties is inherent in all materials and the magnitude of their scatter depends mainly on
their structural state. Therefore, depending on the mechanical loading type, the changes
in the structural state of the surface layers of structural materials can be assessed by the
distribution law parameters that describe this scatter. In other words, the assessment is
based on the degree of scatter of mechanical properties.

High values of the homogeneity coefficient correspond to the low scatter level of phys-
ical and mechanical properties and, accordingly, to a better organization of the structure.
The durability of the structure can be predicted with acceptable reliability by comparing
the homogeneity coefficient m; calculated from hardness characteristics at different stages
of loading the specimen from the structural material. We can also load the structure itself,
provided it has the initial value of homogeneity coefficient m;,;;. Knowing or predicting
limiting values of my;,, under a certain type of loading is also helpful.

Based on the above provisions proposed by Y. Murakami and A.O. Lebedev, deter-
mining the endurance limit of materials based on the initial hardness of the materials
and assessing the damage of the surface layers of the materials by the scatter of hardness
m in the process of deformation, the authors proposed physical and mechanical models
that combine the above approaches to quantify the cycles to fracture of the investigated
aluminum alloys at given conditions of variable loading. An attempt was also made to
adapt these models to estimating the effect of previous dynamic non-equilibrium processes
caused by impact-oscillatory loading on the number of cycles to fracture of alloys upon
subsequent cyclic loading.

The relative critical values of hardness scatter under the variable cyclic loadings
studied (m.) were determined on fractured specimens in the transverse direction in areas
close to the fracture surface. A similar technique was then used for all specimens fractured
under cyclic loading preceded by the realization of DNPs of different intensities.

2.3. Materials and Specimen for Test

The mechanical properties and chemical composition of aluminum alloys studied
are presented in Tables 1 and 2. Table 1 shows the average values of the mechanical
properties and chemical composition of sheets from one industrial delivery. The dispersion
of the mechanical properties was not determined, since the article has a phenomenological
scientific direction.

Table 1. Mechanical properties of the aluminum alloys studied.

Alloys E (MPa) oys(MPa) ous(MPa) (%)
2024-T351 0.72-10° 342 462 20.5
D16 ChATW 0.71-10° 322 452 21.5

Table 2. Chemical composition of the aluminum alloys studied.

Alloy 2024-T351 (%)

Si Fe Cu Mn Mg Cr Zn Ti
0.05 0.13 47 0.70 15 0.01 0.02 0.04
Alloy D16ChATW (%)

Si Fe Cu Mn Mg Cr Zn Ti

0.11 0.18 44 0.63 1.4 0.01 0.01 0.07
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The test specimens are given in Figure 1. These specimens have a specific shape,
because the standard specimens with a localized cross section used in fatigue tests are
not suitable for these studies, as they cannot reliably estimate the intensity of introducing
impulse energy into the alloy (IOL) using the technique developed by the authors [37-40].
This is a fundamental point, because, depending on the intensity of introducing impulse
energy, the structure of aluminum alloys changes dramatically, which is reflected in the
mechanical characteristics under the following different types of loading [12-14]. Only by
using flat specimens it is possible to obtain a uniform, newly created dissipative structure
throughout the working part of the specimen at a given intensity of introducing impulse
energy. In addition, the proposed eimp parameter makes it possible to estimate the ef-
fect caused by the intensity. The specimens of each material were made from one sheet
3 mm thick.

92
N 23

e
a N N
85 s
60

Figure 1. Test specimen (in mm).

3. Analysis of Experimental Results of Fatigue Testing in the Initial State

Figure 2 presents the experimental data on estimating the fatigue life of alloys
D16ChATW and 2024-T351 [13,14] in the initial state.

460

440 —m=

420

400 ' e

380

a, MPa
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340 —t —

320

300
5,000 50,000 N, Cycles

Figure 2. Fatigue testing of aluminum alloys in the initial state at variable cyclic loads: ™, cycles to
failure (D16ChATW); ®, cycles to failure (2024-T351). Data from [13,14].

For each maximum cycle stress, three specimens from the investigated alloys were
tested. The analysis of the fatigue results obtained shows that, with an insignificant
variation of the chemical composition and mechanical properties of the alloys upon static
tensioning, the investigated alloys differ appreciably in fatigue test results (Figure 2).
This may be due to a special polymer film formed on alloy 2024-T351.

