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FEATURES OF STRAIN HARDENING
OF HETEROGENEOUS ALUMINIUM
ALLOYS TO ENHANCE THE FATIGUE DURABILITY

Heterogeneous aluminium alloys are in demand in the aviation industry, where the
ability of the material to withstand fatigue loads is important. The topic of the
article is the search for the most experimentally available methods of deformation
effect on such materials in order to increase fatigue life. Unfortunately, previous
studies were ambiguous due to the large number of factors influencing the fatigue
of metal materials under the same type of mechanical load; so, we chose a dynamic
load with pulse loading. It turned out that for heterogeneous 2024-T351 and D16C-
zATW alloys, shock—vibration loading (SVL) applied during static straining pro-
longs their further fatigue life at a certain magnitude of the deformation during the
action of the pulse. For example, for the 2024-T351 alloy at the maximum stress of
alternating load ¢, = 400 MPa, the longest fatigue life should be expected at de-
formations ¢,,, = 2-4%; and at the maximum stress of alternating (fatigue) loading
of 440 MPa, it is at ¢,,, = 3-5%. In comparison with the average values of fatigue
life of the D16CzAT alloy in the initial state, fatigue life after processing increases
at o = 340 MPa alloy by 11.6%, at a stress of ¢_,_ = 8370 MPa, by 18.4%, at a

stress of 5, = 400 MPa, by 21.2% . The positive effect of long-term exposure after
treatment on fatigue life was also noted. The influence of the strengthening phases,
such as the nanosize ®-Al,Cu and S-CuAl,Mg particles, on the separate stages of
pre-treatment of alloys and the effects of their quantities on total fatigue durabil-
ity is investigated by statistical methods of transmission electron microscopy. The
great attention is paid to the mechanism of formation of fatigue fracture embryos

in the near-surface areas of the samples, for which analytical calculations and the
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experimental method of ultrasonic impact treatment (UIT) are used. It is shown
that the use of UIT after SVL does not affect the fatigue life of the 2024-T351 alloy
at a fatigue load frequency of 15 Hz, while the single UIT increases fatigue life of
the alloy. It is concluded that the use of complex deformation loads accelerates the
relaxation processes, which shorten fatigue life.

Keywords: fatigue life, plastic deformation, pulse loading, transmission electron
microscopy, heterogeneous aluminium alloys.

1. Intfroduction

Heterogeneous aluminium alloys find wide application because the prod-
ucts have a relatively low weight at sufficiently high strength that is
provided by the presence of hardening phases. These properties are in
demand in the aviation industry, which is also an important material’s
ability to resist fatigue loads. Given this, it is clear that an important
issue is the ability to increase the fatigue life of the material through
the application of scientifically based influencing methods. First of all,
it seemed that the fatigue strength and durability of the material di-
rectly depends on the strength and deformation ability of this material.
There are many attempts to find such dependence. Here are some exam-
ples of research in this direction, performed on aviation materials,
mainly on aluminium alloys. The work [1] was devoted to the study of
the influence of preloads on fatigue resistance of aluminium alloys. Sev-
eral alloys, mainly 2017A-T3 and S454-0, and the effect on high-fre-
quency impact fatigue and quasi-static loading were investigated. It is
shown that the previous durability can increase from 12% to 30%. Pre-
liminary deformation from 5% and its growth to 15% and above in-
creases fatigue durability, thus fatigue strength increases by 50%. In
the 2024-T3 alloy, the preliminary plastic deformation of ~10% increas-
es fatigue life. The disadvantage of the shock load is the fact that it can
cause the formation of fatigue cracks, which reduces durability. In the
Al-Mg alloy, the fatigue strength decreases when the preliminary ten-
sile deformation is less than 1.5% and becomes close to the source mate-
rial at 4%, i.e., the effect of the previous deformation intervention is
negative. The authors concluded that, given the ambiguous effect of
deformation intervention on fatigue strength and durability, it is neces-
sary to concentrate the study of the effect of hardening particles present
in the studied alloys on these parameters that are.

In [2], the effect of intense local plastic deformation on the fatigue
life of alloys 7475-T and 7351 was investigated. The same article also
presents the results of studying the effect of deformation on other alu-
minium alloys, for example, on alloy 2024-T3, in which the durability
after deformation increases from 2.67-102 cycles to failure, to 3.6 -103
cycles. The same paper refers many studies that show a discrepancy in
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the results. However, it follows that fatigue life increases with decreas-
ing surface roughness. Thus, the deformation conditions significantly
affect the fatigue life due to the effect on the surface topography. The
influence of local plastic deformation on fatigue life and strength has
been studied by the authors of many publications on samples with holes
of different shapes, different quantities and in different places of the
studied samples, for example, [3, 4].

A very important issue for science and practical use of aluminium
alloys is the ability to predict the fatigue durability depending on oper-
ating conditions. Consideration of some research on this issue is pre-
sented below.

In [5] experimental and numerical study of the fatigue life of 2024-
T351 aluminium alloy has been investigated. For this purpose, mechan-
ical properties of the material are obtained by tensile test. The Manson—
Coffin—Basquin equation is used to estimate the fatigue life. The
specimen surface is photographed using a microscope camera to examine
the specimen deformation. The ratio of white to black pixels on the
specimen surface that changes during loading is investigated using the
image processing method. Changes in the ratio of white to black pixels
indicate that material fatigue is associated with the specimen surface.
The experiments are strain-controlled and in six different strain ampli-
tudes. Then, by obtaining the amplitude range of elastic and plastic
strains in the stress—strain hysteresis loop, the coefficients of the Man-
son—Coffin—Basquin equation are calculated in a stable cycle. Using
these coefficients, the Manson—Coffin—Basquin equation is presented to
estimate the fatigue life of the material in amplitude of different strains.
A comparison of the results of this equation and the experimental re-
sults shows a good agreement.

The effect of solution treatments at high temperatures on the
microstructure and fatigue performance of an Al-Cu—Mg alloy was in-
vestigated in [6]. Microstructural observation revealed that large sec-
ondary phases could be dissolved sufficiently by a strengthening solu-
tion at 507°C for 20 min and shortening the solution time at the high
temperature would bring about a significant grain refinement. The fa-
tigue test showed that the sample solution at the high temperature for
a short time (507°C/6 min) possessed the lowest fatigue crack propaga-
tion (FCP) rates. This was mainly attributed to the combined effect of
the reduced large residual secondary phases and the conspicuous grain
refinement. Reducing the large secondary phases remaining by the high
temperature solution treatment was beneficial to limit the bridging of
cracks, and refining the grains with Goss orientation could induce more
crack deflection, consequently enhancing the fatigue resistance.

The possibility of predicting the time fatigue crack formation
using FEM analysis of the properties of aluminium alloy A5083-0 under
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fatigue loading was considered in [7]. The authors of [8] insist that in
predicting fatigue durability it is necessary to consider three phases, of
which this durability consists: 1 — crack origin, 2 — stable crack growth,
3 — unstable crack growth. The largest part of durability is about 40—
90% the emergence of crack. The calculations must take into account
the structural elements that encourage the emergence of fatigue crack
(e.g., localization plasticity) and those elements that resist their spread
(e.g., grain boundaries).

The impact of strain hardening of aluminium alloys on their fatigue
was considered in work [9]. The authors drew attention to the fact that
the fatigue strength of steels equals to about a half of their tensile yield
strength, while the strengthened aluminium alloys have different ratio,
i.e., just 1/3. The authors attribute this to the localization of plasticity
in the zones free of hardening particles in aluminium alloys, which en-
courages the formation of cracks in these zones during deformation. To
prevent this strain localization and to increase fatigue life, it is neces-
sary to focus on the methods allowing formation of a more uniform
distribution of the particles.

The authors [10] studied the possibility of increasing fatigue dura-
bility of the alloy 2024-T3 under the action of mechanical loads in dif-
ferent directions, which is of great practical importance. By controlling
the formation and growth of cracks, it is possible, according to the au-
thors, to predict the fatigue life of the material.

Thus, even a brief review of studies on the problem of increasing
the fatigue durability of heterogeneous aluminium alloys shows that the
effect of intense plastic deformation on fatigue durability is either in-
significant [2] or even negative due to increasing surface relief, which
encourages the formation of fatigue cracks [2—4]. The problem of pre-
dicting and modelling the fatigue durability does not add optimism ei-
ther, although such efforts are known. The authors [1] concluded that,
given the ambiguous effect of deformation intervention on fatigue
strength and durability, the influence of the reinforcing particles
present in the studied alloys is necessary to the study first.

Numerous publications on the problem of fatigue, which accounts
for up to 90% of all destruction events during the operation of industrial
facilities show that fatigue cracks occur in the surface layer of the ma-
terial. The above references analysed the fatigue durability affected by
the deformation action on the entire volume, without separating the
surface layer. Let us consider existing problems of fatigue durability at
deformation influence only on a surface layer up to 15—20 pum thick. Stu-
dies of the last 70 years have shown that this can be done using ultrasound.
The beginning of research in this direction can be attributed to the mid-
50s of last century, when Mason’s work was published [11]. Subsequent
works in this direction date back to the 1980s—1990s of the last century
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[10—20] and the first years of the 20*" century [12—14]. Ultrasonic im-
pact treatment (UIT) is carried out by using the impact needles or other
devices that transmit an ultrasonic energy pulse to a depth of 10 pm to
2 mm. The purpose of the UIT usually consists in the surface hardening
and/or reducing the number of pores and cracks, and the surface quali-
ty improvement depends on the selected intensity and duration of UIT.

In our opinion, ultrasonic impact treatment is currently the most
effective method for strengthening the surface layers of alloy products
based on aluminium. However, despite numerous studies trying to in-
crease the fatigue life of aviation aluminium alloys by deforming the
source material, the deformation hardening of both the surface layers
and the entire volume of the treated samples did not lead to the desired
effect. This is due to the fact that the increase in the mechanical strength
of alloys is accompanied by an increase in the speed and volume of the
relaxation transformation of the structure of alloys, which inevitably
has a negative impact on fatigue durability. In particular, it should be
noted that aluminium alloys such as D16CzATW and 2024-T3 are mul-
tiphase heterogeneous alloys in which, in addition to the aluminium
based solid solution, there are reinforcing phases: ®-Al,Cu and S-
CuAl,Mg. Both phases have a more complex crystal lattice than alu-
minium, which is the reason for their strengthening effect, and a lower
melting point, which indicates the possibility of changing their concen-
tration in the alloy under any energy effects. This should be taken into
account when analysing the influence of various external factors on the
mechanical and physical properties of the alloy. These difficulties have
not yet allowed finding an opportunity to apply successfully the strain
hardening of multiphase aluminium alloys to increase significantly their
fatigue life. However, our previous works it was showed that due to the
implementation of dynamic deformation using shock-vibration loading
(SVL) and the induced changes in phase composition [19—-23] in alu-
minium alloy 2024-T3 can significantly increase its fatigue life at load
frequencies of 15 Hz. We tried to test this effect by increasing the load
frequency to 110 Hz and to identify the conditions under which the use
of strain hardening can significantly increase the fatigue life of such a
heterogeneous alloy. The results of the experimental study are present-
ed in this article. In addition, the article presents the results and analy-
ses the impacts of either single UIT applied to the surface layer of
samples or complex processing carried out in the sequence of SVL fol-
lowed by UIT on the fatigue characteristics of the alloy 2024-T3.