Particularly noteworthy is that, under certain conditions of variable loading (see
Figure 2), the number of cycles to fracture of alloy 2024-T351 in the initial state is almost 2.2
times as high as that of alloy D16ChATW. On the other hand, there is a significant scatter
of experimental data on alloy 2024-T351 at high cycle stresses. In general, the test results
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for alloy D16ChATW obey the linear law. At the same time, when testing alloy 2024-T361,
the effect of high and low cycle stresses on the number of cycles to failure is clearly visible.

3.1. Physical-Mechanical Models for Predicting the Fatigue Life of Aluminum Alloys in the
Initial State

As already noted, the LM method for estimating damage to the surface layers of the
material is based on determining the homogeneity coefficient m [36]. In addition, this
estimation can be performed using the absolute values of the homogeneity coefficient m at
any stage of operation or deformation of the structural material under any loading type, or
using the relative values of the homogeneity coefficient 7, when the current value of the
homogeneity coefficient m; refers to the original ;.

Based on the experimental results of estimating the number of cycles to failure of
aluminum alloys D16ChATW and 2024-T351 in the initial state, the authors proposed
and tested a physical and mechanical model for predicting the fatigue life of each alloy
investigated. The basic parameters of the model include alloy hardness in the initial
state, yield strength of the alloy in the initial state, relative critical values of hardness
scatter under variable cyclic m, and two coefficients, C; and C,, which are determined
based on the results of experimental studies with the minimum number of pre-set variable
loading conditions.

The main version of this model for alloy D1I6ChATW has the following form:

HV

Neyeres = C1 -
cycles Ty

-me + Cp 3)

where C; = —1.39 x 107; C; = 1.04 x 10%; HV = 2.84 MPa; 0= 328.4 MPa.
Accordingly, for alloy 2024-T351, we obtain:

HV

o, e Came (4)

Ncycles =Cr-

where C; = —6.89 x 107; C, =2.33 x 10°; HV = 2.67 MPa; 0y = 348.7 MPa.

Figure 3 shows a comparison of experimental results relating to the number of cycles
to failure of alloys D16ChATW and 2024-T351 at given variable loading conditions with the
analytical results of the structural-mechanical models proposed in (Equations (3) and (4)).
A good agreement between the results is obvious.

55,000
~
45,000 > 1
~ [ ]
w2 ~
i) Ny
9 35,000 e
D) R
" “~ o
Z. 25,000 o
~
-
- = .
15,000 =T
~
~
b - .
5,000 =
0.45 0.55 0.65 0.75 0.85
mMe

Figure 3. Comparison of experimental results on the number of cycles to failure of aluminum alloys
in the initial state (D16ChATW (blue dots); 2024-T351 (red triangles)) at given variable loading
conditions (1, parameter) with analytical results of the structural and mechanical models proposed
(dashed line 1, Equation (3); dashed curve 2, Equation (4)).
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The obtained Equations (3) and (4) can be successfully used to estimate the number of
cycles to failure of aluminum alloys at any given cyclic loading conditions (at any given
omax). For this purpose, it is enough to plot a 0.y versus m, graph with the minimum
number of pre-set variables loading conditions. The article does not propose a prediction
method based on a probabilistic approach, estimates of probability, errors, etc. We devel-
oped a deterministic, engineering approach to assessing the conditions of the materials.

Figure 4 shows an example of such dependence for alloy D16ChATW and the corre-
sponding analytical approximation (Equation (5)).

460
440 >
-~
420 =
< 400 -

E 380 -~
© 360 ~

340 e

320 ~

300
0.45 0.55 0.65 0.75 0.85

me

Figure 4. 04, versus m, graph for alloy D1I6ChATW taking into account cyclic deformation condi-
tions realized.

Omax = 350.6-m; + 150 5)

Next, by setting any specific ¢ value, we determine the corresponding m, value by
Equation (5) or the graph shown in Figure 4 and, substituting it in Equation (3), we obtain
the required number of cycles to fracture N, of the alloy.