2. Material and Methods of Research

The chemical compositions of the studied aluminium alloys are shown in
Tables 1 and 2 (in wt.% ). Mechanical properties of the studied alloys are
represented in Tables 3 and 4. Mechanical tests were performed in such
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a way that the processes of deformation and fracture were investigated
as part of a mechanical system, which is a structure in the form of three
simultaneously loaded parallel elements. The central element of this
design includes grips with spherical supports, a strain gauge and a sam-
ple of the test material. Two symmetrical side elements include two
identical rods, one of which is used as a strain gauge, as well as fragile
samples of different minimum diameters (Fig. 1). Under the load of the
described structure, at a given deformation (force) on the sample, the
satellite samples of fragile samples are destroyed and the test sample is
subjected to pulse loading. In this case, the properties of the loading
system determine the conditions of deformation of the material during
the dynamic redistribution of stresses caused by the destruction of sat-
ellite samples.

This type of test is implemented on the basis of a test hydraulic
machine ZD-100Pu, a characteristic feature of which is a massive mov-
able traverse (weighing 1350 kg).

The unit is equipped with a computerized measuring system for
conducting and processing test results, which allows you to record up to
100 kHz.

Cyclic (fatigue) loading of samples was carried out on a standard
installation ‘INSTRON-8802’ in the mode of ‘cyclic stretching’ with a
frequency of 15 Hz and a cycle asymmetry R = 0.1 (Fig. 2).

All studies on the pulsed introduction of force energy into the alu-
minium alloy due to SVL in this article were conducted on an upgraded
test machine ZD-100Pu. Studies to assess the fatigue life of aluminium
alloys were performed on a resonant test machine RUMUL TESTRONIC

Table 1. The chemical composition of the aluminium alloy 2024-T351 [24]

Si Fe Cu Mn Mg Cr Zn Ti

0.05 0.13 4.7 0.70 1.5 0.01 0.02 0.04

Table 2. The chemical composition of the aluminium alloy D16CzATW (%) [25]

Si Fe Cu Mn Mg Cr Zn Ti
0.11 0.18 4.4 0.63 1.4 0.01 0.01 0.07
Table 4. Mechanical properties Table 3. Mechanical properties
of aluminium alloy D16CzATW [25] of aluminium alloy 2024-T3 51 [24]
Gy MPa | o,, MPa 3, % Alloy brand | 6,,, MPa| c,, MPa | 3, %
322 452 21.5 2024-T351 372 462 20.5
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Fig. 1. View of the ZD-100Pu hydraulic machine with fragile samples and an in-
stalled video camera [26]

Fig. 2. The scheme of loading of samples [20]

50 kN at room temperature. Load mode is soft; cycle asymmetry coef-
ficient R = 0.1; load frequency 110 Hz, the intensity of pulsed energy
input into alloys was controlled by sudden increments of dynamic defor-
mation g = according to SVL. The choice of ¢, 6 as a parameter that
characterizes the intensity of pulsed energy input into alloys, allows
you to very easily assess its impact on fatigue life.

Studies of the effect of deformation strengthening of the surface
layer on fatigue life were performed using ultrasonic impact treatment
(UIT) [15, 16, 27], which in recent years is often used to increase the
fatigue life of heterogeneous aluminium alloys. In our opinion, the
method of ultrasonic forging is one of the modern and useful methods
of increasing fatigue life due to the surface strengthening of the near-
surface layers and the formation of compressive stresses in them. The
authors [28] also observed the effect of ultrasonic impact treatment on
fatigue strength, which in the alloy 2017-74 at a fatigue load of up to
107 cycles increased by 4.16%.

The disadvantage of using UIT can be related to some deterioration
of the surface quality and the formation of wavy relief. To eliminate
this disadvantage, which impairs the fatigue properties of the material,
additional deformation can be applied, for example, rolling. However,
UIT is also used to modify and align the corroded surface to restore the
fatigue properties of aluminium alloys, for example, on surface corro-
sion [29]. The use of UIT to affect the fatigue life is carried out by us-
ing reinforced balls or shock elements that transmit the pulse of ultra-
sonic energy to a depth of 2 mm.

In our work, the method of UIT described in [15, 16] was used to
influence fatigue durability with the following experimental parameters:
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static load ~25 MPa, a frequency of ultrasonic oscillations — 21 kHz,
area of action ~15 mm?, energy of one shock pulse ~10—-25 MPa, energy
pulse duration ~35 us, total processing time per unit area was ~5 s/mm?.
We conducted a direct study of the structure on a transmission elec-
tron microscope JEM-200CX from JEOL (Japan), which allows us to get
an idea of the structural-phase state of the material. Technical charac-
teristics of the microscope: magnification 650000 x, resolution 0.3 nm,
accelerating voltage from 20 to 200 kV. Films for electron microscopic
studies were prepared by electroerosive cutting followed by mechanical
thinning, electrolytic polishing and final ionic thinning. The investi-
gated area of the sample, which corresponded to the thickness of the
film obtained after the first ionic thinning, was increased by the follow-
ing ion etching procedures. Such procedures were used for each sample
from 3 to 5, which significantly increased the possibilities of statistical
study of structural elements. The study was performed at an accelerating
voltage of 200 kV. When considering films in an electron microscope at
high magnifications, the type of microstructure changes significantly.
Therefore, to decipher correctly the structure, it is necessary to begin
research with small magnifications, gradually moving to larger ones.

3. Experimental Results and Discussion

3.1. Deformation Hardening of Alloys Using SVL and UIT
3.1.1. Alloy 2024-1351

Figure 3 shows the data on the fatigue life of the alloy 2024-T351 in the
initial state according to the test results of three samples for each mode
in the range of maximum values of the applied voltage 340—-440 MPa at
a load frequency of 110 Hz.

Figure 3 shows that for samples of the alloy in the initial state at a
load frequency of 110 Hz there is a similar relationship between the
maximum cycle stress and fatigue life as at a frequency of 15 Hz (see
Fig. 4) [20], which indicates a slight effect of load frequency on low-
cycle fatigue alloy 2024-T351 in the initial state. As already noted, in
order to quantify the impact of SVL on the fatigue life of the alloy, it
is necessary to have a quantitative parameter of this assessment. For
this parameter in all our researches, the size of an impulse of plastic
deformation of an alloy (sample) ¢, in the course of realization of SVL
is accepted. Examples of the dependence of the fatigue life of the alloy
on the value of ¢, are shown in Fig.5 and 6 for high values of maxi-
mum stress (400 and 440 MPa).

In Fig. 5 and 6 blue dots and dashed lines correspond to the samples
destroyed under fatigue load with a frequency of 110 Hz in the initial
state, and red dots — to the samples destroyed under fatigue load after
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Fig. 5. Dependence of fatigue life of alloy 2024-T351 on the previous deformation ¢,
during the implementation of SVL (c,,, = 400 MPa) at a load frequency of 110 Hz [24]
the implementation of SVL. We see that in comparison with the initial
state the increased fatigue life after SVL is observed only at o =

max

400 MPa and deformation in the process of SVL 2.95% (see Fig. 5).
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Fig. 6. The dependence of the fatigue life of the alloy 2024-T351 on
the preliminary deformation ¢, during the implementation of SVL

(0,0 = 440 MPa) at a load frequency of 110 Hz [24]

Fig. 7. Example of the TEM structure of a sam-
ple of alloy 2024-T351, destroyed under fa-
tigue load at 400 MPa in the initial state

We conducted a study of the TEM
structure of samples destroyed under
fatigue load at a maximum stress of 400
MPa in the initial state and after the
previous SVL (see Fig. 5). In the first
case, the number of cycles before failure
was 17004, and in the second (after SVL
with deformation ¢, = 2.95%) — 28767 cycles. Statistical TEM analy-
sis of the nanostructure of the samples after different modes of previ-
ous deformation intervention showed a significant difference in struc-
ture in these cases. For example, in foils investigated in the direction of
stretching after fracture in the process of fatigue loading of samples in
the initial state large areas of relaxation (recrystallized) structure are
determined (Fig. 7), while after the previous SVL such radical changes
of structure are not fixed. Delay of the relaxation changes in the struc-
ture after the application of prior SVL also is the main reason of in-
crease of fatigue durability in this case.

Thus, the deformation in the process of SVL in the initial stages of
its evolution can delay the development of the relaxation processes and,
as experiments have shown, it leads to the preservation of the initial
stages of synergistic structure only in a narrow range of the deforma-
tion extents induced by SVL. The probability of this process largely
depends on the maximum cycle stress. For example, in the stress range
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Fig. 8. An example of the TEM structure of a sample of alloy 2024-T351, de-

stroyed under fatigue load with a frequency of 110 Hz after the previous SVL
with a deformation of ¢, = 2.95% (o,,, = 400 MPa)

Fig. 9. Example of TEM structure of a sample of alloy 2024-T351, destroyed
under fatigue load with a frequency of 15 Hz after the previous SVL with de-
formation ¢, ~ 5% (o,,, = 440 MPa) + UIT

max

of 400—440 MPa, the most effective effect of the prior SVL on fatigue
life should be expected at deformations of 2.5-5.5%.

In our previous work [20], it was shown that the change in the phase
composition of the alloy 2024-T351 is really observed at low tempera-
tures and even without additional mechanical impact due to the possibil-
ity of dissolution and growth of reinforcing particles. The process be-
comes possible due to the liquid-like structure of the channels of
hydrodynamic flow (HC) [19-23]. This structure of the channels is due
to the increased concentration of vacancy defects, the self-organization
of which under the action of a mechanical field leads to the formation
of nuclei of channels of hydrodynamic flow (see below).

Returning to the analysis of the cause of the effect of SVL on the
fatigue life of the alloy 2024-T3, we conducted a thorough analysis of
the alloy microstructure by TEM after fracture under fatigue load of
samples with the original microstructure (number of cycles before frac-
ture 17004 cycles) and with the microstructure formed during the prior
SVL with deformation ¢, = 2.95% (number of cycles to failure 28767
cycles). In the experiment, we used the following:

The morphological difference of ®-Al,Cu and S-CuAl,Mg phases was
taken into account: ® — the phase had the form of a rectangle elon-
gated in one direction, the width of which depended on the orientation
relative to the plane of the foil; S — phase had the form of a sphere (or
dot at lower magnification). The number of reflections of both phases on
100-300 fields of view was calculated, for which ion etching of each
studied foil was used, which contributed to the increase in the number
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Fig. 10. TEM structure of the samples destroyed under fatigue load —
initial state

Fig. 11. TEM structure of the samples destroyed under fatigue load — af-
ter UIT

of fields of view. As a result of calculations, the following data were
obtained (in the number of phase reflections on the area of 1 pm?):

At fatigue destruction of the samples used in an initial condition,
0-Al,Cu — 3.52, S-CuAl,LMg — 1.82. At fatigue destruction of the sam-
ples used after SVL with deformation of 2.95%, ©®-Al,Cu — 2.57, S-
CuAl,Mg — 4.51.

Thus, the prior SVL of the alloy sam7 and then contribute to the
dissolution of particles of ®-phase and increase the number of particles
of S-phase in fatigue tests, are destroyed (relax) during UIT and there-
fore do not cause the desired increase in fatigue life. Since separately
applied UIT increases fatigue life (as described in the paragraph below),
the negative effect of surface unevenness after UIT does not outweigh
the positive from hardening, compressive stresses, etc.

Let us see now how a single UIT without prior deformation interven-
tion (SVL) affects the fatigue life of the alloy 2024-T351. It should be
accounted for that the fatigue life of the samples at each load mode has
a significant discrepancy; so, researchers usually use the average statis-
tical value of durability under the same test conditions for the results of
3 to 10 tests. However, given the high sensitivity of fatigue life to random
deviations of surface quality or other parameters, we tried to move away
from these methods of calculation and take into account only the maximum
values of durability under selected conditions. In this case, at ¢, = 425
MPa, the fatigue life of the alloy 2024-T3 51 at a frequency of 15 Hz
can increase from 8882 cycles (the highest recorded fatigue life of the
original alloy under selected conditions) to 12456 cycles after UIT.