3.2. Physical-Mechanical Model for Predicting Fatigue Life of Aluminum Alloy after Preliminary
Introduction of Impulse Energy of Optimal Intensity

To adapt the proposed structural-mechanical model to estimating the effect of dynamic
non-equilibrium processes caused by impact-oscillatory loading on the number of cycles to
fracture of alloys, a detailed analysis of the experimental data on alloy D16ChATW was
conducted, along with a number of additional studies on this alloy. The experimental data
for alloy D16ChATW obtained at three intensities of introducing impulse energy under
a DNP at ¢, = 3.7%, 5.4% and 7.7% cover the entire range of maximum cycle stresses
under the cyclic deformation studied [13]. Unfortunately, the previous experimental data
for alloy 2024-T351 taking into account the influence of the DNP at the low values of
€imp = 1.5% and 5.0%, at which the maximum increase in the number of cycles to fracture of
the alloy was attained in subsequent cyclic tests, do not cover the entire range of maximum
cycle stresses [14]. Therefore, in later experiments, the authors limited themselves to the
analysis of the data obtained for alloy D16ChATW only.

Figure 5 shows the results on the effect of the maximum cycle stresses of the alloy in
the initial state and after applying three different additional impulse loads on the number
of cycles to failure. The effect of high and low cycle stresses on the number of cycles to
fracture of alloy D16 subjected to DNP has a number of features, which were revealed
(see Figure 5). As noted earlier, for alloy DI6ChATW in the initial state, an almost linear
dependence of the number of cycles to failure on the maximum cycle stress was obtained.
At the same time, as seen from Figure 5, at €, = 3.7% and 5.4% (see Figure 5a,b), the DNP
is represented by inflections on the curves at the maximum cycle stress ¢,y = 400 MPa.
It is noteworthy that ¢, = 400 MPa practically corresponds to the new yield strength of
alloy D16ChAT subjected to the DNP of different intensities followed by static tension [13].
It was found that, with Eimp = 3.7% at the three cycle stresses 0 = 400 MPa, 370 MPa
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and 340 MPa, the fatigue life of the alloy improves and, at 0,y = 440 MPa, a positive
effect is not achieved (see Figure 5a). Similarly, with €imp = 5.4% at the two cycle stresses
Tmax = 440 MPa and 400 MPa, the fatigue life of the alloy either improves or does not
change, compared to the initial state (see Figure 5b). However, at the low cycle stresses
Omax = 370 MPa and 340 MPa, the fatigue life of the alloy decreases (see Figure 5b). With
high values of ¢;,,, = 7.7%, the fatigue life of the alloy decreases at almost all values of
omax (see Figure 5¢). Moreover, the inflection on the curve occurred at 0y = 370 MPa.
The regularities found in the effect of DNP on the fatigue life of alloy D1I6ChATW clearly
indicate specific changes in the structural state of alloy surface layers, as well as in the
volume of the material, depending on the intensity of impulse energy introduced into the
alloy. Since after impulse loading of different intensity we are dealing with completely
different physical and mechanical properties of the aluminum alloy compared to the initial
state, then, in the process of subsequent cyclic loading with different maximum stresses
of the cycle, we can expect significant changes in the curve showing the scatter of alloy
hardness m or its relative values .

450
430
410

<

By

= 390

)
370 ® \ee

350

330
5,000 50,000 N, Cycles

()

450
430
410
&
= 390
370 b J { 1 ]
350

330
5,000 50,000 N, Cyeles

(b)

450
430

410

o, MPa
)
=]
(=]

370 o e®

350
® o
330
5,000 50,000 N, Cycles

(©)

Figure 5. Cyclic durability of alloy D1I6ChATW in the initial state (®) and after DNP:
(a) eimp =3.7% (4); (b) eimp = 5.4% (*<); (c) eimp =7.7% ().
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To present the revealed features of changes in cyclic durability depending on the
DNP, the authors conducted additional studies on certain specimens from alloy D16ChAT
(Figure 6; specimens on which hardness was measured and marked with a ring and
squares), which were tested at the maximum cycle stress 0,y = 400 MPa to estimate
changes in the relative hardness values HV . and relative scattering parameters ., depend-
ing on the intensity of the impulse energy introduction. For clarity, the data are presented
in the following form (Figure 7).

24,000

20,000

8,000

4,000 - ; ;
0 2 4 6 0

& imp> Yo
Figure 6. The effect of the intensity of the impulse energy introduction on the number of cycles to
fracture of alloy D1I6ChATW (0 qx = 400 MPa): M indicates the alloy condition after the DNP and
exposure for 6-7 months; B indicates the initial state of the alloy; blue lines indicate data scatter in
the initial state date form [13].

The analysis of the results presented in Figure 7 indicates that, at sudden impulse
loads of different intensity (DNP), which are associated with a significant change in the
phase and structural condition of the surface layers of the alloy, the pattern of the changes
in the limit values of the relative parameter m, is very complex. Moreover, it should be
noted that the nature of the changes in the relative parameter HV,, depending on the
intensity of the impulse energy introduction by parameter ¢, is also very complex.