Fig. 12. Dependencies of fatigue life on ¢, at: (a) o
400 MPa; (d) 440MPa [25]

= 340MPa; (b) 370 MPa; (c)

max
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The difference in the TEM structure of the samples destroyed under
fatigue load (Fig. 10 — initial state, Fig. 11 — after UIT) can be seen
in Fig. 10 and 11.

We tried to estimate the volume fractions of the ® and S phases
after a separate UIT in samples destroyed under fatigue load with a fre-
quency of 15 Hz and a maximum cycle voltage of 410 MPa. We obtained
the following values. At fatigue destruction of the samples used in an ini-
tial condition, ®-Al,Cu — 1.38, S-CuAl,Mg — 0.48. At fatigue destruc-
tion of the samples processed by UIT, ®-Al,Cu — 1.38, S-CuAl,Mg — 0.50.

It was interesting to compare the phase composition of the alloy
2024-T3 51 not only after fatigue failure, but also before, in the initial
state and after UIT. Initial state: ®-Al,Cu — 1.55; S-CuAl,Mg — 0.54.
After UIT: ®-Al,Cu — 1.76; S-CuAl,Mg — 0.68.

We see that after fatigue loading and destruction the concentration
of both phases decreases significantly, and after UIT in comparison with
the initial state increases. The reasons for changes in the phase composi-
tion of the alloy in the used processing modes require additional research.

3.1.2. Alloy D16CzATW

All studies on the pulsed input of power energy into the aluminium al-
loy D16CzAT as well as the alloy 2024-T351 were conducted on an up-
graded test machine ZD 100Pu. Estimates of fatigue life were performed
on a resonant test machine RUMUL TESTRONIC 50kN and a machine
‘Instron-8802° at the same load modes at room temperature. The test
modes of the D16CzATW alloy specimens after pulsed energy injection
to assess their fatigue life were similar to the initial specimen test
specimens: soft and hard load modes; cycle asymmetry coefficient R =
=0.1; the approximate load frequency is of 110 Hz, and the fixed load
frequency is of 15 Hz. As in previous works, the intensity of pulsed
energy input into the alloy was controlled by sudden increases in the
dynamic deformation ¢, .

The modes of pulsed energy input into the alloy by the parameter
€mp 1D this work were as follows ¢, = 3.5-8.5%. Samples of sheet in-
dustrial aluminium alloy D16CzATW with a thickness of 3 mm were
tested. The value of ¢, during pulse deformation was controlled by the
optical method. The base for measuring deformations during static ten-
sion with a standard extensometer was 16 mm. Structural changes in
the alloy during the experiments were investigated, as in the alloy 2024-
T351, by statistical methods of TEM.

The mechanical properties of alloy D16CzATW as well as alloy 2024-
T3 depend on the concentration of reinforcing phases ® and S. In our
works, the concentration of particles of both phases for all studied

processing modes was estimated by the average results of direct meas-
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Fig. 13. Examples of TEM-structure destroyed at loading samples after SVL with
7-month exposure (a) and without exposure (b)

urements of the number of particles per real area of the sample. The
statistics of this method were very high: for each mode of mechanical
examination used from 3 to 5 samples, on each sample from the working
area cut at least 3 samples for TEM-study, each sample of foil was re-
polished at least 5 times. It has been experimentally proven that in-
creasing the load frequency from 15 Hz to 110 Hz and switching from
hard load mode, Instron-8802 test to soft mode, RUMUL TESTRONIC
50kN test, and leads to a slight reduction in the number of cycles before
failure alloy.

The dependences of the fatigue life of the D16CzATW alloy on the
value of g, without exposure and after exposure for 67 months were
obtained in our work. for all modes of variable loading are given in
Fig. 12. Here, at ¢, = 0, the data of tests on fatigue on three samples
of an alloy in an initial condition (blue points and dashed lines), red
points on all graphs correspond to the fatigue durability of an alloy af-
ter SVL of various intensity without endurance, green squares and li-
nes — after SVL and endurance. All graphs show the dependences of
fatigue life on ¢, at different values of the maximum cycle stress: 340,
370, 400, and 440 MPa.

Let us consider the above results. At ¢, = 340 MPa, the fatigue life
of samples with exposure is greater than without exposure, but still less
than in the initial state. At 6, = 370 MPa, the fatigue life of samples
with endurance is greater than that of samples in the initial state, but
unfortunately there are no analogues at one deformation in the process
of SVL samples with and without endurance. At ¢, = 400 MPa in the
deformation range of 3-4%, the durability of samples with exposure is
greater not only for the durability of samples without exposure, but also
for the durability of samples in the initial state. At ¢, = 440 MPa, the
exposure effect is absent. Thus, endurance after SVL in a narrow inter-
val of deformation can increase fatigue durability, in our opinion,
thanks to slowing down of relaxation processes. TEM observations
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showed that in the samples destroyed under fatigue load after SVL and
exposure for 7 months, no significant development of recrystallization
was detected (Fig. 13, a), in contrast to the samples without exposure
(Fig. 13, b).

The microstructures shown in Fig. 13, b are characterized by the
presence of large planes of ‘white’ contrast, which is a consequence of a
perfect (recrystallized) structure. This structure is less susceptible to
etching during the electrochemical preparation of the foil for the TEM
study, and the areas with such a structure remain thicker, through
which the electron beam does not pass during the transmission study.
During aging, the number of the recrystallization centres decreases,
probably due to a decrease in the concentration of particles of the rein-
forcing phases, as shown by our statistical studies of TEM structure,
and the development of recrystallization processes does not cause in
these cases the formation of large areas of perfect recrystallized struc-
ture in Fig. 13, b. The total decrease in the concentration of particles of
the reinforcing phases during long-term exposure is not a necessary
condition for increasing the fatigue life of the alloy, because the roles
in the formation of recrystallization centres of particles ® and S phases
are different. The particles of the ®-phase have the shape of an asym-
metric geometric figure of the type of a rectangular parallelepiped with
a complex stress field around each particle. At the same time, the par-
ticles of the S-phase have the shape of a sphere, and the stress field
formed by these particles is much smaller than the field around the par-
ticles of the ®-phase. Therefore, a decrease in the concentration of re-
crystallization centres will result only in a decrease in the concentration
of ®-phase particles, even with an increase in the concentration of S-
phase particles, which in most cases is observed.

Our studies quantitative assessment of the concentration of parti-
cles in the initial samples and after SVL exposure with endurance and
destruction under fatigue load is significantly reduced (in the number
of particles per 1 pm? of the real working area of the sample): initial
state — 0.46 ©-phase and 0.39 S-phase; after treatment — 0.27 ©-phase
and 0.17 S-phase. We see that the treatment of SVL with exposure leads
to a decrease in the concentration of particles ®-phase almost 2 times.
It is shown that long-term exposure of alloy samples for 6—7 months
after shock-vibration load has a positive effect on increasing the fatigue
life of the alloy. The optimal mode of SVL-processing and application of
exposure for 6—7 months (¢, = 3.5-4%) was revealed. For example, at

imp
G, = 340 MPa, the fatigue life of the alloy after the above processing
modes increases compared to the average values of fatigue life of the
alloy in the initial state by 11.6%, at a stress of ¢,,,, = 370 MPa — by

18.4%, at a stress of ¢, = 400 MPa — by 21.2%.
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3.2. A Survey of Concept of the Mechanism
of Formation and Development of Fatigue Cracks

In most of the literature on the influence of various factors on fatigue
life, it is believed that durability depends largely on the topography of
the sample or part surface. Some authors propose to improve the surface
quality by additional rolling or polishing (see, for example, [29]). How-
ever, many experimental works have shown that the fatigue cracks are
usually initiated in the near-surface region, at a distance of 10—-20 um
from the surface, and do not appear on the surface itself. This factor is
very important because it sheds light on the mechanism of crack nu-
cleation — microcracks.

However, the work of many other researchers has shown that un-
treated (polished) samples are still destroyed primarily from the sur-
face. Moreover, the displacement of the crack initiation cited deeper
beneath the sample surface, which is deformed, is mainly caused by the
compressive stresses in the surface layer. Some authors even find a cor-
relation between the maximum residual tensile stresses and the depth of
crack initiation [18]. The situations that are most frequently experi-
enced by of Al-based alloys for the aviation industry are analysed. Since
products made of them are subjected to non-stationary fatigue loads
throughout their operation. Pure aluminium is a very light and high-
ductile metal; therefore, all technologies in the aviation industry are
associated with increasing its strength while maintaining ductility.

A model of the behaviour of a crystalline material in a mechanical
field was proposed and explained in our previous works [19—23]. Defor-
mation is a way of relaxation of an external energy field should be born
in mind. During the initial stages, deformation is elastic. It is subject
to a linear law and fit to the classical theory of dislocations. Then, the
linear law violates over time due to the interaction between dislocations,
since the obstacles are formed for the movement of dislocations even in
single crystals, as a result, the deformation becomes plastic (irreversible).
This process occurs during the early stages of loading in the heteroge-
neous, multiphase metal alloys. Since the movement of dislocations can
no longer provide macroscopic deformation (plastic deformation), des-
pite the fact that dislocations are present in the material.

Then, self-organization of the structure of the material in the form
of structural elements becomes possible, since, according to the laws of
synergetic, that in systems that are far from equilibrium, the laws of
linear thermodynamics do not apply. These structural elements are able
to continue plastic deformation without dislocations, due to mass trans-
fer through channels with a liquid-like structure, complete with va-
cancy defects. We have considered a theoretical model of the location of
areas enriched with vacancies in the near-surface layers of the material
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in a mechanical field; it allows substantiating the formation of fatigue
microcracks in these areas. Let us consider this model in more detail,
since it explains the development of fatigue fracture in metallic materi-
als, and it is repeatedly confirmed by experimental data.

Previously it was believed that, if the generation of vacancies oc-
curs at the steps of dislocations, then the ultrasonic vibrations (and/or
periodic loads) would contribute to increase the concentration of non-
equilibrium vacancies in an investigated material. It is possible that a
similar case may occur at ultrasonic impact treatment, but we, unfortu-
nately, have not investigated it.

The laws of nonequilibrium and nonlinear thermodynamics are set
as principle of understanding of the behaviour of crystalline materials
in a mechanical field while system is far from thermodynamic equilib-
rium. These laws have been considered in detail in the world-famous
monographs [30—33]. The main thing in these laws is that in a system
that is far from equilibrium and under the influence of a significant
energy field, the trajectory of the kinetic behaviour of a thermodynam-
ic system can change. Processes of the self-organization of structure
may take place in this system; this is due to a decrease the entropy.
Examples of this pattern of behaviour have been given in ordinary life,
and not only in various scientific fields.

Since the 1970s, scientists in various scientific disciplines have pub-
lished a large number of studies of the processes of self-organization of
various systems. They were considered as the processes of self-organiza-
tion of the system as a whole, and the self-organization of individual
elements of the system. In the first case, this explains the appearance
of elements of a dissipative structure, such as channels of hydrody-
namic flow, and changes in the deformation mechanism during the plas-
tic deformation. In the second case, it leads to an understanding of the
self-organization of the structure through the formation of vacancy
defects as the main sources of the liquid-like structure of the hydrody-
namic flow channels and the threat of the formation of nuclei of fatigue
cracks. The latter is related to the study of the location of places of self-
organized matter, which is why our calculations and the calculations of
other authors [34—-37].