A deep physical interpretation of this tendency (see Figure 7) requires additional re-
search; the authors understand its physical essence as follows: DNPs of different intensities
affect the change in the chemical composition of the surface. In this case, the hardness of
the surface of the alloys after the DNP increases, but the number of brittle phases in it also
increases, which increases the scattering of the results. This interpretation is consistent
with the data presented in [13,14].

Thus, it turns out that predicting the fatigue life of the alloy by the structural parameter
m, during the realization of DNPs of different intensities in aluminum alloys is problematic
at this stage of research [40]. Even when trying to predict the number of cycles to failure by
the relative values of the limiting parameters m, for the data shown in Figure 7, there are
many difficulties (see Figure 8).
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Figure 7. The effect of the intensity of the impulse energy introduction into alloy D16ChATW
depending on parameter ¢, which causes changes in the relative value of parameter HV (a) and
relative value of parameter me (b) (maximum cycle stress 5y = 400 MPa).

25,000

20,000

me

Figure 8. Dependence of cycles to fracture of alloy D1I6ChATW at different intensities of additional
impulse loading applied (¢, = 3.7%, 5.4% and 7.7%) and in the initial state on the limiting values of
m, (maximum cycle stress oyqx = 400 MPa).

Figure 9 shows the results of the comparison of the cyclic durability of alloy D16ChATW
in the initial state and after the DNP (e, = 3.7%, 5.4% and 7.7%) with the experimental
values of the limiting relative parameters m. It should be noted that, in this case, the critical
values of parameter m were selected as a damage parameter of the surface layers of the
alloy. As shown in standard [36], it is allowed to choose either parameter i, or parameter
m for a specific type of loading.
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Figure 9. Results of experimental comparison of the number of cycles to fracture of alloy D1I6ChATW
in the initial state and after DNPs of different intensities with the experimental values of limiting
parameters m: 1, initial state; 2, €, = 3.7%; 3, &jp = 5.4%; 4, €jyyp = 7.7% at all variable cyclic loading
conditions investigated (¢uax = 340, 370, 400 and 440 MPa).

The analysis of Figure 9 shows a very complex nature of the established dependencies.
Moreover, the greater the intensity of the DNP, the more complex is the nature of the
dependencies. Note curve 4 in Figure 9.

Despite a fairly complex nature of the regularities found (see Figure 10), the authors
made an attempt to adapt the proposed version of the structural and mechanical model
(Formula 3) to predicting the number of cycles to fracture in case of a preliminary realization
of DNP in the alloy at ¢;,;, = 3.7% (intensity of introducing impulse energy). The previous
realization of DNP in the alloy is most helpful in increasing the number of cycles to fracture
under subsequent cyclic loading (see Figure 5a). To this end, an additional C3 coefficient
was introduced into the structural and mechanical model.

50,0004
45,000 1
40,000 4
35,000
30,000

25,000

N, cvcles

20,0004
15,0004
10,000 4

5,000

m

Figure 10. Comparison of experimental results on the number of cycles to fracture of aluminum alloy
D16ChATW in the initial state (red dots) and after introducing impulse energy ¢;,,, = 3.7% into the
alloy (brown characters) at specified conditions of variable loading with analytical results obtained
using the proposed structural and mechanical models (line 1, Equation (3); line 2, Equation (6)).
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As a result, we have the following version of the structural and mechanical model:

HV

(Ncycles - Cl)2 =2-Cp- ’ (m - CB) (6)

where C1 =2.96 x 10% C, = 1.86 x 10'%; C3 = 18.18; HV = 2.84 MPa; oy = 448.7 MPa.
In this case, a new yield strength of the alloy after the realization of DNP is substituted in
Equation (6) [13].

The comparison of the calculations made in accordance with Equation (6) with experi-
mental results shows a good agreement (see Figure 10).