Similarly to [35], we write the equation for the distribution of the
vacancy density in a three-dimensional sample in the form of a rectan-
gular parallelepiped in the stationary case,

(K — n(r,)/1)/D, + div(grand n(r,) + grand Sn(r,)) = 0. (1)
All designations are the same as in [35], except
ry=ix + jy + kz,

S = [E(, - n)n(r)dr, (2)
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E(r, — r)) is the energy of pair interaction of vacancies. We assume that
E is of the form

E(R)=-d,/R®-a,/R'+b,/R% 3)

here, R is the distance between two interacting vacancies:
R=\Jx-x)+@-u)+¢-2), (4)
a, =A/k;T, b, =B/k;T, d, = D/k,T, (5)

A, B and D are positive constants. We are looking for solution n(r,) in
the form of a series
n=C + kf(r,) + O(h,), (6)

|h| <1, (7

We consider the diffusion coefficient D, to be sufficiently small, so that
from Eq. (1),

C ~ Kr. (8)
We are looking for the conditions under which f is an ordered oscilla-
tory function, equate coefficients of 4. Similarly looking for

x —x, =rsinfcos¢, y — y, = rsinOsin¢, 2 — 2z, = rcos0. 9)
Then from (4)
R=|r|, (10)
Assume it is true for all
r>0. (11)

It is also assumed that vacancies cannot approach each other at a dis-
tance less than ¢, and n(r,) = const. Then, using (2), we have:

S o jE(r2 —r)dr = ]OE(l/r)dr . (12)
Q <

E@/r) = E(1/R) is determined from Eq. (3). As seen, for large r,
E(/r) > 0. We choose a sufficiently large positive p such that:

S~ _[E(l/r)dr . (13)
€

One can that S is approximately the same r, for each one sufficiently
distant from the sample surface. Thus

gradS =0, (14)

and, as we see from Eq. (1), taking into account Eq. (6), there can be no
ordering of f, except that f = const. Self-organization of vacancies can
occur only at a distance r, close to the sample surface; therefore, a
sphere of radius p simply will not fit there, but there will be a trun-
cated sphere.
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We consider r, closer to the sample surface, so that a sphere with
radius p is only slightly truncated. Then, S can be expanded in a Ma-
claurin series in x, y, and z so that:

divgradS = a, + ax® + by? + ¢z + ..., (15)

|al. 16], [e] << a,|, (16)

As we can see from (3), a,, b,, d,, it is always possible to choose in such
a way that the condition is fulfilled:

a,>0, (17)

and we will have ordered oscillating solutions for f.

We can see that the overall arrangement of ordered states through-
out the thickness of the sample can only exist for a very thin sample.

Self-organization of vacancies can occur only if the vacancies are at
a sufficiently small distance from the sample surface. More specific
meanings can be named only by knowing a,, b,, d,; see Eq. (3).

Thus, if vacancies are an integral part of a fatigue microcrack, there-
fore, its development, and the subsequent destruction of the object as a
whole, always starts from the near-surface layer. This suggests that an
increase in fatigue life should apply the method of exposure, which will
change the mechanical properties of the surface layer of the object.

4. Conclusions

This article is devoted to retrieval of economically and experimentally
accessible method of deformation effect on fatigue life of aviation alu-
minium alloys, which are in use under the constant action of the time-
dependent mechanical field. The brief review of the last years works
revealed strain hardening to hasten the relaxation processes. These pro-
cesses decrease the fatigue life. Authors of this article revealed by the
example of deformation behaviour of alloys 2024-T351 and D16ChATW,
fatigue life of heterogeneous alloys to increase under such conditions:

. Plastic deformation of crystalline material take place in condi-
tions remote from thermodynamic equilibrium when laws of nonlinear
physics act and dislocation deformation do not act. In such conditions,
the mechanism of plastic deformation changes from dislocation slide to
hydrodynamic plastic flow by channels (HC) with amorphous (liquid-
like) structure inside them. Formation of HC presents the consequence
of synergetic self-organization of material. Formation liquid-like struc-
ture inside HC is determined the vacancy defects localization in sites
close to surface; this result is corroborated by analytic calculation and
by many experiments. Liquid-like structure of HC stimulates the change
of phase composition by speeding-up of particles ®-Al,Cu and S-CuAl,Mg
resolution and formation. Change of phase composition has an influence
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on fatigue life, mainly, due to dilution ®-particles. These particles have
intricate geometrical form, which localizes the deformation influence
and accelerates the relaxation processes. Calculations of O-particles
composition were implemented by TEM method contain in article.

. The possibility to influence on fatigue life of aluminium alloys by
dynamic deformation with pulse loading (SVL) was examined in this
article. As a numerical parameter authors proposed to use the magni-
tude of plastic deformation ¢, induced by SVL. It was revealed that, at
Opax = 400 MPa, one may expect for the longest fatigue life at ¢, = 2-4%,
and at ¢, = 440 MPa, at ¢, = 3-5%. It was established that the fa-
tigue life increase observed after prior SVL is related to the change in
phase composition: thus, at o, = 400 MPa and ¢, , = 2.95% the SVL
promotes the decrease of the ®-particles content and the increase of the
S-particles content in the surface layers of alloy.

. It was achieved prolonged quotation of specimens (6—7 of month
after SVL) to promote to increase of fatigue life of specimens. It was
discovered the optimal procedure of SVL and quotation. It was estab-
lished this SVL with quotation procedure decreases the ®-particles con-
tent.

. The article contains quantitative results of the effects of ultra-
sonic impact treatment (UIT) of the surface layer applied after SVL
(SVL + UIT) — (the first case — complex treatment) and a single UIT
process (the second case) on fatigue life. In the first case, the effect was
negative — fatigue life did not increase. TEM investigation registered
the concentration of ®-particles in initial state but the considerably re-
crystallized microstructure was also observed. The following conclusion
was made: the complex treatment before fatigue test only promotes the
enhanced development of relaxation processes but no positive influence
on fatigue life occurs. However, single UIT processing of the surface
layer (the second case) leads to the increase in fatigue life and to the
decrease in the ®-particles content.

Therefore, the main conclusion of our review consists in the follow-
ing: fatigue life of aviation aluminium alloys can be appreciably in-
creased by using only one method deformation influence (UIT is rather
desirable). Deformation treatment owes be of the same type (but not
complex) as long as the complex treatment may induce the new type of
microstructure self-organization and hasten the relaxation processes.
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OCOBJIMBOCTI TE®@OPMAIIIMHOIO SMIITHEHHS T'ETEPOTEHHIX
CTOIIIB AJIIOMIHIIO BAJIJIA IABUIITEHHSA BTOMHOI TOBI'OBIYHOCTU

T'eTeporenni cromm ajioOMiHiI0 MalOTh IONMUT B aBiamiiiHiIA rajnysi, ge BasKJIMUBOIO €
CIIPOMOJKHICTh MaTepiajy IPOTUCTOATA BTOMHUM HaBaHTa'KeHHAM. TeMoO0 CTaTTi €
MOINIYK HaANOIJbIII eKCIePUMEHTAJIbHO AOCTYIHUX MeTOAiB HedOopMaIlliiiHOTO BILJIUBY
Ha Taki maTepianm 3 MeToO0 30iJbIIeHHS BTOMHOI moBroBiunHoctu. Ha Kanb, momepe-
IHi ZOCHifyKeHHA MaJii HeOJHO3HAUHUN XapaKTep Yepesd BeJUKY KiJIbKiCTh UMHHUKIB
BILUIMBY Ha BTOMY MeETaJIeBUX MaTepiajliB IIPpU OJHOTUIIOBOMY MeXaHIYHOMY HaBaHTA-
JKeHHi; ToMy MU o0paju AUHaMiuyHe HaBAHTAXKEHHS 3 IMIYJIbCHUM MiJBaHTAMKEHHIM.
Busasuiocs, 1o gia rereporenuux cromiB 2024-T351 i D16CzAT imnyabcHe migBaH-
TaxkeHHA (yImapHo-KoJauBHe HaBaHTaykeHHA — Y KH) B mporieci craruunoi gedopmarrii
cupuse 30iJabIIIeHHIO MOAATIBINTOI BTOMHOI JOBrOBiUHOCTY 3a MEBHOI BeJIWUYUHU Aedop-
marii B mporieci mii imnyascy. Hanpukaan, giasa crony 2024-T351 nmpu MakcuMaJIbHiHi
Hanpysi sMiEHOTO HaBaHTaKeHHd o, = 400 MIIa Ha#i6igpIly BTOMHY JOBrOBiUHiCTH
ciaix uexkatu 3a medopwmariit & = 2—-4 %, a Ipu MaKcUMaJbHill Hampys3i sMiHHOTO

imp

(eromuoro) HaBauTaskenusa 440 MIla — za g, = 3—5 %. [na cromy D16CzAT B mno-
piBHAHHI i3 cepeHiMU 3HAUEHHAMHU BTOMHOI JOBTOBiUHOCTU y BUXiZHOMY CTaHi BTOM-
Ha JOBroBiuHicTh miciaa o6pobieHHA 36inbmIyeTsea npu o, = 340 MIIa na 11,6 %,
Ipu HanpysesHi o, = 370 MIla — Ha 18,4 %, npu HampyseHHi o, = 400 MIla —
Ha 21,2% . BigsHaueHO TAKOK IMO3UTHBHUM BIJIMB HA BTOMHY JOBIOBiUHICTH MOBrO-
TPUBAJIOl BUTPUMKHU IIicjiag o0pobisieHHA. CTaTUCTUYHMMU METOJaMHU TPaHCMiciiHOl
€JIEKTPOHHOI MiKPOCKOIIil AOCTiAKEeHO BIJIMB 3MiIIHIOBAJILHUX (a3, TaKUX SK HAHO-
posmipHi wactuaku ©-Al,Cu i S-CuAl,Mg, Ha okpeMi crazii monepegHBLOTO 06POOIIEH-
HSA CTOIIiB, a TAKOXK BIJIMB iXHHOI KiJILKOCTH Ha BTOMHY JOBroBiuHicTh. Benukry yBary
MPUAiJIeHO MeXaHidMy yTBOPEHHs 3apOAKiB BTOMHOTO DPYHHYBaHHS B IIPUIOBEPXHE-
BUX MiJIAHKAX 3pasKiB, MJs 4oro OyJi0 3aCTOCOBAHO aHAJITHUUYHI PO3PAXYHKH # eKc-
MepUMEeHTAJIbHY METOAY YJbBTPa3BYKOBOro ymapuoro obpobtsenus (Y3VYO0). ITokasano,
mo 3actrocyBaHHA Y3YO micaa YKH He BniuBae Ha BTOMHY [JOBTOBIUHICTEH CTOITY
2024-T351 3a yacToTu BTOMHOIo HaBaHTayKeHHA y 15 I'ti, B Toil uac ax oxgua Y3YO
30iJIbIIIye BTOMHY JOBrOBiuHiCcTH cToIly. POOUTHCS BUCHOBOK, IO OJHOYACHE 3aCTOCY-
BaHHS KOMILIEKCHUX AedopMalliiHuX BILIWBIiB CIIPUAE NPUIIBUAIICHHIO pesiaKcallii-
HUX MPOIIECiB, AKi 3MEHIIIYIOTh BTOMHY JOBIOBiUHiCTB.

KarouoBi croBa: BTOMHA JOBroBiuHicTH, miuacTuyHa nedopMallid, iMIyabCcHe IifBaH-
Ta'KeHHdA, TPAHCMiciiiHa eJeKTPOHHA MiKDPOCKOIid, reTepOTeHHi cTomM ajioMiHii,
YABTPasBYKOBe yaapHe 00pPOoOJIeHH.

642 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 4