4. Discussion

The complexity of the experimental studies conducted allowed us to identify a number
of interesting features in predicting the fatigue life of aluminum alloys. Particularly note-
worthy is that earlier predictions of fatigue life of aluminum alloys practically disregarded
the fact that, in the process of cyclic loading, the structural material may be subjected to
additional impulse loads of different intensity. As a result, a short-term dynamic chaos
may occur in mechanical systems or, in other words, DNP may be realized in the materials
of the systems. Consequently, the structure and phase composition of surface layers and
in the volume of materials change radically [13,14,41]. That is, as shown by the results
of experimental studies, it appears that, when the phase composition of alloys does not
change in the process of cyclic loading and, accordingly, the physical and mechanical
properties of the surface layers of alloys remain unchanged, then the m, and m parameters
can be used as basic parameters in structural and mechanical models for estimating the
number of cycles to fracture. In this case, this refers to the investigated alloys in the initial
state. When, by virtue of sudden additional impulse loads, DNPs are realized in the process
of cyclic loading of the structural material, the previous dependences of the number of
load cycles on the relative or absolute values of m, and m change dramatically. This is
because the phase composition in the surface layers of alloys changes radically, along with
the physical and mechanical properties of the surface layers of the alloys. Therefore, with
further cyclic loading, we have a completely different dependence of the number of cycles
to fracture of alloys on the relative values of the m, parameters or absolute values of the m
parameters. Moreover, it turned out that maximum cycle stresses of the subsequent cyclic
loading have the greatest effect on the changes in dependence of the number of cycles to
fracture of alloys on the relative values of the m, parameters or absolute values of the m
parameters after the realization of the DNP.

According to the authors, this is one of the possible reasons for such a complex nature
of the changes in the boundary values of the relative parameter m in case of impulse
introduction of energy of different intensities (see Figure 9), since high and low values of
maximum cycle stresses at variable loading differently affect the scatter of hardness values
in the surface layers of aluminum alloys after the realization of the DNP. As shown earlier,
dissipative structures of less density, which are created in the realization of the DNP, are
extruded on the specimen surface [40,41]. Thus, a hybrid structure with alternating soft
(dissipative structure) and solid zones (the main material) is created in the surface layers of
alloys. Accordingly, at low values of maximum load cycle stresses (below the new yield
strength of the alloy), both soft and solid zones are deformed in an elastic region; therefore,
no noticeable changes are recorded in the nature of the curve showing the parameter m
under cyclic loading with different maximum cycle stresses. At high cycle stresses (above
the new yield strength of the alloy), soft zones (dissipative structure) are the first to actively
deform in the surface layers of the alloy. As a result, the scatter of the physical-mechanical
properties of the alloy in the surface layers of the alloy increases and, accordingly, the
coefficient of homogeneity m decreases. That is, the organization of the structure in the
surface layers is deteriorating. The analysis of Figure 9 shows that, depending on the
intensity of introducing impulse energy by the parameter ¢;,,, with the same value m, we
can obtain two or even three values of the number of cycles to fracture. Thus, using the
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parameters m or me in the author-proposed structural and mechanical models for predicting
the number of cycles to fracture of aluminum alloys after the realization of DNP becomes
problematic. Since earlier models for predicting fatigue life similar to those proposed by
Murakami Y. have never been tested under the realization of DNPs in materials, significant
changes can be expected in the damage accumulation patterns that occur in the surface
layers of alloys after the realization of DNPs of different intensities—one of the main
parameters of the model proposed by Murakami Y.

5. Conclusions

Physical and mechanical models for predicting the fatigue life of aluminum alloys
D16ChATW and 2024-T351 are proposed for the first time. The initial alloy hardness
HV and limiting scatter of alloy hardness m in the process of cyclic loading at fixed
maximum cycle stresses, or their relative values . are the main model parameters. The
models were tested under specified conditions of variable loading at maximum cycle
stresses 0y = 340-440 MPa, approximate load frequency of 110 Hz and cycle asymmetry
coefficient R = 0.1 on specimens from alloys in the initial state and after the realization of
DNPs at €imp =3.7%, 5.4% and 7.7%.

It is shown that, when the phase composition of the surface layers does not change in
the process of cyclic loading, this refers to specimens in the initial state. In this case, the
proposed physical and mechanical models are in good agreement with the experimental
data. When the phase composition of surface layers varies significantly in the process of
previous realization of DNPs of different intensities and, accordingly, the physical and
mechanical properties of surface layers change significantly, then predicting the fatigue life
of alloys under further cyclic loading in accordance with the proposed models becomes
problematic. Thus, any additional impulse loads applied to the structural material during
the main cyclic loading lead to drastic changes in the damage accumulation patterns that
occur in the surface layers of aluminum alloys. This fact must be taken into account when
developing new models for predicting the fatigue life of aluminum alloys of such classes.
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